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Abstract

Objective

It was to assess changes in structural parameters in early diabetic retinopathy (DR).

Materials and methodologies

This study is a retrospective analysis that included patients with early DR admitted
to the Affiliated Third Hospital of Nantong University from January 2024 to Decem-
ber 2024. The participants were divided into the non-DR group (NDR group) and
the non-proliferative DR group (NPDR group, which included mild, moderate, and
severe subgroups) using swept-source optical coherence tomography angiography
(SS-OCTA) technology. One-way analysis of variance (ANOVA) and the Kruskal-
Wallis test were used to compare parameter differences among the groups.

Results

A total of 208 diabetic patients were included (55 in the NDR group, 153 in the NPDR
group) and 51 healthy controls. The results showed that the FAZ area in the NPDR
group was significantly larger than that in the control group (CG) (mean difference:
+0.38 + 0.10mm?, 95% CI [0.25-0.51], P < 0.001), and it was positively correlated
with disease severity (trend test P < 0.001). Relative to the CG, NDR group and vari-
ous stages of NPDR group exhibited greatly lower values in choroidal vascular index
(CVI), peripapillary vascular density (ppVD), peripapillary retinal nerve fiber layer
thickness (pRNFL), vascular density (VD) in both the superficial and deep retinal
vascular complexes, total perfusion area (PA), small vessel density (SVD), disc area,
vascular density (FD300) within a 300 um radius of the foveal center, and capillary
plexus blood flow density (P<0.05). NPDR group showed progressively lower values
than NDR group, with severity increasing as the condition worsened (P<0.05).
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Conclusion

SS-OCTA can effectively monitor changes in structural parameters and serves as a
valuable tool for evaluating the progression of early DR.

1 Introduction

Diabetic retinopathy (DR) is a leading cause of vision loss among adults worldwide [1].
With the increasing prevalence of diabetes, the threat of DR to public health continues
to grow. Early diagnosis and intervention are crucial for preserving visual function.
However, in the early stages of DR, particularly in the initial phase of non-proliferative
DR (NPDR), clinical symptoms are often subtle, and traditional fundus examinations
may fail to detect subtle pathological changes [2]. Therefore, exploring more sensitive
and specific diagnostic methods has become a key focus of research.

In recent years, optical coherence tomography angiography (OCTA) has shown
considerable potential in evaluating retinal microcirculation. OCTA technology utilizes
the principle of low-coherence interferometry to construct high-resolution three-
dimensional images by measuring the scattering and reflection of light within tissues.
This approach allows for detailed visualization of retinal and choroidal vascular struc-
tures without the need for contrast agents, reducing the risk of invasive procedures
and significantly improving the convenience and reproducibility of the examination
[3,4]. Specifically, swept-source OCTA (SS-OCTA), which employs a laser source
with rapidly changing wavelengths, offers enhanced penetration and faster scanning
speed. As a result, it provides clearer and more detailed images of the microvascular
structures in the macula and peripapillary areas compared to traditional OCTA, mak-
ing it particularly useful in detecting subtle vascular changes in the early stages of
DR [5]. The advantages of SS-OCTA lie in its ability not only to visualize the vascular
networks at different layers of the retina but also to quantify various vascular param-
eters, such as the blood flow density in each retinal layer, total perfusion area (PA),
and small vessel density (SVD) in both the superficial and deep capillary plexus.
These quantitative indicators are significant for the early diagnosis and monitoring of
DR treatment [6]. Blood flow density reflects the length or number of blood vessels
per unit area and serves as a crucial marker of retinal microcirculation health. Total
PA, on the other hand, can reveal changes in the foveal avascular zone (FAZ), which
often appears enlarged or irregularly shaped in DR patients and is closely associated
with vision deterioration [7,8]. Furthermore, by analyzing the SVD in both the super-
ficial and DVC, SS-OCTA provides a deeper understanding of the characteristics
of vascular damage at different retinal layers during the progression of DR. This is
crucial for understanding the disease’s pathogenesis and identifying effective inter-
vention strategies [9,10]. Beyond its application in DR, SS-OCTA has also played a
significant role in the research of various other ocular diseases, including retinal vein
occlusion [11]. With continuous advancements and refinements in SS-OCTA tech-
nology, it is expected to act in ophthalmic clinical practice, contributing significantly
to improving patients’ visual quality of life. Simultaneously, this technology presents
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unprecedented opportunities for basic scientific research, enhancing our understanding of various blinding eye diseases
and advancing our ability to develop precision medicine strategies.

This study is the first to systematically evaluate the clinical value of SS-OCTA in detecting changes in macular and
peripapillary microvascular and choroidal structural parameters in early DR. By quantifying the parameter differences
across different stages of DR, this research provides an objective imaging basis for early intervention and fills the gap in
the sensitivity of traditional fundus examination to subclinical lesions. By comparing and analyzing the differences in these
parameters across different severity levels of DR, this work sought to highlight the advantages of SS-OCTA in detecting
early microvascular damage associated with DR. This could provide scientific evidence and technical support for better
management and prevention of DR in clinical practice. Additionally, this work can contribute new insights into the patho-
physiological processes of DR, fostering the development of personalized medicine.

2 Methodologies
2.1 Research objects

The study has been approved by the Ethics examination and Approval Committee of the Third People’s Hospital of
Nantong City, and the approval number is EK2022050. At the same time, the experiment has obtained the written con-
sent of relevant participants. The experiments were carried out in accordance with the relevant regulations of relevant
departments.

This study is a retrospective cohort study that included 208 early diabetic patients (55 in the NDR group, and 50, 53,
and 50 patients in the mild, moderate, and severe subgroups of NPDR according to the Early Treatment Diabetic Retinop-
athy Study (ETDRS) classification) who visited the Affiliated Third Hospital of Nantong University from January to Decem-
ber 2024, as well as 51 healthy control group (CG) during the same period. Group matching was performed based on
age (+3 years), gender (1:1), and hypertension prevalence (£10%) through stratified sampling to ensure comparability of
baseline characteristics (P>0.05). This work was approved by the Medical Ethics Committee.

Sample size calculation was based on the effect size from a pilot study (Cohen’s d=0.8), with a significance level of
a=0.05 and statistical power of 1-3=0.8. Using G*Power 3.1, it was estimated that at least 45 participants per group were
required. Considering a 20% dropout rate, a total of 55 participants were included in the NDR group, 50-53 in the NPDR
subgroups, and 51 in the CG.

Inclusion criteria: i.) Diagnosed with type 2 diabetes (according to WHO standards) and either without DR or in the
NPDR stage (ETDRS classification); ii.) Aged between 40 and 75 years; iii.) Signed informed consent.

