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PURPOSE. To investigate topographical maps of the three-dimensional choroidal
vascularity index (3D-CVI) in children with different levels of myopia.

METHODS. We enrolled 274 eyes from 143 children with various severity of myopia,
including emmetropia (EM), low myopia (LM), and moderate–high myopia (MHM).
The choroidal vessel volume (CVV), choroidal stroma volume (CSV), and 3D-CVI in
different eccentricities (fovea, parafovea, and perifovea) and quadrants (nasal, temporal,
superior, and inferior) were obtained from swept-source optical coherence tomography
angiography (SS-OCTA) volume scans. All choroidal parameters were compared among
groups, and the associated factors contributing to different 3D-CVIs were analyzed.

RESULTS. Compared to the less myopic group, the more myopic group showed a signif-
icant decrease in CVV and CSV (MHM < LM < EM) and a significant increase in the
3D-CVI (MHM > LM > EM) in most areas (all P < 0.05). The nasal quadrant had the
greatest 3D-CVI and lowest CSV and CVV, and vice versa in the temporal quadrant. The
3D-CVIs of the EM and LM groups gradually increased from the fovea to the perifovea,
whereas the 3D-CVI of the MHM group first decreased and then increased. Regression
analysis showed that axial length was an independent risk factor affecting foveal and
parafoveal 3D-CVIs. Restricted cubic spline analysis revealed that the 3D-CVI increased
with spherical equivalent (SE) when the SE was less than threshold and decreased when
the SE was greater than threshold (SE thresholds for foveal, parafoveal, and perifoveal
3D-CVIs were −5.25 D, −5.125 D, and −2.00 D, respectively; all P < 0.05).

CONCLUSIONS. Children with myopia exhibited decreased CSV and CVV, increased
3D-CVIs, and altered 3D-CVI eccentricity characteristics (from the fovea to the perifovea).
The quadratic relationship between the 3D-CVI and SE should be explored in longitudinal
investigations.
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Myopia, a refractive error with a spherical equivalent
(SE) of ≤−0.50 diopter (D), is the most common visual

disorder worldwide and a major public health concern.1

Early onset and rapid progression of myopia in children
increase the risk of developing high or pathological myopia,
which may result in a series of complications associated
with visual impairment.2,3 Numerous findings suggest that
both genetic and environmental factors influence myopia
progression.4,5 Although the exact pathogenesis of myopia
development remains unclear, the choroid has attracted
growing interest due to its potential role in the onset and
development of myopia.6

The choroid, located between the retinal pigment epithe-
lium and sclera, is a highly vascularized tissue in the human
body. It has been reported that the choroid adjusts the retinal
position by changing its thickness in response to hyperopic
or myopic optical defocus signals.7,8 More recently, it has
been proposed that the choroid regulates scleral extracellu-
lar matrix remodeling by releasing growth factors associated
with oxygen and nutrient insufficiency.9,10 Collectively, these
reports suggest a critical role of the choroid in modulating
eye growth and myopia progression.

However, there is a lack of reliable biomarkers to assess
changes in the choroid due to its physical inaccessibility.
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Recently, with rapid advances in optical coherence tomogra-
phy (OCT) technology, there is increasing interest in a quan-
titative parameter known as the choroidal vascular index
(CVI), which is the ratio of vascular area to total choroidal
area. It has been reported that the CVI exhibits a lesser vari-
ability than choroidal thickness (ChT), as the coefficient of
variation for the CVI has been reported to be 3.55 versus
40.30 for ChT.11 Therefore, the three-dimensional choroidal
vascularity index (3D-CVI) may be a more robust and reliable
biomarker than the ChT to evaluate changes for choroid.12–14

The CVI has been used to assess choroidal vascularity in
various ocular diseases, including ametropia,15 age-related
macular degeneration,13 and diabetic retinopathy.14

Given the regional variations of choroidal parameters in
different eccentricities and quadrants,16 choroidal parame-
ters derived from volumetric scans rather than single-line
scans will be less affected by local variations and therefore
better represent the respective retinal zones. The CVI has
been assessed with spatial considerations in normal popu-
lations,17,18 but few reports have utilized volumetric scan-
ning data. Recent studies have reported reduced choroidal
vessel volume, stroma volume, and 3D-CVI in adult myopic
eyes.19,20 However, no such data have been reported in chil-
dren with myopia. Therefore, this study is the first, to the
best of our knowledge, to investigate topographical maps of
the 3D-CVI and explore the influencing factors in children
with various severity of myopia.

