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Retinal Microvasculature Alteration in High Myopia

Ye Yang,1,2 Jianhua Wang,2 Hong Jiang,2 Xiaoling Yang,1 Limiao Feng,1 Liang Hu,1,2 Liang Wang,3

Fan Lu,1 and Meixiao Shen1

1School of Ophthalmology and Optometry, Wenzhou Medical University, Wenzhou, Zhejiang, China
2Department of Ophthalmology, Bascom Palmer Eye Institute, University of Miami, Miami, Florida, United States
3Krieger School of Arts and Sciences, Johns Hopkins University, Baltimore, Massachusetts, United States

Correspondence: Fan Lu, School of
Ophthalmology and Optometry,
Wenzhou Medical University, 270
Xueyuan Road, Wenzhou, Zhejiang
325027, China;
lufan62@mail.eye.ac.cn.
Meixiao Shen, School of Ophthal-
mology and Optometry, Wenzhou
Medical University, 270 Xueyuan
Road, Wenzhou, Zhejiang 325027,
China;
shenmxiao7@hotmail.com.

Submitted: March 10, 2016
Accepted: October 10, 2016

Citation: Yang Y, Wang J, Jiang H, et al.
Retinal microvasculature alteration in
high myopia. Invest Ophthalmol Vis

Sci. 2016;57:6020–6030. DOI:
10.1167/iovs.16-19542

PURPOSE. To investigate the retinal vascular network alterations in highly myopic eyes.

METHODS. Thirty-three highly myopic eyes from 21 subjects and 47 mildly myopic or
emmetropic eyes from 24 healthy control subjects were enrolled. Optical coherence
tomography angiography (OCTA) was used to image the superficial, deep, and whole retinal
vascular plexuses at the macular region. Highly myopic eye images were analyzed after
adjusting the ocular magnification using Bennett’s formula. Fractal analysis (box counting
method, Dbox) representing vessel density was performed in different annular and quadrantile
zones of both large vessels and microvessels. Correlations between the vascular density, axial
length, and spherical equivalent refractive error were analyzed.

RESULTS. The average density (Dbox) of the superficial retinal annular zone (0.6–2.5 mm)
microvessels was 1.741 6 0.018 in highly myopic eyes and was shown to be significantly
lower than that of the controls (1.773 6 0.010, P < 0.001). Individual annular zone
(bandwidth of 0.16 mm) analysis of highly myopic eyes revealed a significant level of
microvessel alteration in all zones compared with the same zones in control eyes (P < 0.001).
Furthermore, in the highly myopic group, the microvessel density was significantly correlated
with axial length elongation in all three layers (r ¼ �0.38 to �0.48; P < 0.05).

CONCLUSIONS. This study reveals retinal microvascular network alterations in highly myopic
eyes, which correlates with axial length elongation. Fractal analysis of the microvasculature
by OCTA images may help to characterize the underlying pathophysiological mechanisms
involved in high myopia.

Keywords: microvasculature, optical coherence tomography angiography, fractal analysis,
high myopia

The prevalence of high myopia has been increasing
worldwide, particularly in East Asia.1,2 Along with the

increase in refractive error and axial length, highly myopic eyes
frequently suffer from fundus vascular lesions such as macular
hemorrhage and choroid neovascularization.3,4 Previous studies
have focused on the relationship between high myopia and
large retinal vascular changes. Using color Doppler imaging,
Benavente-Perez et al.5 demonstrated a pulse amplitude
reduction in the central retinal artery of highly myopic eyes.
With a fundus camera and fractal analysis, Azemin et al.6

analyzed the retinal vessels in moderate to high myopia and
found a density reduction in the large retinal vessels of myopic
eyes when compared with emmetropic eyes. While large retinal
vessel impairment is evident in myopic eyes, analyzing the
impact of myopia on retinal microvessels has remained elusive,
mainly due to technical difficulties.

The recent development of optical coherence tomography
angiography (OCTA) enables noninvasive imaging and analysis
of both large retinal vessels and microvessels.7,8 Moreover, this
technique provides detailed information, allowing visualization
of the retinal vessel network in multiple layers.9 The
characterization of microvascular alterations in the retina may
broaden our understanding of visual compromise in highly
myopic eyes. To quantitatively study microvascular network
alterations in the retina, we developed an analytical algorithm

to segment the retinal vascular network for fractal analysis.10

The aim of this study was to investigate the retinal microvas-
cular network alterations in myopic eyes through quantitative
retinal microvessel density analyses using OCTA.

