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Purpose. To quantify macular vascular density using optical coherence tomography angiography (OCTA) and to investigate its
relationship with retinal thickness in myopic eyes of young adults. Methods. In this cross-sectional study, 268 myopic eyes
without pathological changes were recruited and divided into three groups: mild myopia (n = 81), moderate myopia (n = 117),
and high myopia (n = 70). Macular vascular density was quantified by OCTA and compared among three groups. Average
retinal thickness, central subfield thickness, and macular ganglion cell complex (mGCC) thickness were also evaluated
and compared. Correlations among these variables were analyzed. Results. There was no statistical difference in superficial
(62.3± 5.7% versus 62.7± 5.9% versus 63.8± 5.5%) and deep macular vascular densities (58.3± 9.6% versus 59.2± 9.3%
versus 60.9± 7.9%) among mild-myopia, moderate-myopia, and high-myopia groups (both P > 0 05). Superficial and deep
macular vascular densities both had correlations with mean arterial pressure. Furthermore, superficial macular vascular density
was significantly correlated with mGCC thickness. Conclusions. Varying degrees of myopia did not affect macular vascular
density in young healthy adults. In addition, superficial macular vascular density, as an independent factor, was positively
correlated with mGCC thickness.

1. Introduction

Myopia is one of the most prevalent eye disorders and is esti-
mated to affect 1.5 billion people worldwide [1, 2]. With the
rapid development of internet and information technology,
recent epidemiological studies have reported a tremendous
increase in the prevalence of myopia, especially in Asian
countries, where reportedly 69–90% of school graduates are
affected [3–11]. As a potentially sight-threatening condition,
myopia has numerous visual and financial effects that can
result in an impaired quality of life, reduced competitiveness
for employment, and additional costs associated with visual

aids. Furthermore, high myopia is a risk factor for several
pathologies of the eye, including chorioretinal atrophy, myo-
pic maculopathy, glaucoma, and other vision-threatening
conditions [6]. Therefore, myopia is currently considered a
major public health challenge.

Morphological changes of the vasculature system in
myopic patients have been observed since 1977 [12]. How-
ever, studying the ocular vasculature previously has been a
challenge due to several limitations in imaging modalities.
For example, fluorescein angiography (FA) is an invasive
examination that cannot be accurately quantified [13] and
Doppler imaging mainly focuses on large vessels, rather than
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microvasculature [14, 15]. The recent development of optical
coherence tomography angiography (OCTA) makes it possi-
ble to perform measurements of the retinal vasculature in a
noninvasive manner [16, 17]. OCTA with split-spectrum
amplitude-decorrelation angiography (SSADA) evaluates
vascular density with high intervisit repeatability and repro-
ducibility [18, 19]. Furthermore, OCTA with integrated soft-
ware provides morphological information and quantitative
measurement of the retinal vasculature system, including
both large retinal vessels and the microvasculature [20–26],
which can extend our understanding of retinal blood flow
in myopia.

To characterize retinal blood flow and evaluate early
changes in myopia, we aimed to quantitatively assess the
macular vascular density in myopia of young adults with
normal visual acuity. A further aim was to provide a broader
understanding of the associations between macular retinal
perfusion and retinal structure, which could contribute to
identifying predictive patterns for the development of early-
stage, myopia-related complications.

2. Materials and Methods

2.1. Study Subjects. This cross-sectional study was approved
by the Ethical Review Committee of the Shanghai General
Hospital affiliated with Shanghai Jiao Tong University and
adhered to the provisions of the Declaration of Helsinki for
research involving human subjects. All participants were
informed of the purpose of the research and provided written
informed consent prior to entering the study. All subjects
were from a Han Chinese population and were recruited
from June 2015 to July 2015 in Shanghai General Hospital.

All subjects underwent a comprehensive ophthalmologic
examination, which included slit-lamp biomicroscopy, best-
corrected visual acuity (BCVA), refractive error examination
(AR-310A; Nidek, Japan), intraocular pressure (IOP) mea-
surement (TX-200 tonometer; Canon, Japan), fundus exam-
ination, axial length (AL) measurement (IOL Master; Carl
Zeiss, Germany), and central corneal thickness (CCT) mea-
surement (Pachymetry SP-3000; TOMEY, Japan). Demo-
graphic information and medical history were recorded for
all subjects, and their heart rates (HR) and blood pressures
(BP) were measured at the time of the OCT imaging.

Subjects were included if they met the following criteria:
between the ages of 18 and 32, BCVA equal to or better than
20/20, spherical equivalent (SE)≤−0.50D, and normal IOP.
The exclusion criteria were any ocular disorders except
ametropia, any systemic diseases, a history of intraocular
surgery or ocular trauma, a history of posterior segment laser
treatment, a history of ocular hypertension or glaucoma,
signs of myopic degeneration or a pathologic form of myopia,
an inability to tolerate OCTA, and poor-quality images.