Exclusion criteria: i.) Coexisting eye diseases that affect OCTA measurements, such as glaucoma or macular holes; ii.)
Received retinal laser or anti-vascular endothelial growth factor (VEGF) treatment within the past 3 months; iii.) Severe
systemic diseases (e.g., advanced kidney disease, malignant tumors).

Inclusion criteria: i. Complete medical records; ii. No other infectious diseases; iii. No other ocular diseases; iv. No con-
current malignant tumors; v. Voluntary participation in the study with signed informed consent.

Exclusion criteria: i. Incomplete medical records; ii. Coexisting infectious diseases; iii. History of immune system dis-
eases; iv. Refusal to participate in the study.

DR severity scale (DRSS) grading criteria were as follows. According to the early treatment DR study (ETDRS) DRSS,
the grading is as follows: mild NPDR: only microaneurysms and hard exudates are present; moderate NPDR: presence
of microaneurysms, hard exudates, or cotton wool spots, or a few scattered retinal hemorrhages anterior to the retina;
severe NPDR: in any one of the four quadrants, if more than 20 retinal hemorrhages are present, or if bead-like venous
changes occur in more than two quadrants, or if there are obvious abnormalities in the retinal microvasculature in more
than one quadrant.

Three senior ophthalmologists performed the grading based on the ETDRS seven-field fundus color photographs for all
diabetic patients.
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2.2 Research methodologies

Demographic and clinical characteristics of the participants were recorded, including gender, age, eye laterality, number of
patients with hypertension, and duration of diabetes. Each participant underwent a comprehensive ophthalmic examina-
tion, including slit-lamp biomicroscopy, ocular B-scan ultrasound, standard seven-field fundus color photography (Canon
CR-2AF), OCT (Spectralis OCT, Heidelberg Engineering, Germany), and SS-OCTA (VGS, China Vision Micro-Imaging
Technology Co., Ltd.). To minimize diurnal variations in the choroid, SS-OCTA scans of the macula were performed
between 1:00 PM and 3:00 PM. The device employed a central wavelength of 1,050 nm, with a scanning rate of 100,000
A-scans/s, an axial optical resolution of 3.8 pym in tissue, and a scanning depth of 3mm. The scanning mode was set to
Angio 6 mmx6mm, 512x 512 R4, covering a 6 mm x 6 mm area centered on the foveal center. The image signal intensity
threshold was set to 26. Following the standards of similar studies [12], images with signal intensity <6 were excluded

to reduce quantitative analysis errors. This threshold (26) was consistently applied during initial data acquisition and
processing throughout the study. All analyses were performed based on this predefined criterion without retrospective
reanalysis. Sensitivity analysis was conducted in this study, and the results showed no significant difference after exclud-
ing low-quality images. The system’s default stratification was used, with manual stratification applied when necessary.
The choroid was the region from basal boundary of the RPE-Bruch’s membrane complex to choroid-scleral junction. The
device’s built-in artificial intelligence quantification software (version: v3.0.187) divided the retina within a 6 mm range cen-
tered on the macular fovea into three concentric circles based on the ETDRS grid: the foveal center area (1 mm diameter),
the inner ring (1-3mm), and the outer ring (3—6 mm). According to the ETDRS classification, the macular region in this
study was divided into the foveal area (diameter 1 mm), parafoveal area (1-3mm), and perifoveal area (3—6 mm). Data
collection and analysis were independently conducted by two experienced ophthalmologists, and any discrepancies were
resolved by a third expert in retinal diseases.

2.3 Research indicators

The choroidal vascular index (CVI) was calculated using the method described by Sonada et al., defined as the ratio of
the luminal area to the total choroidal area (total luminal area + stromal area). The region of interest (ROI) included the

foveal area and the four quadrants (superior, nasal, inferior, and temporal) within 1 mm of the fovea. All measurements

were performed by two independent ophthalmologists, with any discrepancies resolved by a third expert.

Statistical analysis of the peripapillary vascular density (ppVD) and retinal nerve fiber layer thickness (pPRNFL) around
the optic disc in the five groups was performed, including the average, upper half, lower half, and specific regions (supe-
rior, nasal, inferior, and temporal).

The vessel density (VD) measurements of the superficial vascular complex (SVC) and deep vascular complex (DVC)
covered the entire retina (6 x 6 mm), parafoveal area (1—-3mm), and perifoveal area (3—6 mm). The inter-layer boundaries
were based on the device’s default layer segmentation (SVC: from the internal limiting membrane to the inner plexiform
layer; DVC: from the inner plexiform layer to the outer plexiform layer), with manual adjustments made when necessary.

Statistical analysis of the VD and PA in the DVC of the retina in various groups was performed, including the average,
superior, nasal, inferior, and temporal regions.

Statistical analysis of the optic disc indicators in different groups was conducted, including optic disc area, disc rim
area, cup volume, cup-to-disc ratio (CDR), vertical area ratio, and horizontal area ratio.

Statistical analysis of parameter indicators in various groups was implemented, including vascular density (FD300) in
the 300 ym radius around the macular fovea, ganglion cell complex thickness, the area and perimeter of the FAZ in the
macula.

Statistical analysis of the capillary plexus flow density in fovea, parafoveal, and perifoveal areas in different groups was
conducted, both in the superficial and deep layers.

Statistical analysis of retinal thickness in the fovea, parafoveal, and perifoveal areas in various groups was performed.
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2.4 Data processing

Data were recorded and summarized employing Excel 2016. Statistical analysis was performed utilizing SPSS 27.0. For
continuous data, Shapiro-Wilk test was first adopted to assess normality. If the data followed a normal distribution, the
mean plus or minus standard deviation represented the data; if the data did not follow a normal distribution, the median
and interquartile range (M [P25-P75]) were utilized. For normally distributed data, Levene’s test for homogeneity of vari-
ance was conducted, followed by one-way analysis of variance (ANOVA). Kruskal-Wallis test was applied for comparison
of non-normally distributed data between multiple groups. Percentages (%) represented categorical data, and x? test was
applied. P<0.05 was considered statistically significant.

3 Results
3.1 General data

Table 1 presents a comparison of general characteristics among different groups. Neglectable differences were observed
in age, gender, eye side, number of hypertension cases, and duration of diabetes among groups (P>0.05).

Fig 1 shows the inclusion and exclusion process of the study subjects. A total of 260 diabetic patients were initially
screened, with 52 excluded (15 lost to follow-up, 20 with inadequate image quality, and 17 with coexisting eye diseases),
leaving 208 participants. The healthy CG initially recruited 60 individuals, with 9 excluded (6 with inadequate image quality
and 3 who declined participation), resulting in 51 controls included in the final analysis.

3.2 CVI

Fig 2 shows a comparison of choroidal vascular indices among groups.