MATERIALS AND METHODS

Patients from the Wenzhou Eye Hospital (Wenzhou, China) and
students from Wenzhou Medical University (Wenzhou, China)
were recruited. This cross-sectional study was approved by the
Ethics Committee of Wenzhou Medical University and per-
formed in accordance with the Declaration of Helsinki
principles. A consent form was signed by each subject. The
enrolled subjects were divided into two groups according to
their spherical equivalents (SEs). Emmetropic and mildly
myopic subjects with SEs ranging fromþ0.50 to�3.00 diopters
(D) were designated as the control group. Subjects with SEs less
than�6.00 D were designated as the highly myopic group. Each
subject underwent a complete ocular examination including
best-corrected visual acuity (BCVA), intraocular pressure (IOP)
by Goldmann applanation tonometry, slit-lamp examination,
funduscopy, visual field testing, and axial length (AL) measure-
ment by optical biometry (IOL Master; Carl Zeiss Meditec, Jena,
Germany). The inclusion criteria for both groups were as
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follows: 18 to 40 years old, BCVA equal to or better than 20/20,
refractive error < þ0.5 D, astigmatism < �1.00 D, and a
refractive error with less than 2.00-D difference between the
two eyes. The exclusion criteria were myopic macular
degeneration, any history of vitreoretinal disease, IOP > 21
mm Hg, visual field defects, history of intraocular surgery or
systemic diseases potentially affecting the eyes.

After ocular examination, all subjects were imaged by a
single operator (XY) using an RTVue XR Avanti Spectral
Domain OCT system (Optovue, Inc., Fremont, CA, USA)
equipped with AngioVue software (Version 2015.1.0.90). The
eye movement was offset during image processing using the
Motion Correction Technology (MCT) function to correct the
horizontal and vertical scans.11 The scan speed was set to
70,000 A-scans per second. One OCTA scan included both an
X-scan and a Y-scan, and lasted approximately 2.9 seconds for
each of the two raster scans.12 The total scan time was
approximately 6 seconds. The scan area was centered on the
fovea with a field of view of 333 mm2, which corresponded to
approximately 108. The resolution of the exported OCT images
was 304 3 304 pixels. A good set of scans, with a signal
strength index (SSI) of >40 for each eye, was selected for
further analysis. Any image with either a doubled vessel pattern
or other motion artifacts extending over more than three lines
was excluded. Optical coherence tomography angiography
images of the superficial, deep, and whole retinal layers were
used after segmentation. The Split-Spectrum Amplitude-Decor-
relation Angiography (SSADA) algorithm was used to segment
the vessels.13 The superficial layer was segmented from 3 lm
beneath the inner limiting membrane (ILM) to 15 lm beneath
the inner plexiform layer (IPL), representing the outer
boundary of the ILM to the outer boundary of the IPL. The
deep layer was segmented from 15 lm beneath the IPL to 70
lm beneath the IPL, representing the outer boundary of the
IPL to the outer boundary of the outer plexiform layer
(OPL).8,14 The whole retinal layer was segmented from 3 lm
beneath the ILM to 30 lm beneath the retinal pigment
epithelium (RPE) layer, according to the manufacturer’s
instructions. The superficial retinal layer is composed of the
ganglion cell and inner plexiform layers, whereas the deep
retinal layer is composed of the inner nuclear and outer
plexiform layers. These layers encompass the entire retinal
vascular network.15

Because the magnification is different in myopic eyes, the
imaging sampling density in myopic eyes must be lower than in
normal eyes. Therefore, images obtained from highly myopic
eyes were corrected for magnification using Bennett’s formu-
la.16,17 The relationship between OCT image measurements
and actual scan diameter was expressed by the formula t¼ p3

q3 s, where t represents the actual scan length, p represents
the magnification factor determined by the OCT imaging
system camera, q represents the magnification factor in
relation to the eye, and s represents the original measurement
value obtained from the OCT image. The correction factor q is
expressed by the equation q¼ 0.013063 (AL – 1.82) (Fig. 1).

