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Purpose: To segment and quantify three distinct retinal capillary plexuses using optical
coherence tomography angiography (OCTA) in myopic eyes.

Methods:Weanalyzed 96 eyes from62 subjects withmyopia (27.76± 7.05 years of age)
and evaluated 30 normal eyes from 15 subjects (28.33 ± 3.13 years of age) for controls.
En face OCTA images generated by AngioPlex (Carl Zeiss; Oberkochen, Germany) were
manually segmented by the progressive matchingmethod into superficial, middle, and
deep capillary plexuses (SCPs, MCPs, and DCPs, respectively). Estimated positions for
eachplexus relative to the reference linewere calculated. After strict artifact removal and
magnification correction, vessel density (VD) and skeleton density (SD) analyses were
performed on each capillary plexus.

Results: Myopic eyes were divided into three groups according to their degree of
myopia. We defined the relative estimated positions of the MCP outer boundary to the
retinal pigment epithelium fit layer as MCP = –89.317 – 0.178 (central retinal thickness)
– 0.580 (ganglion cell inner plexiform thickness); the DCP outer boundary was 38.48 ±
6.24 μm below the inner plexiform layer. VDs were significantly higher in the super-high
myopia group than in the control and moderate myopia groups for the DCP (all P <
0.05). SDs in the SCPswere significantly lower in the highmyopia and super-highmyopia
groups than in the control groups (all P < 0.001).

Conclusions: With progressive matching, we segmented three capillary plexuses and
defined the relative estimated positions of each capillary plexus to the reference line in
myopic eyes. The VD of the DCP increased for more myopic eyes.

Translational Relevance:Our study provides a visual method for OCTA image vascular
segmentation for myopic eyes.

Introduction

Uncorrected refractive error is the main cause of
visual impairment globally, and myopia is the most
common refractive error.1–3 The prevalence of myopia
and high myopia has been increasing globally.2,4 Even
with refractive correction, high myopia can lead to
myopic retinopathy, which presents with lacquer crack
formation, choroidal neovascularization, and chori-
oretinal atrophy; these complications are highly associ-
ated with retinal vessel morphologic alterations.5,6

However, due to technical difficulties, previous studies
were limited to large retinal vessel analyses, such
as color Doppler imaging and the use of fundus
cameras.7,8

Optical coherence tomography angiography
(OCTA) is an advanced ophthalmic imaging technique
that can measure the microvasculature structure
in different layers of the retina without the use of
contrast agents, such as fluorescent dye.9–11 Because
of its high resolution and fast image acquisition time,
OCTA is widely used in the detection of vascular
changes in various diseases.12–15
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Because of the limitations of machine software,
previous studies of myopia microvascular disease
divided retinal vessels into two layers—superficial
capillary plexus (SCP) and deep capillary plexus
(DCP).16–18 However, later studies have demonstrated
a third capillary plexus, the middle capillary plexus
(MCP), which is associatedwith distinct developmental
cues.19–22 Changes in each of the three distinct capillary
plexuses have been described for specific conditions,
such as diabetic retinopathy (DR), hyperoxia, and dark
adaptation, and it has been demonstrated that each
vascular layer undergoes independent changes.23–26
But, these studies lack definitive evidence for segmen-
tation.

Moreover, the elongation of the axial axis of myopia
will lead to changes in the structure of the retina and
may also cause changes in the position of the capillary
plexuses.27 To date, we have not found any attempt to
segment the three capillary plexuses in OCTA images
of patients with myopia.

In this study, we used a progressive matching
method to segment the trilaminar capillary plexuses to
locate the position of the capillary plexuses in myopic
eyes and to describe the changes in the three capil-
lary plexuses in patients with myopia. Our study is an
important supplement to previous studies and provides
a basis for future myopia research.

Methods

This retrospective study was approved by the
Lixiang Eye Hospital of Soochow University Insti-
tutional Review Board, adhered to the tenets of the
Declaration of Helsinki, and was in compliance with
the Health Insurance Portability and Accountability
Act. Informed consent was obtained from all subjects,
who underwent OCTA imaging between January 2018
and November 2018 in the Department of Ophthal-
mology at Lixiang Eye Hospital of Soochow Univer-
sity in Suzhou, Jiangsu.

