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Objective: This investigation sought to: (1) characterize anti-vascular endothelial growth factor (VEGF) therapy-induced choroidal 
structural modifications in center-involved diabetic macular edema (CI-DME) utilizing swept-source optical coherence tomography 
(SS-OCT) imaging, and (2) assess the predictive capacity of choroidal morphometric indices for visual functional prognosis.
Methods and Analysis: This retrospective cohort study encompassed CI-DME patients received intravitreal anti-VEGF injections. 
Structural parameters, including retinal thickness, choroidal thickness, and choroidal vascularity index (CVI), were measured by SS- 
OCT pre- and post-treatment. Statistical evaluations included paired t-tests, Wilcoxon tests, Elastic Net regression, sensitivity analyses 
and prognostic analysis. Subgroup analysis was stratified by baseline characteristics.
Results: 58 eyes from 53 CI-DME patients were included. Following a single dose of anti-VEGF injection, logMAR BCVA improved 
significantly from 0.694 ± 0.342 to 0.614 ± 0.429 (P = 0.0103). Total choroidal volumes within the ETDRS grid decreased by 
0.065 mm3 (P = 0.031). Retinal thickness significantly declined in all nine ETDRS subfields (P < 0.001), while choroidal thinning 
was most prominent in the central (mean deviation: –17.42 μm, P < 0.001), nasal inner ring (mean deviation: –15.10 μm, P = 0.0038), 
and nasal outer ring (mean deviation: –11.83 μm, P = 0.0249) regions. Elastic Net regression and sensitivity analyses identified 
changes in central retinal thickness and nasal outer ring choroidal thickness as key imaging biomarkers associated with BCVA gains. 
Prognostic analysis revealed that baseline nasal inner ring retinal thickness showed most association with post-treatment central retinal 
thickness, whereas visual acuity outcomes were closely linked to age and baseline temporal outer ring retinal thickness. Exploratory 
subgroup analyses demonstrated that eyes with thicker retinas and thinner choroids at baseline, as well as younger patients, appeared to 
receive more favorable ocular structural and visual responses.
Conclusion: SS-OCT imaging revealed region-specific changes of the retinal and choroidal thickness after anti-VEGF treatment, 
providing a practical reference for monitoring and tracking therapeutic response in CI-DME.
Keywords: center-involved diabetic macular edema, anti-vascular endothelial growth factor therapy, swept-source optical coherence 
tomography, choroidal vascularity index

Introduction
Diabetic macular edema (DME), a principal contributor of visual impairment in patients with diabetic retinopathy (DR), 
is increasing in incidence with the global rise in diabetes prevalence.1–3 Although anti-vascular endothelial growth factor 
(anti-VEGF) therapy remains the primary treatment for center-involved DME (CI-DME), approximately 23–40% of 
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patients in clinical trials demonstrate suboptimal therapeutic response with persistent or recurrent edema.4–7 Identifying 
biomarkers for visual prognosis is therefore essential to guide personalized treatment strategies.

Traditionally, the development of DME has been ascribed to retinal vascular leakage and neuroglial dysfunction.8–10 

However, increasing attention has been directed toward the choroid, which serves as the main vascular supply for the outer 
retina.11–15 Advances in optical coherence tomography (OCT) have allowed for more detailed assessments of choroidal 
structure and perfusion. Recent studies have shown that the choroid, like the retina, undergoes thickness alterations, 
perfusion deficits, and vascular remodeling in patients with DME, especially in more advanced stages of DR.16–24

Compared to conventional spectral-domain OCT (SD-OCT), swept-source OCT (SS-OCT) offers enhanced tissue 
penetration and more consistent measurements of choroidal thickness (CT) and the choroidal vascularity index (CVI).25–27 

Metrics such as subfoveal CT and CVI have emerged as promising imaging biomarkers for disease staging and treatment 
monitoring.28–31 Compared to subfoveal CT, CVI appears to be less influenced by systemic factors such as hypertension or 
fluid overload, and has been consistently observed to decline with increasing DR severity.29,31–33

Intravitreal pharmacotherapies for DME are currently the effective treatment for DME.34,35 SS-OCT has enabled 
detailed visualization and quantification of choroidal structure, providing new perspectives in the evaluation and 
monitoring of DME.33,36,37 However, the impact of anti-VEGF treatments on the choroid remain inconsistent. For 
instance, bevacizumab has been shown to reduce CVI, particularly in the subfoveal region,38 while ranibizumab 
primarily decreases subfoveal CT.39 Although subfoveal CT reduction occurs post-treatment, it shows no correlation 
with visual outcomes,40,41 whereas increased CT may indicate DME recurrence.42

In this study, we sought to characterize choroidal structural modifications after anti-VEGF treatment in CI-DME 
patients. We aimed to elucidate choroidal imaging biomarkers correlating with visual function and to explore whether 
baseline features may influence treatment response.

