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ABSTRACT

Introduction: To evaluate the intraocular 
differences in optical coherence tomography 
(OCT)-based macular curvature index (MCI) 
among children with anisomyopia and to inves-
tigate the relationship between MCI and the 
macular microvasculature.
Methods: Fifty-two schoolchildren with aniso-
metropia > 2.00 D were enrolled and underwent 
comprehensive examinations including cyclo-
plegic refraction, axial length (AL), and swept 
source OCT/OCT angiography. OCT-based MCIs 

were determined from horizontal and vertical 
B-scans by a customized curve fitting model in 
MATLAB R2022 at 1-mm-, 3-mm-, and 6-mm-
diameter circles at fovea. Characteristics and 
topographic variation of MCI was analyzed, and 
the relationships with microvascularity and its 
associated factors were investigated.
Results: MCI achieved high reliability and 
repeatability. There were overall larger MCIs in 
the more myopic eyes than the less myopic eyes 
in 1-mm-, 3-mm-, and 6-mm-diameter circles at 
fovea (all p < 0.001). For the topographic vari-
ation, horizontal MCI was significantly greater 
than vertical MCI (all p < 0.001), and was the 
largest in 6-mm circle, followed by 3-mm and 
1-mm circles. Stronger correlation of horizon-
tal MCI with myopic severity than vertical MCI 
was found. Partial Pearson’s correlation found 
MCI was negatively associated with deep capil-
lary plexus (DCP) vessel density (p = 0.016). Eyes 
with a higher MCI in a 6-mm circle were more 
likely to have longer AL (p < 0.001), lower DCP 
vessel density (p = 0.037), and thinner choroidal 
thickness (ChT) (p = 0.045).
Conclusion: Larger MCI was found in the more 
myopic eyes of children with anisomyopia and 
was significantly associated with smaller DCP 
density, suggesting that MCI was an important 
indicator of myopia-related retinal microvascu-
larity change, and it could be a valuable metric 
for myopia assessment in children.
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Key Summary Points 

Why carry out this study:

The global increase in myopia and its vision-
threatening complications highlights the 
necessity of investigating macular shape.

Macular curvature has gained increasing 
attention in pathological adult myopia. 
However, little is known about its character-
istics in children without high myopia or its 
associated factors.

Our study aimed to bridge these gaps by 
evaluating optical coherence tomography 
(OCT)-based macular curvature index (MCI) 
in children with anisomyopia with low to 
moderate myopia and exploring its relation-
ship with macular microvasculature and 
other factors.

What was learned from the study?

In this study of children with anisomyopia, 
we demonstrated larger MCI in the more 
myopic eyes than the less myopic eyes and 
a significant negative correlation between 
MCI and deep capillary plexus (DCP) vessel 
density

Axial length, DCP vessel density, and choroi-
dal thickness were independent factors asso-
ciated with MCI in a 6-mm-diameter circle

We recommended MCI of OCT scans to 
evaluate the macular morphology as well as 
an indicator of microvascularity loss, and it 
could be a valuable metric for myopia assess-
ment in clinical practice

INTRODUCTION

Myopia has witnessed a significant global 
increase in prevalence among children and ado-
lescents [1, 2]. Extensive evidence has confirmed 

that myopic eyes change from generally oblate 
or spherical shape to a prolate ellipsoid [3–6]. In 
this context, macula also become out-pouched 
during myopia, a deformity in the macular 
region that has been associated with fundus 
degeneration and subsequent vision loss [7–12]. 
Considering the increasing myopia prevalence 
and its vision-threatening complications, evalu-
ating the macular morphology is of great impor-
tance. Although macular shape has been previ-
ously descripted by depth, width, and volume 
[13–16], these metrics were oversimplified, and 
it was difficult to provide a complete description 
of the three-dimensional macular morphology 
from a single viewpoint.

In recent years, there has been a growing focus 
on macular curvature [17–24]. Macular curvature 
serves as a reflection of how the retina surface is 
contoured or curved in two dimensions, and it 
offers a more comprehensive understanding of 
retina anatomy and function atlas together with 
thickness and vascularity. Recent studies have 
investigated the relationship between macular 
curvature and ocular diseases. Wakazono et al. 
reported a time-dependent curvature increase in 
highly myopic adults and found it useful to pre-
dict the occurrence of posterior staphyloma [20]. 
Another study by them found that the differ-
ence in macular curvature between 3-mm-diam-
eter circles and 3- to 6-mm rings was sufficient to 
distinguish the eyes with myopic traction macu-
lopathy from simple highly myopic eyes [25]. 
Although it was suggested that highly myopic 
eyes had protruding eye shape and asymmetrical 
macular curvature in adults, to the best of our 
knowledge, few studies have further systemically 
quantified curvature changes in children, espe-
cially in children without high myopia without 
complications. Whether a similar pattern of cur-
vature changes occurred in the early stages of 
myopia and at an early age remains unknown. 
It is imperative to explore macular curvature 
alterations and their association with myopia in 
children to assess its potential role as a myopia 
biomarker.