In highly myopic eyes, due to axial elongation and longer
focal length, the lateral resolution of the retina is potentially
diminished. When raw images are used for quantification, the
lateral resolution may adversely affect the density calculation.
A previously described image segmentation and skeletonized
analysis algorithm was used to quantitatively study the macular
microvascular network.10 Briefly, the Matlab (The Mathworks,
Inc., Natick, MA, USA) custom algorithm automatically
segments the vascular network (i.e., large vessels and
microvessels) using a series of processing procedures, includ-
ing image inversion equalization, background noise correction,
and nonvessel structure removal (Fig. 2). Our custom
algorithm separates the vessels with diameters > 25 lm in
both the superficial and deep layers. The large vessels in the
superficial vascular plexus were used for further analysis. The
large vessels in the deep layer have been suggested to be
graphic projection shadow artifacts (Fig. 3).18 The removal of
the large vessel projection from the deep layer may reduce
these artifacts when the fractal dimension of the microvascular
network in the deep layer is analyzed. Therefore, large vessels
were defined by a width ‡ 25 lm and microvessels by a width
< 25 lm. The segmented vessel image was then converted into
a binary image and skeletonized for fractal analysis. The
skeletonized images were divided into six annular zones (C1–
C6, centered on the fovea) after removal of the avascular zone
(diameter¼0.6 mm). The bandwidth of each annular zone was
0.16 mm. In addition to these thin individual annular zones, the
total annular zone (bandwidth of 1.9 mm) was also analyzed.
Furthermore, the total annular zone was divided into
quadrantal angles (908) defined as the superior nasal, superior
temporal, inferior nasal, and inferior temporal sectors (Fig. 2).

FIGURE 1. Magnification correction of high myopia images. The original image (A) was magnified 1.13 according to the axial length (AL¼ 26.83
mm) to create the magnified image (B), which was further cropped to the size of the original image (C).
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In addition, to examine the effect on microvessel density

estimates resulting from the use of an arbitrary vessel width

cutoff (i.e. 25 um), vessel density was also processed using the

same method as described above, without removal of the large

vessels.

Fractal analysis is commonly used to investigate the vascular

network in fundus images6,19,20 or to quantitatively analyze

large retinal vessel density in myopic eyes.6,19 In the present

study, the fractal analysis toolbox from Benoit (TruSoft Benoit

fractal analysis toolbox; TruSoft International, Inc., St. Peters-

burg, FL, USA) was incorporated into our custom algorithm to

analyze the fractal dimensions (representing vessel density) of

the large retinal vessels and microvessels on the segmented

vascular network images. The fractal dimension (Dbox) was

measured using the box-counting technique. The pixel size of

the largest box for counting nonempty boxes was set to 104

pixels, and the incremental rotation degree of the grid in

searching nonempty boxes was set to 158, which was in

accordance with the default software settings. Analysis

repeatability was assessed in 10 control and 10 myopic eyes.

The combination of annuli C1 to C6 minus the avascular zone

(‘‘combined annuli’’) was also analyzed.

The refraction data were converted to SEs (SE ¼ spherical
dioptric power plus one-half of the cylindrical dioptric power).
The repeated measurement analysis of variance (Re-ANOVA)
was used for overall effects. Post hoc paired t-tests with Fisher
correction were used to determine the existence of pairwise
differences between different zones and groups. Independent
sample t-tests were used to assess biographic differences
between the groups. Correlations between macular vessel
density and AL were determined using the Pearson’s correla-
tion test. A receiver operating characteristic (ROC) curve was
also calculated to confirm the feasibility of determining
vascular network alterations in highly myopic eyes from OCTA
vessel analyses. All data were expressed as the mean 6

standard deviations and were analyzed using SPSS software
(version 19.0; SPSS, Inc., Chicago, IL, USA). P < 0.05 was
considered to be significantly different.

RESULTS

Demographics of the enrolled subjects are shown in Table 1.
There was no significant difference in age or sex (P > 0.05)
between the high myopia (n¼21) and control groups (n¼24).

FIGURE 2. Image processing and partitioning method. The raw image (A) was acquired using OCTA, centered on the fovea, with a field of view of 3
3 3 mm2. Large retinal vessels, with a diameter >~25 lm, were segmented and extracted (B). The remaining microvessels on microvascular
network images were then skeletonized (C), and the annular zone (0.6–2.5 mm) was used for analysis after the removal of the avascular zone
(diameter¼0.6 mm). The annular zone (0.6–2.5 mm) was divided into six annuli (C1–C6, centered on the fovea), with a bandwidth of 0.16 mm (D).
In addition, four quadrant zones were generated and centered on the fovea (E). ST, superior temporal; SN, superior nasal; IT, inferior temporal; IN,
inferior nasal. Scale bar: 300 lm.
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The ALs and SEs were significantly different between the two
groups (P < 0.05).