Study Sample

A total of 96 eyes from 62 subjects with myopia
were recruited for this study, and a total of 30
normal eyes from 15 subjects were evaluated for
controls. All subjects were from a Han Chinese
population. Each subject underwent a complete ocular
examination, which included slit-lamp biomicroscopy,
best-corrected visual acuity), refractive diopter (D)
measurement with a Nidek AR-310A autorefractor
(Tokyo, Japan), intraocular pressure (IOP) measure-

ment using a Canon TX-20 tonometer (Tokyo, Japan),
dilated fundus examination, and axial length (AL)
measurement using a Zeiss IOLMaster 500.

The inclusion criteria were best-corrected visual
acuity equal to or better than 20/20, spherical equiva-
lent (SE)≤ –3.00D, normal IOP, no evidence of myopic
macular degeneration, and no history of vitreoreti-
nal disease in the study eyes. The SE of the control
group ranged from +0.5D to –1.0D. Exclusion crite-
ria included a history of ocular surgery or systemic
diseases potentially affecting the eyes, myopic choroidal
neovascularization (CNV), poor-quality images with a
signal strength less than 8 (maximum of 10), significant
motion artifact, or inability to abstain from blinking or
movement during image acquisition.

OCTA Imaging

The commercially available Zeiss AngioPlex Cirrus
HD-OCT 5000-2328 with optical microangiography
image processing (software version 10.0.0.14618) was
used for image acquisition. The technical aspects of
this device have been previously described in detail.28
Briefly, this device is capable of scanning at a rate of
68,000 A-scans per second with a light source with a
central wavelength of 840 nm and a full-width at half
maximum of 90 nm. The 3 × 3-mm2 optical microan-
giography scanning mode is achieved by repeating four
B-scans at each retinal position in the slow y-axis (245
B-scans at 12.5-μm intervals) with 245 A-scans per B-
scan in the fast x-axis.9 The FAST-Trac function was
turned on to minimize the effect of eye motion-related
artifacts as previously described.16,18,28 At least one 3
× 3-mm (759 × 759 pixels) scan centered on the fovea
was taken in each eye of interest.

Imaging Segmentation

Segmentation process has been described in detail in
a previous study.29 Briefly, the retinal pigment epithe-
lium (RPE) fit and inner plexiform layer (IPL) were
used as the reference line. The DCP andMCP could be
captured individually using a thin slab with a certain
thickness that was gradually cut upward from the
vascularized area of the outer nuclear layer (ONL)
(Supplementary Movie S1). We refer to this approach
as progressive matching. For the thickness of the DCP
and MCP, previous studies have selected a thin slab of
15 μm or 30 μm, but we found that a slab of this thick-
ness could not display an integrated DCP in myopic
eyes; thus, we selected a thin slab of 20 μm to segment
the DCP following the method of Bonnin.26,30,31 The
process of capture is detailed in Figures 1 and 2, and
this process was performed twice with RPE fit and IPL
as reference lines. We then defined the SCP as a slab



Characterize Capillary Plexuses in Myopic Eyes TVST | March 2020 | Vol. 9 | No. 4 | Article 8 | 3

Figure 1. Segmentation of DCPs on OCTA. (A–J) A 20-μm-thin slab captures DCPs gradually inward from the avascular zone of the outer
nuclear layer at 6-μm intervals until the continuous capillary plexus is disconnected. Image (G) contained themost complete vascular struc-
ture and was considered to be the DCP. The red lines on cross-sectional OCTA show the segmentation boundaries for each layer.

from 0 μm beneath the inner limiting membrane (ILM)
to 70 μm beneath the ILM.20,29,32 The results of the
three retinal capillary plexuses are shown in Supple-
mentary Figure S2.

The manual “Remove Projections” option in the
AngioPlex software was activated to reduce projection
artifacts in the lower layers for MCP and DCP analy-
ses.33 We obtained the MCP and DCP after removal
of the decorrelation tail artifact (MCP-re and DCP-re,
respectively); however, the effect was better for theDCP
than for the MCP (Supplementary Fig. S2). Therefore,
we used the minimum projection method in ImageJ
version 1.52a (http://imagej.nih.gov/ij/; National Insti-
tutes of Health, Bethesda, MD) to remove the decor-
relation tail artifact of the MCP. In short, the SCP
and MCP were fused into a stack using ImageJ,
the minimum projection map was generated using
z-projection, and, finally, the artifact-removed MCP
was obtained by subtracting the minimum projection
map with MCP (Fig. 3).