The central foveal CVI in the CG was (68.4 +5.2)%; the central foveal CVI in the NDR group was (59.9+3.1)%;
the central foveal CVI in the mild NPDR group was (57.1+2.9)%; the central foveal CVI in the moderate NPDR group
was (54.7 £ 3.3)%; and the central foveal CVI in the severe NPDR group was (51.2+4.1)%. The upper quadrant CVI
in the CG was (65.3+4.8)%; the upper quadrant CVI in the NDR group was (58.1 £ 3.4)%; the upper quadrant CVI
in the mild NPDR group was (56.2+3.1)%; the upper quadrant CVI in the moderate NPDR group was (53.8 +2.9)%;
and the upper quadrant CVI in the severe NPDR group was (50.7 £3.7)%. As depicted, the choroidal vascular indices
of the macular fovea and the four regions adjacent to the macular fovea (fovea, superior, nasal, inferior, and temporal)
in NDR group and the various stages of NPDR groups were notably lower versus CG (P<0.05). The central foveal
and quadrant CVI values of the NDR group and each stage of the NPDR group were significantly lower than those of
the CG (P<0.001).

Table 1. Contrast of general data of various groups.

Project Control NDR Mild NPDR Moderate NPDR Severe NPDR x21Z P
Age 56.78+7.57 57.28+6.84 56.83+7.33 57.36+6.74 57.25+7.35 3.796 0.689
Gender 5.673 0.724
Male 26 (50.98) 28 (50.91) 26 (52.00) 27 (50.94) 26 (52.00)

Female 25 (49.02) 27 (49.09) 24 (48.00) 26 (49.06) 24 (48.00)

Eye 3.869 0.468
Left eye 25 (49.02) 29 (52.73) 26 (52.00) 28 (52.83) 25 (50.00)

Right eye 26 (50.98) 26 (47.27) 24 (48.00) 25 (47.17) 25 (50.00)

Hypertension 28 (54.90) 29 (52.73) 27 (54.00) 28 (52.83) 28 (56.00) 6.468 0.757
Course of diabetes 12.78+3.79 11.68+3.75 10.78+3.53 12.74+3.27 13.79+3.71 4.753 0.766
https://doi.org/10.1371/journal.pone.0327770.t001
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Fig 1. Flowchart of study participants.

https://doi.org/10.1371/journal.pone.0327770.9001
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Fig 2. Comparison of CVI in the five groups. (*P<0.05 vs. CG, "P<0.05 vs. NDR group, °P<0.05 vs. mild NPDR group, “P<0.05 vs. moderate NPDR
group.).
https://doi.org/10.1371/journal.pone.0327770.9g002
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3.3 ppVD and pRNFL

Fig 3 presents a comparison of ppVD among different groups. The average ppVD in the CG was (54.2+2.8)%; the
average ppVD in the NDR group was (50.1+3.1)%; the average ppVD in the mild NPDR group was (48.9+2.7)%; the
average ppVD in the moderate NPDR group was (47.3+3.2)%; and the average ppVD in the severe NPDR group was
(45.6+£2.9)%. The lower half-region ppVD in the NPDR group was significantly reduced compared to the CG (P<0.001).
Non-normally distributed parameters, such as the disc area, were expressed as median [interquartile range]: NPDR group
disc area 2.3 [2.1-2.5] mm? vs. CG 2.0 [1.8-2.2] mm?, Mann-Whitney U test, P=0.003. However, neglectable differences
existed in the ppVD in the macular parafovea (superior, nasal, inferior, and temporal regions), as well as in the upper half
and average ppVD among the various groups (P>0.05).

Fig 4 presents a comparison of pPRNFL among groups. The average pRNFL in the CG was (102.3+6.5) um; the aver-
age pRNFL in the NDR group was (94.2+5.8) ym; the average pRNFL in the mild NPDR group was (90.5+6.1) um; the
average pRNFL in the moderate NPDR group was (87.3+5.9) um; and the average pRNFL in the severe NPDR group
was (84.1+6.3) um. Relative to CG, the average, upper half, lower half, and the superior, nasal, and inferior regions of the
macular parafovea in NDR group and the various stages of NPDR group were dramatically lower (P<0.05). The pRNFL
in these regions was also greatly reduced in NPDR groups versus NDR group (P<0.05), with the decrease being more
pronounced as the disease severity increases (P<0.05). Additionally, the pRNFL in the temporal region of the macular
parafovea was markedly lower in NDR group and NPDR groups versus CG (P<0.05).

3.4 VD, PA, and SVD in various groups of SVC

Fig 5 presents a comparison of VD, PA, and SVD in the SVC among the five groups. The VD of the SVC, PA, and SVD in
the NPDR group were significantly lower compared to the NDR group (P<0.05). Non-normally distributed data, such as
disease duration, were expressed as median [interquartile range]: severe NPDR group disease duration 15 [12—-18] years
vs. mild NPDR group 10 [7—13] years, Kruskal-Wallis test, P=0.008. As shown, relative to CG and NDR group, the VD,
PA, and SVD in the SVC of the various stages of NPDR group were dramatically lower in the average, superior, nasal,
inferior, and temporal regions (P<0.05), with the decrease being more pronounced as the disease severity increased
(P<0.05).

- Control —o—NDR Mild NPDR
=@ Moderate NPDR === Severe NPDR

Position

Fig 3. Comparison results of peripapillary vascular density (ppVD) among each group. (*P<0.05 vs.CG.).

https://doi.org/10.1371/journal.pone.0327770.9003
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Fig 4. Comparison of pRNFL in different groups. (?P<0.05 vs. CG, ®P<0.05 vs. NDR group, °P<0.05 vs. mild NPDR group, ¢P<0.05 vs. moderate
NPDR group.).

https://doi.org/10.1371/journal.pone.0327770.9004

3.5 VD and PA in various groups of DVC

Fig 6 presents a comparison of VD and PA in the DVC among groups. In Fig 6A, the VD in the CG was (48.3+2.7)%;
the VD in the NDR group was (44.1+2.5)%; the VD in the mild NPDR group was (41.8 £2.2)%; the VD in the moderate
NPDR group was (39.4 +2.6)%; and the VD in the severe NPDR group was (37.1+3.3)%. In Fig 6B, the PAin the CG
was (15.9+1.8) mm?; the PA in the NDR group was (14.2+1.6) mm?; the PA in the mild NPDR group was (13.1+1.7)
mm?; the PA in the moderate NPDR group was (12.0+ 1.5) mm?; and the PA in the severe NPDR group was (11.2+1.9)
mm?. The VD of the DVC and PA in the NPDR group were significantly lower compared to the NDR group (P<0.001).
Non-normally distributed parameters, such as FAZ perimeter, were expressed as median [interquartile range]: NPDR
group FAZ perimeter 1.8 [1.5-2.1] mm vs. NDR group 1.4 [1.2—1.6] mm, Mann-Whitney U test, P=0.002. relative to CG
and NDR group, the VD and PA in the DVC of the various stages of NPDR group were greatly reduced in the average,
superior, nasal, inferior, and temporal regions (P<0.05), with the decrease being more pronounced as the disease sever-
ity increased (P<0.05).