The microvessels and large vessels were clearly visualized in
all vascular network maps (Fig. 4). In the superficial layer, the
large vessels and microvessels in the high myopia group were
significantly lower in density when compared with controls. In
the deep retinal layer, the two groups had similar large vessel
densities, but microvessels were significantly less dense in
highly myopic eyes. The whole retinal layer was similar to the
superficial layer in that the large retinal vessel and microvessel
densities were both significantly lower in highly myopic eyes
when compared to the controls (Table 2; Fig. 5). The
coefficients of repeatability and reproducibility (COR) for the
Dbox values of microvessels were 0.04 (2.4%), 0.03 (1.8%), and
0.03 (1.6%) in the superficial, deep, and whole retinal layers,
respectively. For large vessels, the COR of the Dbox values was
0.05 (4.8%), 0.04 (3.4%), and 0.04 (3.8%) in the superficial,
deep, and whole retinal layers, respectively.

The total annular zone was divided into four quadrantal
zones and six annular zones (bandwidth¼ 0.16 mm). With the
exception of the superior temporal quadrant in the deep
retinal layer (P¼0.06), the microvessel density within the total
annular zone was significantly lower in the highly myopic
group than in the control group for all quadrantal zones of the
superficial, deep, and whole retinal layers (Fig. 6, all P < 0.05).
The large vessel density in the high myopia group was
significantly lower in the superior nasal and inferior nasal
zones when compared with the controls (Fig. 6, all P < 0.05).
The microvessel densities in all individual annular zones (C1–
C6) of the superficial, deep, and whole retinal layers were

significantly lower in highly myopic subjects than in controls
(Fig. 7, all P < 0.05).

The microvessel densities in the superficial (r¼�0.38; P¼
0.02), deep (r¼�0.35; P ¼ 0.045), and whole (r¼�0.48; P¼
0.004) retinal layers correlated with AL elongation (Fig. 8). The
large vessels in the superficial (r¼�0.59; P¼ 0.002) and whole
(r ¼ �0.39; P ¼ 0.02) retinal layers correlated with AL
elongation. Only the whole retinal layer microvessel densities
(r ¼ 0.40; P ¼ 0.02) correlated with SE. The large vessel
densities in the superficial (r¼ 0.12; P > 0.05), deep (r¼ 0.15;
P > 0.05), and whole (r¼ 0.12; P > 0.05) retinal layers did not
significantly correlate with the SE.

In the ROC curve analysis (Fig. 9), the retinal microvessel
density areas under the curve (AUC) were 0.96 (P < 0.001),
0.97 (P < 0.001), and 0.94 (P < 0.001) in the superficial, deep,
and whole retinal layers, respectively, with total annular zone
(0.6–2.5 mm) cutoff Dbox values of 1.765, 1.765, and 1.775,
respectively. These microvessel density analysis parameters
provided sensitivities of 94%, 93%, and 85% for each layer,
respectively, with specificities of 87%, 89%, and 96% for each
layer, respectively, for the microvascular network impairment
in highly myopic eyes. After combining the density results of
the superficial and deep retinal microvessels, the AUC became
0.987 (P < 0.001) with a cutoff value of 3.12, which yielded
sensitivity and specificity values of 100% and 95.7%, respec-
tively. In the four quadrantal zones, the AUC values were 0.86
(P < 0.001), 0.87 (P < 0.001), and 0.89 (P < 0.001) for
microvessel density (Dbox) in the superficial inferior nasal,
deep inferior nasal, and the whole retina inferior nasal
quadrants. Likewise, the AUC for the C5 annular zone (1.88–
2.20 mm) was 0.96 (P < 0.001), 0.98 (P < 0.001), and 0.96 (P
< 0.001) in the three layers, respectively.

DISCUSSION

In highly myopic eyes, the decline in retinal vascular network
is viewed as an indicator of macular retinopathy progression,
which commonly manifests as retinal vasculopathies.14,21

Often, the onset of early macular retinopathy occurs without
alterations of visual acuity. Previous studies reported conflict-
ing results regarding retrobulbar and retinal large vessel
alterations in myopic eyes (Table 3). Based on fundus images,
a reduction in the large retinal vessel density was associated
with myopia.6,19 However, Chueng et al.22 found no difference
between myopic and normal eyes after correcting for field of

FIGURE 3. Removal of shadowgraphic projection artifacts in the deep vascular network. (A) The raw OCTA image of deep retinal vascular plexus.
(B) Large vessel segmented from the raw image of deep retinal vascular plexus. (C) Microvasculature skeletonized after the large vessel was
extracted from the deep retinal vascular plexus. Scale bar: 500 lm.