For the past decade, optical coherence tomog-
raphy (OCT)/OCT angiography (OCTA) has 
enabled noninvasive imaging of the microvas-
culature alongside macular morphology simul-
taneously. Although previous studies have 
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attempted to correlate macular curvature with 
biometrics such as axial length, the results have 
been inconsistent [17, 21, 26], possibly because 
of the significant inter-individual variability and 
confounding effect in age, gender, genotype, 
and environment. Moreover, the association 
of macular curvature with macular microvas-
cularity represents a significant gap in our cur-
rent understanding. Decreasing retinal vascular 
plexus density has been reported in myopic 
eyes; however, the effect of macular curvature 
on macular microvasculature in retinal tissue 
remains to be determined.

Our study aimed to address these gaps by 
evaluating OCT-based macular curvature index 
(MCI) in children with anisomyopia with low 
to moderate myopia and exploring its relation-
ship with macular microvasculature and other 
factors. By comparing the more myopic eye to 
the less myopic eye within the same individual, 
we can conduct a controlled and precise evalua-
tion and investigate subtle difference in mild to 
moderate myopia. This approach will help deter-
mine the value of MCI as a myopia-related indi-
cator in Chinese children, enhance our under-
standing of the underlying pathophysiology of 
myopia and may facilitate better prevention and 
treatment.

METHODS

Participants

The study protocol was approved by the eth-
ics committee of Shanghai General Hospital, 
Shanghai Jiao Tong University (approval number 
2022KY038) and was conducted in accordance 
with the Helsinki Declaration. Written informed 
consent was obtained from all participants and 
their guardians. In this study, anisometropic 
children aged 6–18 years old were recruited and 
examined between January 2021 and July 2022.

The inclusion criteria were as follows: (1) aged 
6–18 years old; (2) best-corrected visual acuity 
of > 20/25 in each eye to exclude amblyopia; (3) 
an intraocular spherical equivalent refraction 
difference of at least 2.00 D [27]. The exclu-
sion criteria included: (1) high myopia (defined 

as spherical equivalent refraction > – 6.00 D 
of either eye); (2) strabismus; (3) astigma-
tism (> 2.00 diopter); (4) intraocular pressures 
(> 21 mmHg); (5) history of ocular surgery; (6) 
any kind of ophthalmic disease or systemic 
disease that can affect the ocular structure and 
microvasculature, such as glaucoma, myopic 
maculopathy, retinopathy of prematurity, and 
so on; (7) history of atropine eye drops or use 
of orthokeratology within 3 months; (8) intake 
of coffee or alcohol within 24 h before the visit. 
Finally, 52 children were included in this study.

Ocular Examinations

All the participates who completed a standard-
ized questionnaire underwent comprehensive 
ocular examinations including slit-lamp biomi-
croscopy, intraocular pressure measurement, and 
automatic cycloplegic refraction performed by a 
skilled senior optometrist. Spherical equivalent 
refraction (SER), which was calculated as spheri-
cal dioptric power plus half of cylindrical diop-
tric power, was used to represent refractive error. 
Corneal diameter (CR), central corneal thickness 
(CCT), anterior chamber depth (ACD), and axial 
length (AL) were measured by Pentacam-AXL 
(OCULUS, Germany). After that, swept source 
OCT/OCTA (SS-OCT/OCTA) was acquired. 
All these measurements were taken between 
13:30–17:00 to avoid the potential influence of 
diurnal variation.

SS‑OCT/OCTA Image Acquisition and 
Analysis

SS-OCT/OCTA images were conducted by VG200 
(SVision imaging, China) using the three-dimen-
sional 6 × 6  mm2 macular volume scan mode, 
with a raster scan protocol of 512 (horizon-
tal) × 512 (vertical) B-scans. The OCT used a 1050-
nm wavelength laser with a scanning speed of 
200,000 A-scan per second. Eye-tracking system 
minimized the eye motion artifacts and enabled 
all scans to be centered on fovea. Detailed infor-
mation and operational methods were described 
and validated in our previous study [28]. Each 
participants’ axial length was put into the SS-OCT 
prior to the scan, and SS-OCT adjusted its scan 
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area according to the differences in magnifica-
tion. Both images and analysis including thick-
ness and vascularity were based on axial length 
calibration. All the images were taken by the 
same experienced examiner, and all participants 
maintained their gaze at the internal fixation 
point, with the chin on the chin rest and fore-
head firmly against the forehead bar to ensure 
no head rotation. The signal strengths of struc-
tural OCT and OCTA must be > 8, and images 
should be generally centered on fovea. If not, 
re-capture would be necessary. Retinal thickness 
(RT) was determined as the distance between 
the internal limiting membrane and retinal pig-
ment epithelium-Bruch’s membrane (RPE-BM) 
complex, whereas choroidal thickness (ChT) was 
determined as the distance between the RPE-BM 
complex and the choroid-sclera interface. As for 
vascular features, radical peripapillary capillary 
plexus (RPCP) vessel density, superficial vascular 
plexus (SVP) vessel density, intermediate capillary 
plexus (ICP) vessel density, deep capillary plexus 
(DCP) vessel density, and choriocapillaris (CC) 
density were detected. RPCP vessel density was 
defined from the 5 um above ILM to the inter-
face between nerve fiber layer (NFL) and ganglion 
cell layer (GCL). SVP vessel density was defined 

