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Abstract
Purpose To study the retinal capillary microvasculature and the choriocapillaris (CC) in myopic eyes using swept-source optical
coherence tomography angiography (SS-OCTA).
Methods Patients with high myopia (≥ − 6D; axial length ≥ 26.5 mm), moderate myopia (≥ − 3D, < − 6D), and age-
matched healthy subjects presenting to the Shanghai General Hospital and Doheny-UCLA Eye Centers were enrolled
in this prospective, multicenter study. Any subjects with evidence of macular abnormalities suggestive of pathologic
myopia were excluded. SS-OCTA at both sites was performed using a Zeiss PLEX Elite instrument with a 6 × 6 mm
scan pattern centered on the fovea. Two repeated volume scans were acquired for image averaging. The instrument pre-
defined en face slab of the superficial and deep retinal capillary microvasculature was used to isolate and display the
superficial and deep retinal capillaries. A slab spanning from 21 to 31 μm deep to the RPE fit line was used to isolate
and display the CC. The OCTA images were exported for averaging using Image J. Littmann’s method and the Bennett
formula were applied to adjust for the impact of magnification in the high and moderate myopia groups. The resultant
images were then binarized. Though projection artifact removal software was used, regions below the large superficial
retinal vessels were excluded for quantitative analyses of the deep retinal capillary plexus and the CC. Vessel density
(VD) and vessel length density (VLD) of the superficial and deep retinal capillary plexus (SCP, DCP) and CC flow
deficit (FD) were analyzed, quantified, and compared between different groups.
Results Twenty-five eyes of 25 patients with high myopia, 25 eyes of 25 patients with moderate myopia, and 25 eyes of 25
normal age-matched controls were included in this study. The VD of the SCP was lower in the highmyopia group compared with
the emmetropic control groups (p < 0.05), but the VD of the DCP demonstrated no significant difference among the three groups
(p > 0.05). The VLDs of the SCP were lower in the high and moderate myopia groups compared with the control group
(p < 0.05), while the VLD of the DCP was lower in the high myopia group compared with the moderate myopia and emmetropic
control group (p < 0.05). The CC FD% in the high myopia group was significantly greater than both the control and moderate
myopia subjects (p < 0.05). Of note, the severity of the CC flow deficit was not correlated with choroidal thickness (p > 0.05).
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Conclusion The retinal microvasculature may demonstrate alterations in highly myopia eyes. The CC in macular regions shows
greater impairment in eyes with high myopia compared with eyes with lesser degrees of myopia, and these deficits are already
present in the absence of features of pathologic or degenerative myopia. The threshold of CC FD leading to myopic maculopathy
remains to be defined.
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Introduction

Myopia is a major cause of vision loss worldwide and has
increased significantly in prevalence [1]. There is an epidemic
of myopia in East and Southeast Asia, with the prevalence of
myopia and high myopia in young adults ranging from 80 to
90% and 10 to 20%, respectively [2]. Myopia is a risk factor
for several macular pathologies, such as lacquer crack forma-
tion, chorioretinal atrophy, and choroidal neovascularization
(CNV), which are associated with retinal and choroidal vas-
cular alterations.

Optical coherence tomography angiography (OCTA) is an
important breakthrough imaging technology of the past de-
cade. OCTA has provided unprecedented three-dimensional
detail of not only the retinal microcirculation but also the
choriocapillaris [3–5]. Alterations of the retinal and choroidal
circulation are relevant to many macular diseases including
myopic maculopathy, and OCTA has provided new insights
into the pathophysiology of various retinal diseases.

Using spectral-domain OCT angiography (SD-OCTA) de-
vices, previous studies have demonstrated evidence of various
alterations in the retinal microcirculation in highly myopic
eyes [6–10]. Al-Sheikh observed that the density of the super-
ficial and deep retinal capillary microvasculature was reduced
in the macula of eyes with high myopia [6]. He and colleagues
found that both the radial peripapillary and deep parafoveal
vessel densities were reduced in eyes with high myopia, but
did not find any change in the superficial parafoveal vessel
density [7]. Li observed that both the superficial and deep
microvascular plexuses were decreased in high myopia eyes,
but the retinal microvessel blood flow velocity remained un-
changed (as assessed using the Retinal Function Imager) [8].
Milani reported reduced superficial vascular density and in-
creased outer retina flow in eyes with myopia [9]. Although
there has been some inconsistency in the relative changes to
the superficial vs deep retinal circulations, overall these vari-
ous investigations have highlighted that the retinal circulation
may be impacted by high levels of myopia.

