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Purpose: To characterize the fundus tessellated density (FTD) in highly myopic
glaucoma (HMG) and high myopia (HM) for discovering early signs and diagnostic
markers.

Methods: This retrospective cross-sectional study includedhospital in-patientswithHM
(133 eyes) and HMG (73 eyes) with an axial length ≥26 mm at Zhongshan Ophthalmic
Center.Usingdeep learning, FTDwasquantifiedas theaverageexposedchoroidareaper
unit areaon fundusphotographs in theglobal,macular, anddisc regions. FTD-associated
factors were assessed using partial correlation. Diagnostic efficacy was analyzed using
the area under the curve (AUC).

Results: HMG patients had lower global (0.20 ± 0.12 versus 0.36 ± 0.09) and macular
FTD (0.25 ± 0.14 vs. 0.40 ± 0.09) but larger disc FTD (0.24 ± 0.11 vs. 0.19 ± 0.07) than
HMpatients in the tessellated fundus (allP<0.001). In themacular region, nasal FTDwas
lowest in the HM (0.26 ± 0.13) but highest in the HMG (0.32 ± 0.13) compared with the
superior, inferior, and temporal subregions (all P< 0.05). A funduswith amacular region
nasal/temporal (NT) FTD ratio > 0.96 (AUC = 0.909) was 15.7 times more indicative of
HMG than HM. A higher macular region NT ratio with a lower horizontal parapapillary
atrophy/disc ratio indicated a higher possibility of HMG than HM (AUC = 0.932).

Conclusions: FTD differs in degree and distribution between HMG and HM. A higher
macular NT alone or with a lower horizontal parapapillary atrophy/disc ratio may help
differentiate HMG.

Translational Relevance: Deep learning-based FTD measurement could potentially
assist glaucoma diagnosis in HM.
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Introduction

Highmyopia (HM) is the leading vision-threatening
disease among working-age populations worldwide.
Furthermore, its prevalence is projected to reach
approximately 1 billion by 2050.1 HM is also a major
risk factor for developing glaucoma.2 However, the
diagnosis of highly myopic glaucoma (HMG) can be
difficult, especially in the preliminary stages, because of
uneventful intraocular pressure (IOP), atypical glauco-
matous optic neuropathy (GON), and visual field (VF)
defects caused by myopic fundus structural reconstruc-
tion.3–6

Fundus tessellation (FT), the earliest and most
common fundus manifestation of HM, is associated
with the development and progression of myopic
macular degeneration.7–10 However, to date, few
studies have investigated the characteristics of FT in
HMG. Moreover, there are no reports on whether the
degree and distribution of FT are the same between
the HM and HMG fundi. In a hospital-based study,
Spaeth et al.11 reported that a higher FTwas associated
with open-angle glaucoma (OAG)with shallow glauco-
matous cupping, a type of age-related atrophic OAG.
Similarly, Yan et al.12 found an association between
FT and a higher glaucoma prevalence in the Beijing
Eye Study. However, none of these studies mentioned
the differences when combined with HM. Therefore
exploring FT characteristics may be critical in discov-
ering early signs and diagnostic markers for HMG.

A major limitation in FT evaluation in the past was
qualitative or semi-qualitative assessments, depend-
ing largely on the experience and understanding of
ophthalmologists, which might have resulted in contro-
versial conclusions among studies. However, with the
development of artificial intelligence, FT is easily
identified on fundus photographs as part of HM
diagnosis.13,14 However, at this stage, the evaluation
of FT by machine learning is still qualitative but
more objective. Furthermore, recent advances in deep
learning can quantitatively assess FT by extracting
the exposed choroid on fundus images and calculat-
ing the average exposed choroid area per unit area of

the fundus, named fundus tessellated density (FTD).15
Recent studies have also shown that FTD is negatively
correlated with subfoveal choroidal and retinal nerve
fiber layer thickness and positively correlated with age,
axial length (AL), parapapillary atrophy (PPA) area,
vessel density inside the optic disc, and vertical diame-
ter of the optic disc.15–18 These results are similar to
those of qualitative studies on FT, demonstrating the
reliability of FTD as an index for assessing FT in asso-
ciation with other ocular and systemic parameters.12

Therefore, in the present study, we aimed to use
FTD to quantitatively investigate FT characteristics in
HM and HMG fundus by describing their distribu-
tion patterns. We also evaluated relationships between
FTD and other associated factors to identify biomark-
ers with early diagnostic value for HM and HMG.