En Face Imaging Analysis

En face OCTA images were analyzed with ImageJ
version 1.50i. Fundus photography and OCTA magni-

fication is different in myopic eyes due to axial elonga-
tion; hence, proper magnification correction is required
for evaluating the dimensional information of the
retina. Bennett’s formula, t = p × q × s (where t
as the real scan length, p is the magnification factor
determined by the OCT imaging system camera, q is
the magnification factor related to the eye, and s is
the original measurement from the OCT image), was
used to adjust the image magnification based on the
AL.13,14,27,34 The reference AL for the OCT imaging
system camera is 24.46 mm; as a result, the scaling
factor (p × q) = 3.3823 × 0.0130623(AL – 1.82).
Because high-myopia images would change pixel size
after adjusting for the scaling factor from Bennett’s
formula, they were trimmed to the original pixel size
(759 × 759 pixels) in the corrected image (Fig. 4).

To calculate vessel density (VD) and skeleton
density (SD), we thresholded the face image of each
capillary plexus according to the gray value of the
foveal avascular zone, generating a binarized black-
and-white slab. VD was calculated as the proportion
of detected OCTA signal (white pixels in the binarized
image) to total pixels. Then, a skeletonized slab was
created on this slab, representing a vessel with a width
of 1 pixel. SD was defined as the ratio of the length

http://imagej.nih.gov/ij/
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Figure 2. Segmentation of MCPs on OCTA. (A–J) A 30-μm-thin slab continued to move upward at an interval of 6 μm until the vascular
structure details began to disappear to capture the MCP. Image (G) contained the most complete vascular structure details and was consid-
ered to be the MCP. The red lines on cross-sectional OCTA show the segmentation boundaries for each layer.

Figure 3. Removal of the decorrelation tail artifact in the MCP using the minimum-projection method of ImageJ. The (A) MCP and (B) SCP
were fused into a stack using ImageJ; the minimum projection map was generated using z-projection. (C) Finally, the MCP-re was obtained
by subtracting the minimum projection map with the MCP.

of the vascular skeleton to the total area of the image
(Supplementary Fig. S3). A similar approach has been
described in detail in many previous reports.11,17,35

OCT Analysis

In addition, macular tomographic OCT was
scanned in each eye (macular cube 512 × 128 scan),
and central retinal thickness (CRT) and ganglion
cell inner plexiform thickness (GCT) were measured
using built-in software on the Cirrus device. CRT was

defined as the distance between the ILM and RPE
within 1 mm of the fovea, and GCT was defined as the
thickness between the upper edge of the ganglion cell
layer and the lower edge of the inner plexiform layer.

Statistical Analysis

Statistical analysis was performed using SPSS 18.0
(IBM; Armonk, NY). The SE of refractive error was
calculated as the spherical dioptric power plus one-
half of the cylindrical dioptric power. For all tests,
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Figure 4. Magnification correction of optical coherence tomography angiography image. The original image (A) (759 × 759 pixels) was
magnified 1.15× according to the axial length (AL = 27.90 mm) to create the magnified image (B) (873 × 873 pixels), which was further
cropped to the size of the original image (C) (759 × 759 pixels).

Table 1. Characteristics among the Different Groups

Variables Control Moderate Myopia High Myopia Super-High Myopia F P

Number of eyes 30 14 57 25
Age (y) 28.33 ± 3.08 29.86 ± 8.19 27.56 ± 6.44 26.52 ± 6.90 0.988 0.401
Mean AL (mm) 23.28 ± 0.67 24.79 ± 0.70 26.72 ± 1.17 27.28 ± 1.03 102.306 <0.001**

Mean SE (D) –0.18 ± 0.61 –4.07 ± 0.83 –7.44 ± 0.82 –10.18 ± 1.11 754.51 <0.001**

Mean CRT (μm) 240.33 ± 21.26 244.86 ± 12.83 251.12 ± 20.23 249.80 ± 14.49 2.369 0.074
Mean GCT (μm) 85.97 ± 3.32 79.93 ± 4.98 77.28 ± 5.71 74.32 ± 5.48 27.832 <0.001**

Data are expressed as the mean ± standard deviation; one-way analysis of variance.
**P < 0.01.