Despite the extensive evaluation of the retinal circulation,
there have been relatively few studies evaluating the
choriocapillaris (CC) in myopic eyes. Al Sheikh et al. did
show an increase in CC flow deficits in highly myopic eyes
and also speculated that progressive ectasia and stretching of
inter-capillary spacesmay have contributed to the findings. As

the study did not include subjects with lower levels of myopia,
it was not possible to determine if there was a threshold at
which quantitative CC alterations became apparent. In addi-
tion, the CC assessments were performed using exclusively a
SD-OCTA device. SD-OCT may be associated with signifi-
cant signal sensitivity roll-off with depth, and given that
OCTA-based vessel quantification is highly sensitive to sig-
nal, this phenomenon could potentially impact quantitative
measurement of the CC, particularly in myopic eyes which
may feature tilted or off-axis scans. OCTA capability, howev-
er, has also been extended to swept source (SS) – OCT de-
vices. These SS-OCT devices feature a longer deeper pene-
trating wavelength (1050 nm), reduced sensitivity roll-off, and
faster scanning speeds which offer some advantages for reli-
able visualization and quantification of the CC [11, 12].

In the present study, we quantitatively assess the retinal and
CC microvasculature in a cohort of eyes with moderate myo-
pia, high myopia, and age-matched emmetropic normal con-
trols using SS-OCTA.

Methods

Setting and participants

This prospective, multicenter study was approved by the
Institutional Review Board of the University of California
Los Angeles and the ethics committee of Shanghai General
Hospital, Shanghai Jiao Tong University, Shanghai, China,
and was conducted in accordance with the ethical standards
stated in the Declaration of Helsinki. Written informed con-
sent was obtained from all subjects before OCTA imaging.

All participants underwent comprehensive ophthalmic ex-
aminations, including refractive error assessment using an
autorefractor machine (model KR-8900; Topcon, Tokyo,
Japan), intraocular pressure measurement (Full Auto
Tonometer TX-F; Topcon), and slit-lamp biomicroscopy.
The axial length was measured using the IOL Master (Zeiss
500, Carl Zeiss Meditec, Inc., Dublin, CA).

Subjects were recruited and divided into three groups: the
high myopia group was defined by spherical equivalent (SE)
refractive error ≥ − 6.0 diopters (D) or axial length ≥ 26.5 mm
[13]; moderate myopia group, SE < − 6.0D, but ≥ − 3.0D; and
control group, SE < − 3.0D or emmetropia (no hyperopia was
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allowed). Individuals with any evidence of retinal or choroidal
disorders or a history of prior vitreous or retinal surgery which
could affect the retinal or choroidal vasculature were excluded
from the study. Eyes with lacquer cracks or chorioretinal atro-
phy due to high myopia or any structural changes, including
myopic CNV that could cause shadowing or interfere with
assessment of the CC, were excluded from this study. For all
three groups, subjects were also required to have no history of
previous ocular or systemic diseases or any visual symptoms.
Eyes with a history of surgery (including refractive surgery)
were excluded from the study.

Image acquisition and scanning protocols

SS-OCTA images were captured using the PLEX Elite 9000
device (Carl Zeiss Meditec Inc., Dublin, CA) and the technical
aspects of which have been previously described in detail [14,
15]. This device provides a full-width at half-maximum
(FWHM) resolution of approximately 5 μm (axial) in tissue
and 14 μm (lateral) on the retinal surface. All subjects were
dilated prior to OCTA scanning. Two 6 × 6 mm (500 × 500 A-
scans) OCTA scans were acquired centered on the fovea with
tracking software engaged to limit motion artifact. This OCT
instrument uses the complex optical microangiopathy algo-
rithm (OMAG), which depends on detection of variation in
both the amplitude and the phase between successive B-scans
acquired at the same location to achieve motion contrast to
generate the OCTA image. OCTA scans were repeated until
two sufficient quality scans (signal strength ≥ 7, no evidence
of motion artifact) were obtained. If both eyes were eligible
for the study, only one eye was randomly selected for inclu-
sion in these analyses.