MATERIALS AND METHODS

Patients

This observational, cross-sectional study was approved by
the Ethics Review Board of the Eye, Ear, Nose, and Throat
Hospital of Fudan University. Prior to the study, all partici-
pants and their parents received an explanation about the
study, including the content, nature, and possible conse-
quences of the study, and they provided written informed
consent. All procedures were conducted in accordance with
the tenets of the Declaration of Helsinki. Participants satis-
fying the following criteria were included: (1) age between
6 and 12 years, (2) best-corrected visual acuity (BCVA) ≥
20/25, and (3) intraocular pressure (IOP) < 21 mmHg.
No participants had undergone orthokeratology or atropine
myopia-control measures within the past 6 months. Partic-
ipants with a history of systemic disease or intraocular
surgery were excluded.

Ophthalmic Examination and Biometric Analysis

All participants underwent the following ophthalmic eval-
uations: BCVA, where the best-corrected vision with the
use of glasses was measured with a standard logarithmic
acuity chart at 5 m; IOP (Tonemeterx-10; Canon, Tokyo,
Japan); white-to-white (WTW); central corneal thickness
(CCT); mean corneal curvature (Km), the average between
the K1 and K2 meridians; axial length (AL); anterior cham-
ber depth; lens thickness (ZEISS IOLMaster 700; Carl Zeiss
Meditec, Dublin, CA, USA); cycloplegic objective refrac-
tion (ARK-510A; NIDEK, Gamagori, Japan), with the exam-
inations being performed 30 minutes after 0.5% tropi-
camide repeated three times at 5-minute intervals; and slit-
lamp examination. Height, weight, and body mass index
(BMI), calculated by dividing the height by the weight
squared, were measured. Based on the SE of each eye,

the participants were further divided into an emmetropia
(EM) group, ≤+0.75 D and >−0.50 D; a low myopia (LM)
group, >−3.0 D; and a moderate-to-high myopia (MHM)
group, ≤−3.0 D.

Swept-Source OCT/OCT Angiography Image
Analysis

After refractive errors measurement, swept-source OCT (SS-
OCT) and SS-OCT angiography (SS-OCTA) examinations
were performed by the same experienced ophthalmolo-
gist (FL) at a constant light level (30 lux) from 13:00 to
16:00 hours21 to reduce the influence of daily rhythms
and light exposure on the choroid.22,23 SS-OCT/OCTA
(VG200D; SVision Imaging, Ltd., Luoyang, China) images
were captured using a swept-source laser with a wavelength
of approximately 1050 nm and a speed of 200,000 A-scans
per second. The maximum axial resolution, lateral resolu-
tion, and scanning depth were approximately 5 μm, 15 μm,
and 3 mm, respectively. The volume data, including OCT
and OCTA, were captured with a raster scan protocol of
512 A-scans × 512 B-scans repeated four times and aver-
aged, covering a 9 × 9-mm area centered on the fovea with
motion correction. The built-in algorithm was used to auto-
matically segment the choroid, defined as the area from
the outer edge of the retinal pigment epithelium–Bruch’s
membrane complex to the inner edge of the choroid–scleral
interface. The deep learning (UNet) model was trained with
4476 B-scans and tested with 601 B-scans, and we obtained a
0.9327 Dice similarity coefficient (by comparing the model-
predicted choroid boundary with those boundaries manu-
ally marked by experts at the pixel level), suggesting high
reliability and repeatability. To further ensure segmenta-
tion accuracy, two trained doctors reassessed the choroidal
boundary and manually segmented images that were inac-
curately segmented, using built-in software.