Methods

Study Design and Participants

This retrospective cross-sectional study included
in-hospital patients diagnosed with HM or HMG
at the Zhongshan Ophthalmic Center (Guangzhou,
China). Patients with HM were recruited from the
Retina Department between January 2019 and January
2021, and patients with HMG were recruited from the
Glaucoma Department between November 2018 and
March 2022. This study was approved by the Ethics
Committee of the Zhongshan Ophthalmic Center (No.
2022KYPJ105) and followed the principles of the
Declaration of Helsinki. The requirement for informed
consent was waived because of the retrospective nature
of the study and data de-identification. Only patients
with available color fundus photographs were included
in the study. The right eye of each patient was used for
the analysis to reduce a high correlation with the fellow
eye. If only one eyewas available, that eye was included.

Inclusion and Exclusion Criteria

This study recruited adult patients aged >18 years.
Based on the META-analysis for Pathologic Myopia
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classification system for myopic maculopathy,
category 1 (tessellated fundus) and category 2 (diffuse
chorioretinal atrophy) fundus were included in the
analysis.10 The exclusion criteria were inherited
diseases, congenital eye diseases, ocular infections,
trauma, ischemia, compressive optic neuropathy,
optic neuritis, retinal detachment, macular hole,
retinal schisis, retinal vessel occlusion, vitreous hemor-
rhage, age-related macular degeneration, vitreoretinal
surgery, or any ocular disease involving lesions in the
optic nerve or macula. Additionally, images with optic
media opacities, insufficient image quality, or medical
records with missing key variables were excluded.
Fundus images were independently reviewed by two
experienced ophthalmologists (X.C. and Y.Z.) in a
masked manner to meet the inclusion and exclusion
criteria. Any controversies regarding the diagnosis
were resolved by a senior ophthalmologist (Z.H.).

Ophthalmological Examinations

All included patients had complete medical records,
including age, sex, and comprehensive eye exami-
nation results using anterior slit-lamp microscopy,
Goldmann applanation tonometry (Haag-Streit, Bern,
Switzerland), gonioscopy, dilated fundus examina-
tion, AL measurement (IOL Master 700; Carl Zeiss
Meditec AG, Jena, Germany), and VF test with a
standard 30–2 Swedish interactive threshold algorithm
(Humphrey Field Analyzer, Model 750; Carl Zeiss
Meditec AG). Color fundus photographs were taken
at 45°, centered on the macula, using fundus cameras
(Kowa Nonmyd WX; Kowa Inc., Nagoya, Japan; and
DRI-OCT, Triton; Topcon, Tokyo, Japan). Optical
coherence topography (OCT) images were acquired for
all the patients participated (Heidelberg Engineering,
Heidelberg, Germany; andDRI-OCTTriton, Topcon).
The reliability of the VF test results was monitored as
follows: number of fixation losses ≤ 20%, rate of false-
negative results≤ 33%, and rate of false-positive results
≤ 33%.

Definitions

In this study, HM was defined by an AL ≥
26.00 mm.19,20 HMG was the diagnosis of OAG
with an AL ≥ 26.00 mm. OAG was identified based
on GON characteristics, including rim thinning in
the inferotemporal and superotemporal quadrants,
excavation, notching, cup enlargement, retinal nerve
fiber layer defects, glaucomatous VF loss that could
not be explained by other reasons, and an open
anterior chamber on gonioscopy.21,22 For those suspect
of glaucomatous ONH, standardized stereoscopic

photographs of the optic disc were acquired for differ-
entiation. Besides, all the patients had OCT images for
further validation of ONH deformation. Glaucoma-
tous damage on the VF was identified by (1) at least
two fields in a hemifield test outside normal limits, (2)
three or more non-edge points with a pattern deviation
plot at a P < 5% level in a typical glaucomatous area
and one with a P < 1% level on two consecutive fields,
or (3) a corrected pattern standard deviation in <5%
of normal fields on two consecutive fields.23

Fundus Parameters and Fundus Tessellated
Density Quantification With Deep Learning