from the interface of NFL and GCL to two-thirds 
of the GCL and inner plexiform layer (IPL); DCP 
vessel density was defined from half of the inner 
nuclear layer (INL) to 25 um below the lower bor-
der of the outer plexiform layer (OPL), and ICP 
was situated between the layers of SVP and DCP. 
The area of CC was defined from the based border 
of RPE-Bruch’s membrane complex to the ending 
at approximately 20 um beneath it (Fig. 1). All 
these values were presented with a topographic 
map composed of three concentric circles cen-
tered on the central fovea, except RPCP in the 
inner circle. The inner circle has a diameter of 1 
mm. The intermediate circle has a diameter of 3 
mm, and the outer circle has a diameter of 6 mm.

Macular Curvature Analysis

We imported the OCT images into an automated 
layer segmentation software (OCTExplorer, 
developed by Retinal Image Analysis Lab, Iowa 
Institute for Biomedical Imaging, Iowa City, IA) 
[29–31]. OCT image segmentation was reviewed 
by two independent ophthalmologists (Y.Wu 
and X.T. Wang). The thinnest part of the macula 
in the image was defined as the location of the 

Fig. 1  Representative OCT and OCTA images of the 
more myopic and the less myopic eyes. a, g OCT image of 
the macula. b, h OCTA image of RPCP. c, i OCTA image 
of SVP. d, j OCTA image of ICP. e, k OCTA image of 
DCP. f, l OCTA image of CC. a–f Images captured from 
the more myopic eye and g–l the less myopic eye of the 
same children with anisomyopia. The values of the micro-
circulation parameters in three concentric circles (1 mm, 3 

mm, 6 mm diameter) were calculated automatically by the 
system and are illustrated in (b–f). Bar = 200 um. OCT 
optical coherence tomography, OCTA  OCT angiography, 
RPCP radical peripapillary capillary plexus, SVP superficial 
vascular plexus, ICP intermediate capillary plexus, DCP 
deep capillary plexus, CC choriocapillaris, AL axial length, 
SER spherical equivalent refraction
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fovea (one array with two elements representing 
2D coordinates [x, y] for each subject), and the 
retinal pigment epithelium (RPE)-Bruch’s mem-
brane (BM) was automatically segmented within 
each axial B-scan. Then, we obtained 20 central 
slices of horizontal and vertical B-scans passing 
through the foveal center to generate horizon-
tal and vertical MCIs. The location of RPE-BM 
boundaries was then extracted and loaded into 
MATLAB 2022R (The Mathworks Inc., Natick, 
MA, USA). Here, we used validated polynomial 
curve fitting method following Müller’s approach 
to generate the estimates of the curvature param-
eter [19]. Briefly, two-dimensional polynomial 
curve, denoted as f(x) =  ax2 + bx + c, was fitted on 
the central 20 horizontal and vertical slices to 
the retrieved RPE-BM boundary seperately. We 
included slices in the proximity of the fovea to 
reduce the matching uncertainty, and the average 
coefficient of the leading term (denoted as “a”) 
was utilized to describe the macular curvature 
index (MCI). By calculating the leading term of 
these three curves, it was possible to detect the 
overall opening size of macula in three concen-
tric circles. Fitting distances of 86, 256, and 512 
pixels along each RPE-BM boundary were used for 
curve fitting, and the corresponding MCIs were 
referred to curvatures of a 1-mm-diameter circle, 
3-mm-diameter circle, and 6-mm-diameter circle 
at the fovea. A schematic illustration of MCI in 
shape analysis is described as Fig. 2. The OCT-
derived curve fitting was performed on the pixel 
coordinates.

Finally, nine macular curvature indexes were 
calculated: 1-mm horizontal/vertical/average 
MCI, 3-mm horizontal/vertical/average MCI, 
6-mm horizontal/vertical/average MCI. The 
average of the horizontal and vertical MCIs for 
each region is the average MCI.