Before quantitative analysis, AL values were imported
into the system to adjust for magnified differences. The
magnification formula (magnification of fundus XYmeasure-
ment = 0.0492 × AL − 0.1818) was based on the opti-
cal design of the OCT system and the Navarro model.24 All
image analyses were performed using built-in software. The
choroid vessel detection algorithm is based on the princi-
ple of adaptive threshold, the Niblack algorithm. The algo-
rithm has been widely used to detect choroidal vessels.25 It
is further optimized using preprocessing and postprocess-
ing steps to accommodate the range of vessel sizes and
image contrasts typically observed in images, and it finally
reconstructs the three-dimensional structure of the choroidal
vasculature to obtain the map of choroidal vascularity
(Fig. 1). This permits the automatic detection of Sattler’s layer
and Haller’s layer without manual intervention. Accordingly,
choroidal vessel volume (CVV) and the 3D-CVI (defined as
the ratio of CVV to total choroidal volume, which reflects
the volumetric vessel density of Sattler’s layer and Haller’s
layer) were calculated automatically (Fig. 1). In this area,
the larger the 3D-CVI, the larger the proportion of CVV.
The macular zone was further divided into four different
eccentricities (fovea, 0–1 mm; parafovea, 1–3 mm; peri-
fovea, 3–6 mm; and near-periphery, 6–9 mm) according to
Early Treatment Diabetic Retinopathy Study (ETDRS) grids
(9 × 9-mm area). The choroidal stroma volume (CSV) was
calculated as the total choroidal volume minus the CVV.
Because the ALs of some participants were lower than
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FIGURE 1. Example maps of the 3D-CVI. The dark and light pixels represent the choroidal parameter values of the corresponding location,
such that the higher the value, the brighter the brightness. Shown are the 3D-CVI values (A) and CVV values (B) at the 9 × 9-mm ETDRS
grid for three representative subjects.

the standard axial length of the system, the near-periphery
region was excluded to ensure a more accurate quantitative
analysis.

Statistical Analysis

R 3.5.1 (R Foundation for Statistical Computing, Vienna,
Austria) and PASS 15.0 (NCSS Statistical Software, Kaysville,
UT, USA) were used to perform statistical analyses. The
Shapiro−Wilk test was used to assess the normality of the
data distribution prior to statistical analysis. The generalized
estimation equation (GEE) was used to compare differences
among groups and to evaluate the association of the 3D-CVI
(dependent factor) with biometric parameters (independent
factors) in univariate analyses. Also, the paired t-test was
used to assess the changing trend of choroidal parameters
from the fovea to the perifovea. As appropriate, Bonferroni
correction was conducted for multiplicity. Independent risk
factors influencing the 3D-CVI were determined using step-
wise multiple regression.

Finally, after adjusting sex, age and BMI, the parameters
which were significantly correlated with the 3D-CVI in the
univariate analysis (AL and SE) were further analyzed with
restricted cubic splines analysis with four knots at the 5th,
35th, 65th, and 95th percentiles. Segmented regression was

used to examine the threshold effects of AL and SE on the
3D-CVI according to the smooth curve fitting. The threshold
level (turning point) of AL and SE at which the relationship
among AL, SE, and the 3D-CVI began to change and became
notable was determined by trial and error. Two-tailed
P < 0.05 was considered statistically significant.29,30

RESULTS

Of the 154 initial participants, we excluded nine due to
poor cooperation and two due to poor OCT image quality.
All images were accurately segmented by artificial intelli-
gence, and no image was manually segmented by doctors.
A total of 274 eyes (143 children; 78 boys and 65 girls)
were finally enrolled with a mean age of 9.36 ± 2.10 years
(detailed demographic information is presented in Supple-
mentary Table S1). According to the SE of each eye, 56 eyes
(0.10 ± 0.04 D), 151 eyes (−1.46 ± 0.06 D), and 67 eyes
(−4.50 ± 1.15D) were assigned to the EM, LM, and MHM
groups, respectively.

Age, body height, and weight were significantly lower
in the LM and EM groups than in the MHM group (all P
< 0.05), but no significant differences were found between
the LM and EM groups (Supplementary Table S1), and the
MHM group had significantly deeper anterior chamber depth
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FIGURE 2. Mean CSV (A, D), CVV (B, E), and 3D-CVI (C, F) values across different eccentricities (A–C) and quadrants (D–F) among three
different refractive groups. Error bars indicate the standard error of the mean. *P < 0.05.

compared to the LM group (P < 0.05). There were no signif-
icant differences in Km, CCT, WTW, lens thickness, gender,
and BMI values among the three groups (all P > 0.05)
(Supplementary Table S2).