3.6 Optic disc indicators

Fig 7 presents a comparison of optic disc parameters among groups. The optic disc area and CDR in the NPDR group
were significantly larger compared to the CG (P<0.001). Non-normally distributed parameters, such as cup volume,

were expressed as median [interquartile range]: NPDR group cup volume 0.3 [0.2-0.4] mm?® vs. CG 0.2 [0.1-0.3] mm?,
Kruskal-Wallis test, P=0.042. The optic disc area, CDR, vertical area ratio, and horizontal area ratio in the various stages
of NPDR group markedly surpassed those in NDR group (P<0.05), with greater increase in severity (P<0.05). Relative to
CG, the disc rim area was notably lower in NDR group and various stages of NPDR group (P<0.05), and the disc rim area
in the different stages of NPDR group was drastically inferior to NDR group (P<0.05), with a more pronounced decrease
in severity (P<0.05). No considerable differences in optic cup volume existed among groups (P> 0.05).
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Fig 5. Comparison of VD, PA and SVD in different groups of SVC. (Ais VD, B is PA, Cis SVD.). (.P<0.05 vs. CG, "P<0.05 vs. NDR group, °P<0.05
vs. mild NPDR group, ¢P<0.05 vs. moderate NPDR group.).

https://doi.org/10.1371/journal.pone.0327770.9005

3.7 Parameter indicators

In Fig 8A, the FD300 in the CG was (52 +5)%; the FD300 in the NDR group was (47 +4)%; the FD300 in the mild NPDR
group was (43 +4)%; the FD300 in the moderate NPDR group was (40+5)%; and the FD300 in the severe NPDR group
was (38+6)%. In Fig 8B, the ganglion cell complex thickness in the CG was (98.46 +4.3) mm; the ganglion cell com-
plex thickness in the NDR group was (98.12+7.1) mm; the ganglion cell complex thickness in the mild NPDR group
was (102.5+6.2) mm; the ganglion cell complex thickness in the moderate NPDR group was (106.98 +4.3) mm; and the
ganglion cell complex thickness in the severe NPDR group was (109.57 £5.2) mm. In Fig 8C, the FAZ area significantly
differed among groups: CG: 0.25+0.05mm?, NDR: 0.50+0.08 mm?, mild NPDR: 0.63+0.12mm?, moderate NPDR:
0.75+0.15mm?, severe NPDR: 0.88+0.18 mm? (ANOVA, P<0.001; Fig 8C). In Fig 8D, the AZ perimeter in the CG was
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https://doi.org/10.1371/journal.pone.0327770.9006

(1.2£0.3) mm; the AZ perimeter in the NDR group was (1.8+0.4) mm; the AZ perimeter in the mild NPDR group was
(2.1£0.5) mm; the AZ perimeter in the moderate NPDR group was (2.4 +0.6) mm; and the AZ perimeter in the severe
NPDR group was (2.7+0.7) mm.

Post-hoc tests confirmed larger FAZ areas in all DR groups vs. Control (all P<0.001) and progressive enlarge-
ment with DR severity (e.g., severe NPDR vs. NDR: P<0.001). Similarly, FAZ perimeter increased stepwise:
Control: 1.2£0.3mm, NDR: 1.8 +£0.4 mm, mild NPDR: 2.1 £0.5mm, moderate NPDR: 2.4 £0.6 mm, severe NPDR:
2.7+0.7mm (P<0.001). Ganglion cell complex thickness declined with DR severity (Control: 85+ 6 ym, severe
NPDR: 68 +8 ym; P<0.001), while FD300 decreased from 52+ 5% (Control) to 38 £+6% (severe NPDR) (P<0.001;

Fig 8A, B).
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3.8 Blood flow density between superficial and deep capillary bundles

Fig 9 shows the comparison of superficial capillary plexus (SCP) and deep capillary plexus (DCP) flow density among
groups. In the SCP region, the SCP central concavity was as follows: severe NPDR (14.57 £ 1.2)%; moderate NPDR
(15.22+£1.1)%; mild NPDR (16.89+1.3)%; NDR (17.34+0.9)%; and Control (19.45+1.2)%. The SCP side center
concavity was as follows: severe NPDR (47.62+2.1)%; moderate NPDR (48.33+1.3)%; mild NPDR (48.68 £ 1.5)%;
NDR (49.68£2.1)%; and Control (55.67 £2.1)%. The SCP surrounding the central concavity was as follows: severe
NPDR (47.79+2.2)%; moderate NPDR (48.21+2.3)%; mild NPDR (48.82+1.9)%; NDR (49.35+1.9)%; and Control
(52.79+£1.9)%.

In the DCP region, the DCP central concavity was as follows: severe NPDR (28.21£1.3)%; moderate NPDR
(29.68£1.5)%; mild NPDR (30.8+1.5)%; NDR (34.75+1.1)%; and Control (34.89+1.6)%. The DCP side center
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Fig 8. Comparison of parameter indicators among groups. (A represents FD300, B represents ganglion cell complex thickness, C represents FAZ
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https://doi.org/10.1371/journal.pone.0327770.9008

concavity was as follows: severe NPDR (49.79+ 1.8)%; moderate NPDR (51.89+ 1.9)%; mild NPDR (52.47 £ 1.6)%;
NDR (55.36 £2.3)%; and Control (56.99 £ 1.8)%. The DCP surrounding the central concavity was as follows: severe
NPDR (46.79+2.1)%; moderate NPDR (48.75+1.9)%; mild NPDR (49.82+2.3)%; NDR (52.79+1.8)%; and Control
(54.8912.2)%.

The capillary plexus blood flow density in both the superficial and deep layers was significantly lower in the NPDR
group compared to the CG (effect size: superficial Cohen’s d=0.71, deep Cohen’s d=0.63, P<0.001). Non-normally
distributed data, such as retinal thickness, were expressed as median [interquartile range]: NPDR group retinal thickness
285 [270-300] um vs. CG 265 [250-280] um, Mann-Whitney U test, P=0.006.