Validation of Curvature Measurement

To validate the macular curvature analysis, reli-
ability, repeatability, and agreement of the curve 
fitting were assessed. First, R2 is a statistical 
measure that indicates how well the data fit the 
regression line, while root-mean-square devia-
tion (RMSD) measures the deviation between 
the predicted and actual values. Small RMSD 

(0.656 ± 0.490, 1.030 ± 0.472 and 2.355 ± 1.184 for 
MCI in 1-mm-, 3-mm-, and 6-mm-diameter circles 
at fovea) and large R2 (all 1.00 for MCI in 1-mm-, 
3-mm-, and 6-mm-diameter circles at fovea) indi-
cated a superb and reliable matching. Second, 
foveal center location and curvature measure-
ment were accomplished automatically by the 
algorithm, ensuring a high level of reproducibil-
ity. Moreover, two independent experienced oph-
thalmologists were asked to segment the RPE-BM 
boundaries manually, and the intraclass correla-
tion coefficient of 6-mm MCI between human 
and algorithm was 0.948 (95% CI: 0.925–0.965), 
indicating high consistency of the manual and 
machine results.

Statistical Analysis

The statistical analysis was performed by SPSS sta-
tistics 23.0 (IBM, Armonk, NY, USA). Data were 
presented in mean ± standard deviations (SD) 
unless otherwise stated. Kolmogorov-Smirnov test 
was used to examine the normality of distribu-
tion. Paired Student t-test was used to compare 
the intraocular difference between more and less 
myopic eyes for ocular biometrics, retinal and 
choroid characteristics. Repeated-measure ANO-
VAs (RM-ANOVAs) were performed to assess the 
difference in topographic regions in fellow eyes, 
and least significant difference (LSD) multiple 
comparisons were used to assess the pairwise 
differences. Pearson’s correlation and partial 
Pearson’s correlation were used to analyze the 
relationship among MCI, AL, SER, and macular 
microvascularity (including RPCP, SVP, ICP, DCP, 
and CC). Then, stepwise linear regression analysis 
was performed to further determine the associated 
characteristics of MCI. P < 0.05 was considered to 
be statistically significant.

RESULTS

General Characteristics

A total of 52 participants consisting of 19 
males and 33 females (mean age = 12.09, range 
7–17  years old) were enrolled in this study. 
Median height was 157.5 (range 125–180) cm, 
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and median BMI was 18.92. The mean SER 
was – 2.94 ± 1.49 D in more myopic eyes and 
– 0.36 ± 1.57 D in the less myopic eyes. The 
demographic and general ocular parameters of 
the more myopic eyes and less myopic eyes are 
presented in Supplementary Table 1. No statisti-
cal differences were observed in corneal diame-
ter, central corneal thickness (CCT), and intraoc-
ular pressure (IOP) (p > 0.05). Compared to the 
less myopic eyes, the mean AL (24.68 ± 0.95 mm 
vs 23.60 ± 1.01 mm) and ACD (3.27 ± 0.25 mm 
vs 3.19 ± 0.27 mm) were significantly longer in 
the more myopic eyes (p < 0.05). Pearson’s cor-
relation showed SER was highly correlated with 

AL (r = – 0.739, p < 0.001), and the intraocular 
difference of SER was highly correlated with AL 
differences, indicating that the asymmetry in 
AL explained the main differences in refractive 
status (r = – 0.716, p < 0.001).

As for the morphological and vascular 
parameters in macula (seen in Supplemen-
tary Table 2), the myopic eyes tended to have 
thinner macular RT and thinner macular ChT 
than the less myopic eyes in 1-mm-, 3-mm-, 
and 6-mm-diameter circle. Moreover, the 
more myopic eyes had a lower density of ICP 
and DCP vessels in three concentric circles 
(all p < 0.05) except DCP in the 1-mm circle 

Fig. 2  Schematic illustration of macular curve fitting 
methodology. (1) Foveal center (white arrow) determi-
nation. (2) Central horizontal and vertical cross-section 
images passing through the foveal center were recognized. 
RPE boundary was extracted automatically (blue lines). 
Macular region was divided to three concentric circles in 

this study (R1: 1-mm-diameter circle at fovea, R2: 3-mm-
diameter circle at fovea, R3: 6-mm-diameter circle at 
fovea). (3) OCT images were processed under the MAT-
LAB environment, and the macular contour was fitted into 
a two-dimensional polynomial curve. RPE retinal pigment 
epithelium. Bar = 200 um
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(p = 0.184). No significant differences were 
found between fellow eyes in RPCP, SVP, and 
CC density (p > 0.05).

Macular Curvature Characteristics in 
Children with Anisomyopia and its 
Topographic Features

Comparing between the fellow eyes among 
children with anisomyopia, the more myopic 
eyes had on average steeper macula in 1-mm-, 
3-mm-, and 6-mm-diameter circles (all p < 0.001) 
than the less myopic eyes (Table 1). When com-
paring between horizontal and vertical direc-
tion, the horizontal MCI was larger than the 
vertical no matter whether in the more or 
the less myopic eyes in 1-mm-diameter circle, 
3-mm-diameter circle, and 6-mm-diameter cir-
cle (all p < 0.05).