As described in previous studies,15,17 parameters
were extracted from fundus photographs and quanti-
tatively assessed using deep learning-based technology
(EVisionAI, EVision Technology Co., Ltd., Beijing,
China). In brief, fundus images underwent preprocess-
ing including region-of-interest extraction, denoising,
normalization, and enhancement to enable consistency
for analysis. Sample labeling was carried out automat-
ically and then corrected manually. The software
automatically identified the optic disc center and
macular foveola based on their visual attention mecha-
nisms. Their segmentation was based on the Resnet-
FCN, a deep learning semantic segmentation network
and edge extraction algorithm.15 Based on this segmen-
tation, FTD and other parameters including optic
disc, PPA, and retinal vessels were automatically
measured.15–18,24–27

FTD was calculated as the average exposed choroid
area per unit area of the fundus.15–18 FTD in the
global fundus, macular region (a 6 mm-diameter
circle centered on the foveola), and disc region (a
4.5 mm-diameter circle centered on the optic disc
center) were measured separately (Figs. 1A–C).
The macular and disc regions were further divided
to measure the sectoral FTD using three approaches:
semicircles (upper and lower), X-shaped quadrants
(superior, inferior, nasal, and temporal), and coordi-
nate quadrants (superonasal [SN], superotempo-
ral [ST], inferonasal [IN], and inferotemporal [IT])
(Figs. 1D–F). The vertical PPA/disc ratio (VPDR)
and the horizontal PPA/disc ratio (HPDR) are the
ratios of the PPA diameter to the disc diameter on the
vertical and horizontal axes, respectively. The PPA/disc
area ratio (PDAR) is the ratio of the PPA area to the
disc area. The vertical cup/disc ratio (VCDR) is the
ratio of the cup diameter to the disc diameter on the
vertical axis. Disc ovality index (DOI) is the ratio of
the long axis to the short axis of the smallest circum-
scribed ellipse of the optic disc. The disk becomes
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Figure 1. Quantification of FTDon fundus photographswith deep learning. The original fundus photograph (A) was preprocessed, and the
FTD in themacular region (6mm, red circle, (B) and disc region (4.5mm, green circle, (C) were quantified using deep learning. Themacular and
disc regions were further divided using (D) semicircles (upper and lower); (E) X-shaped quadrants (Sup, Inf, Nas, and Tem); and (F) coordinate
quadrants (SN, ST, IN, and IT). Sup, superior; Inf, inferior; Nas, nasal; Tem, temporal; SN, superonasal; ST, superotemporal; IN, inferonasal; IT,
inferotemporal.

more circular as the DOI approaches 1. Retinal vessel
density (RVD) is the entire vessel area in a certain unit
area.

Statistical Analysis

Statistical analyses were performed using SPSS
software (v26.0, IBM Corp., Armonk, NY, USA).
Data are presented as mean ± standard deviation
for continuous variables and counts (percentage) for
categorical variables. Comparisons between the two
groups were performed using the Student’s t test or
χ2 test. For fundus and FTD parameters between the
groups, the statistical analysis was adjusted for age, sex,
AL, and IOP. Multiple groups were compared using
one-way analysis of variance with Bonferroni correc-
tion for post hoc tests. Bar graphs are expressed as
mean± standard error. Partial correlation analysis was
performed to study the associations between FTD and
other parameters by adjusting for age, AL, and IOP
and expressed as the correlation coefficient r (P value).

Venn diagrams were used to illustrate the correlations
between groups and regions. Scatter plots and locally
weighted smoothing fitting lines were used for visual-
ization. Logistic regression analysis was performed to
explore the factors associated with differences between
the HM and HMG groups. Receiver operating charac-
teristic curves and the areas under the curve (AUCs)
were analyzed to evaluate the diagnostic efficiencies of
themultivariatemodels.P≤ 0.05 was considered statis-
tically significant.

Results

Demographic and Ocular Characteristics

In total, 206 patients (206 eyes) were included in the
final analysis, including 133 eyes with HM and 73 eyes
withHMG.As presented in Table 1, compared with the
HM group, the HMG group had younger age, more
men, higher IOP, shorter AL, lower VPDR, HPDR,
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and PDAR, and higher VCDR, DOI, and RVD (all
P < 0.008). In the Category 1 fundi, similar trends
were observed in the demographic, ocular, and fundus
parameters between the HMG and HM groups (all
P ≤ 0.016). In the Category 2 fundi, the parameters
were comparable between the two groups (allP> 0.05);
however, a larger VCDRand lowerRVDwere observed
in the HMG group (both P ≤ 0.004).