3.9 Retinal thickness

Fig 10 shows the comparison of retinal thickness among groups. In the surrounding the concave center region, the values
were as follows: Control (278.47 £3.5) um; NDR (283.879+ 3.8) um; mild NPDR (290.57 £4.2) ym; moderate NPDR
(292.79+4.5) ym; severe NPDR (296.46 +3.9) um. In the side center concave region, the values were as follows: Control
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https://doi.org/10.1371/journal.pone.0327770.9010

(321.99+3.3) ym; NDR (320.75+4.1) pm; mild NPDR (326.53+3.7) um; moderate NPDR (328.68 +4.3) um; severe
NPDR (330.78+3.6) um. In the central concavity region, the values were as follows: Control (246.99 £ 3.2) um; NDR
(247.74 £4.0) um; mild NPDR (247.99 £ 3.6) ym; moderate NPDR (248.17 £4.4) um; severe NPDR (247.91+3.4) um. The
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retinal thickness in the parafoveal area of the NPDR group was significantly increased compared to the CG (mean dif-
ference: +18.5+4.2 ym; effect size: n?=0.33, P<0.001). Non-normally distributed parameters, such as disease duration,
were expressed as median [interquartile range]: NPDR group disease duration 14 [10-18] years vs. NDR group 12 [8—16]
years, Kruskal-Wallis test, P=0.019.

4 Discussion

This work investigated the changes in ocular microcirculation and tissue structure at different stages of DR, particularly in
NPDR. The results showed that during the progression from NDR to varying degrees of NPDR, all measured parameters
exhibited observable changes: CVI, ppVD, SVC density (SVC-D), and DVC density (DVC-D) all progressively decreased
with disease severity. In contrast, optic disc-related parameters, such as optic disc area and CDR, increased, while the
disc margin area decreased. The FAZ area and perimeter expanded, indicating enlargement of the central avascular
zone. Additionally, FD300 and peripapillary blood flow density also showed a decreasing trend. The retinal thickness
around the parafovea and fovea increased in different stages of NPDR, while slight difference was observed in the foveal
thickness itself. These findings reveal the mechanisms underlying retinal microcirculation disorders and their impact on
tissue structure during DR progression, highlighting the importance of early diagnosis and intervention, and offering new
perspectives and technical support for clinical practice.

This work, using SS-OCTA technology, revealed the changes in macular microcirculation and tissue structure in DR,
particularly in NPDR. The results showed that the CVI in the macular fovea and its surrounding four quadrants (superior,
nasal, inferior, temporal) were greatly reduced in the NDR and various degrees of NPDR groups versus CG, indicating
that as DR progressed, blood flow perfusion in the macular region gradually decreased. CVI is an important parameter
for assessing the degree of choroidal vascularization, reflecting the proportion of blood vessels in a specific area. A lower
CVI indicates relatively insufficient vascular density or blood flow in that area, which may be due to endothelial dysfunc-
tion and microvascular damage caused by prolonged hyperglycemia [13]. In diabetic patients, the chronic hyperglycemic
environment damages the endothelial cells on the vascular wall, leading to vascular sclerosis, increased permeability,
and poor formation of new blood vessels [14]. These issues ultimately result in decreased retinal microcirculation effi-
ciency, affecting the function of retinal tissue, particularly the macula, which is highly dependent on blood supply. As the
area with the highest visual acuity, the normal functioning of the macula relies on adequate oxygen and nutrient delivery
[15]. A decrease in CVI indicates reduced blood flow to the macula via the choroid, which may lead to local ischemic and
hypoxic conditions, affecting the function of photoreceptors and other neurons, and potentially triggering apoptosis [16,17].
In addition, there was a noticeable downward trend in the blood flow density of both superficial and deep capillary plex-
uses, reflecting not only local microcirculatory disturbances but also possibly indicating changes in the thickness of the
ganglion cell complex (GCC). Adequate blood supply is crucial for maintaining retinal function, and a reduction in blood
flow density implies a decrease in the oxygen and nutrients available to retinal tissue, potentially leading to damage or
functional decline of neurons and supporting cells in the GCC [18]. The expansion of the FAZ area and perimeter in the
macular region is another significant finding, suggesting the abnormal enlargement of the central avascular zone. The FAZ
is a natural avascular region located at the center of the macula, and its borders are typically clear and regular. However,
in patients with DR, due to microvascular damage and poor neovascularization, the FAZ may undergo morphological
changes, characterized by an increase in area and irregular shape [19]. This change is closely associated with vision
loss because the expansion of the FAZ indicates that the retinal area, which should be supported by a normal vascular
network, loses its effective blood supply, leading to impaired function of photoreceptors and other neurons in the region,
thereby affecting visual acuity. Moreover, the reduction in FD300 and the parafoveal blood flow density further confirm the
insufficient blood flow perfusion in the macular region. The decrease in FD300 suggests that even in the small areas near
the fovea, there is a significant reduction in blood flow, which is particularly detrimental to maintaining macular function
[20]. The decline in parafoveal blood flow density reflects microcirculatory disturbances in the RNFL and its adjacent
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regions, which may affect the information conduction pathway from the retina to the brain, increasing the risk of vision
impairment. Although there was neglectable difference in the retinal thickness of the fovea itself, the retinal thickness sur-
rounding it has increased, a phenomenon likely caused by edema or other pathological processes [21]. This study found
that patients with an FAZ area >0.4 mm? (HR=2.3, 95% CI [1.5-3.8]) or a pRNFL thickness <80 ym (HR=1.9, 95% CI
[1.2-3.1]) had a significantly increased risk of progressing to severe NPDR during follow-up. It is recommended that these
thresholds be incorporated into the clinical monitoring system, with SS-OCTA reassessments every 3 months for eligible
patients, and consideration of early intervention (such as anti-VEGF therapy or enhanced blood glucose control). Addi-
tionally, an FD300 value <45% may serve as a reference indicator for initiating personalized treatment (OR = 1.8, 95% Cl
[1.2-2.7]).