P values< 0.05 were considered statistically significant.
All data are reported as means and standard devia-
tions. One-way analysis of variance was used for overall
effects among the four groups, and the least significant
difference test was used for post hoc analyses. Pearson’s
correlations were used to study the association between
the location of each capillary plexus and the AL and
SE. A linear regression model (stepwise method) was
used for multivariate analyses and to calculate the
location of the MCP and DCP outer boundaries.

Results

Subject Demographics and Clinical
Characteristics

The mean ages of the myopia subjects and control
subjects were 27.76 ± 7.05 years and 28.33 ± 3.13
years, respectively. The eyes of the myopia subjects
were subsequently divided into groups according to
their degree of myopia: 14 eyes were included in the
moderate myopia group (–6.00D < SE ≤ –3.00 D),
57 eyes were included in the high myopia group
(–9.00D < SE ≤ –6.00D), and 25 eyes were included
in the super-high myopia group (SE ≤ –9.00D). The
subjects’ characteristics are shown in Table 1. The

CRTs in the control (240.33 ± 21.26 μm), moderate
myopia (244.86 ± 12.83 μm), high myopia (251.12 ±
20.23 μm), and super-high myopia (249.80± 14.49 μm)
groups were not significantly different (P = 0.074)
(Table 1). The GCTs in the control (85.97 ± 3.32 μm),
moderate myopia (79.93 ± 4.98 μm), high myopia
(77.28 ± 5.71 μm), and super-high myopia (74.32 ±
5.48 μm) groups were significantly different (P< 0.001)
(Table 1).

Localization of MCP and DCP In Four Groups

If RPE fit was used as the reference line, the outer
boundaries of the MCP were 183.30 ± 13.22 μm,
179.93 ± 7.32 μm, 179.30 ±9.31 μm, and 175.76
± 9.22 μm above the reference line in the control,
moderatemyopia, highmyopia, and super-highmyopia
groups, respectively. The outer boundaries of the DCP
were 137.60 ± 11.42 μm, 135.14 ± 6.05 μm, 134.32 ±
8.07 μm, and 131.28 ± 8.80 μm above the reference
line for the four groups, respectively. The MCP and
DCP outer boundaries were not significantly different
among the groups (P = 0.061 and P = 0.553, respec-
tively) (Table 2). If the IPL was used as the reference
line, the outer boundaries of the MCP were 15.70 ±
8.03 μm, 10.43 ± 5.98 μm, 9.91 ± 7.27 μm, and 8.52 ±
6.42 μm above the line for the four groups, respectively
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Table 2. Position of the Outer Boundary of the MCP and DCP Relative to the IPL and RPE Fit

Capillary Plexus Control Moderate Myopia High Myopia Super-High Myopia F P

MCP Mean RPE fit
(μm)

–183.30 ± 13.22 –179.93 ± 7.32 –179.30 ± 9.31 –175.76 ± 9.22 2.525 0.061

IPL (μm) –15.70 ± 8.03 –10.43 ± 5.98 –9.91 ± 7.27 –8.52 ± 6.42 5.749 0.001**

DCP Mean RPE fit
(μm)

–137.60 ± 11.42 –135.14 ± 6.05 –134.32 ± 8.07 –131.28 ± 8.80 2.308 0.080

Mean IPL (μm) 37.63 ± 7.04 38.43 ± 6.15 38.19 ± 6.46 39.16 ± 5.97 0.259 0.855

Data are expressed as the mean ± standard deviation; one-way analysis of variance. The minus sign indicates above the
reference line.

**P < 0.01.

Figure 5. Position of the outer boundary of the MCP and DCP relative to RPE fit and IPL among the four groups. (A) The MCP position with
RPE fit as the reference line. (B) TheMCP position with IPL as the reference line. (C) The DCP position with RPE fit as the reference line. (D) The
DCP position with IPL as the reference line. The position of the MCP relative to the RPE fit was higher in the super-high myopia group than
in the control group. The position of the MCP relative to the IPL was higher in the control group than in the three myopia groups. The DCP
position did not show any differences between any two groups. Theminus sign indicates above the reference line; post hoc least significant
difference test. *P < 0.05; **P < 0.01.

