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PURPOSE. Photoreceptor loss plays a role in visual impairment in pathological myopia.
As the nutrition and oxygen demands of photoreceptors are mainly supported by the
choroidal vessels, we aimed to investigate changes in the choroidal vasculature and their
correlations with visual acuity in pathological myopia.

METHODS. The cohort was composed of 136 eyes from 80 participants, including 42
eyes from 21 participants with emmetropia/low myopia, 48 eyes from 26 participants
with simple high myopia, and 46 eyes from 33 participants with pathological myopia.
Swept-source optical coherence tomography (OCT) was used to image the eyes with
a 12-mm radial line scan protocol. The parameters for 6-mm diameters of macula area
centered on the fovea were analyzed. A custom deep learning algorithm based on a
modified residual U-Net architecture was used to segment the choroidal boundaries.
Then, the distance between the two boundaries was determined and choroidal thick-
ness (CT), luminal area (LA), and stromal area (SA) were demarcated based on Niblack’s
auto-local threshold algorithm after binarization of the OCT images. Finally, the ratio of
LA and total choroidal area was defined as the choroidal vascularity index (CVI). The
choroidal parameters in three groups were compared, and correlations of the choroidal
parameters with age, gender, axial length, and best-corrected visual acuity (BCVA) were
analyzed.

RESULTS. The CVI, CT, LA, and SA values were lower in pathological myopia than in
emmetropia/low myopia and simple high myopia (P < 0.05). The CT, LA, and SA values
were lower in simple high myopia than in emmetropia/low myopia (P < 0.05), whereas
there was no difference between the CVIs in the emmetropia/low myopia and high
myopia groups (P > 0.05). The CVI was nonlinear with increases in axial length (AL),
and there was a critical AL flexion point, approximately 27.26 mm; however, the CT, LA,
and SA were negatively correlated with AL. Further analysis showed that only younger
subjects (40 years old or less) showed significant AL flexion points. Simple and multiple
regression models showed that the CVI was correlated with BCVA (P < 0.05).

CONCLUSIONS. Choroidal vascular alterations, especially decreased CVI, occurred in
patients with pathological myopia. The CVI decreased with axial elongation beyond the
flexion point and was correlated with visual impairment, indicating that the CVI might
be a reliable imaging biomarker to monitor the progression of pathological myopia.

Keywords: pathological myopia, visual acuity, choroid, choroidal vascularity index

The incidence of myopia is increasing significantly world-
wide. Holden et al.1 predicted that 49.8% of the world

population will have myopia and 9.8% will have high
myopia (HM) by 2050. Moreover, Liu et al.2 documented
that almost two-thirds of patients with highly myopic eyes
developed pathological myopia (PM). Eyes with spheri-
cal equivalent (SE) ≤ −6.0 diopters (D) or axial length
(AL) ≥ 26.5 mm with diffuse or severe atrophy were
classified as PM, and 30.8% of patients with PM had a
best-corrected visual acuity (BCVA) worse than 20/60. In
general, incurable visual impairment and blindness result-
ing from PM are among the leading causes of vision prob-
lems worldwide. Therefore, it is essential to investigate

the pathogenesis and risk factors of visual impairment
in PM.

Although the exact mechanism that leads to macu-
lar pathology and visual impairment in PM is unknown,
choroidal thinning has been widely considered as an
important factor in vision loss during the development
of PM. Histologic studies have shown choroidal degener-
ation in PM.3 Optical coherence tomography (OCT) has
revealed thinning of the choroid with axial elongation in
HM in vivo.3–16 Recently, changes in other choroidal vascu-
lar parameters, such as the choroidal vascularity index
(CVI) and choroidal luminal area (LA), have been reported
in age-related macular degeneration, diabetes, and other
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choroid-related diseases.17–23 These recent studies have
shown that the CVI is a more stable and robust parame-
ter of choroidal vascularity than choroidal thickness (CT)
alone due to physiological and systemic-related variations
that have seldom been reported in HM and PM.