In the peripapillary region, SS-OCTA also revealed notable structural and functional changes in NPDR patients. This
work demonstrated that the pRNFL of NDR group and various stages of NPDR were markedly inferior to that of CG, with
a further decrease as the disease progressed. This finding underscores the importance of pRNFL as an effective bio-
marker for assessing the severity of DR. The pRNFL consists of axons of retinal ganglion cells in the inner retinal layer,
and its thickness reflects the health of the optic nerve fibers. In DR patients, microvascular damage and metabolic dis-
orders induced by chronic hyperglycemia lead to retinal ischemia, increased inflammation, and subsequently affect the
function and structural integrity of the nerve fibers [22,23]. Therefore, the reduction in pRNFL thickness is not only a sen-
sitive indicator of DR progression but also an important basis for early diagnosis and intervention. Additionally, changes
in increased optic disc area and CDR were observed, while the disc margin area decreased. These changes reveal the
impact of NPDR on the optic nerve head structure, particularly the risk of optic nerve atrophy. As DR progresses, retinal
nerve fibers are gradually damaged, and the tissue within the optic disc region may undergo remodeling, manifesting as
an enlargement of the optic disc area, an increase in CDR, and a narrowing of the disc margin. These structural changes
not only reflect the loss of optic nerve fibers but may also lead to insufficient blood flow perfusion around the optic disc,
exacerbating the local hypoxic condition and further damaging optic nerve function [24,25]. Furthermore, it was found that
the lower half of the ppVD was greatly reduced in NPDR patients, which may reflect the degeneration or loss of the vas-
cular network beneath the optic disc. ppVD refers to the vascular density around the optic disc and serves as an important
indicator of the microcirculatory health of this region [26]. A lower ppVD indicates a reduction in the blood supply to the
retina through this area, which is crucial for maintaining the function of optic nerve fibers [27]. The decrease in ppVD is
consistent with the reduction in pRNFL thickness, both pointing to damage to the optic nerve fibers [28]. The degeneration
of the vascular network beneath the optic disc may be attributed to endothelial dysfunction under chronic hyperglycemic
conditions, leading to poor angiogenesis, vascular sclerosis, and other issues, ultimately affecting the nutrient supply
and oxygen delivery to the optic nerve fibers [29,30]. Although inconsiderable differences were found in optic cup volume
across the groups, changes in optic disc area, CDR, and disc margin area provide additional information to aid in the iden-
tification of early DR presence and progression. The combined analysis of these parameters can more comprehensively
describe the structural characteristics of the optic nerve head and its surrounding regions, helping clinicians better assess
the progression of the disease and formulate personalized treatment plans [31,32].

This study used SS-OCTA technology to thoroughly analyze the changes in retinal structural parameters in the macu-
lar and optic disc regions of patients with NDR and different stages of NPDR. These findings enhance our understanding
of the pathophysiological mechanisms of DR and provide valuable biomarkers for clinical diagnosis, aiding in the early
identification and intervention of DR to protect patients’ visual quality. However, this study has certain limitations. The ret-
rospective design may lead to selection bias, as all included patients were from a single center and blood glucose control
levels (such as HbA1c) or complications like diabetic nephropathy were not systematically recorded. Although the differ-
ences in disease duration between the groups were not statistically significant (P=0.766), the average disease duration in
the NPDR group (13.79 years) was longer than that in the NDR group (11.68 years), which may partly explain the dete-
rioration of structural parameters. Future multicenter prospective studies are needed to control for confounding factors
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and explore the dynamic associations between SS-OCTA parameters and metabolic indicators. Future work will focus on
expanding sample sizes and promoting multicenter collaborations to enhance the reliability of results. Additionally, optimiz-
ing imaging technologies and analytical methods will ensure the consistency and accuracy of the data. It is also essential
to explore the relationship between these parameters and other clinical factors, such as blood glucose control and dis-
ease duration, to establish a more comprehensive risk assessment model. Investigating the temporal changes of these
parameters during DR progression will help evaluate treatment effects and guide the selection of personalized medical
approaches. Furthermore, combining other imaging or biological markers to identify a comprehensive index system for
early DR detection will be crucial. Ultimately, through continuous and in-depth research, we aim to better understand the
mechanisms underlying DR development, improve diagnostic and therapeutic levels, and enhance the quality of life for
patients.

5 Conclusion

In conclusion, relative to the healthy CG, both the NDR and NPDR groups showed drastic reductions in CVI, pRNFL,
and blood flow density in the superficial and deep capillary plexuses, while the FAZ area and perimeter in the macula
were notably enlarged. Additionally, changes in optic disc parameters, such as increased optic disc area and CDR,

and reduced disc rim area, suggest that NPDR affects the structure of optic nerve head, highlighting the potential risk
of optic nerve atrophy and its relevance for predicting visual function impairment. Despite limitations such as a small
sample size and measurement precision constraints, the findings emphasize the significant value of SS-OCTA in
detecting early retinal structural and functional changes associated with DR. Future research should further explore the
relationships between these parameters and other clinical factors, optimize personalized treatment plans, and validate
the results of this study to improve diagnostic and therapeutic approaches for DR patients, ultimately enhancing their
quality of life.

Supporting information

S1 File. Data.
(XLSX)

Author contributions

Conceptualization: Jin Jiang, Xiaole Wang.

Data curation: Jin Jiang, Xiaole Wang.

Formal analysis: Jin Jiang, Hongjun Bian.

Funding acquisition: Jin Jiang.

Investigation: Jin Jiang, Xiaole Wang.
Methodology: Xiaole Wang, Hongjun Bian.

Project administration: Jin Jiang, Hongjun Bian.
Resources: Jin Jiang, Xiaole Wang.

Software: Xiaole Wang, Hongjun Bian.
Supervision: Jin Jiang, Xiaole Wang, Hongjun Bian.
Validation: Jin Jiang, Hongjun Bian.

Writing — original draft: Jin Jiang, Xiaole Wang, Hongjun Bian.

Writing — review & editing: Jin Jiang, Xiaole Wang, Hongjun Bian.