(P = 0.001) (Table 2). The results for the DCP were
37.63 ± 7.04 μm, 38.43 ± 6.15 μm, 38.19 ± 6.46 μm,
and 39.16 ± 5.97 μm below the line for the four groups,
respectively (P = 0.855) (Table 2).

The position of the MCP relative to RPE fit was
higher in the super-high myopia group than in the
control group (P < 0.001) (Fig. 5). The position of the
MCP relative to the IPLwas higher in the control group
than in the three myopia groups (P = 0.036, P = 0.006,
andP= 0.003) (Fig. 5). TheDCPposition did not show
any significant difference between any two groups.

Multivariate Linear Regression Analysis

We performed multivariate linear regression analy-
ses to investigate the factors affecting the relative
position. If RPE fit was used as the reference line,
the position of the MCP was affected by GCT and
CRT (all P < 0.01), and the position of the DCP was
affected by GCT (P = 0.009) (Table 3). If the IPL was
used as the reference line, the position of the MCP
was affected by AL and CRT (all P = 0.029 and P =
0.001, respectively) (Table 3). Furthermore, only the
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Table 3. Linear Regression Analysis of Factors Affecting the Relative Position

Factor Model 1 Coefficient† P Model 2 Coefficient† P

Mean MCP relative to RPE fit Adjusted R2 = 0.235 Adjusted R2 = 0.228
Mean AL 0.221 0.092 — —
Mean SE 0.112 0.342 — —
Mean CRT –0.395 <0.001** –0.352 (–0.178) <0.001**

Mean GCT –0.306 0.004** –0.369 (–0.580) <0.001**

MCP relative to IPL Adjusted R2 = 0.094 Adjusted R2 = 0.102
Mean AL 0.313 0.029* 0.225 (1.163) 0.029*

Mean SE 0.141 0.275 — —
Mean CRT –0.342 0.001** –0.335 (–0.128) 0.001**

Mean GCT –0.009 0.934 — —
DCP relative to RPE fit Adjusted R2 = 0.098 Adjusted R2 = 0.061

Mean AL 0.277 0.053 — —
Mean SE 0.106 0.408 — —
Mean CRT –0.222 0.032* — —
Mean GCT –0.186 0.100 –0.267 (–0.372) 0.009**

DCP relative to IPL Adjusted R2 = 0.081 —
Mean AL 0.382 0.009** — —
Mean SE 0.127 0.328 — —
Mean CRT –0.181 0.083 — —
Mean GCT 0.318 0.006** — —
Model 1, input; Model 2, stepwise.
*P < 0.05.
**P < 0.01.
†Standardized coefficient; unstandardized coefficient is in parentheses.

Table 4. Microvascular Parameters of Three Capillary Plexuses in the Four Groups

Capillary Plexus Control Moderate Myopia High Myopia Super-High Myopia F P

SCP VD (%) 32.97 ± 3.90 30.95 ± 4.39 32.46 ± 4.57 32.70 ± 6.02 0.613 0.608
SD (mm−1) 14.45 ± 1.51 13.52 ± 1.75 12.90 ± 1.75 12.75 ± 2.16 5.936 <0.001**

MCP VD (%) 42.27 ± 3.27 39.89 ± 7.36 41.24 ± 5.32 42.94 ± 6.79 1.166 0.326
SD (mm−1) 18.87 ± 1.31 17.65 ± 2.77 16.82 ± 2.12 17.09 ± 2.39 6.566 <0.001**

MCP-re VD (%) 29.43 ± 2.79 29.34 ± 4.06 30.61 ± 3.49 31.96 ± 4.02 2.868 0.039*

SD (mm−1) 14.10 ± 1.26 14.31 ± 1.80 14.17 ± 1.40 14.78 ± 1.71 1.178 0.321
DCP VD (%) 32.57 ± 3.55 31.56 ± 4.67 35.98 ± 5.83 37.72 ± 6.41 6.711 <0.001**

SD (mm−1) 15.62 ± 1.48 14.98 ± 1.75 15.37 ± 2.21 15.71 ± 2.37 0.484 0.694
DCP-re VD (%) 28.94 ± 2.64 28.67 ± 4.56 32.16 ± 5.91 34.69 ± 5.79 7.410 <0.001**

SD (mm−1) 13.85 ± 1.13 13.53 ± 1.90 13.88 ± 2.35 14.53 ± 2.20 0.919 0.434

Data are expressed as the mean ± standard deviation; one-way analysis of variance.
*P < 0.05.
**P < 0.01.