The instrument software’s automatic segmentation was
used to generate en face projection images of the superficial
retinal capillary plexus (SCP), deep retinal capillary plexus
(DCP), and the CC. All segmentation boundaries (all B-
scans) were inspected, and manual correction was performed
on any B-scans demonstrating segmentation errors. Of note,
the CC en face OCTA image was obtained from a 10-μm slab
offset, 21μm deep to the RPE fit line, using the maximum
projection setting. The manufacturer’s projection removal
software was engaged to remove residual artifact from the
overlying retinal circulation.

Image processing

After confirmation of proper segmentation, the en face images
from the SCP, DCP, and CCwere exported from the PLEX Elite
software and then imported into the freely available FIJI software
(an expanded version of ImageJ version 1.51a; fiji.sc).

As the image magnification would expect to be impacted in
these myopic eyes, we adjusted the image size in the high and
moderate myopia groups according to each individual axial

length using Littmann’s method and the Bennett formula [16,
17]. To optimize visualization of the CC, the en face images
from two acquisitions were registered and averaged using the
approach previously reported by Uji et al. [18, 19].

After correction of magnification and averaging, the DCP,
SCP, and CC images were binarized using a modified version
of the previously reported method [20]. Briefly, the images
were duplicated in order to apply two binarization methods.
One image was processed first by a Hessian filter, followed by
global thresholding using Huang’s fuzzy thresholding meth-
od. The other (duplicate) image was binarized using median
local thresholding. Finally, the two different binarized images
were combined to generate the final binarized image in which
only pixels that existed on both binarized images were
included.

Although projection artifact removal was applied, the DCP
and CC directly under superficial large retinal vessels were
excluded from quantitative analysis to avoid the confounding
effect from residual projection artifact in accordance with the
approach reported by Borrelli et al. [20]. Using the binarized
SCP images, the MaxEntropy threshold was applied to visu-
alize only the large superficial retinal vessels. The obtained
thresholded images were thenmerged with binarized DCP and
CC images using FIJI software for identification and removal
of the superficial retinal large vessels.

Vessel density (VD) was assessed on this final resultant
image (after averaging and masking of superficial large ves-
sels) and defined as the ratio of the area occupied by vessels
divided by the total assessable (i.e., no overlying superficial
large retinal vessels) area. After skeletonization of the image,
vessel length density (VLD), which represents the vessel
length per unit area, was evaluated as described previously
[18–22].

In the CC analysis, CC flow deficits were measured using
the Phansalkar method (radius, 23.44 μm) as described previ-
ously [18, 23, 24]. The percentage of flow deficits (FD%)was
calculated as percentage of the resulting area using the
“Analyze Particles” command. Analysis was completed by
two certified, independent Doheny Image Reading Center
OCTA graders (LS, NTT), and inter-grader analysis was per-
formed to validate the measurements.

Choroidal thickness (in microns) was analyzed using the
cross-sectional OCT B-scan of the Plex Elite instrument and
measured from Bruch’s membrane to the choroid-sclera inter-
face at the foveal center using the caliper tool in the instrument
software. The measurement was carried out by two certified,
independent Doheny Image Reading Center OCTA graders
(LS, NTT), and inter-grader analysis was performed.

Statistical analysis

Statistical analyses were performed using SPSS Statistics ver-
sion 20 (IBM, Armonk, NY). To detect differences in VD,
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VLD for the SCP and DCP, flow deficit in CC, axial length,
spherical equivalent, and choroidal thickness among the three
groups, one-way ANOVAwas performed. Post hoc tests with
Bonferroni correction were used to determine the presence of
pairwise differences between different groups. The inter-
grader reproducibility was assessed using intraclass correla-
tion coefficient. A p value < 0.05 was considered statistically
significant.