Previously, we developed a novel method to automati-
cally segment and quantify the CT and choroidal vascula-
ture based on a deep learning algorithm, residual U-Net.24

In this study, we aimed to analyze the choroidal vascular
alterations in PM and their correlations with visual impair-
ment. This research has potential to be a novel strategy to
monitor the progression of myopia and provide new insights
regarding the prevention and treatment of PM.

METHODS

Study Design

This was a prospective, cross-sectional study that was
approved by the Ethics Committee of Wenzhou Medi-
cal University, Wenzhou, Zhejiang, China, and conducted
in accordance with the tenets of the Declaration of
Helsinki.

Subjects

We recruited 80 participants for this study, including 46
females and 34 males. Their mean age was 37 years (range,
21–59), mean SE was −8.41 D (range, −22.75 to 1.13),
and mean AL was 27 mm (range, 21.60–33.22). All subjects
were enrolled from September 2019 to January 2022 at
The Affiliated Eye Hospital of Wenzhou Medical Univer-
sity, and signed informed consent was obtained from all
participants. Both eyes of all participants were included in
the study unless they did not meet the inclusion criteria
or met the exclusion criteria. The eyes were divided into
three groups: (1) control group, comprised of eyes with
emmetropia and low myopia (EM/LM) with SE ranging from
−3.0 to +1.0 D; (2) simple HM group, comprised of eyes
with SE ≤ −6.0 D or AL ≥ 26.5 mm and without myopic
pathological changes noted on fundus photography; and (3)
the PM group, comprised of eyes with SE ≤ −6.0 D or AL ≥
26.5 mm and with myopic maculopathy. The definition of PM
was based on the International Meta-Analysis for Pathologi-
cal Myopia classification system, in which eyes with diffuse
choroidal atrophy or more severe atrophy were classified as
having PM.25 The diagnoses of all eyes in the three groups
were determined by two ophthalmologists. If there was any
disagreement between the two ophthalmologists, another
senior ophthalmologist made the final diagnosis. Three eyes
had inconsistent diagnoses. All subjects were older than
18 years of age.

Eyes with intraocular pressure (IOP) > 21 mm
Hg, corneal disease, severe cataract, age-related macu-
lar degeneration, diabetic retinopathy, history of intraoc-
ular surgery or other fundus changes related to systemic
diseases (such as systemic lupus erythematosus), or seri-
ous complications of HM (such as retinoschisis) were
excluded.

Clinical Examinations

All subjects underwent comprehensive ophthalmologic
examinations that included refraction, BCVA, IOP, and

slit-lamp examinations. SE was calculated as the spher-
ical dioptric power plus half of the cylindrical dioptric
power. BCVA was described as the logarithm of the mini-
mum angle of resolution (logMAR). IOP was measured
using a CANON TX-F Full Auto Tonometer (Canon Inc.,
Tokyo, Japan). The AL was measured using a Lenstar
900 (Haag-Streit USA, Mason, OH, USA). Digital 45° ×
45° color fundus photographs were taken with a reti-
nal camera (VISUCAM 224; Carl Zeiss Meditec, Jena,
Germany).

Image Acquisition Protocol and Analysis

All participants underwent imaging using swept-source OCT
(SS-OCT, VG200S; SVision Imaging, Henan, China) with a
central wavelength of 1050 nm (Fig. 1). The scan speed
was 200,000 A-scans per second with 6.3-μm axial resolu-
tion. A 12-mm radial line scan was performed to obtain two
transverse section images (vertical and horizontal meridians)
across the fovea. As individuals with high myopia are prone
to reflex at the edge of images, 6-mm cross-sections of the
macula, centered on the fovea, were selected for further anal-
ysis. The signal strength indices of all selected images were
>4/10.