Materials and Methods
Study Population
This retrospective cohort study enrolled 53 patients (58 eyes) with CI-DME who received anti-VEGF intravitreal injections 
between July 2019 and December 2024 at Shanghai General Hospital, Shanghai Jiao Tong University School of Medicine. All 
participants completed comprehensive ophthalmological assessments during initial evaluation and follow-up visits. The research 
protocol was confirmed by the Ethics Committee of Shanghai General Hospital (http://www.chictr.org.cn/, Registration number: 
ChiCTR2000033074) and adhered strictly to the ethical standards established by the Declaration of Helsinki.

Patient and Public Involvement
All participants requiring anti-VEGF therapy for CI-DME were evaluated by senior ophthalmologists (Y.S. or K.L). 
Patients were informed that this study would assess retinal and choroidal alterations following a single intravitreal anti- 
VEGF administration, while standard CI-DME treatment typically requires multiple injections based on individual 
response. Signed informed consent was obtained after explaining the procedure’s risks and benefits.

Inclusion and Exclusion Criteria
All participants were enrolled based on the following inclusion criteria: (1) Age ≥18 years; (2) Han Chinese ethnicity; (3) 
Confirmed diagnosis of diabetes mellitus according to the American Diabetes Association standards (2018);43 (4) 
Diagnosis of CI-DME involving the foveal center, based on the Guidelines on Diabetic Eye Care (2018);3 (5) 
Completion of a single dose of anti-VEGF treatment and follow-up. Exclusion criteria included: (1) Presence of other 
macular pathologies (eg, retinal vein occlusion, age-related macular degeneration); (2) High myopia (spherical equivalent 
≤-6.00 D) or hyperopia (≥+5.00 D); (3) Significant media opacities (eg, corneal opacity, dense cataract) that interfered 
with choroidal imaging; (4) Receipt of anti-VEGF therapy, laser photocoagulation, or intraocular steroid injections within 
3 months prior to enrollment; (5) Pregnancy or breast-feeding; (6) Prior eye injuries or active ocular inflammation; (7) 
Any concurrent medical condition that, at the investigator’s clinical discretion, would compromise the subject’s eligibility 
for study participation.
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Study Procedures
All the patients underwent intraocular pressure (IOP), best-corrected visual acuity (BCVA), slit-lamp biomicroscopy, 
fundus photographs and SS-OCT (DRI OCT-1 Atlantis, Topcon, Tokyo, Japan) at baseline. BCVA was initially measured 
using a standard international visual acuity chart and then converted to logMAR for statistical analysis.44 SS-OCT 
employed a 12-radial line scanning protocol focused on the fovea, with 15-degree intervals between scans. The scanning 
length (6mm, 9mm or 12mm) was selected according to the extent of the edema. All OCT acquisitions were conducted 
with pharmacologically dilated pupils under controlled mesopic illumination. The retinal senior specialists (Y.S. and K.L) 
confirmed the diagnosis and DR classification through comprehensive fundus and morphology evaluations, before 
performing the intravitreal anti-VEGF injections (Conbercept in 46 eyes, Aflibercept in 8 eyes and Ranibizumab in 4 
eyes) in the operation room using topical anesthesia. Participants returned for their first follow-up visit (V1) post- 
injection, during which BCVA, IOP and SS-OCT were reassessed. All examinations were scheduled during morning 
hours (08:00–12:00) to control for potential confounding from circadian fluctuations.45,46 Data on all participants’ 
gender, age, type of diabetes, duration of diabetes, last fasting blood glucose (FBG), glycosylated hemoglobin 
(HbA1c) and triglycerides within 3 months were also recorded.

SS-OCT Examination and Image Analysis
Final analysis incorporated subjects whose OCT scans achieved quality scores exceeding 50. The scanning instrument 
automatically divided the macular area into nine subfields according to the Early Treatment Diabetic Retinopathy Study 
(ETDRS) criteria. The posterior pole of the retina was segmented into three concentric circles: a central subfield (diameter: 
1000 μm), an inner ring (diameter: 3000 μm), and an outer ring (diameter: 6000 μm). The inner and outer rings were further 
subdivided into four quadrants: temporal, superior, nasal and inferior, resulting in a total of nine regions. In each subfield, 
the average retinal and choroidal thicknesses, along with total volumes, were automatically calculated.47 Retinal thickness 
corresponded to the distance from inner limiting membrane (ILM) to the upper boundary of the retinal pigment epithelial 
(RPE) layer. Choroidal measurements extended between Bruch’s membrane (BM) and the choroidal-scleral interface (CSI). 
Manual boundary correction was applied to rectify inaccurate layer segmentation in OCT scans.