Fundus Tessellated Density Characteristics in
the Global and Regional Fundus

Generally, the HMG group had lower global and
macular FTD (both P < 0.001), although the disc
FTD was slightly higher (P = 0.001) than the HM
group (Table 1). Fundus FTD in Category 1 fundi
had a similar pattern between the HMG and HM
groups (all P ≤ 0.003), whereas disc FTD between
the two groups was comparable in Category 2 fundi
(P = 0.679). To explore the relationship between the
macular and disc FTD within the same fundus, we
determined the macular FTD/disc FTD (MD) ratio. A
significantly higher MD ratio was observed in the HM
group (2.34 ± 1.03) compared with the HMG group
(1.04 ± 0.49) only in the Category 1 fundi (P < 0.001).
Thus Category 1 fundi were further analyzed.

Fundus Tessellated Density Distribution in
High Myopia and Highly Myopic Glaucoma
Groups

FTD distribution in different fundus sectors is
presented in Figure 2 and Supplementary Table S1. The
FTD in the lower semicircle was higher than that in
the upper semicircle (P = 0.002) in the disc region of
HMG eyes (Fig. 2B). Within the X-shaped quadrants,
the nasal FTD was the lowest in the HM but the
largest in the HMG group compared with the superior,
inferior, and temporal sectors (all P ≤ 0.032, Fig. 2C)
in the macular region. Temporal FTD was lower
compared with inferior and superior quadrants (both
P ≤ 0.003) in the HMG group. We evaluated the nasal
FTD/temporal FTD (NT) ratio in the macular region
and found it to be significantly lower in the HM group
(0.69± 0.50) than in the HMGgroup (4.87± 6.50,P<

0.001) after adjusting for age, sex, AL and IOP. In the
disc region, FTD in the inferior and temporal sectors
was higher than that in the superior and nasal sectors
in the HMG group (all P ≤ 0.002, Fig. 2D). Further-
more, we assessed the inferior FTD/superior FTD (IS)
ratio in the disc region and found statistical differences
between the HM (1.24 ± 1.63) and HMG groups (2.26
± 2.54; P = 0.006). However, the differences were not Ta
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Table 3. Logistic Regression Analysis of Parapapillary Atrophy and Fundus Tessellated Density Between High
Myopia and Highly Myopic Glaucoma

Univariate Model
Multivariate Model

(Adjust Age, Sex, IOP and AL)

OR (95% CI) P Value OR (95% CI) P Value

VPDR 23.348 (6.861∼79.455) <0.001 10.139 (1.493∼68.865) 0.018
HPDR 83.228 (19.638∼352.719) <0.001 87.518 (11.148∼687.149) <0.001
PDAR 3.545 (2.253∼5.580) <0.001 4.276 (1.991∼9.183) <0.001
Global FTD 8.8 × 105 (1.4 × 104∼5.5 × 107) <0.001 2.2 × 104 (68.326∼7.2 × 106) 0.001
Macular FTD 4.1 × 104 (1.2 × 103∼1.4 × 106) <0.001 216.055 (2.057∼2.3 × 104) 0.024
Disc FTD 883.6 (19.5∼4.0 × 104) <0.001* 1.8 × 104 (71.077∼4.5 × 106) 0.001*

MD ratio 17.238 (7.096∼41.878) <0.001 12.695 (3.941∼40.890) <0.001
NT ratio 9.787 (4.392∼21.813) <0.001* 10.698 (3.131∼36.552) 0.001*

IS ratio 1.344 (1.070∼1.689) 0.011* 0.997 (0.786∼1.265) 0.980*

IS ratio, Inferior FTD/superior FTD ratio.
*HM was set as the reference.

Table4. Logistic RegressionofMacularNasal/Temporal Ratio BetweenHighMyopia andHighlyMyopicGlaucoma

Univariable Model Multivariable Model

OR (95% CI) P Value OR (95% CI) P Value

NT ratio (≥0.96 vs. <0.96) 33.175 (12.559, 87.633) <0.001 15.684 (4.205, 58.493) <0.001

CI, confidence interval; NT ratio, nasal FTD/temporal FTD ratio; OR, odds ratio.
Multivariable model is adjusted for age, sex, AL, and IOP.

statistically significant after adjusting for age, sex, AL,
and IOP (P = 0.917). The FTD distribution patterns
within the coordinate quadrants were similar to those
within the X-shaped quadrants (Figs. 2E, 2F). There-
fore an X-shaped quadrant was used in subsequent
analyses.