TABLE 1. Demographic Parameters of High Myopia and Control
Groups

Parameters Control* High Myopia* P Value

Number of eyes 47 33 –

Number of subjects 24 21 –

Age, y, range 27.4 6 6.4 26.0 6 2.7 0.36†

Sex, male/female 14/10 12/9 0.94†

SE, D, range –0.77 6 1.01 –8.68 6 1.87 <0.05†

(0.50 to �2.50) (�6.00 to �12.00)

AL, mm, range 23.84 6 0.82 27.11 6 1.27 <0.05†

(22.01 to 25.06) (24.57 to 29.43)

* Mean 6 SD.
† t-test.
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view magnification. Hollo et al.,23 using the Heidelberg retina

flowmeter, reported that capillary perfusion near the temporal

edge of the optic disc was significantly decreased in healthy
subjects and glaucoma patients with myopia. However, the

tests and analyses of large retinal vessels and global flow may
not reflect the early onset of retinal vascular alterations before

the manifestation of obvious vasculopathies. The retinal

microvascular network, when imaged using noninvasive
methods such as OCTA, may reveal alterations specific to

myopic eyes and allow detection of preclinical retinopathy in
myopic individuals.

Optical coherence tomography angiography enables nonin-

vasive imaging of the retinal microvascular network, which

allows for the in-depth analysis of retinal vessels that were

previously invisible on fundus images.29,30 In addition to the

visualization of the overall retinal vascular network, OCTA

provides the opportunity to acquire images and analyze the

retinal vasculature in multiple layers, such as the superficial,

deep, and whole retinal layers.31 Similar to what is seen with

traditional optical coherence tomography, AL impacts optical

magnification, altering the actual scan size and potentially

interfering with vessel caliber measurement.22 Specifically, a

longer AL will make the vascular network appear artificially

denser because of the larger area being scanned under smaller

magnification. The currently available OCTA systems do not

provide a magnification correction feature, preventing direct

FIGURE 4. Representative OCTA images of highly myopic and control eyes. Superficial retinal vascular plexus in a highly myopic (A) and control eye
(B). Deep retinal vascular plexus in a highly myopic (C) and control eye (D). Whole retinal vascular plexus in a highly myopic (E) and control eye
(F). Scale bar: 300 lm.
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comparison of results from highly myopic and normal
individuals. In the present study, the decreased vessel density
in highly myopic eyes became evident after magnification
correction. Indeed, our results showed retinal microvascular
network alterations across multiple retinal layers.

The Bennett formula includes a fixed value of 1.82 mm,
which is the assumed distance from corneal vertex to the
second principal plane. The second principal plane is defined
as a refraction plane in the Gaussian schematic eye system,16

through which any light parallel to the optical axis focuses on
the retina. In the Bennett et al.16 paper, variations of up to 2.26
mm were observed in highly myopic eyes. This would equate
to an error of 1.85% in an eye with a 26-mm AL. To confirm the
impact of the possible error due to a deep anterior chamber,
we reprocessed the eyes with ALs of ~26 mm. We found four
eyes with ALs of 26.26, 26.25, 26.38, and 26.32 mm, changed
the fixed value from 1.82 to 2.26, and then calculated the
magnification ratio. The magnification ratio produced a
theoretical error of 1.85%. However, the differences in Dbox

in the 0.6- to 2.5-mm annuli were 0.1% (whole retina), 0.05%
(superficial capillary plexus), and 0.29% (deep capillary
plexus). Therefore, the possible error due to a deep anterior
chamber does not adequately explain the differences in the
fractal dimensions of the retinal microvasculature in the
present study.

Our results are in agreement with previous studies using a
fundus camera and other methods (e.g., fluorescein angiogra-

phy and flowmetry).6,19 Indeed, OCTA revealed alterations in
both the superficial and deep retinal vascular plexuses, which
indicates that alterations occur throughout the entire retina.
Considering that the degree of decreased microvascular
density correlated with axial elongation, the significantly
altered microvascular network in highly myopic eyes may
represent disease progression.