CVI was derived using an established automated processing algorithm,48 which demonstrated a high level of 
agreement with manual segmentation by experienced clinicians.46 Binarization of the images was performed according 
to the method described by Sonoda et al,49 followed by semi-automated segmentation using a customized computational 
algorithm (Beijing Airdoc Technology Co., Ltd., Beijing, China).50 Post-processing quantification included measure
ments of total choroidal area (TCA), luminal area (LA), and stromal area (SA) within a region of interest (ROI). 
Although the scan size varied (6 mm, 9 mm, or 12 mm), the software automatically adjusted the pixel resolution to ensure 
a consistent physical ROI width (eg, 1000 μm). As a result, the actual measurement area remained standardized across all 
scan sizes, despite differences in visual appearance on screen. CVI was calculated as the ratio of LA to TCA46,49,50 and 
OCT parameters were measured by a single grader (H.W).

In patients with severe DME or central visual distortion, accurate foveal fixation was often compromised, making it 
difficult to align the foveal pit precisely at the center of the scan. Therefore, CVI measurements in such cases were 
limited to the central 1000-μm circle and the four inner ETDRS quadrants. For the central subfield (1000 μm diameter), 
as well as the nasal and temporal quadrants of the inner ring, horizontal B-scan images passing through both the fovea 
and optic disc were used. For the superior and inferior inner quadrants, vertical B-scan images perpendicular to the 
horizontal meridian were selected. In the central area, the ROI was defined as a 1000 µm-wide segment centered on the 
foveal pit. For the inner quadrants, the ROI extended from the foveal center to a width of 1500 μm, excluding the 
innermost 500 µm (corresponding to the radius of the central 1000 μm circle). The CVI for each inner quadrants was 
calculated using the following formula: CVI = (LA1500 µm – LA500 µm)/(TCA1500 µm – TCA500 µm), where LA and TCA 
denote the luminal and total choroidal areas, respectively. Eyes with poor CSI visibility after binarization were excluded 
from CVI analysis. The corresponding schematic diagrams for the analyses presented in this section were provided in 
Supplementary Figures 1 and 2A–D.
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Statistical Analysis
Statistical computations were conducted utilizing R software (version 4.4.2, https://www.R-project.org/). Continuous 
variables were reported as mean ± standard deviation (SD), and categorical variables as counts (percentages). Normality 
of continuous data was assessed through Shapiro–Wilk test. For pre- and post-treatment comparisons, the paired t-test 
was employed for normally distributed parameters, while non-normal distributions were assessed with the Wilcoxon 
signed-rank test. Using G*Power (version 3.1.9.7), 35 eyes were required for pre–post comparisons (medium effect, α = 
0.05, 80% power). Subsequent analyses of predictors for visual outcomes were conducted as exploratory.

For the primary analysis of visual acuity improvement, eye-level data were analyzed, treating each eye as an independent 
observation. Missing values were handled using multiple imputation by chained equations (MICE), and all pre- and post- 
treatment variables were standardized using Z-score transformation prior to calculating change scores. Elastic Net regression 
(α = 0.5) with 10-fold cross-validation was employed to explore the associations between changes in ocular parameters and 
improvements in visual acuity (logMAR change). To evaluate variable selection stability, the model-fitting procedure was 
repeated 100 times with bootstrap-resampled eye-level datasets, and selection frequency was calculated.

Sensitivity analyses tested the stability of the identified predictors under three conditions: using all available eyes, 
adjusting for anti-VEGF drug type, and restricting to one eye per participant (the eye with the greatest visual acuity 
improvement). These analyses used post-hoc linear regression models including variables selected by Elastic Net regression.

Two prognostic models were constructed to evaluate predictors of post-treatment outcomes. The visual acuity model 
was developed using the eye with the greatest BCVA improvement, whereas the central retinal thickness model used the 
eye showing the largest ETDRS central retinal thickness reduction. Candidate predictors were first screened in univariate 
analyses and then categorized into three domains: choroid-derived, retina-derived, and clinical variables (age, gender, and 
drug type). Within each domain, multicollinearity was assessed using variance inflation factors (VIF), and highly 
collinear variables were excluded, prioritizing those with stronger univariate associations. Given the limited sample 
size, 1–3 imaging parameters and 1–2 clinical variables were selected per domain. The selected variables were then 
combined into a final multivariable linear regression model. Model coefficients are reported as β estimates with standard 
errors (SE) and t-statistics, and model performance was assessed using R2, adjusted R2, mean absolute error (MAE), and 
root mean square error (RMSE) for visual acuity (logMAR) and retinal thickness (µm).