Results

The study cohort consisted of 25 high myopic eyes (25 sub-
jects), 25 moderate myopic eyes (25 subjects), and 25 healthy
control eyes (25 subjects). The demographic data for the var-
ious groups in this cohort is shown in Table 1. There were no
significant differences in age or gender among these groups
(p > 0.05). There were significant differences in axial length
and spherical equivalent among these groups (p < 0.05). The
mean subfoveal choroidal thickness was 174.48 ± 75.19 μm
(range 45–387 μm) in the high myopia group, 256.32 ±
95.01 μm (range 108–482μm) in the moderate myopia group,
and 360.76 ± 110.16 μm (range 216–662 μm) in the control
group. The subfoveal choroidal thickness was statistically sig-
nificantly different among the three groups (p < 0.05). As not-
ed in the Methods, to overcome the magnification bias, the en
face images in the high and moderate myopia groups were
corrected with Littmann’s method and the Bennett formula
(Fig. 1).

The mean VD and VLD in the SCP and DCP in the total
6 × 6 mm scan are shown in Table 2. The VD of the SCP was
lower in the high myopia group compared with the
emmetropic control groups (p < 0.05), but the VD of the
DCP demonstrated no significant difference among the three
groups (p > 0.05). The VLDs of the SCP were lower in the
high and moderate myopia groups compared with the control
group (p < 0.05), while the VLD of the DCP was lower in the

high myopia group compared with the moderate myopia and
emmetropic control group (p < 0.05).

For the CC, the percentage of flow deficits (FD %) was
25.98 ± 2.24 in the high myopia group, 24.09 ± 2.88 in the
moderate myopia group, and 23.98 ± 2.26 in the control group
(Table 3, Fig. 2), which was significantly different (p < 0.05).
In particular, the CC FD in the high myopia group was signif-
icantly higher compared to both the control group and the
moderate myopia group (p < 0.05). However, there was no
significant difference in the CC FD between the normal and
moderate myopia eyes (p > 0.05). Of note, although there was
a trend for a more extensive CC FD to be associated with a
thinner choroid, CC FD was not significantly correlated with
choroidal thickness (p = 0.172).

The intraclass correlation coefficient (ICC) between the
two graders was 0.95 (95% confidence interval (CI), 0.85–
0.98) for choroidal thickness and 0.99 (95% CI, 0.98–0.99)
for CC FD.

Discussion

In this study, using swept-source OCT angiography, we ob-
served that the severity of CC flow deficits in eyes with high
myopia was significantly greater compared to both normal
eyes and eyes with moderate myopia. The VLDs of SCP were
also lower in both high and moderate myopia groups com-
pared with the emmetropic control group, and the VLD of the
DCP was lower in the high myopia group compared to both
the other groups. The VD of the SCP was also lower in the
high myopia group, but the VD of the DCP demonstrated no
significant difference among the three groups.

Our CC findings are consistent with previous studies using
SD-OCTangiography and other techniques. Al-Sheikh report-
ed the area of flow deficit in the CCwas increased in eyes with
pathologic high myopia by using spectral-domain OCT angi-
ography [6]. Using scanning electron microscopy, Hirata

Table 1 Cohort demographics
High myopia Moderate myopia Control p value

Sample size 25 eyes 25 eyes 25 eyes –
(25 subjects) (25 subjects) (25 subjects)

Gender 15:10 17:8 16:9 0.841
(female:male)

Age 35.36 ± 12.40 33.48 ± 8.91 34.96 ± 11.44 0.818
(years, mean ± SD)

Axial length 27.62 ± 1.11 25.28 ± 0.66 23.75 ± 0.76 < 0.001
(mm, mean ± SD)

Spherical equivalent − 7.52 ± 1.84 − 4.13 ± 1.56 − 1.22 ± 0.98 < 0.001
(D, mean ± SD)