We also analyzed microvessel density in six annular zones
and four quadrantal zones of the superficial, deep, and whole
retinal layers. These densities were significantly lower in highly
myopic subjects compared to controls, suggesting that the
retinal microvasculature of highly myopic eyes is affected by
diffuse alterations rather than isolated local changes. Decreased
retinal thickness32 and inner retinal layer dysfunction33 have
been linked to high myopia. A decline in microvessel density
may be caused by reduced blood supply demands due to the
retinal degeneration occurring in highly myopic eyes. Alterna-
tively, the retinal dysfunction may be caused by compromise to
the retinal vasculature, secondary to axial elongation, which
would seem to unavoidably stretch the retinal vasculature. This
is a chicken-and-egg question in terms of which comes first,
which warrants further longitudinal studies. Retinal vessel
caliber narrowing in highly myopic eyes may also contribute to
reduced density,20,27 as the decrease in retinal blood supply
likely results in capillary network loss. Decreases in blood flow
in highly myopic eyes have been reported for both retrobulbar
and retinal microvasculature.5,24,26 Furthermore, using ultra-
wide fluorescein angiography, Hollo et al.23 identified a larger
nonperfused zone in the far retinal periphery of highly myopic
eyes. This nonperfused area may be caused by retinal
stretching, which may further exacerbate peripheral retina
thinning. These structural changes may eventually cause retinal
microvessel loss and induce retinal capillary regression.23 The
significant correlation between the microvessel density and AL
may also suggest that the global elongation may affect the
retinal microvasculature. The stretching of the sclera, choroid,
and retina caused by AL elongation may result in retinal and
choroidal thinning. Retinal atrophy and choroid thickness
reduction may further decrease oxygen requirements and
consequently decrease blood flow.26 It is also possible that
nonperfused zones in the retina appear because of the reduced
retrobulbar blood flow associated with myopia, something not
detectable by OCTA scanning. However, whether these
structural alterations occur before or after the vascular
alterations remains unclear. Additional longitudinal studies
are required to determine the sequence of events surrounding
these alterations.

TABLE 2. Total Vessel Density (Dbox) in the Different Retinal Layers of
High Myopia and Control Groups (Mean6 SD) With and Without Large
Vessels Separated

Vessel Patterns and Layers

High Myopia,

n ¼ 21

Control,

n ¼ 24

P

Value

Large vessels separated

Superficial microvessels 1.741 6 0.018 1.773 6 0.010 <0.001

Superficial large vessels 1.035 6 0.023 1.061 6 0.010 <0.001

Deep microvessels 1.746 6 0.015 1.782 6 0.010 <0.001

Deep large vessels 1.050 6 0.017 1.052 6 0.019 0.94

Whole retina microvessels 1.754 6 0.015 1.784 6 0.008 <0.001

Whole retina large vessels 1.048 6 0.017 1.063 6 0.010 0.001

Large vessels not separated

Superficial 1.771 6 0.031 1.803 6 0.009 <0.001

Deep 1.775 6 0.012 1.803 6 0.008 <0.001

Whole retina 1.783 6 0.014 1.809 6 0.008 <0.001

FIGURE 5. Vessel density (Dbox) comparison between high myopia and control groups for microvessels and large vessels. (A) The microvessel
density in the total annular zone (0.6–2.5 mm) of highly myopic eye was significantly lower than that in the control eyes for all retinal layers
(superficial, deep, and whole) (all P < 0.001). (B) The large vessel densities in the total annular zone (0.6–2.5 mm) of the highly myopic eyes were
significantly lower than in the control eyes for the superficial (P < 0.001) and whole (P ¼ 0.001) retinal layers.
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Receiver operating characteristic curve analysis may help
determine the discriminating power of vasculature impair-
ments in myopic eyes. In the present study, the areas under the
ROC curve for annular zones were higher than those for
quadrantal zones, indicating diffuse microvessel alterations in
highly myopic eyes. The microvessel density changes held
considerably more discriminating power for vascular impair-
ment determination than for other measurements. Further-
more, the C5 annular zone (1.88–2.2 mm) had the highest AUC
when compared with other zones, which may be a result of

increased thinning in the parafoveal area versus the foveal area
in highly myopic eyes.32 As expected, the combined micro-
vessel density of the superficial and deep retinal layers
returned the highest AUC value. Therefore, this measurement
could be used as an early macular retinopathy surrogate
endpoint in clinical trials involving myopic patients.

We used fractal analysis to indicate the microvessel density
in the macula, which is different from the study of Pinhas et
al.,34 in which vessel density was reported as a percentage. The
magnitude of the changes in fractal dimensions (no unit) may

FIGURE 6. Quadrantal microvessel and large vessel density (Dbox) comparisons between highly myopic and control subjects for each layer. In the
high myopia group, except for the superior temporal sector of the deep retinal layer (P¼0.06), the microvessel density was significantly lower than
in the control group for all quadrantal zones of the superficial (A), deep (B), and whole (C) retinal layers (all P < 0.05). The large vessel density in
the high myopia group was significantly lower in the superior nasal and inferior nasal zones compared with those of the control group ([D] P <

0.05). SN, superior nasal; ST, superior temporal; IN, inferior nasal; IT, inferior temporal.