Subgroup analyses were conducted to explore differential responses based on baseline features. Baseline retinal and 
choroidal volumes relative to the cohort mean were used to categorize subjects into four anatomical groups: Group A: 
Thin choroid + Thin retina; Group B: Thin choroid + Thick retina; Group C: Thick choroid + Thin retina; Group D: 
Thick choroid + Thick retina. Standardized changes in ocular parameters were assessed using within-group paired tests. 
A heatmap was generated to visualize subgroup-level differences, with significance levels directly annotated. Statistical 
significance was set at P < 0.05.

Results
A total of 53 CI-DME patients (58 eyes) who received anti-VEGF therapy were enrolled in this study. The baseline 
demographic and clinical characteristics were recorded in Table 1. The retinal and choroidal parameters, as well as the 
changes of BCVA and IOP in each eye before and after treatment were shown in Table 2. Following a single dose of anti- 
VEGF treatment, visual acuity (LogMAR) showed statistically significant improvement (pre-treatment: 0.694 ± 0.342 vs 
post-treatment: 0.614 ± 0.429, P = 0.0103).

Comparison of Changes in Retinal and Choroidal Parameters Before and After 
Anti-VEGF Treatment
Both retinal and choroidal total volumes within the ETDRS grid demonstrated significant reductions (mean deviation, mm3: 
Retinal volume = –0.9867, P < 0.001; Choroidal volume = –0.0652, P = 0.0311). The mean retinal thickness displayed 
statistically significant decreases in all nine ETDRS subfields (P < 0.001), while the mean choroidal thickness exhibited 
significant thinning in six subfields (P < 0.05). The degree of retinal thinning progressively diminished from the central 
1-mm ETDRS subfield toward the inner and outer rings, whereas no such spatial pattern was observed in the choroid. The 
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Table 1 Demographic and Clinical Characteristics of the 
Participants

Characteristics Mean ± SD/n (%)

Demographics and clinical data (N = 53)

Age, years 56.92 ± 15.04
Male 20 (37.7)

Type 2 diabetes 53 (100)
Duration of diabetes, years 12.57 ± 8.01

Hypertension 15 (28.3)

FBG, mmol/L 7.19 ± 2.12
HbA1c, % 7.70 ± 1.58

Triglycerides, mmol/L 1.58 ± 0.87

Ocular data (Eyes, N = 58)

DR severity

NPDR 41 (70.7)
PDR 17 (29.3)

Lens status

Phakic 46 (79.3)
Pseudophakic 12 (20.7)

Follow-up interval, days, mean ± SD 55.53 ± 71.20

Abbreviations: FBG, Fasting blood glucose; HbA1c, Glycosylated hemoglo
bin; DR, diabetic retinopathy; NPDR, non-proliferative diabetic retinopathy; 
PDR, proliferative diabetic retinopathy; SD, standard deviation.

Table 2 Comparison of Visual Acuity, Intraocular Pressure, Retinal and Choroidal Parameters Before and After Anti-VEGF Treatment 
in Patients with Center-Involved Diabetic Macular Edema

Variables Baseline 
(Mean ± SD)

Post-Treatment 
(Mean ± SD)

Mean Deviation P Value Effect Size Power

BCVAb, LogMAR 0.694±0.342 0.614±0.429 −0.0799 0.0103* −0.28 0.32

IOPa, mmHg 15.371 ± 3.424 15.343 ± 3.179 −0.0276 0.9372 −0.01 0.05
Total retinal volumea, mm3 10.227 ± 1.681 9.240 ± 1.303 −0.9867 <0.001*** −0.88 1.00

Total choroidal volumeb, mm3 5.635 ± 1.631 5.570 ± 1.628 −0.0652 0.0311* −0.07 0.06

CVIa, Central 0.653 ± 0.038 0.655 ± 0.050 0.0017 0.7622 0.05 0.06
CVIb, In.T. 0.635 ± 0.036 0.636 ± 0.047 0.0017 0.7342 0.04 0.04

CVIb, In.N. 0.654 ± 0.051 0.646 ± 0.049 −0.0087 0.1802 −0.22 0.05

CVIb, In.S. 0.651 ± 0.036 0.645 ± 0.038 −0.0059 0.0799 −0.21 0.06
CVIb, In.I. 0.642 ± 0.033 0.639 ± 0.043 −0.0031 0.2528 −0.07 0.05