2.2. Optical Coherence Tomography Angiography Image
Acquisition and Processing. In the OCTA system (RTVue-
XR Avanti; Optovue, Inc., Fremont, CA, USA), AngioVue
applied SSADA to detect vessels with blood flow through
the intrinsic motion contrast provided by the flowing
erythrocytes, making it possible to noninvasively obtain

three-dimensional mapping of the retina and choroidal
microvasculature [18, 19]. During scanning, two B-scans
are captured at each fixed position, while two orthogonal
OCTA volume scans (horizontal and vertical) are used to
minimize motion artifacts and fixation changes. To evaluate
macular vessels, a 3mm× 3mm scanning area centered on
the macula was acquired and automatically divided into
two segments, including the superficial and deep capillary
plexuses [27, 28]. The superficial capillary plexus en face
image was segmented with an inner boundary set at 3μm
beneath the internal limiting membrane (ILM) and an outer
boundary set at 15μm beneath the inner plexiform layer
(IPL), while the deep capillary plexus boundaries were set
at 15 to 70μm beneath the IPL. Quantitatively, superficial
and deep vascular density (%) measurements were automat-
ically calculated as the percentage of the measured area occu-
pied by flowing blood vessels by the OCT machine’s inner
software (version 2014.2.0.93). All subjects were examined
and assessed by two authors independently. Poor quality
images, defined as those with a signal strength index less than
40 or registered image sets with residual motion artifacts,
were excluded.

2.3. Optical Coherence Tomography Measurements. All sub-
jects were examined with an RTVue-100 Fourier-domain
OCT instrument (Optovue Inc., Fremont, CA, USA) using
the scanning protocol “GCC” (ganglion cell complex). The
FD-OCT system imaging was performed as described in
previous studies [29]. Briefly, the macular GCC (mGCC)
scanning protocol consisted of a 7mm× 7mm area, which
measured the retinal thickness from the ILM to the IPL pos-
terior boundary. The average mGCC thickness measure-
ments were used for analysis. Two authors examined and
assessed the image quality independently. Images of poor
quality, defined as those with a signal-strength index less
than 40, were excluded from the analysis.

The retinal thickness of the macular area was measured
by Cirrus HD-OCT (Carl Zeiss Meditec, Dublin, CA, USA)
using a macula cube 512 A-scans× 128 B-scans protocol. Full
retinal thickness was measured from the ILM to the outer
boundary of the retinal pigment epithelium (RPE). Eye
movements were monitored by reading the real-time fundus
images. We obtained average retinal thickness measurements
in 9 subfield regions, according to the Early Treatment Dia-
betic Retinopathy Study (ETDRS). Average retinal thickness
and central subfield thickness were used for the analysis.
Two trained ophthalmologists examined and assessed the
image quality independently. Images of poor quality, defined
as those with a signal-strength index less than 7, were
excluded from the analysis.

2.4. Statistical Analysis. The data were processed and ana-
lyzed with SPSS for Windows 8.0 software (Version 19.0;
SPSS, Chicago, IL). The distribution of numeric variables
was assessed by inspecting histograms and using Shapiro-
Wilk W tests of normality. Numeric data are presented as
the mean± standard deviation (SD). One-way analysis of
variance (ANOVA) was used for intergroup comparisons of
normally distributed variables among the three myopia
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groups. Pearson correlation coefficients (r values) were used
to investigate the associations between macular vascular
density and clinical factors, including age, IOP at imaging,
SE, pulse pressure, HR, mean arterial pressure (MAP), AL,
and CCT. The relationship between macular vascular density
and retinal thickness was analyzed through univariate linear
regression. Variables with probability P < 0 05 were then
included in multivariate regression analysis using a stepwise
method. P < 0 05 was considered statistically significant for
all analyses.

3. Results

Of all the recruited subjects for this study, ten eyes were
excluded due to poor fixation and inferior-quality images.
In total, 268 eyes from 145 subjects (59 male and 86
female) were analyzed in this study. The mean age of the
subjects was 26.0± 1.7 years, and the mean SE of the subjects
was −4.42± 2.19D. These eyes were subsequently divided
according to their degree ofmyopia: 81 subjects were included
in the mild-myopia group (−0.50D< SE≤−3.00D), 117
subjects were included in the moderate-myopia group
(−3.00D< SE≤−6.00D), and 70 subjects were included in
the high-myopia group (SE<−6.00D). The demographic
and clinical characteristics of the subjects were summarized
and compared in Table 1. The three groups were similar
in terms of their mean age, IOP at imaging, systolic BP,
diastolic BP, MAP, pulse pressure, HR, and CCT (all
P > 0 05; Table 1).

The superficial macular vascular densities in the mild-
myopia (62.3± 5.7%), moderate-myopia (62.7± 5.9%), and
high-myopia groups (63.8± 5.5%) were not significantly
different (P = 0 254; Table 2). Similar results were noted
with deep macular vascular densities among the three groups
(P = 0 202; Table 2). The results showed that average mGCC
thicknesses in the mild-myopia, moderate-myopia, and high-
myopia groups were 99.84± 4.64μm, 97.08± 5.42μm, and
95.82± 5.75μm, respectively (P < 0 001, Table 2). Average
mGCC thickness was thickest in the mild-myopia group,
compared with the moderate-myopia group (P < 0 001) and
the high-myopia group (P < 0 001), while there was no
statistical difference between the moderate-myopia and
high-myopia groups (P = 0 114). The mild-myopia group
also has the thickest average retinal thickness (Table 2, versus
moderate myopia, = 0 037; versus high myopia, P = 0 003),
but there was no difference of statistics between the
moderate-myopia and high-myopia groups (P = 0 233). We
found that the central subfield thickness were similar among
the three groups (P = 0 080; Table 2). Comparisons of the
parameters among the three groups were shown in Table 2.