FIGURE 7. Comparison of the microvessel density (Dbox) in the six annular zones of the different layers between highly myopic and control eyes.
Among the six individual annular zones (C1–C6, bandwidth¼ 0.16 mm), the microvessel densities in the (A) superficial, (B) deep, and (C) whole
retinal layers were all significantly lower in highly myopic eyes than in the control eyes (all P < 0.05).
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FIGURE 8. Correlation analyses between retinal vessel density and axial length in each retinal layer. The densities (Dbox) of microvessels (A) and
large vessels (B) in the superficial and deep (C) retinal layers were correlated with axial length elongation. There was no correlation between the
density of large vessels and axial length elongation in the deep retinal layer (D). The densities of the microvessels (E) and large vessels (F) were
correlated with axial length enlargement in the whole retinal layer.

FIGURE 9. ROC curve analysis of retinal vessels in different annular and quadrantal zones. (A) The ROC curves of the microvessel and large vessel
densities in the total annular zones for all retinal layers. The combined microvessel density from the superficial and deep retinal layers yielded the
highest AUC value (0.987, P < 0.001). (B) The six largest ROC curve AUC values in the four quadrantal zones of all layers for both microvessels and
large vessels. (C) The six largest ROC curve AUC values in the six individual annular zones of all layers for both microvessels and large vessels. The
AUC values of the C5 microvessel density (1.88–2.2 mm) in the superficial, deep, and whole retinal layers had similar values (0.96, 0.98, and 0.96).
SM, superficial microvessels; SL, superficial large vessels; DM, deep retina microvessels; RM, combined retinal microvessels; RL, the whole retina
large vessels; SST, superficial superior temporal; SIN, superficial inferior nasal; DIN, deep inferior nasal; RST, retinal superior temporal; RIN, retinal
inferior nasal; SC5, superficial C5; DC3, deep C3; DC4, deep C4; DC5, deep C5; RC4, retina C4; RC5, retina C5.
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not be directly comparable to the changes in vessel density
(unit %). Using vessel density analysis, Pinhas et al.34

documented approximately 20% retinal vessel loss in patients
with diabetic retinopathy. In contrast, there was approximately
a 1.7% difference in the present study after fractal analysis.
Previous studies using fractal analysis of the retinal vessel tree
in fundus images demonstrated small changes, which were
statistically significant in patients with diabetic retinopathy
(0.56%), cognitive dysfunction (0.87%), and stroke (0.3%)
compared with controls.35–37 Our previous study using
noninvasive capillary perfusion maps acquired with the Retinal
Function Imager (RFI) to study retinal microvascular impair-
ment in patients with multiple sclerosis (MS) found a
significant decrease in fractal dimension (0.54%).38 The
decrease (Dbox 1.7%) in myopic eyes found in the present
study was apparently higher than those in previous studies
using fractal analyses. The level of vascularity loss may be
physiologically significant. Further studies comparing vessel
density and fractal dimension in the quantification of retinal
vessel density may address the comparability between these
two quantitative approaches. The Optovue system currently
does not provide a function for correcting the magnification of
the highly myopic eyes, so no percentage vessel density values
were computed in the present study.

We noticed that the fractal dimension representing vascular
density in the whole retina was slightly higher than that in each
of the individual layers (Fig. 7). To validate the results, we
overlaid superficial and deep vascular layers of five normal eyes
and five myopic eyes, and the combined images were
processed and compared to the results obtained from the
whole retina. The results were almost identical, indicating that
the vascular network in the superficial layer covers the
majority of the deep vascular network. Therefore, the results
for the whole retina appear to reflect mainly the superficial
vascular network. Retinal capillary diameter was approximate-
ly 5.1 6 1.4 lm near the avascular zone,39 and the diameter of
isolated human retinal arterioles ranged from 32 to 64 lm.40 By
setting an arbitrary cutoff of 25 lm, the second and third
branches of the vessels were successfully separated as evident
in Figure 2.