Choroidal thickness 174.48 ± 75.19 256.32 ± 95.01 360.76 ± 110.16 < 0.001
(μm, mean ± SD)
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noted that the density of CC decreased in myopic chick eyes
[25]. Shih reported that choroidal blood flow was reduced in
chicks with goggle-induced myopia using laser Doppler
velocimetry [26]. Interestingly, our study would appear to
suggest that changes in the CC are only observed after a cer-
tain level of ectasia or progressive myopia is achieved, as
individuals with only moderate myopia did not manifest
changes to the macular CC. There was a trend for a decrease
in macular CC in the moderate myopic group however that
may not have been significant due to the power of the study.
Importantly, we observed that more CC flow deficits were
observed in these high myopic eyes without any other patho-
logic alterations (e.g., atrophy, CNV) present. Assuming CC
flow deficits would be worse in eyes with findings of degen-
erative myopia such as chorioretinal atrophy, one might spec-
ulate that progressive CC flow deficit may be a key feature in
the evolution and pathophysiology of pathologic myopia.
Although the CC flow deficit appears to be greater in these
more myopic eyes, we cannot exclude that these CC abnor-
malities may be a result of simple ectasia or stretching of the
CC rather than a true loss of atrophy of the CC. Regardless of
the mechanisms, one might anticipate that greater spacing
between the CC capillaries may mean less surface area for
metabolic exchange with the overlying RPE and photorecep-
tors. However, it is important to emphasize that this is only a
hypothesis at this stage that requires prospective longitudinal
studies for validation. Nonetheless, this concept would appear
to be consistent with the central role of the CC established in

other macular diseases. For example, it is now well
established that the central macular CC shows progressive
increase in flow deficits with age [27, 28]. These CC flow
deficits have been also shown to predict the future develop-
ment of drusen, nascent geographic atrophy, and the enlarge-
ment rate of atrophy [20, 29–31]. As CC flow deficits are also
noted adjacent to CNV lesions, CNV has been proposed as a
potential pathologic response attempting to compensate for
progressive CC dysfunction [4, 14, 32]. Progressive CC dys-
function may play a similar role in myopia, stimulating the
development of CNV and contributing to the eventual devel-
opment of atrophy. Partially supporting this hypothesis is the
observation that the choroid is thinner in myopic eyes that
develop CNV compared to those which do not [33].
Sayanagi et al. found that the CC features appeared to differ
depending on the specific manifestation of myopic
maculopathy. For example, in the lacquer crack formation
process, breaks in Bruch’s membrane and the RPE were sug-
gested to precede the diminution of the CC [34]. Lacquer
cracks, however, may represent an acute and localized process
which may be distinct from a global diffuse worsening of the
CC FDwhichmay occur with progressive ectasia. Regardless,
prospective longitudinal studies will be required to further
clarify the pathophysiology and progression on CC impair-
ment in myopia and myopic maculopathy.

In our study, there was no statistically significant correla-
tion between choroidal thickness and CC flow deficit despite
the presence of a correlative trend. Although our study may

Fig. 1 Examples of magnification
correction using Littmann’s
method and the Bennett formula,
F = 3.48 × 0.01306 × (AL – 1.82).
F represents the magnification
factor, and AL represents axial
length. a En face image of
superficial vasculature of an eye
with AL of 26.71 mm in the high
myopia group. b En face image of
superficial vasculature of an eye
with AL of 26.07 mm in the
moderate myopia group. The
yellow square represents the actual
image size that corresponds to 6 ×
6 mm

Table 2 Vessel density and vessel
length density of the superficial
and deep retinal capillary plexus

High Myopia Moderate Myopia Control p value

Superficial Vessel density 37.82 ± 2.24 * 38.63 ± 1.30 39.07 ± 1.18 0.031

Vessel length Density 10.27 ± 0.61* # 10.93 ± 0.52* 11.57 ± 0.32 < 0.001

Deep Vessel density 36.38 ± 1.30 36.36 ± 1.26 36.39 ± 1.60 0.998

Vessel length Density 10.87 ± 0.57 * # 11.27 ± 0.57 11.51 ± 0.44 < 0.001

*p < 0.05 compared with control group, # p < 0.05 compared with moderate myopia group
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have been underpowered to find a weak correlation, this find-
ing suggests that the choroidal thickness alone cannot serve as
a surrogate for the CC FD. This finding may also explain why
some subjects with myopia can tolerate an extremely thin
choroid without significant functional compromise [35]. It
may be that if the CC can stay relatively intact despite overall
choroidal thinning, the overlying RPE and retina can be ade-
quately supported.

The threshold of posterior pole ectasia and choroidal thin-
ning before CC alterations become apparent, and the tipping
point at which these CC alterations result in pathologic alter-
ations to the outer retina remains to be defined. In our study,
quantitative CC alterations could not be observed in eyes with
moderate myopia suggesting that these eyes are positioned
below this threshold. Future studies with larger, longitudinal
data will be required to provide further clarity on this issue. Of
note, similar to previous studies, we did confirm a thinner
choroid in myopic eyes compared to emmetropic eyes [36,
37].