To determine potential factors associated with macular
vascular density in all subjects, correlation analyses were
performed. The variable correlated with both superficial
and deep macular vascular densities was MAP (P < 0 05,
Table 3). In contrast, both superficial and deep macular vas-
cular densities were not correlated with SE or AL in the study
subjects (P > 0 05, Table 3). The detailed correlation analyses
were summarized in Table 3.

Table 1: Demographic characteristics among the different myopia groups.

Variables Mild myopia Moderate myopia High myopia P

Number of eyes 81 117 70

Age (year) 26.1± 2.0 26.0± 1.6 26.1± 1.7 0.744

IOP at imaging (mmHg) 16.51± 2.65 16.39± 2.81 17.02± 2.31 0.271

Spherical equivalent (D) −1.75± 0.72 −4.65± 0.84 −7.14± 0.94 <0.001
Systolic BP (mmHg) 115.31± 11.51 114.86± 11.68 112.63± 10.35 0.297

Diastolic BP (mmHg) 69.02± 7.04 68.71± 7.75 66.44± 6.66 0.059

MAP (mmHg)† 84.45± 7.21 84.09± 8.13 81.84± 6.93 0.071

Pulse pressure (mmHg)‡ 46.28± 10.66 46.15± 9.38 46.19± 8.79 0.996

Heart rate (beats/min) 77± 13 79± 11 80± 12 0.458

Axial length (mm) 24.23± 0.94 25.21± 0.76 26.15± 0.93 <0.001
Central corneal thickness (μm) 541.96± 37.90 539.37± 34.10 532.79± 31.33 0.250

Data are expressed as the mean ± SD. SD: standard deviation; IOP: intraocular pressure; BP: blood pressure; MAP: mean arterial pressure. †MAP= 1/3 × systolic
BP + 2/3 × diastolic BP; ‡pulse pressure = systolic BP − diastolic BP.

Table 2: Optical coherence tomography measurements and macular perfusion parameters among the different myopia groups.

Variables Mild myopia Moderate myopia High myopia P

Superficial macular vascular density (%) 62.3± 5.7 62.7± 5.9 63.8± 5.5 0.254

Deep macular vascular density (%) 58.3± 9.6 59.2± 9.3 60.9± 7.9 0.202

Average mGCC thickness (μm) 99.84± 4.64 97.08± 5.42 95.82± 5.75 <0.001
Central subfield thickness (μm) 242.21± 22.09 248.39± 18.09 246.74± 17.31 0.080

Average retinal thickness (μm) 283.83± 11.49 280.23± 11.93 278.09± 12.17 0.011

Data are expressed as the mean ± SD. mGCC: macular ganglion cell complex.
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We then performed linear regression analyses to investi-
gate the relationship between vascular density and retinal
thickness of the macula. By univariate linear regression anal-
ysis, SE, AL, and superficial macular vascular density were
revealed to be strongly correlated with average mGCC thick-
ness (all P < 0 001; Table 4, Figures 1(a)–1(c)). Multivariate
linear regression analysis showed that the association between
superficial macular vascular density and average mGCC
thickness was independent of AL, and themodel revealed that
each 100% increase in superficial macular vascular density
was associated with a 28.2% increase in average mGCC thick-
ness theoretically (β = 0 282, P < 0 001; Table 4). Figure 2
shows that eyes with a greater superficial macular vascular
density had thicker mGCCs. Furthermore, the average retinal
thickness was strongly correlated with AL and SE, while
weakly correlated with IOP at imaging and deep macular vas-
cular density (all P < 0 05, Table 4, Figures 1(d)–1(g)). Table 4
shows the detailed results of the linear regression analyses.

Moreover, for those subjects of both eyes included, we
performed monocular analyses to further consolidate our
results. The left or right eye of one subject was randomly
selected with the use of random numbers generated with a
seed. The results of monocular analyses were similar to the
binocular analyses above. In detail, monocular analyses
showed that the superficial macular vascular density was
62.6± 6.0% for the mild-myopia group, 63.0± 5.6% for the
moderate-myopia group, and 64.0± 5.4% for the high-
myopia group, without significant differences in either mea-
surement (P = 0 486); the deep macular vascular density
was also similar in the three myopia groups (58.5± 9.2%
versus 58.6± 9.1% versus 61.2± 7.8%, P = 0 290). Superficial
and deep macular vascular densities both had correlations
with MAP (r = −0 179 and r = −0 286, resp.), but not with
SE or AL. The standardized regression coefficients of the
multivariate linear regression model for mGCC thickness
in monocular analysis were as follows: −0.250 (95% CI

Table 3: Relationships between the clinical variables and macular vascular density.

Variables Superficial macular vascular density Deep macular vascular density
r P r P

Age (year) −0.058 0.345 −0.023 0.345

IOP at imaging (mmHg) 0.023 0.711 0.032 0.599

Spherical equivalent (D) −0.088 0.153 −0.095 0.122

MAP (mmHg) −0.126 0.039 −0.217 <0.001
Pulse pressure (mmHg) 0.003 0.964 −0.110 0.073

Heart rate (beats/min) −0.022 0.723 0.010 0.875

Axial length (mm) 0.103 0.093 0.068 0.269

Central corneal thickness (μm) −0.008 0.890 −0.015 0.813

Average mGCC thickness (μm) 0.249 <0.001 −0.041 0.504

Central subfield thickness (μm) 0.095 0.120 −0.074 0.227

Average retinal thickness (μm) 0.031 0.611 −0.145 0.017

IOP: intraocular pressure; MAP: mean arterial pressure; mGCC: macular ganglion cell complex.