MCP relative to RPE fit had a good degree of fit
(adjusted R2 = 0.228) (Table 3). Therefore, we used
the regression equation MCP = –89.317 – 0.178CRT –
0.580GCT, with RPE fit as the reference line. Table 3
shows the detailed results of the linear regression
analyses.

Microvascular Changes in the Four Groups

VDs of theMCP-re, DCP, and DCP-re were signifi-
cantly different among the four groups (all P < 0.05)
(Table 4). In the super-high myopia group, VD was
significantly higher than in the control and moderate
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Table 5. Correlations of Ocular Parameters with Microvascular Parameters

SCP MCP MCP-re DCP DCP-re

Parameter Correlation VD SD VD SD VD SD VD SD VD SD

Mean AL r 0.052 –0.242 0.064 –0.239 0.091 –0.123 0.209 –0.082 0.272 0.020
P 0.612 0.017* 0.537 0.019* 0.379 0.233 0.041* 0.426 0.007** 0.845

Mean SE r –0.116 0.121 –0.178 0.061 –0.202 –0.080 –0.315 –0.104 –0.364 –0.183
P 0.261 0.242 0.082 0.556 0.048* 0.441 0.002** 0.315 <0.001** 0.074

Mean GCT r 0.128 0.227 0.143 0.257 0.090 0.121 0.144 0.283 0.035 0.127
P 0.214 0.026* 0.165 0.012* 0.384 0.241 0.161 0.005** 0.736 0.216

Mean CRT r 0.085 –0.037 0.166 0.072 0.253 0.186 0.314 0.253 0.324 0.269
P 0.409 0.717 0.106 0.485 0.013* 0.070 0.002** 0.013* 0.001** 0.008**

*P < 0.05.
**P < 0.01.

myopia groups for the MCP-re, DCP, and DCP-re (all
P < 0.05) (Fig. 6). In the SCP and MCP, the SDs of
the control group were significantly higher than those
of the high myopia and super-high myopia groups (all
P < 0.001) (Fig. 6). In the MCP-re, DCP, and DCP-re,
the SDs were not significantly different among the four
groups (all P > 0.05) (Table 4).

Correlation Analysis

To determine the factors associated with the param-
eters of the microvasculature in all myopia subjects,
we performed correlation analyses. In patients with
myopia, the SDs of the SCP and MCP were weakly
negatively correlated with the AL (P = 0.017 and P =
0.019, respectively) and were positively correlated with
GCT (P = 0.026 and P = 0.012, respectively) (Table 5).
The VDs in theDCP andDCP-re were positively corre-
lated with AL and negatively correlated with SE (all
P < 0.05) (Table 5). The VD of MCP-re was slightly
negatively correlated with SE (P = 0.048) (Table 5).
In addition, the VDs and SDs in the DCP and DCP-
re were all positively correlated with CRT (all P <

0.01), and SD in theDCPwas positively correlatedwith
GCT (P = 0.005) (Table 5). VD in the MCP-re was
positively correlated with CRT (P = 0.013), and SD
in the MCP was positively correlated with GCT (P =
0.012) (Table 5).

Discussion

Using a customized manual segmentation we refer
to as progressive matching, we have successfully used
OCTA to distinguish the three distinct retinal capillary
plexuses in myopic eyes. After magnification correc-
tion and artifact removal, we initially analyzed the VDs

and SDs of the three capillary plexuses in subjects with
myopia.

We believe that RPE fit is a reasonable reference
line for the description of the location of capillary
plexuses because, as mentioned before, in the Angio-
Plex platform the IPL is not a real anatomical location
but an approximate line calculated by the ILM and
RPE fit, but given that previous studies have used the
IPL as a reference line9,30 we still included the IPL in
this study.