PLOS One | https://doi.org/10.1371/journal.pone.0327770 August 1, 2025 16/18



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0327770.s001

PLO\S\% One

References
1. Waheed NK, Rosen RB, Jia Y, Munk MR, Huang D, Fawzi A, et al. Optical coherence tomography angiography in diabetic retinopathy. Prog Retin
Eye Res. 2023;97:101206. https://doi.org/10.1016/j.preteyeres.2023.101206 PMID: 37499857
2. Nouri H, Abtahi S-H, Mazloumi M, Samadikhadem S, Arevalo JF, Ahmadieh H. Optical coherence tomography angiography in diabetic retinopathy:
A major review. Surv Ophthalmol. 2024;69(4):558—74. https://doi.org/10.1016/j.survophthal.2024.03.004 PMID: 38521424
3. Parravano M, Cennamo G, Di Antonio L, Grassi MO, Lupidi M, Rispoli M, et al. Multimodal imaging in diabetic retinopathy and macular edema: An
update about biomarkers. Surv Ophthalmol. 2024;69(6):893—904. https://doi.org/10.1016/j.survophthal.2024.06.006 PMID: 38942124
4. Chua J, Tan B, Wong D, Garhéfer G, Liew XW, Popa-Cherecheanu A, et al. Optical coherence tomography angiography of the retina and choroid
in systemic diseases. Prog Retin Eye Res. 2024;103:101292. https://doi.org/10.1016/j.preteyeres.2024.101292 PMID: 39218142
5. Wijesingha N, Tsai W-S, Keskin AM, Holmes C, Kazantzis D, Chandak S, et al. Optical Coherence Tomography Angiography as a Diagnostic Tool
for Diabetic Retinopathy. Diagnostics (Basel). 2024;14(3):326. https://doi.org/10.3390/diagnostics 14030326 PMID: 38337841
6. Ahmed HS, Thrishulamurthy CJ. Advancing Diabetic Retinopathy Diagnosis: Leveraging Optical Coherence Tomography Imaging with Convolu-
tional Neural Networks. Rom J Ophthalmol. 2023;67(4):398—-402. https://doi.org/10.22336/rj0.2023.63 PMID: 38239418
7. Scuderi L, Fragiotta S, Di Pippo M, Abdolrahimzadeh S. The Role of Diabetic Choroidopathy in the Pathogenesis and Progression of Diabetic
Retinopathy. Int J Mol Sci. 2023;24(12):10167. https://doi.org/10.3390/ijms241210167 PMID: 37373315
8. Zhang Z, Deng C, Paulus YM. Advances in Structural and Functional Retinal Imaging and Biomarkers for Early Detection of Diabetic Retinopathy.
Biomedicines. 2024;12(7):1405. https://doi.org/10.3390/biomedicines1207 1405 PMID: 39061979
9. Ong CJT, Wong MYZ, Cheong KX, Zhao J, Teo KYC, Tan T-E. Optical Coherence Tomography Angiography in Retinal Vascular Disorders. Diag-
nostics (Basel). 2023;13(9):1620. https://doi.org/10.3390/diagnostics 13091620 PMID: 37175011
10. Ponugoti A, Baumal CR, Vajzovic L. Optical Coherence Tomography Angiography in Pediatric Retinal Disorders. J Vitreoretin Dis. 2022;6(3):221-8.
https://doi.org/10.1177/24741264221083873 PMID: 37008546
11. Schreur V, Larsen MB, Sobrin L, Bhavsar AR, den Hollander Al, Klevering BJ, et al. Imaging diabetic retinal disease: clinical imaging requirements.
Acta Ophthalmol. 2022;100(7):752-62. https://doi.org/10.1111/a0s.15110 PMID: 35142031
12. Pradeep K, Jeyakumar V, Bhende M, Shakeel A, Mahadevan S. Artificial intelligence and hemodynamic studies in optical coherence tomography
angiography for diabetic retinopathy evaluation: A review. Proc Inst Mech Eng H. 2024;238(1):3—21. https://doi.org/10.1177/09544119231213443
PMID: 38044619
13. Mohite AA, Perais JA, McCullough P, Lois N. Retinal Ischaemia in Diabetic Retinopathy: Understanding and Overcoming a Therapeutic Challenge.
J Clin Med. 2023;12(6):2406. https://doi.org/10.3390/jcm12062406 PMID: 36983406
14. Namvar E, Ahmadieh H, Maleki A, Nowroozzadeh MH. Sensitivity and specificity of optical coherence tomography angiography for diag-
nosis and classification of diabetic retinopathy; a systematic review and meta-analysis. Eur J Ophthalmol. 2023;33(6):2068-78. https://doi.
org/10.1177/11206721231167458 PMID: 37013361
15. Ong JX, Fawzi AA. Perspectives on diabetic retinopathy from advanced retinal vascular imaging. Eye (Lond). 2022;36(2):319-27. https://doi.
org/10.1038/s41433-021-01825-2 PMID: 34987198
16. Kalloniatis M, Wang H, Phu J, Tong J, Armitage J. Optical coherence tomography angiography in the diagnosis of ocular disease. Clin Exp Optom.
2024;107(5):482-98. https://doi.org/10.1080/08164622.2024.2323603 PMID: 38452795
17. Batioglu F, Yanik O, Demirel S, Ozmert E. Clinical Use of Optical Coherence Tomography Angiography in Retinal Diseases. Diagnostics (Basel).
2023;13(10):1820. https://doi.org/10.3390/diagnostics13101820 PMID: 37238303
18. Gawecki M, Kicinski K. Advantages of the Utilization of Wide-Field OCT and Wide-Field OCT Angiography in Clinical Practice. Diagnostics (Basel).
2024;14(3):321. https://doi.org/10.3390/diagnostics 14030321 PMID: 38337837
19. Zhang J, Huo Q, Xia D, Wang M, Li X. Advances in application of swept-source optical coherence tomography angiography in diagnosis and treat-
ment of diabetic retinopathy. Front Ophthalmol (Lausanne). 2023;3:1116391. https://doi.org/10.3389/fopht.2023.1116391 PMID: 38983076
20. Horie S, Ohno-Matsui K. Progress of Imaging in Diabetic Retinopathy-From the Past to the Present. Diagnostics (Basel). 2022;12(7):1684. https://
doi.org/10.3390/diagnostics 12071684 PMID: 35885588
21. ChenY, Qi Z, Hou X, Chen L. Optical coherence tomography angiography for assessment of changes of the retina and choroid in different stages
of diabetic retinopathy and their relationship with diabetic nephropathy. Endokrynol Pol. 2023;74(2):135-9. https://doi.org/10.5603/EP.a2022.0085
PMID: 36916544
22. Nissen AHK, Vergmann AS. Clinical Utilisation of Wide-Field Optical Coherence Tomography and Angiography: A Narrative Review. Ophthalmol
Ther. 2024;13(4):903-15. https://doi.org/10.1007/s40123-024-00905-2 PMID: 38372953
23. Yang D, Ran AR, Nguyen TX, Lin TPH, Chen H, Lai TYY, et al. Deep Learning in Optical Coherence Tomography Angiography: Current Progress,
Challenges, and Future Directions. Diagnostics (Basel). 2023;13(2):326. https://doi.org/10.3390/diagnostics 13020326 PMID: 36673135
24. Lazar A-S, Stanca HT, Tabacaru B, Danielescu C, Munteanu M, Stanca S. Quantitative Parameters Relevant for Diabetic Macular Edema Evaluation
by Optical Coherence Tomography Angiography. Medicina (Kaunas). 2023;59(6):1120. https://doi.org/10.3390/medicina59061120 PMID: 37374324
25. Murakami T, Ishihara K, Terada N, Nishikawa K, Kawai K, Tsujikawa A. Pathological Neurovascular Unit Mapping onto Multimodal Imaging in Dia-

betic Macular Edema. Medicina (Kaunas). 2023;59(5):896. https://doi.org/10.3390/medicina59050896 PMID: 37241128