Table 1 compares choroidal parameters in the eccentrici-
ties and quadrants among participants with different refrac-
tive errors. GEE analysis revealed that all of the CVV and
CSV parameters were significantly lower in the LM and MHM
groups than in the EM group. In contrast, most of the 3D-
CVI parameters were significantly higher in the LM and MHM
groups than in the EM group (all P < 0.05, after multiplic-
ity correction). Compared to the LM group, the MHM group
had a significantly lower CSV in all regions and lower CVV in
most regions (except for the fovea circle region and the supe-
rior and nasal quadrants of the parafovea and perifovea; all
P < 0.05, after multiplicity correction). Notably, the degree
of decline in CSV was greater than the decline in CVV in
all groups (βCSV < βCVV), indicating that the decrease in the
choroidal stroma was greater than the decrease in choroidal
vessels.

The 3D-CVIs of the EM and LM groups gradually
increased from the fovea to the perifovea, and only the
3D-CVIs of the perifovea were significantly higher than the
parafovea (P < 0.05). The 3D-CVIs of the MHM group first
decreased and then increased (Figs. 2A–C), and the 3D-
CVIs of the parafovea were significantly lower than for the
fovea (P < 0.05) (Supplementary Table S3). The nasal quad-
rant had the greatest 3D-CVIs and lowest CSVs and CVVs,
whereas the temporal quadrant had the lowest 3D-CVIs and
greatest CSVs and CVVs in all group (Figs. 2D–F). For the
CVI and CSV, the eccentricity change was largely contributed

TABLE 2. Associations Between the Ocular Parameters and 3D-CVIs
of Three Eccentricity Zones

Factors β Coefficient 95% CI P

Foveal zone
AL 0.021 0.011 to 0.030 <0.001
SE −0.011 −0.018 to −0.005 <0.001

Parafoveal zone
AL 0.016 0.009 to 0.022 <0.001
SE −0.007 −0.011 to −0.002 0.003

Perifoveal zone
AL 0.010 0.003 to 0.016 0.003
SE −0.006 −0.091 to −0.002 <0.001

to by the nasal and inferior quadrants; for the CVV, the
eccentricity change was largely contributed to by the nasal
quadrant.

Univariable analysis revealed that the 3D-CVIs of the
three eccentricity zones positively correlated with AL and
negatively correlated with SE (all P < 0.05) (Table 2). Step-
wise multiple linear regression analysis indicated that AL
was an independent factor associated with the 3D-CVIs of
foveal (β = 0.022) and parafoveal (β = 0.013) zones (all P <

0.05), but not the perifoveal zone (Table 3). With the elon-
gation of AL, the 3D-CVI values of the foveal and parafoveal
zones increased. Restricted cubic spline analysis further
revealed that only the SE and 3D-CVI exhibited nonlin-
ear relationships. The 3D-CVI increased with increasing SE
when SE was less than the turning point and decreased
when the SE was greater than the turning point (turning
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TABLE 3. Stepwise Multiple Linear Regression Analysis of Indepen-
dent Factors Affecting the 3D-CVIs in Three Eccentricity Zones

Factors β Coefficient
Standard
Error 95% CI P

Foveal zone
Intercept 0.006 0.188 −0.363 to 0.375 0.974
AL 0.022 0.008 0.007 to 0.037 0.005

Parafoveal zone
Intercept 0.058 0.148 −0.231 to 0.348 0.693
AL 0.013 0.006 0.001 to 0.025 0.029

points were −5.25D, −5.125D, and −2.00D for the foveal,
parafoveal, and perifoveal regions, respectively) (Fig. 3). The
threshold effect of SE on the 3D-CVI of each concentric
annular zone was significant (all P < 0.05).

DISCUSSION

In this study, myopic eyes exhibited reduced choroidal
vessel and stroma volume and an increased 3D-CVI. Further,
restricted cubic spline analysis indicated that the SEs and
3D-CVIs of all eccentricity zones (fovea, parafovea, and peri-
fovea) exhibited nonlinear relationships. To the best of our
knowledge, this study is the first to investigate the topo-
graphic alterations of choroidal vessel parameters in chil-
dren with different degrees of myopia, and we found the
nonlinear relationship between SE and the 3D-CVI. These
fundings provide novel insight into further understanding
the potential pathophysiology of myopia, which can help in
the identification of biomarkers for clinical management and
disease prognostication.