For the topographic features of macular 
curvature, curvatures in 1-mm-, 3-mm-, and 
6-mm-diameter circles were compared in both 
horizontal and vertical direction by RM-ANO-
VAs. The sphericity test results demonstrated 
statistical significance (p < 0.001) along both 

horizontal and vertical meridians, requir-
ing use of the Greenhouse-Geisser correc-
tion method. For horizontal scans, the main 
effects of eyes and regions were both signifi-
cant (F = 129.385, p < 0.001 for eyes; F = 62.553, 
p < 0.001 for regions), whereas the interaction 
effect of eyes and regions on MCI was not sig-
nificant (p = 0.702). Notably, there was a step-
wise increase of curvature in these three con-
centric zones, progressing from 1-mm-, 3-mm-, 
to 6-mm-diameter circles, indicating a general 
steepening of the macula. Post hoc multiple 
comparison of LSD tests showed that curva-
ture in the 6-mm circle was significantly higher 
than that in the 3-mm region (p < 0.001) and 
1-mm region (p < 0.001) (Fig. 3a). As for vertical 
scans, the main effect of eyes and regions on 
MCI was also significant (F = 65.007, p < 0.001 
for eyes; F = 30.048, p < 0.001 for regions); 
meanwhile, the interaction effects of eyes and 
regions were not significant (p = 0.071). A simi-
lar and significant increasing trend was found 
among three regions (p < 0.001) (Fig. 3b). An 
illustrative example of variations in MCI can 
be found in Fig. 4.

Table 1  Macular curvature index in the more myopic and less myopic eyes of children with anisomyopia

MCI macular curvature index

Parameter More myopic eyes Less myopic eyes P value

Average MCI (× 100)

 1-mm-diameter circle 0.063 ± 0.072 – 0.008 ± 0.056  < 0.001

 3-mm-diameter circle 0.112 ± 0.048 0.038 ± 0.044  < 0.001

 6-mm-diameter circle 0.121 ± 0.042 0.045 ± 0.039  < 0.001

Horizontal MCI (× 100)

 1-mm-diameter circle 0.076 ± 0.063 0.005 ± 0.072  < 0.001

 3-mm-diameter circle 0.130 ± 0.047 0.048 ± 0.058  < 0.001

 6-mm-diameter circle 0.131 ± 0.044 0.051 ± 0.047  < 0.001

Vertical MCI (× 100)

 1-mm-diameter circle 0.050 ± 0.114 – 0.021 ± 0.083  < 0.001

 3-mm-diameter circle 0.094 ± 0.061 0.028 ± 0.053  < 0.001
 6-mm-diameter circle 0.110 ± 0.046 0.040 ± 0.043  < 0.001
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Fig. 3  Topographic curvature analysis in eyes of children 
with anisomyopia. Comparison of MCI in 1-mm-, 3-mm-, 
and 6-mm-diameter circles in horizontal (a) and vertical 

(b) meridians. MCI: macular curvature index. Data were 
expressed as means and 95% confidence interval. Two-way 
repeated measure ANOVA, p < 0.05*, p < 0.001**

Fig. 4  Representative OCT images; the corresponding 
three-dimensional macular morphology and topographic 
curvature map of fellow eyes in one child with anisomyo-
pia. In the more myopic eye, macula was steeper and MCI 
was larger (a, b) compared to the less myopic eye (c, d). 
The horizontal OCT scans in the more myopic eye and less 

myopic eye are shown in (a, c). Three-dimensional mor-
phological maps of retinal pigment epithelium boundary in 
the more myopic eye and less myopic eye as well as its MCI 
are shown in b, d, respectively. OCT: optical coherence 
tomography; MCI: macular curvature index. Bar = 200 um
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Moreover, correlation analysis demonstrated 
positive correlation of AL and myopic SER with 
the average MCI in three regions, and indicated 
a stronger correlation of MCI with AL instead 
of myopic SER. Horizontally, the 1-mm, 3-mm, 
and 6-mm MCIs were significantly correlated 
with AL and SER; however, similar correlation 
only exists in 3-mm- and 6-mm-diameter cir-
cles in vertical direction. Stronger correlation 
of horizontal MCI with myopic severity than 
vertical MCI was found (Table 2). No signifi-
cant correlations between age and horizon-
tal, vertical, and average MCI were found (all 
p > 0.05). Overall, the more myopic eyes exhib-
ited steeper macula than the less myopic eyes. 
Horizontal MCI in 6-mm-diameter circles was 
the highest in the more myopic eyes and was 
the parameter most relevant to myopic sever-
ity, providing a more effective and comprehen-
sive representation of macular morphology.

Correlation Between MCI and Macular 
Microvascularity in Retina and Choroid

Partial correlation coefficients between MCI 
and macular microvascularity adjusted for AL 
are summarized in Fig. 5 and Supplementary 
Table 3. Specifically, a significant negative cor-
relation was observed only between MCI and the 
microvascularity of DCP density, after account-
ing for AL (r = – 0.329, p* = 0.016). RPCP (r = 0.151, 
p* = 0.677) and SVP (r = – 0.037, p* = 0.929) den-
sity remained unchanged, and ICP density 
(r = – 0.213, p* = 0.386) showed a negative but 
not significant correlation with MCI. No sig-
nificant correlation was observed between the 
CC density and MCI (p > 0.05), indicating that 
this relationship may be specific to the retinal 
DCP rather than extending to the choroidal 
vasculature.