Before using custom-developed software to analyze all
images, we used Bennett’s formula, t = p × q × s, where
t was the actual scan length, p was the magnification factor
determined using the OCT imaging system camera, qwas the
magnification factor related to the eye, and s was the origi-
nal measurement from the OCT imaging system, to adjust
the OCT image magnification based on AL. When imag-
ing an eye with an AL of 24.46 mm, the actual scanning
range t would be equal to s. When imaging eyes with other
ALs, the real scan length t was determined by the equa-
tion t = (AL – 1.82)/22.64 × s, as reported in our previous
studies.16,26,27

Subsequently, we used a deep learning approach to auto-
matically quantify the choroidal parameters in the macu-
lar region with a diameter of 6.0 mm. All images were
automatically analyzed by a custom deep learning algo-
rithm based on a modified residual U-Net architecture
to segment the choroidal boundaries. The residual U-Net
is residual units applied to the deep network, replac-
ing the conventional convolution units, which can achieve
better performance with fewer parameters than traditional
approaches. The distance between the two boundaries was
defined as CT, and LA and stromal area (SA) were demar-
cated based on Niblack’s auto-local threshold algorithm
after binarization of the OCT images. The ratio of LA and
total choroidal area (SA + LA) was defined as the CVI
(Fig. 2).28 All segmentation analyses were performed by
one masked reader. We obtained the choroidal parame-
ters of the macular region in the vertical and horizontal
directions.

Statistical Analyses

The main parameters are presented throughout as mean ±
SD. Analysis was performed with SPSS Statistics 22.0 (IBM
Corporation, Chicago, IL, USA). The different frequencies
of sexes among the three groups were analyzed using χ2

tests. The differences in other parameters among the three
groups were analyzed using one-way analysis of variance
with Bonferroni-corrected multiple comparisons post hoc
tests. Simple regression models (based on the generalized
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FIGURE 1. Characteristic fundus photographs and OCT images of eyes with emmetropia, simple high myopia, and pathological myopia.
Fundus photographs (A, C, E) and OCT B-scan images (B, D, F) show the detailed automated segmentation of eyes with emmetropia,
simple high myopia, and pathological myopia, respectively. For eyes with emmetropia (A, B), AL was 24.99 mm, the global macular CVI
was 62.249%, global macular choroidal LA was 1.839 mm2, and global CT was 452 μm. For eyes with simple high myopia (C, D), AL was
27.78 mm, the global macular CVI was 60.845%, global macular choroidal LA was 0.707 mm2, and global CT was 194 μm. For eyes with
pathological myopia (E, F), AL was 29.67 mm, the global macular CVI was 57.977%, global macular choroidal LA was 0.399 mm2, and global
CT was 115 μm. Scale bars: 300 μm.

FIGURE 2. Progression of choroidal image binarization. (A) The original SS-OCT image. (B) Segmentation of the choroidal area. (C) Bina-
rization of the choroidal area. (D) Overlay of the region of interest created after performing image binarization on the SS-OCT image.

estimating equations [GEEs]) were used to analyze the asso-
ciations of the choroidal parameters and other variables with
the BCVA. Based on the GEEs, results from the simple regres-
sion models were then used to create a final multivariate

model with BCVA as the outcome. Exponential and hyper-
bola functions were also used to investigate the relationships
among choroidal parameters and AL and BCVA. Statistical
significance was set at P < 0.05.
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RESULTS

Basic Patient Characteristics

The final cohort was composed of 136 eyes from 80 partic-
ipants, including 42 eyes from 21 participants with EM/LM,
48 eyes from 26 participants with simple HM, and 46 eyes
from 33 participants with PM (Table 1). There were no signif-
icant differences among the three groups in age, sex, or IOP
(P = 0.406, P = 0.731, and P = 0.368, respectively). The
PM group had greater myopia, longer AL, and worse BCVA
than the EM/LM and HM groups. Moreover, the HM group

had greater myopia, longer ALs, and worse BCVA than the
EM/LM group (Table 1).