The higher the degree of myopia, the greater the age,
weight, and height, which was consistent with the results
reported in the previous literature.26–28 Also, our results indi-
cate that both CVV and CSV were decreased in myopic eyes,
which was in line with previous reports.19,20,29 We found
that, in most regions, the 3D-CVI of the more severe myope
was greater than that of the less severe myope (3D-CVIMHM

> 3D-CVILM > 3D-CVIEM). In addition, the group with more
severe myopia exhibited a greater diminution of CSV relative
to CVV, which explains the higher 3D-CVIs. These results
are consistent with previous reports on myopic eyes.29–31

Liu et al.19 reported a lower 3D-CVI and greater reduction
in CVV than CSV of eyes with high myopia compared to
eyes with low-to-moderate myopia. The patients predomi-
nantly were moderate-to-high myopia in that study (mean SE

of −5.95 D), whereas those in the current study were low
myopia (mean SE of −1.90 D). The difference between the
two studies may be due to the different degrees of myopia
(SEs), which is supported by the nonlinear relationship
results. Moreover, age is well established as a pivotal factor
affecting the choroidal structure.32 In previous reports that
differed from the results of the present study,15,20 the mean
ages of subjects in the studies by Wu et al.15 and Xu et al.20

were 13.1 ± 1.9 years and 29.43 ± 10.18 years, respectively,
which was older than that of our current study (mean age
of 9.36 ± 2.10 years). Li et al.33 reported that the 3D-CVI
increased with age, and there was a greater decrease in the
stromal area than in the luminal area, resulting an increase
in the 3D-CVI. The structural differences in choroid between
children and adults may also be a reason for the difference
in 3D-CVI results and warrants further investigation.

In addition, we also found that CSV, CVV, and the 3D-CVI
have regional variations in different eccentricities and quad-
rants. Regarding quadrantal variation, the greatest CVVs and
CSVs were in the temporal quadrant, and the lowest CVVs
and CSVs were in the nasal quadrant. The quadrant-related
variation trend was consistent with a previous study that
described choroidal thickness characteristics across differ-
ent quadrants in Chinese children.34,35 The optic nerve is
located on the nasal side, and the choroid gradually thins
toward the optic disc until it disappears,36,37 which may
partly explain the abovementioned results. The lowest and
highest 3D-CVIs were observed in the temporal and nasal
quadrants, respectively, and the quadrantal variation was
similar to that reported by Yazdani et al.29 and Singh et
al.17 This phenomenon may be underpinned by the greater
number of non-vascular smooth muscle cells in the temporal
quadrant than in the nasal quadrant.38

Concerning alterations in eccentricities, the CSVs and
CVVs of all groups gradually decreased from the fovea to
the perifovea, consistent with previous reports.31,43 Alsha-
reef et al.39 evaluated choroidal morphologic features using
OCT and reported a progressive reduction of the choroidal
medium and large vessel thickness from the fovea to peri-
fovea. Yazdani et al.29 obtained similar results on luminal and
stromal thickness using the binarization method. In addition,
we also found a gradual increase in the 3D-CVIs from fovea
to perifovea in the EM and LM groups, consistent with previ-
ous studies in healthy participants.29,32 The variation trend
discrepancy among CSV, CVV, and the 3D-CVI may be due to
the fact that the foveal zone has more stromal components
than the perifoveal zone.38,40 Of note, the 3D-CVIs of the
MHM group first decreased and then increased from fovea

FIGURE 3. Relationship between SE and 3D-CVI values of the foveal (A), parafoveal (B), and perifoveal zones (C) in a restricted cubic spline
plot. The red line represents the estimate, and the blue dotted line represents the upper and lower limits of the 95% confidence intervals.
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to perifovea. In contrast to the consistent 3D-CVI quadrant-
related variation trend among the three groups, the different
3D-CVI eccentricity-related variation trend among the MHM
group compared to the EM and LM group suggested that
variation of the 3D-CVIs in different eccentricities may be
more sensitive than that in quadrants.