Table 4: Linear regression analysis of factors affecting the average mGCC, central subfield, and average retinal thickness.

Variables included in the model Average mGCC thickness Central subfield thickness Average retinal thickness
Beta P Beta P Beta P

Univariate linear regression

Age (year) −0.084 0.170 −0.096 0.119 −0.088 0.150

IOP at imaging (mmHg) 0.066 0.284 −0.074 0.227 0.128 0.036

Spherical equivalent (D) 0.284 <0.001 −0.108 0.077 0.209 <0.001
Axial length (mm) −0.292 <0.001 0.098 0.110 −0.250 <0.001
Superficial macular vascular density (%) 0.249 <0.001 0.095 0.120 0.031 0.611

Deep macular vascular density (%) −0.041 0.504 −0.074 0.227 −0.145 0.017

Multivariate linear regression

Age (year)

IOP at imaging (mmHg) 0.128 0.030

Axial length (mm) −0.321 <0.001 −0.239 <0.001
Superficial macular vascular density (%) 0.282 <0.001
Deep macular vascular density (%) −0.133 0.024

IOP: intraocular pressure; mGCC: macular ganglion cell complex.
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Figure 1: Continued.
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−0.407–−0.092) for AL; 0.259 (95% CI 0.101–0.417) for
superficial macular vascular density.

4. Discussion

In this study, we performed a quantitative assessment of
macular vascular density using OCTA and compared the
macular perfusion among young healthy subjects with vary-
ing degrees of myopia. Of note, we found that both superficial
and deep macular vascular densities were not significantly
different among the three myopia groups and we demon-
strated that SE did not influence the macular vascular density
in myopic eyes without myopic degeneration or pathologic
changes. In addition, we examined whether vascular density
was correlated with retinal thickness of the macular regions.
The analyses revealed that superficial macular vascular
density, as an independent factor, was closely and positively
correlated with average mGCC thickness in young myopia.

Before OCTA became widely available, various tech-
niques had been used for retinal blood flow measurement;
of these, Doppler imaging was the most applicable for quan-
titative study. Shimada et al. found that retinal blood flow
was significantly decreased in high-myopia compared with
emmetropic eyes or mild myopic eyes using laser Doppler
velocimetry [30]. Benavente-Pérez and associates demon-
strated that high myopes exhibited significantly reduced
pulse amplitude and central retinal artery blood velocity
[31]. Karczewicz and Modrzejewska also found decreased
blood flow in myopia using Doppler ultrasonography [32].
Although vascular density is a sensitive parameter for retinal
perfusion but not completely equal to the blood flow detected
by Doppler velocimetry, the speed and direction of the blood
flow could predominantly affect Doppler velocimetry but
could not seriously affect the vascular density detected by

OCTA. Furthermore, Doppler imaging is more sensitive to
large vessels than the microvasculature, which is a key limita-
tion when measuring retinal vascular networks. Therefore,
due to the different equipment used, the conclusions of those
previous studies were not highly comparable with our
present results.

As technology has advanced, OCTA with SSADA
made it possible to provide more detailed morphologic
microvascular information in a noninvasive and quantitative
way. Retinal vessels, including large vessels and the microvas-
culature, can be calculated in a defined region in an OCTA
image. We used OCTA to quantitatively assess macular vas-
cular density and found no significant differences among
mild myopia, moderate myopia and high myopia, which
was highly consistent with a prior study byWang and associ-
ates [33]. Furthermore, Mo et al. found no significant
decrease in retinal flow density in the macula in high myopic
eyes compared with emmetropic eyes [34], which is consis-
tent with our results. Fan et al., in contrast, concluded that
more severe myopia was associated with decreased vascular
density of the macula [35], but those authors included myo-
pic eyes with peripheral retinal degeneration in their analy-
ses, which indicates that pathologic myopia might influence
the retinal perfusion in the macula. The research of Mo
et al. confirmed this, finding that macular flow density
decreased in pathological myopia compared to those in high
myopia and emmetropia [34]. However, Al-Sheikh et al.
found that the density of the retinal capillary microvascula-
ture was reduced in eyes with greater myopia among people
at an average age of 57 years [36]. Considering that the reduc-
tion in macular perfusion is prominent in older subjects, par-
ticularly those aged more than 35 to 40 years [37, 38], we
focused on subjects in the age range of 18 to 32 years to avoid
the effects of the aging process. We demonstrated that SE did
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Figure 1: Scatterplots showing correlations between retinal thickness and vascular density in the macular areas. The average mGCC thickness
was strongly correlated with spherical equivalent (a), axial length (b), and superficial macular vascular density (c). The average retinal
thickness was strongly correlated with spherical equivalent (d) and axial length (e), while it was weakly correlated with deep macular
vascular density (f) and IOP (g). mGCC: macular ganglion cell complex; IOP: intraocular pressure.
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not affect the macular vascular density in young myopic eyes
without pathologic changes.