Differences in Choroidal Structural and Vascular
Parameters Among the Three Groups

As shown in Figures 3 and 4, at both the vertical and hori-
zontal meridians, the CVIs of the PM group were lower than
those of the EM/LM and HM groups (P < 0.001, each),
whereas there was no significant difference between the
EM/LM and HM groups (P > 0.05). The CT, SA, and LA were

TABLE 1. Basic Characteristics of Emmetropia/Low Myopia, Simple High Myopia, and Pathological Myopia Groups

Characteristics EM/LM HM PM P* P1† P2‡ P3§

Patients/eyes, n 21/42 26/48 33/46 —|| — — —
Age (y), mean ± SD 38 ± 8 36 ± 6 38 ± 8 0.406 1.000 1.000 0.594
Sex (male/female), n 11/10 11/15 14/19 0.731 0.491 0.474 0.993
IOP (mm Hg), mean ± SD 13.46 ± 2.29 14.21 ± 2.16 14.03 ± 3.11 0.368 0.519 0.937 1.000
SE (D), mean ± SD −0.89 ± 1.18 −8.86 ± 2.65 −14.79 ± 3.49 <0.001 <0.001 <0.001 <0.001
AL (mm), mean ± SD 23.97 ± 1.23 27.21 ± 1.07 29.57± 1.59 <0.001 <0.001 <0.001 <0.001
BCVA (logMAR), mean ± SD −0.10 ± 0.07 0.01 ± 0.07 0.18 ± 0.17 <0.001 <0.001 <0.001 <0.001

* P value among the three groups.
† P value between the EM/LM and HM groups.
‡ P value between the EM/LM and PM groups.
§ P value between the HM and PM groups.
|| Not performed.

FIGURE 3. Box-and-whisker plots comparing the global choroidal parameters at the vertical meridian among the EM/LM, HM, and PM
groups: (A) CVI; (B) CT; (C) choroidal LA; (D) choroidal SA. The median is represented by the middle line within each box, and the second
and third quartiles are represented by the lower and upper segments of the box, respectively. The whiskers of the plot represent the minimum
(bottom whisker) and the maximum (top whisker).
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FIGURE 4. Box-and-whisker plots comparing the global choroidal parameters at the horizontal meridian among the EM/LM, HM, and PM
groups: (A) CVI; (B) CT; (C) choroidal LA; (D) choroidal SA. The median is represented by the middle line within each box, and the second
and third quartiles are represented by the lower and upper segments of the box, respectively. The whiskers of the plot represent the minimum
(bottom whisker) and the maximum (top whisker).

significantly different among the three groups (P < 0.05,
respectively).

Associations of Choroidal Parameters With Axial
Length

Changes in choroidal parameters with axial elongation are
shown in Figure 5. The relationship between the CVI and
AL was analyzed using elbow fitting. The analysis revealed
a flexion point (27.26 mm) between changes in the CVI and
AL. For the CVI that preceded the flexion point along the
AL, change in the CVI was independent of the changes in AL.
Thus, as AL increased, there was no significant change in the
CVI. For AL greater than the flexion point, the CVI decreased
as AL increased; thus, there was a negative correlation
between the CVI and AL beyond the flexion point. Changes
in the LA, SA, and CT were negatively correlated with an
increasing AL (P < 0.001). The relationships between the
AL and choroidal variables were further analyzed with expo-
nential and hyperbola functions, and the results are shown
in Supplementary Figure S1. All choroidal parameters were
the mean values of the vertical and horizontal meridians.

The subjects were then divided into male/female
subgroups and younger/older subgroups to determine
whether sex or age might influence the correlation between

the CVI and axial elongation. Figure 6 showed that the
changes in choroidal parameters with axial elongation were
similar between female and male participants. Moreover, we
found that there was still a flexion point (27.59 mm) between
changes in the CVI and AL in participants younger than
40 years of age (Fig. 7), whereas changes in the CVI were
negatively correlated with increasing AL in participants older
than 40 years of age (P < 0.001).