Although it was not the main objective of our study, we
were also able to evaluate the superficial and deep retinal
vasculature. Using the 6 × 6 mm scan pattern, we observed
that the VLD’s of the SCP decreased in both the high and
moderate myopia groups compared with the control group.
And the VLD ofDCPwas decreased in the highmyopia group
compared to the other two groups. The VD of the SCP de-
creased in the high myopia group, but the VD of the DCP
demonstrated no significant difference among the three
groups. Using a 3 × 3 scan pattern, Al Sheik et al. also found

a reduced retinal capillary density in both the superficial and
deep retinal capillary plexus [6]. He et al. found no difference
in the superficial plexus in high myopic eyes using a similar
6 × 6 scan pattern (albeit with a different OCTA instrument);
however, they found a reduction in vessel density in the deep
plexus [7]. While the reason for the apparent discrepancies
among these studies cannot be established definitely, it may
be related to different instruments (SS vs SD-OCTA), different
OCTA algorithms, different segmentation, and differences in
processing (e.g., use of averaging). Garrity et al. found that
3 × 3 mm scans were more repeatable and likely more accu-
rate than the 6 × 6 mm scans and the SCP was more accurate
than the DCP in healthy eyes using the RTVue SD-OCTA [38,
39]. Future studies in myopic eyes with different devices and
scan patterns may more precisely elucidate the cause for these
differences. Regardless, taken as a whole, these studies would
suggest that the retinal microvasculature may be impacted by
myopia which is not surprising given the progressive ectasia
evident in these eyes.

Our study does have some limitations which should be
considered in assessing our results. First, our sample size is
relatively small. As a result, we may have been underpowered
to detect smaller differences in CC flow deficit between the
control and moderate myopia groups. On the other hand, the
clinical significance of such small differences in CC flow def-
icit are uncertain. Second, while we did include patients with
high myopia, we excluded patients with clinical evidence of
myopic maculopathy or pathologic myopia. Thus, we were
not able to assess and compare the CC in these patients with

Fig. 2 Three cases (one from each group) illustrating the final masked
choriocapillaris en face image, after magnification correction, averaging,
and binarization, used to calculate the area of choriocapillaris (CC) flow
deficit percentage. a The final CC en face image of a 38-year-old male
subject with high myopia. Axial length was 26.71 mm, and area of flow

deficit was 29.18%. b The final CC en face image of a 32-year-old female
subject with moderate myopia. Axial length was 26.07 mm, and area of
flow deficit was 22.29%. c The final CC en face image of a 35-year-old
male subject without myopia. Axial length was 23.13 mm, and area of
flow deficit was 21.13%

Table 3 Choriocapillaris flow
deficit High myopia Moderate myopia Control p value

Flow deficit % 25.98 ± 2.24 * # 24.09 ± 2.88 23.98 ± 2.26 0.008

*p < 0.05 compared with control group, # p < 0.05 compared with moderate myopia group
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more advanced disease. Third, although we used the instru-
ment projection removal function and took the extra precau-
tion of excluding regions underlying large superficial vessels
(a method reported by Borrelli et al. [20]), there may be other
artifacts specific to myopic eyes which may be difficult to
fully account for. For example, Dolz-Marco and colleagues
demonstrated that directional changes in Henle fiber reflectiv-
ity might impact flow detection on OCTA, which may be
particularly problematic in elongated eyes where retina may
be tilted or non-perpendicular to the OCT scan beam in some
locations [40]. Methods to compensate for such tilting effects
are still forthcoming. Our study also has several strengths
including its prospective design, the use of deeper penetrating
SS-OCTAwhich may have some advantages for visualization
and quantification of the CC, standardized imaging protocols,
image averaging, magnification correction for high and mod-
erate groups, and use of certified image reading center graders.

In summary, using SS-OCTA, we observed retinal micro-
vascular network alterations and increased CC flow deficits in
highly myopic eyes compared to eyes with moderate myopia
or normal controls. The relevance of the CC to the pathophys-
iology of high myopia warrants further study.
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