Table 2  Correlation between MCI, AL and SER in children with anisomyopia

MCI macular curvature index, AL axial length, SER spherical equivalent refraction

Parameter AL SER

r p r p

1-mm-diameter circle

 Horizontal MCI 0.417  < 0.001 – 0.350  < 0.001

 Vertical MCI 0.079 0.426 – 0.091 0.358

 Average MCI 0.272 0.005 – 0.246 0.012

3-mm-diameter circle

 Horizontal MCI 0.492  < 0.001 – 0.435  < 0.001

 Vertical MCI 0.222 0.024 – 0.258 0.008

 Average MCI 0.403  < 0.001 – 0.390  < 0.001

6-mm-diameter circle

 Horizontal MCI 0.524  < 0.001 – 0.519  < 0.001

 Vertical MCI 0.383  < 0.001 – 0.418  < 0.001
 Average MCI 0.484  < 0.001 – 0.500  < 0.001
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Fig. 5  Scatter plot showing correlation between macu-
lar curvature and retinal microvascularity in children with 
anisomyopia. a Correlation between RPCP vessel density 
and 6-mm MCI. b Correlation between SVP vessel density 
and 6-mm MCI. c Correlation between ICP vessel density 
and 6-mm MCI. d Correlation between DCP vessel den-
sity and 6-mm MCI. p p value by Pearson’s correlation, p* p 

value after adjusting the axial length by partial correlation. 
The dashed lines are the 95% confidence intervals for the 
regression line. RPCP radical peripapillary capillary plexus, 
SVP superficial vascular plexus, ICP intermediate capillary 
plexus, DCP deep capillary plexus, MC: macular curvature 
index.

Table 3  Stepwise multiple linear regression between MCI (× 100) in 6-mm-diameter circle and ocular parameters

MCI macular curvature index, AL axial length, DCP deep capillary plexus, ChT choroidal thickness

Variables Average MCI Horizontal MCI Vertical MCI

B β p B β p B β p

AL 0.0177 0.3555  < 0.001 0.0204 0.3719  < 0.001 0.0197 0.3827  < 0.001

DCP vessel density – 0.0022 – 0.1850 0.037 – 0.0029 – 0.2203 0.009 – – –
ChT – 0.0001 – 0.1888 0.045 – 0.0002 – 0.2211 0.014 – – –
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Factors Associated with MCI in 
6‑mm‑Diameter Circle

To identify the independent factors associated 
with MCI in 6-mm-diameter circles, stepwise 
multiple linear regression analysis in all sub-
jects was performed. Age, gender, IOP, AL, and 
the retinal and choroidal structural and vascular 
parameters were put in the model. The results, 
as presented in Table 3, showed the association 
of average, horizontal, and vertical MCI with 
each explored covariate within the final regres-
sion model. On average, greater MCI was inde-
pendently associated with longer AL (β = 0.3555, 

p < 0.001), smaller ChT (β = – 0.1888, p = 0.045), 
and reduced DCP vascular density (β = – 0.185, 
p = 0.037). According to the model, for every 
1 mm increase in AL, average MCI increased by 
0.000177. Results of standardized β indicated 
that AL vascular density makes the greatest con-
tribution to horizontal MCI, followed by ChT 
and DCP. Other systemic variables including age, 
gender, IOP, and ocular variables including RT, 
RPCP, SVP, ICP, and CC have no significant cor-
relation with MCI (all p > 0.05). For horizontal 
MCI, AL, DCP, and ChT were its independent 
factors, while for vertical MCI, only AL was its 
independent factor.

Table 4  Summary of previous studies on macular curvature in myopic eyes

AL axial length, SER spherical equivalent refraction, SD-OCT spectral domain-OCT, SS-OCT swept source-OCT, MRI 
magnetic resonance imaging, MTM myopic tractional maculopathy, mCNV myopic choroidal neovascularization, HM high 
myopia, EM emmetropia, PS posterior staphyloma

Study Age (Years) Myopia severity Methods Mathematical principle Curvature changes and 
associated factor

Wakazono et al. [25] 67.7 ± 9.8 AL: 29.9 ± 2.2 SD-OCT Differential equation Curvature within 
6-mm-diameter circle: 
MTM > simple HM; Cur-
vature within 6–12-mm-
diameter ring: simple 
HM > MTM 

Wakazono et al. [20] 63.4 ± 13.8 AL: 28.47 ± 1.88 SD-OCT Differential equation Longitudinal curvature 
change correlated with 
gender, AL, and base-
line curvature

Numa
et al. [23]