In our study, we observed that mGCC thickness was
significantly correlated with SE and AL, which is consis-
tent with several previous studies [39–43], and linear
regression analyses showed that the superficial macular
vascular density, as an independent factor, was strongly
associated with the average mGCC thickness. One pro-
posed reason for this observation is that the retinal vascu-
lar network supplies abundant nourishment to the retinal
tissues [44]. The boundaries of the macular superficial

network extended from 3μm beneath the ILM to 15μm
beneath the IPL, and the mGCC, comprising the retinal
nerve fiber layer (RNFL), the ganglion cell layer (GCL),
and IPL, is mainly located in the same vertical position
[18, 45]. Anatomically, the superficial vasculature, instead
of the deep vasculature, mainly nourishes the mGCC.
However, Fan et al. found that both superficial and deep
macular vascular densities were significantly associated
with mGCC thickness [35]. Compared with the study of
Fan et al., we included 268 eyes from 138 subjects, about
three times as many as the number of their sample size,
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which might have reduced false-positive rates in our study.
Moreover, their inclusion criteria were slightly different from
our criteria. Longitudinal studies are needed to clarify the
clinical and pathophysiological relevance of the relationship
between reduced vessel density and decreased mGCC
thickness in myopia.

Furthermore, the results indicated that the average retinal
thickness was strongly correlated with AL and SE, which
mainly corresponds with results from other studies [46–49]
and histological findings of increasing retinal thinning in
myopic eyes [50]. Myopization correlates with axial elonga-
tion, resulting in biomechanical stretching of the retina,
choroid, and sclera, which could cause reduction of the
retinal thickness [48]. Besides, average retinal thickness was
founded to increase with IOP in young adults, which is con-
sistent with the study of Jin et al. performed in children [51].
The regression analysis showed that average retinal thickness
was weakly negatively correlative to deep macular vascular
density. It is well known that the human eye is perfused by
two extensions of the ophthalmic artery, of which the inner
retina is nourished by the retinal vasculature system and
the outer retina is supported by the choroidal vascular system
[52]; thus, the average retinal thickness is theoretically
influenced by both choroidal and retinal vasculature systems.
Considering our study’s lack of quantitative choroidal vascu-
lature and the small regression coefficient indicating a weak
correlation, further studies are needed to confirm the rela-
tionship between deep macular vascular density and average
retinal thickness.

Although several previous studies have focused on the
macular vascular density, this study has certain advantages.
To investigate early changes of retinal perfusion and retinal
thickness in myopia and establish a macular vascular density
database of for young, healthy myopes, we included a fairly
large population with normal visual acuity, excluded myo-
pic eyes with signs of myopic degeneration or pathologic
changes, used an imaging technique with excellent capil-
lary resolution and reproducibility, and incorporated an
automated analysis software. In addition, when investigating
the association between the retinal thickness and perfusion of
the macula, this study was adjusted for potential confound-
ing factors, such as SE and AL; thus, the conclusions of this
study are more reliable.

Nevertheless, this study was limited by its cross-sectional
design and the age range of the subjects was relatively small.
Since several studies have suggested that age influences mac-
ular vascular density [53–55], the narrower age range in this
work may confer an advantage by removing age as a potential
confounder. Further longitudinal studies with a greater age
spectrum might be more informative regarding the retinal
structure and blood flow in myopic eyes. Moreover, our
quantitative vascular density was not confirmed by another
assessment method, although there is no gold standard for
vascular density measurements that we could compare to
our quantitative data. Impeded by current scanning proce-
dures, the window size was not completely equivalent when
measuring macular vascular density, average mGCC thick-
ness, and full retinal thickness. Considering irregular structure
of the macula, if new scanning procedures is developed, we

could conduct research with the same window size of mea-
surement to further confirm our results.

In conclusion, our study using OCTA found that
superficial and deep macular vascular densities were not
significantly different among the three myopia groups
and demonstrated that SE did not affect macular vascular
density in myopic eyes of young adults. In addition, super-
ficial macular vascular density, as an independent factor, was
significantly and positively correlated with average mGCC
thickness in young myopes. How superficial macular vascu-
lar density and mGCC thickness interact with each other
remains to be investigated in future studies. OCTA imaging
of retinal microvasculature has the potential to become a
noninvasive and practical technique for quantitative evalua-
tion and understanding of the underlying mechanisms of
various early pathologic changes related to myopia.

Conflicts of Interest

The authors declare that there is no conflicts of interest
regarding the publication of this paper.

Authors’ Contributions

Shiqi Yang and Minwen Zhou contributed equally to this
paper.

Acknowledgments

This work was supported by the National Nature Science
Foundation of China (81730026), Translational Medicine
Innovation Fund of Shanghai Jiao Tong University School
of Medicine (15ZH4005), Shanghai Engineering Technology
Research Center Construction Project (16dz2251500),
Shanghai Municipal Education Commission-Gaofeng
Clinical Medicine Grant Support (20152229), Science and
Technology Innovation Plan of Shanghai Science and
Technology Committee (16411952900), and the National
Natural Science Foundation of China (81470640).

References

[1] P. J. Foster and Y. Jiang, “Epidemiology of myopia,” Eye,
vol. 28, no. 2, pp. 202–208, 2014.