Associations of Choroidal Parameters and Other
Variables With BCVA

Simple GEE-based regression models showed that older age
(P = 0.013), longer AL (P < 0.001), smaller CVI (P < 0.001),
thinner CT (P < 0.001), smaller LA (P < 0.001), and smaller
SA (P < 0.001) were significantly associated with worse
BCVA (Table 2, Fig. 8). Sex (P = 0.714) was not associated
with BCVA. Hyperbola function was performed to analyze
the relationships among the other three choroidal param-
eters and BCVA (Supplementary Fig. S2). Parameters that
were significantly correlated with BCVA were included in
the multiple regression models (Table 2). In the final multi-
ple regression models with BCVA as the outcome, only the
CVI (P = 0.048), age (P < 0.001), and AL (P < 0.001)
were significant factors for BCVA. All choroidal parameters
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FIGURE 5. Scatterplots showing the correlation between AL and CVI, CT, LA, and SA: (A) CVI versus AL; (B) CT versus AL; (C) LA versus
AL; (D) SA versus AL. All choroidal parameters are the mean values of the vertical and horizontal meridians. Each dot represents one eye.

FIGURE 6. Scatterplots showing the correlation between AL and CVI, CT, LA, and SA in males and females: (A) CVI versus AL; (B) CT versus
AL; (C) LA versus AL; (D) SA versus AL. All choroidal parameters are the mean values of the vertical and horizontal meridians. Each dot
represents one eye.
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FIGURE 7. Scatterplots showing the correlation between AL and CVI, CT, LA, and SA in different age groups: (A) CVI versus AL; (B) CT
versus AL; (C) LA versus AL; (D) SA versus AL. All choroidal parameters are the mean values of the vertical and horizontal meridians. Each
dot represents one eye.

TABLE 2. Linear Regression Models Based on BCVA

Simple Regression Analysis Multiple Regression Analysis

Parameters
Unstandardized
Coefficients

Standardized
Coefficients 95% CI P

Unstandardized
Coefficients

Standardized
Coefficients 95% CI P

Sex −0.013 −0.034 −0.055 to 0.080 0.714 — — — —
Age (y) 0.005 0.002 0.001 to 0.009 0.013 0.005 0.001 0.002 to 0.008 <0.001
AL (mm) 0.042 0.005 0.031 to 0.053 <0.001 0.030 0.007 0.017 to 0.043 <0.001
CVI_average (%) −0.019 0.003 −0.025 to −0.012 <0.001 −0.009 0.005 −0.018 to 0.000 0.048
CT_average (mm) −0.789 0.105 −0.995 to −0.584 <0.001 25.003 29.394 −32.607 to 82.614 0.395
LA_average (mm2) −0.213 0.028 −0.268 to −0.158 <0.001 −4.092 4.881 −13.657 to 5.474 0.402
SA_average (mm2) −0.332 0.044 −0.418 to −0.246 <0.001 −4.332 4.930 −13.995 to 5.330 0.380

were the mean values of the vertical and horizontal
meridians.

DISCUSSION

In the present study, SS-OCT was used to evaluate choroidal
changes in eyes with HM and PM. The thinning of the
choroid found in this study is consistent with the findings
of previous studies.3,5–16 Alterations of the choroidal vascu-
lature in HM with or without pathological changes were
further quantified. To our knowledge, this is the first report
of changes in choroidal vasculature, such as the CVI, LA,
and SA, in PM. Significant reductions in the CVI, LA, and SA
were observed with axial elongation. Moreover, the CVI was
significantly associated with BCVA, indicating that patients
with a lower CVI had worse visual acuity. Consequently, the
CVI might be a reliable imaging biomarker for monitoring

progression of PM; thus, preventing a decrease in the CVI
could be a clinical goal.

Importantly, a decrease in the CVI was found in the
PM group compared to the control and HM groups. The
significant difference in ALs between the EM/LM and HM
groups was 3.25 mm, whereas the differences in the CVI for
these two groups, 0.73% and 1.84% (vertical and horizontal,
respectively), were not significant. Similarly, the difference in
ALs between the HM and PM groups was 2.36 mm. However,
in contrast to differences in the CVI for the EM/LM and HM
groups, the differences between the HM and PM groups,
7.13% and 6.96 % (vertical and horizontal, respectively),
were significant. These results suggest a sharp decrease in
the CVI during the development of PM retinopathy, indicat-
ing that the relationship between the CVI and axial elonga-
tion is more complex than a simple linear correlation.