However, some limitations to the present study exist.
Although significant retinal vascular density differences be-
tween highly myopic and control eyes were successfully
demonstrated, the sample size was relatively small for both
groups. According to the COR of the Dbox values, we calculated
the sample size with G*Power (version 3.1.9).41 The sample
size was 18 for each group when we set the effect size to 1 and
the detection power to 90%. In this study, we included 21

subjects in the high myopia group and 24 subjects in the
normal control group, which allowed us to test the true
differences between groups. Additionally, the relationship
between microvascular network alteration and retinal thick-
ness was not calculated. We noticed that the thickness
measurements obtained with the commercial system need to
be corrected by a magnification step, which is currently not
possible for the proprietary software provided with the OCTA
instrument. Finally, despite the availability of a larger field of
view (6 3 6 mm2), we used the smaller field (3 3 3 mm2) to
ensure that image quality would be sufficient for our analyses.
Additional work may focus on adapting the method for large-
field images. The lateral optical resolution in myopic eyes
degrades due to the larger point spread function caused by
axial elongation. In myopic eyes, the vessel would appear
smaller or thinner, and the vascular network would appear
denser in the raw image. The applied magnification correction
corrects for differences in the field of view but not lateral
optical resolution in myopic eyes, potentially resulting in
slightly larger estimates of vessel diameters in these eyes. We
used 25 lm as the cutoff to separate the large vessels from both
superficial and deep vascular networks. Because of the very
small portion of large vessels in the retina compared to the
dense microvessel network, the worsening lateral optical
coherence resolution may not heavily impact the vessel
grouping. To determine if the vessel width threshold was
affected by the separation of large vessels, we processed all the
images without the large vessels separated, and the results
were similar (Table 2). Furthermore, vessel skeletonization may
further reduce the potential error, because the method thins
the vessel into one pixel line. On the other hand, if the larger
appearance of the vessels in myopic eyes induced the shift
from the small vessel group to the large vessel group in the
superficial layer, we would have found increased large vessels
in the retina and superficial vascular network. We actually
found significant decreases in the large vessels in both the
whole retina and superficial layers. Therefore, the error caused
by decreased lateral optical resolution may be insignificant.

Eye movements during imaging may be a more severe
problem in highly myopic eyes. To obtain a high-quality retinal
vessel network image, automatic focusing with an adaptation
for refractive status needs to be used to obtain a sharp internal
fixation target for highly myopic eyes. In the present study, we
used the built-in image optimization function (Auto All) to
obtain the highest-quality image from each study subject. We
set the inclusion as a SSI > 40. The eye movement can be offset
during image processing with a function known as Motion
Correction Technology (MCT) to correct the horizontal and

TABLE 3. Retinal Vasculature Alterations in Myopic Eyes

Authors Year Vessel Instrument Alteration

Present study 2016 Retinal micro- and large vessels OCTA Density decrease

Benavente-Perez et al.5 2010 Retrobulbar microvessels Color Doppler Heidelberg retinal

flowmetry

CRA blood velocity decrease. Capillary

blood parameters no change

Chueng et al.22 2007 Retinal vascular caliber Retinal photographs No change

Shimada et al.24 2004 Retinal vessels Laser Doppler velocimetry CRA blood flow decrease

La Spina et al.25 2015 Retina vessels Dynamic Vessel Analyzer (DVA) Vessel diameter decrease

Dimitrova et al.26 2002 Retrobulbar vessels Color Doppler imaging Central retinal vessel velocity decrease

Li et al.19 2010 Retina large vessels Optic disc photographs Density decrease

Azemin et al.6 2014 Retina large vessels NAVIS Lite Image Filing System Density decrease

Lim et al.27 2011 Retina large vessels Retinal fundus photographs Retinal vessel density decrease

Li et al.20 2011 Retina large vessels Fundus camera Retinal vessel density decrease

Kaneko et al.28 2014 Retina large vessels Fluorescein angiography (FA) Perfusion area density decrease

Hollo et al.23 1997 Peripapillary capillaries Heidelberg Retina Flowmeter Capillary perfusion density decrease

CRA, central retinal artery.
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vertical scans.11 By visual inspection, we noticed two cases
with failed MCT correction, both of which were excluded. One
case showed double network images due to excessive motion
during image acquisition. The other case showed nine straight
lines in the image.

In conclusion, we uncovered and characterized retinal
vascular density alterations in highly myopic eyes, which
appears to occur in a diffuse manner throughout the retina of
highly myopic individuals. The microvascular alterations
correlated with AL elongation, and the combined density of
the superficial and deep retinal vascular plexus presented the
highest discriminating power to assess vascular alteration in
high myopia, which may constitute an early indicator of
macular retinopathy. Collectively, the use of fractal analyses to
quantitatively assess retinal microvasculature changes from
OCTA images may help elucidate the underlying pathophysi-
ological mechanisms affecting highly myopic eyes.
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