Associations Between Fundus Tessellated
Density and Other Biometric Parameters

FTD and its associated factors were evaluated as
presented in Table 2. In both groups, larger global FTD
was associated with older age, longer AL, and larger
VPDR (all P < 0.05). Larger macular FTDwas associ-
ated with older age (both P ≤ 0.006); however, no
shared factors were associated with disc FTD in either
group (all P > 0.05). The Venn diagrams demonstrate
these associations (Fig. 3). According to the scatter
plots, the trends for global, macular, and disc FTDs
between the HM and HMG groups were relatively
stable as AL increased (Figs. 4A–C). Therefore we did
not further analyze the subgroups according to AL.
Disc FTD was negatively correlated with IOP in the
HMG group, but not in the HM group (Fig. 4D). In
addition, FTD and its associated factors in each sector

within the X-shaped quadrant were analyzed, as illus-
trated in Supplementary Table S2 and Supplementary
Figure S1.

Fundus Tessellated Density as a Differential
Index for Identifying Glaucoma in High
Myopia

To identify the differential parameters between the
HM and HMG groups, FTD and PPA were analyzed
using univariate and multivariate logistic regression
analyses, respectively. As presented in Table 3, most
of these parameters exhibited different abilities. The
AUC was further analyzed to evaluate the differential
efficiencies. Among the FTD-related parameters, the
NT ratio had the highest AUC (0.909) (Figs. 5A, 5B).
The cutoff value for the NT ratio was 0.96 (sensitiv-
ity, 0.902; specificity, 0.784). Therefore a fundus photo-
graph with anNT ratio higher than 0.96 was 15.7 times
more likely to be of HMG than of HM (Table 4).
Moreover, the highest AUC for PPA related parame-
ters was HPDR (0.890), with a cutoff value of 0.81
(sensitivity, 0.740; specificity, 0.925) (Fig. 5C). Further-
more, the combination of NT ratio with HPDR
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Figure 2. FTD distribution in themacular and disc regions. The FTD in the HM andHMGgroups were further analyzed using (A) semicircles
(upper and lower) in the macular region; (B) semicircles (upper and lower) in the disc region; (C) X-shaped quadrants (superior, inferior,
nasal, and temporal) in themacular region; (D) X-shaped quadrants (superior, inferior, nasal, and temporal) in the disc region; (E) coordinate
quadrants (SN, ST, IN, and IT) in the macular region; and (F) coordinate quadrants (SN, ST, IN, and IT) in the disc region. SN, superonasal; ST,
superotemporal; IN, inferonasal; IT, inferotemporal. *P < 0.05, **P < 0.01, ***P < 0.001.

achieved the highest AUC of 0.932 (sensitivity, 0.869;
specificity, 0.872) for distinguishing HMG from HM
(Fig. 5D).

Discussion

In this study, we quantified FTD and evaluated its
intensity, distribution, associated factors, and diagnos-
tic ability in HM and HMG. In the Category 1 fundi,

HMG eyes had a lower global FTD and MD ratio,
but a higher macular NT ratio than HM eyes. In both
groups, shared factors associated with global FTD
were age, AL, and VPDR. However, age alone was
associated with macular FTD. Moreover, a negative
IOP-disc FTD correlation was found in HMG eyes
only. For a single index, amacularNT ratio higher than
0.96 had 15.7 times possibility of being HMG rather
than HM. For complex indexes, a higher macular NT
ratio with a lower HPDR indicated a higher possi-
bility of HMG than of HM. To the best of our
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Global FTD

Macular FTD

Disc FTD

Figure 3. Venn diagrams showing FTD and associated factors in
HM and HMG groups in the global, macular, and disc regions.

knowledge, such findings have not been previously
reported.