[2] B. Holden, P. Sankaridurg, E. Smith, T. Aller, M. Jong, and
M. He, “Myopia, an underrated global challenge to vision:
where the current data takes us on myopia control,” Eye,
vol. 28, no. 2, pp. 142–146, 2014.

[3] D. S. Fan, D. S. Lam, R. F. Lam et al., “Prevalence, incidence,
and progression of myopia of school children in Hong Kong,”
Investigative Ophthalmology & Visual Science, vol. 45, no. 4,
pp. 1071–1075, 2004.

[4] A. Grzybowski, A. Armesto, M. Szwajkowska, G. Iribarren,
and R. Iribarren, “The role of atropine eye drops in myopia
control,” Current Pharmaceutical Design, vol. 21, no. 32,
pp. 4718–4730, 2015.

[5] J. B. Jonas, V. Nangia, R. Gupta, K. Bhojwani, P. Nangia, and
S. Panda-Jonas, “Prevalence of myopic retinopathy in rural
Central India,” Acta Ophthalmologica, vol. 95, no. 5,
pp. e399–e404, 2016.

8 Journal of Ophthalmology



[6] I. G. Morgan, K. Ohno-Matsui, and S. M. Saw, “Myopia,”
Lancet, vol. 379, no. 9827, pp. 1739–1748, 2012.

[7] T. P. Quek, C. G. Chua, C. S. Chong et al., “Prevalence of refrac-
tive errors in teenage high school students in Singapore,” Oph-
thalmic & Physiological Optics, vol. 24, no. 1, pp. 47–55, 2004.

[8] A. R. Rudnicka, V. V. Kapetanakis, A. K. Wathern et al.,
“Global variations and time trends in the prevalence of
childhood myopia, a systematic review and quantitative
meta-analysis: implications for aetiology and early preven-
tion,” The British Journal of Ophthalmology, vol. 100, no. 7,
pp. 882–890, 2016.

[9] S. M. A. Saw, “Synopsis of the prevalence rates and environ-
mental risk factors for myopia,” Clinical & Experimental
Optometry, vol. 86, no. 5, pp. 289–294, 2003.

[10] S. M. Saw, P. P. Goh, A. Cheng, A. Shankar, D. T. Tan, and
L. B. Ellwein, “Ethnicity-specific prevalences of refractive
errors vary in Asian children in neighbouring Malaysia and
Singapore,” The British Journal of Ophthalmology, vol. 90,
no. 10, pp. 1230–1235, 2006.

[11] N. Warner, “Update on myopia,” Current Opinion in Ophthal-
mology, vol. 27, no. 5, pp. 402–406, 2016.

[12] E. S. Avetisov and N. F. Savitskaya, “Some features of ocular
microcirculation in myopia,” Annals of Ophthalmology,
vol. 9, no. 10, pp. 1261–1264, 1977.

[13] C. Trindade-Porto, A. Alonso-Llamazares, T. Robledo et al.,
“Fluorescein-induced adverse reaction,” Allergy, vol. 54,
no. 11, p. 1230, 1999.

[14] G. Dimitrova and S. Kato, “Color Doppler imaging of retinal
diseases,” Survey of Ophthalmology, vol. 55, no. 3, pp. 193–
214, 2010.

[15] I. Januleviciene, I. Sliesoraityte, B. Siesky, and A. Harris,
“Diagnostic compatibility of structural and haemodynamic
parameters in open-angle glaucoma patients,” Acta Ophthal-
mologica, vol. 86, no. 5, pp. 552–557, 2008.

[16] Y. Jia, S. T. Bailey, T. S. Hwang et al., “Quantitative optical
coherence tomography angiography of vascular abnormalities
in the living human eye,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 112, no. 18,
pp. E2395–E2402, 2015.

[17] Y. Jia, S. T. Bailey, D. J. Wilson et al., “Quantitative optical
coherence tomography angiography of choroidal neovascular-
ization in age-related macular degeneration,” Ophthalmology,
vol. 121, no. 7, pp. 1435–1444, 2014.

[18] Y. Jia, O. Tan, J. Tokayer et al., “Split-spectrum amplitude-
decorrelation angiography with optical coherence tomogra-
phy,” Optics Express, vol. 20, no. 4, pp. 4710–4725, 2012.

[19] S. S. Gao, G. Liu, D. Huang, and Y. Jia, “Optimization of the
split-spectrum amplitude-decorrelation angiography algo-
rithm on a spectral optical coherence tomography system,”
Optics Letters, vol. 40, no. 10, pp. 2305–2308, 2015.

[20] A. D. Pechauer, Y. Jia, L. Liu, S. S. Gao, C. Jiang, and D. Huang,
“Optical coherence tomography angiography of peripapillary
retinal blood flow response to hyperoxia,” Investigative
Ophthalmology & Visual Science, vol. 56, no. 5, pp. 3287–
3291, 2015.

[21] L. Liu, Y. Jia, H. L. Takusagawa et al., “Optical coherence
tomography angiography of the Peripapillary retina in
glaucoma,” JAMA Ophthalmol., vol. 133, no. 9, pp. 1045–
1052, 2015.