57.3 ± 13.6 AL: 24.14 ± 1.42 SD-OCT Differential equation Mean curvature correlated 
with gender, age and AL

Miyake
et al. [22]

61.9 ± 14.1 AL:28.68 ± 1.74 SD-OCT Differential equation Mean curvature: HM with 
PS > simple HM; vari-
ance of curvature: HM 
with PS > simple HM

Park
et al. [32]

60.7 ± 9.1; 60.0 ± 10.6; 
52.3 ± 9.1 for MTM, 
mCNV and simple HM

AL:29.8 ± 1.7; 30.0 ± 1.4; 
29.5 ± 1.5 for MTM, 
mCNV and simple HM

SD-OCT Polynomials Curvature: MTM > simple 
HM > mCNV

Müller
et al. [19]

57.3 ± 8.11 SER:-0.320 ± 2.680 SD-OCT Polynomials Horizontal curvature cor-
related with SER, age, 
gender, race, etc.

Kuo
et al. [33]

23 ± 3 SER: EM: − 0.03 ± 0.36D; 
HM: − 8.08 ± 1.40D

MRI Polynomials Horizontal curvature 
correlated with relative 
peripheral refraction

Breher
et al. [34]

24.5 ± 3.5 SER: − 1.33 ± 1.83 SS-OCT Spherical fit Horizontal curvature cor-
related with AL

Minami
et al. [21]

43.2 ± 19.8 SER: − 2.6 ± 2.5 SS-OCT Cubic spline interpolation Horizontal curvature 
associated with AL and 
choroidal thickness
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DISCUSSION

Alterations in retinal shape are associated with 
the development of myopia, but many details 
remain unclear. The present study evaluated 
MCI in a unique group, children with anisomyo-
pia, to test for the relationship between MCI and 
myopia. To our knowledge, this is the first study 
to investigate the relationship between curva-
ture and macular microvasculature in children. 
MCI was greater in the more myopic eyes com-
pared with less myopic eyes. MCI has a stronger 
correlation with AL than SER, especially in hori-
zontal compared with vertical. Eyes with larger 
MCI presented with smaller DCP density. AL, 
DCP density, and ChT were independent factors 
associated with MCI in 6-mm-diameter circles. 
We recommended MCI of OCT scans to evalu-
ate the macular morphology as well as act as an 
early indicator of microvascularity loss, and it 
could be a valuable metric for myopia assess-
ment in clinical practice.

Myopic eyes are not simply elongated but 
also become out-pouched in the posterior pole. 
By utilizing the special design of self-control in 
anisomyopes, the present study found that, in 
children without high myopia, the more myopic 
eyes had larger MCI than the less myopic eyes, 
and there was a positive correlation among AL, 
SER, and MCI. This finding suggests that an 
increase in MCI in the more myopic eyes may 
represent a potential adaptive response to axial 
elongation in children without high myopia. 
Some previous studies reporting the macular 
curvature-related changes are summarized as 
Table 4. Shogo Numa et al. first reported a sig-
nificant correlation between OCT-based macular 
curvature and AL in middle-aged adults from a 
Japanese community-based cohort [23]. This 
correlation was further supported by Wakazono 
T et al. with the same methodology [20]. They 
also highlighted the utility of macular curvature 
measurements in predicting the onset of myopic 
traction maculopathy. In a recent study within 
the UK Biobank, higher MCI value among adults 
was associated with higher myopia severity [19] 
apart from age, gender, or ethnicity. However, 
most of them only included the adults with high 
myopia and pathological myopia. Our results 

extended these findings to a pediatric popula-
tion, suggesting the presence of a steeper macula 
in human myopia even at the early stage of non-
high myopia. We proposed that a higher MCI 
value would be an indicator of macular mor-
phology and myopia severity in children.