We found lower global and macular FTD in eyes
with HMG compared with eyes with HM. In addition,
we observed a positive AL-global FTD correlation
in both groups, and a positive AL-macular FTD
correlation in eyes with HMG. Previous studies have
reported comparable results, showing that increas-
ing AL is associated with a higher degree of FT,
mainly due to the thinning of the choriocapillaris
as the eye elongates.12,15,28,29 However, differences in
FTD between HM and HMG have not been previ-
ously reported. Based on previous investigations, the
increased ophthalmoscopic visibility of the FT is
known to be associated with increased transparency of
the retinal pigment epithelium and choriocapillaris, less
filling in the choriocapillaris, increased pigmentation
of the intrachoroidal regions associated with ethnicity,
and choroid thinning.28–34 Therefore one postulation
is that the thinning speed of the retina and choroid

is faster in eyes with HM than in eyes with HMG.
This was supported by an optical coherence tomogra-
phy angiography study showing slightly higher average
choroidal thickness in an HM group with primary
OAG (183.5 ± 63.5) than in an HM group without
primary OAG (171.1 ± 54.7) and a significantly higher
capillary density of choriocapillaris in the HM group
with primary OAG (54.8 ± 0.60) compared with the
HM group without primary/ OAG (54.5 ± 0.65, P <

0.001).35 The present results supported this hypothesis
by showing slightly higher retinal vessel density in the
HMG group than in the HM group (Table 1).

Furthermore, the present study revealed different
FTD distribution patterns in HM and HMG, as
macular nasal FTD was lowest in the HM fundus
and highest in the HMG fundus. Notably, the macular
NT ratio, which was significantly higher in eyes with
HMG than in eyes with HM, achieved the best differ-
ential efficiency between the two groups. Further evalu-
ation of the nasal region showed advanced atrophy and
exposure of the sclera more commonly in HM eyes
and less frequently in HMG eyes (evaluated by L.L). A
previous study by Yoshihara et al.30 reported a signif-
icant correlation between a higher FT and a thinner
nasal choroid in young healthy Japanese individuals.
However, the association of FT with other regions,
such as the temporal, superior, or inferior choroid, was
not investigated. Therefore, we postulate that the nasal
region may be the earliest area of myopic degenerative
changes in the pathophysiological process. This degen-
erative process develops faster in eyes with HM than
in eyes with HMG, thus making atrophy in the nasal
region in eyes with HM more common than in eyes
with HMG. Notably, FTD was not always accurate in
determining the severity of myopic degeneration.

We also found a negative IOP–disc FTD correlation
in eyes with HMG and a negative IOP–MD ratio and
marginally negative IOP–macular FTD correlation (r
= −0.183, P = 0.072) in eyes with HM. These results
slightly differed from those of previous studies showing
no association between the FT degree and IOP.12 Yan
et al.12 reported a higher degree of macular FT with a
higher prevalence of GON in their population-based
study, which they connected to an atrophic type of
primary OAG with relatively low IOP or the “atrophic
glaucoma” proposed by Spaeth,11 characterized by
a large PPA beta zone and shallow glaucomatous
cupping.34 However, the study of atrophic OAG was
conducted in older individuals with refractive errors
of less than −8 diopters, which was different from the
present study participants. Thus, owing to differences
in AL, health or disease status, population- or hospital-
based scenarios, or ethnicities explain the discrepancy
between our results and those of previous studies. An
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A B

C D

Figure 4. Scatter diagrams of FTD and associated factors in HM and HMG groups. The global FTD (A) macular FTD (B) and disc FTD (C) in
association with axial length in both groups. The disc FTD (D) in association with IOP in both groups.

interesting phenomenon of marked but intermediate
FT because of a sudden increase in IOP was observed
byYan et al.12 during tightening of the encircling band.
However, the pathophysiology could be different from
that of an eye with a high IOP for a long time, as in the
present study participants. There may be several expla-
nations for the present results, as follows: first, the long-
term stress of high IOP could induce retinal edema,
thus reducing the visibility of FT; second, high IOP in
the eye might result in the thinning or reduced inten-
sity of large choroid vessels; and third, the location and
size of posterior staphyloma may be different between
the HM and HMG groups, resulting in different clini-
cal manifestations of FT. In addition, no significant
correlations of optic disc parameters, including VCDR
and DOI, were found with most of the FTDs in either
group, except the macular region in the HM group.
These results were similar to those of a study in patients
with primary OAG showing that the optic disc shape in

the tessellated group was not different from that in the
non-FT group.