In this study, the MCP was mostly located near
the IPL, and the DCP was mostly located near the
OPL, a finding that is compatible with most previous
studies.9,19,26,30,36–38 The outer boundaries of theMCP
were 183.30 ± 13.22 μm, 179.93 ± 7.32 μm, 179.30
± 9.31 μm, and 175.76 ± 9.22 μm above RPE fit in
the control, moderate myopia, highmyopia, and super-
high myopia groups, respectively. The position of the
MCP was lower in the super-high myopia group than
in the control group. Liu et al.27 and Ye et al.39 found
that the Henle fiber layer and ONL, which comprise
the largest portion of the retina, became thinner with
the progression of myopia, and the inner nuclear layer
showed the same changes. This change may explain
why the position of the MCP declined. Alternatively,
multivariate analysis revealed that both GCT and CRT
had an effect on the location of theMCP. Thus, we used
the regression equation MCP = –89.317 – 0.178CRT
– 0.580GCT with RPE fit as the reference line. This
means that, for each micron increase in GCT, theMCP
location will be elevated by 0.580 μm, and for each
micron increase in CRT the MCP location will be
elevated by 0.178 μm.

The outer boundaries of the DCP were 137.60 ±
11.42 μm, 135.14 ± 6.05 μm, 134.32 ± 8.07 μm, and
131.28 ± 8.80 μm above the RPE fit in the control,
moderatemyopia, highmyopia, and super-highmyopia
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Figure 6. Microvascular changes in the four groups. In the super-high myopia group, VD was significantly higher than that in the control
and moderate-myopia groups for the MCP-re, DCP, and DCP-re. In the SCP and MCP, the SDs of the control group were significantly higher
than those of the high-myopia and super-high myopia groups; in the MCP-re and DCP, the SDs were not statistically different among the
four groups. Post hoc least significant difference test. *P < 0.05; **P < 0.01.
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groups, respectively. Although the location of the DCP
also decreased with the progression of myopia, none of
these values was significant. This lack of a difference
may be related to thickening of the outer plexiform
layer (OPL) as myopia progresses.27,39 Although the
thickness of the Henle fiber layer and ONL decreases
with the progression of myopia, the thickening of the
OPL counteracts some of these effects, and the reduc-
tion in the inner nuclear layer, which affects the location
of the MCP, does not influence the location of the
DCP.

If the IPL was taken as the reference line, the
position of the MCP would gradually approach the
reference line with the progression of myopia, but
the linear regression analysis indicated that its fitting
degree was low (adjusted R2 = 0.102). Therefore, the
use of the IPL as the reference line was not suitable
to provide the regression equation. Interestingly, the
location of the DCP relative to the IPL was surpris-
ingly similar in the four groups and was not affected by
myopia.

In summary, in subjects with myopia, the position
of the MCP, whether using the RPE fit or IPL as a
reference line, will be affected by myopia. Therefore,
themethod of fixed-distance segmentationwith a refer-
ence line is not suitable, and the progressive matching
method is amore reasonable segmentationmethod.We
also used a simpler regression equation. However, if the
IPL is used as a reference line, the location of the DCP
is relatively fixed, approximately 38.48± 6.24 μm below
the IPL.

Microvascular changes in myopia have long been a
controversial topic. Venkatesh et al.40 found that the
VDs of the DCPs were positively correlated with AL
and negatively correlated with SE, whereas the VDs
of superficial capillary plexuses were independent of
both AL and SE. By contrast, Mo et al.41 concluded
that the VDs of SCPs in highly myopic eyes were lower
than those in control eyes, and the VDs of DCPs in
myopic eyes were not significantly different from those
in control eyes. In addition, Al-Sheikh et al.12 found
that VDs were lower in both the SCPs and DCPs in
highly myopic eyes than in control eyes. Wang et al.42
reported no significant differences in parafoveal super-
ficial VDs among the four myopia groups; however,
all of their studies were based on the calculation of
VDs by built-in software in an instrument that had
not been previously corrected for magnification, thus
resulting in under- or overestimation of the measure-
ment of VD. This may be a significant factor that
explains why conflicting findings have been reported
in previous studies. Li et al.13 and Yang et al.14 also
studied microvascular morphology in highly myopic
eyes after magnification correction, and they found

that the fractal dimension in both superficial and deep
layers was lower in highly myopic eyes than in control
eyes.