Correlation analysis revealed that AL and SE were signif-
icantly associated with the 3D-CVI in the foveal, parafoveal,
and perifoveal zones. Stepwise multiple linear regression
analysis revealed that prolonged AL was the main factor
influencing the 3D-CVI of the foveal and parafoveal zones.
These results are similar to those of previous reports on
myopic eyes. Yazdani et al.29 and Alshareef et al.31 reported
that a longer AL was associated with greater choroidal vascu-
larity in myopes. At the same time, a negative correlation
was observed between AL and the 3D-CVI.41 Breher et al.42

reported that the 3D-CVI exhibited a bidirectional correla-
tion with AL; that is, AL was positively correlated with the
foveal 3D-CVI and negatively correlated with the peripheral
3D-CVI.42 In this study, we used volumetric data to assess
the choroidal structure, which may be more informative than
the local areal metric. These reasons may partly explain the
disparities in the results among different studies.

Because most of the previous association studies
followed the hypothesis of linear trend,15,33,43 some poten-
tial information (such as nonlinear relationships) may be
missed. Hence, to determine how the 3D-CVI varied, we
used restricted cubic spline analysis to further characterize
the association between the 3D-CVI and the ocular parame-
ters (AL and SE) that showed a significant association in the
univariate analysis. The analysis indicated that the 3D-CVI
increased with increasing SE when SE was less than the turn-
ing point and decreased when SE was greater than the turn-
ing point (turning points were −5.25 D,−5.125 D, and −2.00
D for the foveal, parafoveal, and perifoveal regions, respec-
tively). To the best of our knowledge, the “quadratic” corre-
lation between SE and the 3D-CVI has not been reported to
date. We speculated that the CSV decreased more than the
CVV in the early stages of myopia, leading to an increase in
the 3D-CVI. When the severity of myopia exceeded a certain
threshold, a greater reduction in CVV than CSV resulted in a
decreased 3D-CVI. These results provide novel insight into
the pathophysiology and pathogenesis of myopia and may
contribute to a deeper understanding of the choroidal inter-
nal structural changes related to myopia.

Many studies have reported that the choroid plays a
pivotal role in myopia onset and development. The choroid
is divided into three layers from the inside out: capillary
layer, Sattler’s large vessel layer, and Haller’s medium-to-
small vascular layer. Changes in the choroidal thickness asso-
ciated with myopia have been reported to result predom-
inantly from Sattler’s and Haller’s layers.44 Therefore, we
used volumetric scans to reflect the changes in Sattler’s
and Haller’s layers. This novel method demonstrated better
repeatability and less variability than conventional local
scans,19 thus providing more accurate and comprehensive
information about the relative changes in choroidal vessels
and stroma and being helpful in revealing the potential role
of choroidal changes in myopes.

Given that the choroidal vessels are the primary source of
nutrients and oxygen to the surrounding retina and sclera,
knowledge of the changes in the choroidal vasculature and
their interaction with myopia may reveal potential patho-
physiological mechanisms and help to prevent and treat
myopia. Although the exact mechanism that causes the

choroidal vascular changes associated with myopia in chil-
dren remains unclear, our results suggest that the choroidal
vessels may supply adequate nutrients and oxygen to the
surrounding tissues at the onset of myopia. Some schol-
ars have found that children with low myopia have rela-
tively normal visual function compared with children with
high myopia, which further supports the above conjecture.45

As the disease progresses, the CVV gradually reduces and
may become decompensated, failing to provide adequate
nutrition and leading to scleral thinning and worsening of
myopia.

Limitations

This study has several limitations. First, due to its cross-
sectional design, cause-and-effect relationships cannot be
identified. Further longitudinal studies are warranted to
elucidate the association between the choroidal structure
and myopia progression. Second, as signal attenuation
occurs with depth penetration, quantifying the blood flow
of complex choroidal capillaries is inaccurate; therefore, we
excluded it from our study. Third, because high myopia is
less common in primary school students,46 our study lacked
a sufficient sample size of children with high myopia (nine
cases), which may account for the wide 95% confidence
interval. Therefore, future studies are required to examine
the variations in these choroid parameters in larger popula-
tions, such as those with high myopia and hyperopia. Finally,
the population of this study was limited to a single ethnicity,
so further studies should enroll multiethnic populations.

CONCLUSIONS

Our study revealed a significantly lower CVV and CSV and
higher 3D-CVI in myopic children. In addition, with myopia
development, 3D-CVI eccentricity variation characteristics
also changed (first decreased and then increased from the
fovea to the perifovea). Future longitudinal follow-up stud-
ies are warranted to gain further insight into the association
between choroidal structure and myopia.
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