According to these results, the PPA was larger in
eyes with HM than in eyes with HMG. A positive
VPDR–global FTD correlation was found in both
groups, whereas positive HPDR–macular FTD and
VPDR–macular FTD correlations were found in eyes
with HM and HMG, respectively. The present results
were consistent with those of previous studies showing
a correlation between a larger PPA and a higher FT,12
but the previous studies did not investigate the direc-
tion of PPA and its association with FT. Since the eye
is vertically stretched with increasing AL, the corre-
lation between VPDR and FTD seen in the present
results is reasonable. The PPA region is characterized
by large choroidal vessels and the sclera under ophthal-
moscopy and is composed of Bruch’s membrane, but
not the retinal pigmented epithelium and choriocap-
illaris, based on optical coherence tomography and
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Figure 5. ROC curves used to evaluate FTD- and PPA-related parameters in the differential efficiencies of HM and HMG. (A) ROC curve
and AUC for global FTD, macular FTD, and MD ratio. (B) ROC curve and AUC for disc FTD, NT ratio, and IS ratio. NT ratio had the highest
AUC among FTD-related parameters. (C) ROC curve and AUC for VPDR, HPDR, and PDAR. HPDR had the highest AUC among PPA-related
parameters. (D) ROC curve for NT ratio+ VPDR, NT ratio+ HPDR, and NT ratio+ PDAR. NT ratio+ HPDR had the highest AUC among all the
FTD- and PPA-related parameters. ROC, receiver operating curve; NT ratio, nasal FTD/temporal FTD ratio; IS ratio, inferior FTD/superior FTD
ratio.

histological studies. Yan et al.12 hypothesized that
choroidal thinning, especially in the choriocapillaris,
was the sharedmechanism for the development of both
PPA and FT. Therefore, based on our results and previ-
ous findings, we postulated that common choroidal
thinning in the nasal region resulted in a larger HPDR
in HM eyes, thus making HPDR the parameter with

the highest differential efficacy betweenHMandHMG
among other PPA-related parameters.

RVD was slightly but significantly higher in eyes
with HMG than in eyes with HM and was negatively
correlated with global and regional FTD in eyes with
HM but not in eyes with HMG. Long-term stress
of high IOP may have caused the insignificance of
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RVD with FTD in the HMG group. These results
also indicate the importance of retinal blood flow in
maintaining fundus structure during myopic progres-
sion. Therefore, RVD may be a protective factor
for myopic macular degeneration. This is consistent
with a previous study on optical coherence tomogra-
phy angiography showing significantly reduced vessel
densities in the Category 2 fundi and suggests poten-
tial cell loss in the inner retinal layers.36 Further, Huang
et al.17 found a positive correlation of greater FTDwith
vessel density inside the optic disc, but not between
FTD and peripapillary retinal perfusion. These studies
showed that blood flow varies in various locations;
therefore, compensation during myopic maculopathy
could be complex.

Our study had several strengths. First, we applied
an objective and quantitative method to assess FTD
based on artificial intelligence. The method was fully
automated and wasminimally influenced by the experi-
ence of ophthalmologists and different understand-
ings of the FT among doctors. Second, all images
were normalized and standardized during preprocess-
ing to minimize the influence of image quality. Third,
our results provide preliminary information on the
intensity, distribution patterns, and parameters with
differential efficiencies between the HM and HMG
groups. Last, color fundus photography is advanta-
geous for studying FTD compared with optical coher-
ence tomography. However, this study had several
limitations. First, the study was hospital-based and
conducted at a single center, rather than being a
population-based study. Moreover, owing to the retro-
spective nature of this study, we were unable to investi-
gate our hypothesis on the speed of FTD development
between the HM and HMG groups; thus, longitudi-
nal studies are required. Third, use of IOP-lowering
medications was not considered. Finally, our study
results were limited to Category 1 and 2 fundi and
are not suitable for including more advanced myopic
degenerative fundus.

In conclusion, our study quantitatively assessed
FTD in HM and HMG. Our results showed differ-
ent FTD intensities, distribution patterns, and associ-
ated factors depending on the disease status, as well
as the fundus regions analyzed, between eyes with
HM and HMG. Since FTD and PPA are early signs
of myopic shift, these results suggest different patho-
physiology during disease progression between the two
groups. Moreover, a higher macular NT ratio alone or
in combination with a lower HPDR indicates a higher
possibility of HMG than of HM. Our study proposed
the potential value of FTD as a novel biomarker to
diagnose glaucoma in high myopia. Future studies on
the quantified FTD may predict the progression of the

disease severity, and shed light on the possible mecha-
nisms to the glaucomatous and non-glaucomatous
visual field defect in HMG eyes.
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