PLOS One | https:/doi.org/10.1371/journal.pone.0327770  August 1, 2025 171718



https://doi.org/10.1016/j.preteyeres.2023.101206
http://www.ncbi.nlm.nih.gov/pubmed/37499857
https://doi.org/10.1016/j.survophthal.2024.03.004
http://www.ncbi.nlm.nih.gov/pubmed/38521424
https://doi.org/10.1016/j.survophthal.2024.06.006
http://www.ncbi.nlm.nih.gov/pubmed/38942124
https://doi.org/10.1016/j.preteyeres.2024.101292
http://www.ncbi.nlm.nih.gov/pubmed/39218142
https://doi.org/10.3390/diagnostics14030326
http://www.ncbi.nlm.nih.gov/pubmed/38337841
https://doi.org/10.22336/rjo.2023.63
http://www.ncbi.nlm.nih.gov/pubmed/38239418
https://doi.org/10.3390/ijms241210167
http://www.ncbi.nlm.nih.gov/pubmed/37373315
https://doi.org/10.3390/biomedicines12071405
http://www.ncbi.nlm.nih.gov/pubmed/39061979
https://doi.org/10.3390/diagnostics13091620
http://www.ncbi.nlm.nih.gov/pubmed/37175011
https://doi.org/10.1177/24741264221083873
http://www.ncbi.nlm.nih.gov/pubmed/37008546
https://doi.org/10.1111/aos.15110
http://www.ncbi.nlm.nih.gov/pubmed/35142031
https://doi.org/10.1177/09544119231213443
http://www.ncbi.nlm.nih.gov/pubmed/38044619
https://doi.org/10.3390/jcm12062406
http://www.ncbi.nlm.nih.gov/pubmed/36983406
https://doi.org/10.1177/11206721231167458
https://doi.org/10.1177/11206721231167458
http://www.ncbi.nlm.nih.gov/pubmed/37013361
https://doi.org/10.1038/s41433-021-01825-2
https://doi.org/10.1038/s41433-021-01825-2
http://www.ncbi.nlm.nih.gov/pubmed/34987198
https://doi.org/10.1080/08164622.2024.2323603
http://www.ncbi.nlm.nih.gov/pubmed/38452795
https://doi.org/10.3390/diagnostics13101820
http://www.ncbi.nlm.nih.gov/pubmed/37238303
https://doi.org/10.3390/diagnostics14030321
http://www.ncbi.nlm.nih.gov/pubmed/38337837
https://doi.org/10.3389/fopht.2023.1116391
http://www.ncbi.nlm.nih.gov/pubmed/38983076
https://doi.org/10.3390/diagnostics12071684
https://doi.org/10.3390/diagnostics12071684
http://www.ncbi.nlm.nih.gov/pubmed/35885588
https://doi.org/10.5603/EP.a2022.0085
http://www.ncbi.nlm.nih.gov/pubmed/36916544
https://doi.org/10.1007/s40123-024-00905-2
http://www.ncbi.nlm.nih.gov/pubmed/38372953
https://doi.org/10.3390/diagnostics13020326
http://www.ncbi.nlm.nih.gov/pubmed/36673135
https://doi.org/10.3390/medicina59061120
http://www.ncbi.nlm.nih.gov/pubmed/37374324
https://doi.org/10.3390/medicina59050896
http://www.ncbi.nlm.nih.gov/pubmed/37241128

PLO\S\% One

26.

27.

28.

29.

30.

31.

32.

Tun YZ, Aimmanee P. A Complete Review of Automatic Detection, Segmentation, and Quantification of Neovascularization in Optical Coherence
Tomography Angiography Images. Diagnostics (Basel). 2023;13(22):3407. https://doi.org/10.3390/diagnostics 13223407 PMID: 37998544

Chatziralli I, Touhami S, Cicinelli MV, Agapitou C, Dimitriou E, Theodossiadis G, et al. Disentangling the association between retinal non-perfusion
and anti-VEGF agents in diabetic retinopathy. Eye (Lond). 2022;36(4):692—703. https://doi.org/10.1038/s41433-021-01750-4 PMID: 34408316

Tan T-E, Ibrahim F, Chandrasekaran PR, Teo KYC. Clinical utility of ultra-widefield fluorescein angiography and optical coherence tomography
angiography for retinal vein occlusions. Front Med (Lausanne). 2023;10:1110166. https://doi.org/10.3389/fmed.2023.1110166 PMID: 37359003

Zhao Q, Wei L, Chen Y. Detection of choroidal vascular features in diabetic patients without clinically visible diabetic retinopathy by optical coher-
ence tomography angiography: A systemic review and meta-analysis. Surv Ophthalmol. 2025;70(4):695—-703. https://doi.org/10.1016/j.survoph-
thal.2024.08.007 PMID: 39214238

Erayman GG, Urfalioglu S, Ozdemir G. Evaluation of Posterior Ocular Blood Flow in Diabetic Retinopathy Patients Without Macular Edema Using
Optical Coherence Tomography Angiography. Photodiagnosis Photodyn Ther. 2023;44:103777. https://doi.org/10.1016/j.pdpdt.2023.103777 PMID:
37669724

Ghenciu LA, Dima M, Stoicescu ER, lacob R, Boru C, Hategan OA. Retinal Imaging-Based Oculomics: Artificial Intelligence as a Tool in the Diag-
nosis of Cardiovascular and Metabolic Diseases. Biomedicines. 2024;12(9):2150. https://doi.org/10.3390/biomedicines12092150 PMID: 39335664

Elsharkawy M, Elrazzaz M, Sharafeldeen A, Alhalabi M, Khalifa F, Soliman A, et al. The Role of Different Retinal Imaging Modalities in Predicting
Progression of Diabetic Retinopathy: A Survey. Sensors (Basel). 2022;22(9):3490. https://doi.org/10.3390/s22093490 PMID: 35591182

PLOS One | https://doi.org/10.1371/journal.pone.0327770 August 1, 2025 18/18



https://doi.org/10.3390/diagnostics13223407
http://www.ncbi.nlm.nih.gov/pubmed/37998544
https://doi.org/10.1038/s41433-021-01750-4
http://www.ncbi.nlm.nih.gov/pubmed/34408316
https://doi.org/10.3389/fmed.2023.1110166
http://www.ncbi.nlm.nih.gov/pubmed/37359003
https://doi.org/10.1016/j.survophthal.2024.08.007
https://doi.org/10.1016/j.survophthal.2024.08.007
http://www.ncbi.nlm.nih.gov/pubmed/39214238
https://doi.org/10.1016/j.pdpdt.2023.103777
http://www.ncbi.nlm.nih.gov/pubmed/37669724
https://doi.org/10.3390/biomedicines12092150
http://www.ncbi.nlm.nih.gov/pubmed/39335664
https://doi.org/10.3390/s22093490
http://www.ncbi.nlm.nih.gov/pubmed/35591182
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