[22] C. Yun, J. Oh, J. Ahn et al., “Comparison of intravitreal
aflibercept and ranibizumab injections on subfoveal and

peripapillary choroidal thickness in eyes with neovascular
age-related macular degeneration,” Graefe's Archive for Clin-
ical and Experimental Ophthalmology, vol. 254, no. 9,
pp. 1693–1702, 2016.

[23] W. A. Samara, A. Shahlaee, J. Sridhar, M. A. Khan, A. C. Ho,
and J. Hsu, “Quantitative optical coherence tomography
angiography features and visual function in eyes with branch
retinal vein occlusion,” American Journal of Ophthalmology,
vol. 166, pp. 76–83, 2016.

[24] W. A. Samara, A. Shahlaee, M. K. Adam et al., “Quantification
of diabetic macular ischemia using optical coherence tomogra-
phy angiography and its relationship with visual acuity,”
Ophthalmology, vol. 124, no. 2, pp. 235–244, 2017.

[25] A. Yarmohammadi, L. M. Zangwill, A. Diniz-Filho et al.,
“Peripapillary andmacular vessel density in patients with glau-
coma and single-hemifield visual field defect,” Ophthalmology,
vol. 124, no. 5, pp. 709–719, 2017.

[26] A. Shahlaee, W. A. Samara, J. Hsu et al., “In vivo assessment of
macular vascular density in healthy human eyes using optical
coherence tomography angiography,” American Journal of
Ophthalmology, vol. 165, pp. 39–46, 2016.

[27] S. A. Agemy, N. K. Scripsema, C. M. Shah et al., “Retinal
vascular perfusion density mapping using optical coherence
tomography angiography in normals and diabetic retinopathy
patients,” Retina, vol. 35, no. 11, pp. 2353–2363, 2015.

[28] W. A. Samara, E. A. Say, C. T. Khoo et al., “Correlation of
foveal avascular zone size with foveal morphology in normal
eyes using optical coherence tomography angiography,”
Retina, vol. 35, no. 11, pp. 2188–2195, 2015.

[29] G. Hollo, H. Shu-Wei, and F. Naghizadeh, “Evaluation of a
new software version of the RTVue optical coherence
tomograph for image segmentation and detection of glaucoma
in high myopia,” Journal of Glaucoma, vol. 25, no. 6, pp. e615–
e619, 2016.

[30] N. Shimada, K. Ohno-Matsui, S. Harino et al., “Reduction of
retinal blood flow in high myopia,” Graefe's Archive for
Clinical and Experimental Ophthalmology, vol. 242, no. 4,
pp. 284–288, 2004.

[31] A. Benavente-Pérez, S. L. Hosking, N. S. Logan, and D. C.
Broadway, “Ocular blood flow measurements in healthy
human myopic eyes,” Graefe's Archive for Clinical and Exper-
imental Ophthalmology, vol. 248, no. 11, pp. 1587–1594, 2010.

[32] D. Karczewicz and M. Modrzejewska, “Assessment of blood
flow in eye arteries in patients with myopia and glaucoma,”
Klinika Oczna, vol. 106, no. 1-2 Suppl, pp. 214–216, 2004.

[33] X. Wang, X. Kong, C. Jiang, M. Li, J. Yu, and X. Sun, “Is the
peripapillary retinal perfusion related to myopia in healthy
eyes? A prospective comparative study,” BMJ Open, vol. 6,
no. 3, article e010791, 2016.

[34] J. Mo, A. Duan, S. Chan, X. Wang, andW.Wei, “Vascular flow
density in pathological myopia: an optical coherence tomogra-
phy angiography study,” BMJ Open, vol. 7, no. 2, article
e013571, 2017.

[35] H. Fan, H. Y. Chen, H. J. Ma et al., “Reduced macular vascular
density in myopic eyes,” Chinese Medical Journal, vol. 130,
no. 4, pp. 445–451, 2017.

[36] M. Al-Sheikh, N. Phasukkijwatana, R. Dolz-Marco et al.,
“Quantitative OCT angiography of the retinal microvascula-
ture and the choriocapillaris in myopic eyes,” Investigative
Ophthalmology & Visual Science, vol. 58, no. 4, pp. 2063–
2069, 2017.

9Journal of Ophthalmology



[37] J. Yu, R. Gu, Y. Zong et al., “Relationship between retinal per-
fusion and retinal thickness in healthy subjects: an optical
coherence tomography angiography study,” Investigative
Ophthalmology & Visual Science, vol. 57, no. 9, pp. OCT204–
OCT210, 2016.

[38] Q. Wang, S. Chan, J. Y. Yang et al., “Vascular density in retina
and choriocapillaris as measured by optical coherence tomog-
raphy angiography,” American Journal of Ophthalmology,
vol. 168, pp. 95–109, 2016.

[39] K. Ueda, A. Kanamori, A. Akashi, M. Tomioka, Y. Kawaka,
and M. Nakamura, “Effects of axial length and age on circum-
papillary retinal nerve fiber layer and inner macular parame-
ters measured by 3 types of SD-OCT instruments,” Journal
of Glaucoma, vol. 25, no. 4, pp. 383–389, 2016.

[40] A. Takeyama, Y. Kita, R. Kita, and G. Tomita, “Influence of
axial length on ganglion cell complex (GCC) thickness and
on GCC thickness to retinal thickness ratios in young adults,”
Japanese Journal of Ophthalmology, vol. 58, no. 1, pp. 86–93,
2014.