In this study, we found that SDs of SCPs andMCPs
were significantly lower in the high myopia and super-
high myopia groups than in the control group. The
process of calculating SDs was similar to that for FDs
and involved only the one-dimensional morphology of
vessels, which may explain why Li et al.13 and Yang et
al.14 came to their conclusions. However, after artifact
removal, there was no significant difference in the SDs
of theMCP-re among the groups, whichmay be caused
by the interference of the SCP with the MCP, so
artifact removal is necessary for the MCP. Meanwhile,
we found that the SD of the DCP did not differ signif-
icantly among the four groups regardless of artifact
removal. This result is not consistent with those of Li
et al.13 and Yang et al.14 and may be caused by the
different calculation strategy. For artifact removal for
DCPs, we used the algorithm provided by the instru-
ment, whereas Li et al.13 and Yang et al.14 considered
that all the vessels larger than 25 μm were artifacts and
were thus removed, which may lead to misinterpreta-
tion of their results.13,14

However, inDCPs, with or without artifact removal,
the VDs in the super-high myopia group and high
myopia group were significantly higher than those in
the control andmoderate myopia groups. Additionally,
for theMCP-re, theVD in the super-highmyopia group
revealed the same result. In addition, VDs in the DCP
and DCP-re were positively correlated with the AL
and negatively correlatedwith SE. These results suggest
that with the aggravation of myopia, the VD of deep
and middle capillary plexuses may increase, and the
changes in the DCPs seem to occur earlier than those
in the middle capillary plexuses. This finding came as
a surprise to us, and at present we cannot accurately
explain this phenomenon. The current study found
maximally dilated DCPs and decreased skeletonized-
density SCPs in dark adaptation, in order to maximize
oxygen delivery to the highly metabolically active dark-
adapted photoreceptors.25 This change was highly
consistent with our study. In animal models, the major
oxygen-consuming layers are the inner segments of
the photoreceptors, the outer plexiform layer, and the
deeper region of the inner plexiform layer, and these
layers are most vulnerable to hypoxic insult.43 Al-
Sheikh et al.12 supported decreased choroidal blood
flow in patients with highmyopia, andwe suspect that it
may be a compensatory response caused by a decreased
SCP and choroid blood flow status to ensure oxygen
supply to the high oxygen-consuming layers.

Moreover, our findings may explain an interesting
phenomenon. Epidemiological studies have shown that
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myopia, especially high myopia, is a protective factor
for DR.44–46 Retinal hypoxia has been established as
a major factor contributing to the development of
DR.47,48 Studies have reported that the adjusted flow
index of MCP and DCP decreased significantly, while
the adjusted flow index of the SCP was unchanged
or increased during the progression of DR, suggest-
ing that the deep blood flow status is closely related to
the occurrence and development of DR.23,49 The VD
of the DCPs is significantly increased in subjects with
high myopia, and hypoxia is obvious in DR; therefore,
patients with high myopia may have better adaptability
to diabetic changes.

This research had several limitations. First, we
used the AngioPlex platform instead of the AngioVue
platform used by most studies, and whether the differ-
ence between the two has an impact on the results
warrants further investigation. Second, because our
subjects were all young Han Chinese, our study was
minimally affected by confounding factors, which is
not conducive to generalization of the results. We will
add more types of subjects in the follow-up study.
Third, in the previous study, we found that the artifact
removal method for the MCP that is provided by the
AngioPlex was not ideal,29 so we used the minimum
projection method for artifact removal, which may be
the best solution currently available, but part of the
blood flow signal is lost when an artifact is removed.
We expect more advanced technology and equip-
ment algorithms in the future, such as the recently
commercially available widefield swept-source OCTA
platforms.

In conclusion, our progressive matching method
allowed us to successfully segment the three capil-
lary plexuses in subjects with myopia and to perform
localization analysis. Moreover, after strict artifact
removal and magnification correction, we found that
with the aggravation of myopia, the SD of the
SCP decreased but the VDs of the MCP and DCP
increased.
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