Notably, MCI was larger in horizontal than 
vertical directions, indicating that the myopic 
eyes were longitudinally elongated ellipses with 
a slightly flatter curvature in vertical than hori-
zontal dimension. The significant differences in 
horizontal MCI among 1-mm, 3-mm, and 6-mm 
circles also indicated that myopic eyes became 
steeper in horizontal than vertical direction. 
This observation aligned with Atchison et al.’s 
MRI study, which reported that when emme-
tropic eyes shifted to myopia, more changes 
occurred in axial (0.35 mm/D) than in verti-
cal height (0.19 mmm/D, i.e., superior/inferior 
side) and even less in horizontal width (nasal/
temporal side) [10]. The mechanism underlying 
this horizontal-vertical difference is unclear. 
One possible explanation is the influence of 
extra-ocular anatomical factors. Zielinski et al. 
observed a larger cross-sectional area of lat-
eral rectus muscle in highly myopic eyes com-
pared to emmetropic eyes [35]. The increased 
mechanical pressure against the temporal sclera 
by thicker lateral rectus muscle may restrict 
the horizontal expansion, thereby contribut-
ing to a higher horizontal MCI. Another pos-
sible explanation is that MCI changes could be 
driven by optical mechanisms. Both human 
studies and animal experiments confirmed that 
the peripheral defocus played an important role 
in myopia development. Studies have indicated 
that myopic individuals exhibit temporal-nasal 
asymmetric retina as well as more hyperopic rel-
ative peripheral refraction along the horizontal 
meridian [36, 37]. An increase in horizontal MCI 
could influence peripheral refraction. In turn, 
unbalanced optical signals from asymmetric 
peripheral vision could further contribute to 
the curvature change, and changes in periph-
eral refraction could reshape the retina [38–40]. 
Overall, it appears that eye growth in myopes is 
non-coordinated, with horizontal MCI respond-
ing more actively to visual stimulus and correlat-
ing more closely with myopia severity.
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So far, few studies have investigated the rela-
tionship between MCI and macular microvas-
cularity. From a biomechanical perspective, 
mechanical stress and perfusion impairment 
are interconnected [41]. Our finding of the 
negative association between MCI values (aver-
age, horizontal and vertical) and DCP density 
indicated that myopic macula with larger MCI 
may be under greater mechanical stretching and 
strain, in which capillaries may be more prone 
to compression. Interestingly, in our study, 
among all the microvascular parameters in 
macula, DCP density was most associated with 
the MCI changes related to myopia, compared 
to RPCP, SVP, and ICP. On the one hand, the 
fragile, small-diameter vessels of the DCP are 
more easily straightened and disrupted than 
the large retinal vessels in the SVP which are 
directly connected to retinal arterioles. On the 
other hand, the mechanical strain in different 
retinal sublayers may vary under the same MCI. 
Studies have indicated a general trend of increas-
ing retinal layer stiffness from the ganglion side 
to the photoreceptor side [42]. Qu et al. found 
the stiffness of the outer retina (inner nuclear 
and outer plexiform layer) was almost 2–3 times 
larger than the inner retina (nerve fiber and 
ganglion cell layer) in in vitro and vivo animal 
models [43, 44]. To achieve the same extent of 
deformation, the stiffer sublayer where DCP 
is positioned will experience larger mechani-
cal strain. The observed relationship between 
changes in MCI and the decrease in DCP den-
sity, especially when other retinal sublayer vessel 
density has not yet shown similar declines, not 
only strengthened the understanding of the spa-
tiotemporal adaptations occurring in the retina 
but also suggested MCI as an early indicator of 
early changes within the retina’s microvascular 
network in children.

Moreover, DCP contributes part of the oxygen 
demand (10–15%) and nutrition necessary for 
the inner photoreceptor segments. Hypoperfu-
sion of the DCP may lead to hypoxia and nutri-
tional deficiency in these layers [45, 46]. Studies 
have reported that decreased DCP density was 
related to the structural impairment in outer 
retina [47]. Our results also showed that DCP 
density was one of the independent associated 
factors for horizontal MCI after adjusting for 

confounders, yet the role it played in MCI was 
unknown. Further studies are needed to clarify 
the mechanisms behind these findings.

Several limitations of this study should be 
noted. First, it is a cross-sectional study, provid-
ing only evidence for a correlation between mac-
ular curvature and myopia. Future longitudinal 
studies are needed to investigate its association 
with myopia progression and microvascularity 
changes. Second, we focused on the horizontal 
and vertical OCT scans, which could miss some 
changes in the radial scans; three-dimensional 
curvature analysis may provide more informa-
tion for further evaluation. Third, the sample 
size is relatively small; nevertheless, post hoc 
power analysis with G-power software based 
on MCI indicated a > 95% detection power 
[48]. Therefore, it is still sufficient to determine 
the curvature differences in children with ani-
somyopia. Notably, the described curvature 
index is not considered an absolute curvature 
(unit:mm−1) because of the uncorrected optical 
distortion from parallel OCT B-scan assembly, 
which may result in a flatter shape in contrast 
to that obtained through MRI [49, 50], and the 
unit is different for them. However, distortion in 
our images should have led to fewer curvature 
measures in longer eyes and vice versa in shorter 
eyes, and conclusions from our analysis should 
not be altered. More importantly, this study 
placed more emphasis on the potential clinical 
application of MCI in OCT images in the myo-
pia assessment in children, and MCI can still be 
considered a clinically appropriate approach in 
daily practice.

CONCLUSION

In conclusion, our study demonstrated that 
MCI was a valuable metric for myopia assess-
ment. Using OCT, we found larger MCI in the 
more myopic than less myopic eyes in children 
with anisomyopia. Furthermore, larger MCI was 
associated with smaller DCP density, and DCP 
density was one of the independent factors asso-
ciated with average and horizontal MCI. Quanti-
tative assessment of MCI is of great importance 
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and clinically applicable for assessing myo-
pia, suggesting early myopia-related changes 
within the retina’s microvascular network in 
children. Further longitudinal investigation on 
school-aged children is needed to find its role 
in early detection and monitoring of myopia 
progression.
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