[41] T. Higashide, S. Ohkubo, M. Hangai et al., “Influence of clini-
cal factors and magnification correction on normal thickness
profiles of macular retinal layers using optical coherence
tomography,” PLoS One, vol. 11, no. 1, article e0147782, 2016.

[42] B. I. Sezgin Akcay, B. O. Gunay, E. Kardes, C. Unlu, and
A. Ergin, “Evaluation of the ganglion cell complex and retinal
nerve fiber layer in low, moderate, and high myopia: a study by
RTVue spectral domain optical coherence tomography,” Sem-
inars in Ophthalmology, vol. 32, no. 6, pp. 682–688, 2017.

[43] M. C. C. Lim, S. T. Hoh, P. J. Foster et al., “Use of optical
coherence tomography to assess variations in macular retinal
thickness in myopia,” Investigative Opthalmology & Visual
Science, vol. 46, no. 3, pp. 974–978, 2005.

[44] R. S. Ramrattan, T. L. van der Schaft, C. M. Mooy, W. C. de
Bruijn, P. G. Mulder, and P. T. de Jong, “Morphometric
analysis of Bruch’s membrane, the choriocapillaris, and the
choroid in aging,” Investigative Ophthalmology & Visual
Science, vol. 35, no. 6, pp. 2857–2864, 1994.

[45] M. F. Kraus, J. J. Liu, J. Schottenhamml et al., “Quantitative
3D-OCT motion correction with tilt and illumination correc-
tion, robust similarity measure and regularization,” Biomedical
Optics Express, vol. 5, no. 8, pp. 2591–2613, 2014.

[46] T. von Hanno, A. C. Lade, E. B. Mathiesen, T. Peto, I. Njolstad,
and G. Bertelsen, “Macular thickness in healthy eyes of adults
(N = 4508) and relation to sex, age and refraction: the Tromsø
Eye Study (2007-2008),” Acta Ophthalmologica, vol. 95, no. 3,
pp. 262–269, 2017.

[47] C. E. Myers, B. E. Klein, S. M. Meuer et al., “Retinal thickness
measured by spectral-domain optical coherence tomography
in eyes without retinal abnormalities: the Beaver Dam Eye
Study,” American Journal of Ophthalmology, vol. 159, no. 3,
pp. 445–456.e1, 2015.

[48] W. PC, Y. J. Chen, C. H. Chen et al., “Assessment of macular
retinal thickness and volume in normal eyes and highly myo-
pic eyes with third-generation optical coherence tomography,”
Eye, vol. 22, no. 4, pp. 551–555, 2008.

[49] W. K. Song, S. C. Lee, E. S. Lee, C. Y. Kim, and S. S. Kim,
“Macular thickness variations with sex, age, and axial length
in healthy subjects: a spectral domain-optical coherence
tomography study,” Investigative Ophthalmology & Visual
Science, vol. 51, no. 8, pp. 3913–3918, 2010.

[50] T. Y. Chui, H. Song, and S. A. Burns, “Individual variations
in human cone photoreceptor packing density: variations

with refractive error,” Investigative Ophthalmology & Visual
Science, vol. 49, no. 10, pp. 4679–4687, 2008.

[51] P. Jin, H. Zou, J. Zhu et al., “Choroidal and retinal thickness in
children with different refractive status measured by swept-
source optical coherence tomography,” American Journal of
Ophthalmology, vol. 168, pp. 164–176, 2016.

[52] J. Kur, E. A. Newman, and T. Chan-Ling, “Cellular and phys-
iological mechanisms underlying blood flow regulation in the
retina and choroid in health and disease,” Progress in Retinal
and Eye Research, vol. 31, no. 5, pp. 377–406, 2012.

[53] R. R. MacGregor, W. G. Negendank, and A. D. Schreiber,
“Impaired granulocyte adherence in multiple myeloma: rela-
tionship to complement system, granulocyte delivery, and
infection,” Blood, vol. 51, no. 4, pp. 591–599, 1978.

[54] I. Kimura, K. Shinoda, T. Tanino, Y. Ohtake, Y. Mashima, and
Y. Oguchi, “Scanning laser Doppler flowmeter study of retinal
blood flow in macular area of healthy volunteers,” British Jour-
nal of Ophthalmology, vol. 87, no. 12, pp. 1469–1473, 2003.

[55] Z. Burgansky-Eliash, A. Lowenstein, M. Neuderfer et al., “The
correlation between retinal blood flow velocity measured by
the retinal function imager and various physiological parame-
ters,” Ophthalmic Surgery, Lasers and Imaging Retina, vol. 44,
no. 1, pp. 51–58, 2013.

10 Journal of Ophthalmology



Submit your manuscripts at
https://www.hindawi.com

Stem Cells
International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

MEDIATORS
INFLAMMATION

of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Behavioural 
Neurology

Endocrinology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Disease Markers

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Oncology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Oxidative Medicine and 
Cellular Longevity

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

PPAR Research

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Immunology Research
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Obesity
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Computational and  
Mathematical Methods 
in Medicine

Ophthalmology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Diabetes Research
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Research and Treatment
AIDS

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Gastroenterology 
Research and Practice

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Parkinson’s 
Disease

Evidence-Based 
Complementary and 
Alternative Medicine

Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com