Axial elongation has been considered the main factor for
a decrease in CT during the progression of HM in previous
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FIGURE 8. Scatterplots showing the correlation between BCVA and CVI, LA, SA, and CT: (A) CVI versus BCVA; (B) CT versus BCVA; (C) LA
versus BCVA; (D) SA versus BCVA. All choroidal parameters are the mean values of the vertical and horizontal meridians. Each dot represents
one eye.

studies.4–6,12 In the present study, a nonlinear analysis
revealed that there is a critical AL flexion point (approx-
imately 27.26 mm) and that a negative linear correlation
between the CVI and AL beyond the flexion point is evident,
indicating that significant reduction of the CVI is triggered
beyond the AL flexion point. The correlations of LA and SA
with AL showed that the choroid was stretched due to axial
elongation, resulting in choroidal thinning and an approx-
imately parallel decrease in the LA and SA before the AL
flexion point. Therefore, the CVI did not change significantly
during this period. In contrast, changes in the LA were larger
than those in the SA beyond the AL flexion point, which
resulted in a decrease in the CVI. This indicates that the
choroid might have been “overstretched” in this stage, and
the loss of choroidal vasculature was much more significant
than that of the choroidal stroma in PM.

Further analysis showed that sex did not affect the
choroidal parameters with axis elongation. In contrast,
the correlations between the choroidal parameters and
AL differed between younger and older participants. Only
participants who were ≤40 years of age showed a signifi-
cant AL flexion point below which the CVI was unchanged
with axial elongation. This indicates that there might also
be a critical age beyond which choroidal perfusion loss
is much more severe with axial elongation. Therefore,
age would be another important factor that might influ-
ence choroidal perfusion accompanied with axial elonga-
tion in PM. In future studies, investigation of the criti-
cal flexion point of age and its influence on choroidal
perfusion and visual function during the development of

PM should be of great significance for the treatment of
patients.

The nutrition and oxygen demands of photoreceptors are
mainly met by the choroid.29 Previous studies have reported
a relationship between choroidal thinning and visual func-
tion in patients with HM and PM.3–16 We demonstrated
that the influence of photoreceptor degeneration on visual
impairment is affected by choroidal thickness.16 However, a
decrease in choroidal thickness has been reported in older
and hypertensive individuals,28 which might influence the
application of CT in evaluating the severity of HM.5 In
contrast, the CVI is independent of these factors.29 In the
present study, the CVI was also correlated with BCVA, and
multiple regression analysis showed that the decline in the
CVI was the factor most related to visual impairment. There-
fore, it has been speculated that the CVI could be a reli-
able parameter for monitoring the progression of PM and
predicting visual acuity loss in the future. Restoring the CVI,
which indicates improvement of choroidal perfusion, might
be a novel intervention target to prevent the progression of
visual impairment in PM.

This study has some limitations. First, our study included
only a few eyes with advanced PM; however, we believe
that this did not affect our results significantly, consid-
ering that the main goal of our research was to investi-
gate the difference between simple and early PM. Second,
we could only obtain two-dimensional information regard-
ing the choroid in this study. In the future, the applica-
tion of three-dimensional imaging technology might help to
characterize more details regarding choroidal structural and
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vascular changes in PM. Moreover, longitudinal studies
would provide more evidence regarding choroidal changes
in PM and their correlations with visual function.

In conclusion, we demonstrated that decreases in
choroidal vasculature were significantly correlated with
visual impairment in PM. Regarding axial elongation, the CVI
decreased nonlinearly, whereas the other choroidal parame-
ters decreased linearly. The CVI was the choroidal parameter
most highly correlated with BCVA and might be a reliable
imaging biomarker for monitoring the progression of PM.
Clinicians should pay close attention to alterations in the
choroidal vasculature in PM and realize that preventing a
decrease in the CVI might be a vital clinical goal for the
treatment of PM.
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