Retinal thickness in various regions of ETDRS, μm

Centralb 402.026 ± 127.349 314.374 ± 86.350 −87.65 <0.001*** −0.76 0.99

In.T. b 412.135 ± 100.443 347.278 ± 76.227 −64.86 <0.001*** −0.70 0.96
In.S. b 413.605 ± 98.238 361.849 ± 69.826 −51.76 <0.001*** −0.84 0.87

In.N. b 391.794 ± 95.838 345.360 ± 68.669 −46.43 <0.001*** −0.70 0.80

In.I. b 397.672 ± 98.096 346.556 ± 74.689 −51.12 <0.001*** −0.66 0.83
Out.T. a 342.448 ± 65.604 312.772 ± 57.838 −29.68 <0.001*** −0.65 1.00

Out.S. b 364.062 ± 85.479 329.430 ± 59.728 −34.63 <0.001*** −0.74 0.61

Out.N. b 361.053 ± 74.510 341.376 ± 72.818 −19.68 <0.001*** −0.43 0.32
Out.I. b 339.612 ± 72.438 318.268 ± 60.645 −21.34 <0.001*** −0.55 0.33

(Continued)
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most pronounced choroidal thinning occurred in the central 1-mm subfield (mean deviation: –17.42 μm, P < 0.001), with 
significant reductions also noted in the nasal inner (In.N. mean deviation: –15.10 μm, P = 0.0038) and nasal outer (Out. 
N. mean deviation: −11.83 μm, P = 0.0249) subfields. However, neither the CVI in the central and inner ETDRS subfields 
nor intraocular pressure (IOP) showed significant changes after treatment (Table 2).

Effect sizes and post-hoc power analysis were used to interpret the observed paired differences. Visual acuity improvement 
reached statistical significance but demonstrated a small effect size (–0.28) and limited power (0.32). In contrast, retinal total 
volume exhibited the largest treatment effect among all ocular parameters (effect size =–0.88; power = 1.00). Consistent with 
this finding, all nine ETDRS retinal subfields showed post-treatment thinning, with the central and inner subfields demonstrating 
moderate-to-large effects (effect size < –0.50; power > 0.80). Within the outer ring, the greatest magnitude of retinal thinning 
occurred in the superior part of outer ring (effect size = –0.74; power = 0.61), whereas the temporal part of outer ring showed the 
highest statistical power (effect size = –0.65; power = 1.00). For the choroid, all six subfields with significant thinning exhibited 
small-to-moderate effect sizes, with the largest observed in the central subfield (effect size = –0.54; power = 0.98) (Table 2).

These findings indicate that anti-VEGF therapy produced significant structural effects in the retina, whereas choroidal 
responses were present but more modest in magnitude.

Relationship Between Changes in Ocular Parameters and Visual Acuity After 
Anti-VEGF Treatment
Anti-VEGF therapy demonstrated dual therapeutic effects, simultaneously reducing retinal and choroidal thickness and 
volume while improving visual acuity in CI-DME. To identify the specific topographic patterns of structural changes 
associated with visual outcomes, we performed Elastic Net to screen for changes in retinal and choroidal parameters 
related to SS-OCT before and after treatment. These ocular parameters, which were most relevant to visual acuity 
changes, may be the key dynamic monitoring indicators that reflected the response to treatment.

Changes in six key parameters were initially identified as potential biomarkers of visual acuity changes: central retinal 
thickness, nasal outer ring choroidal thickness, nasal outer ring retinal thickness, nasal inner ring retinal thickness, 
temporal inner ring CVI, and superior inner ring CVI (Table 3 and Supplementary Figure 2E). Bootstrap stability testing 
with 100 resamples confirmed the reliability of three parameters, which were retained in >80% of resampled models: 
central retinal thickness, nasal outer ring choroidal thickness and nasal outer ring retinal thickness (Figure 1A). 

Table 2 (Continued). 

Variables Baseline 
(Mean ± SD)

Post-Treatment 
(Mean ± SD)

Mean Deviation P Value Effect Size Power

Choroidal thickness in various regions of ETDRS, μm

Centrala 235.467 ± 83.118 218.048 ± 73.263 −17.42 <0.001*** −0.54 0.98

In.T. a 235.337 ± 83.795 223.193 ± 75.372 −12.14 0.0304* −0.29 0.59
In.S. a 226.499 ± 83.646 216.572 ± 77.135 −9.93 0.0617 −0.25 0.47

In.N. a 216.476 ± 85.474 201.375 ± 75.167 −15.10 0.0038** −0.40 0.84

In.I. a 225.899 ± 87.268 210.454 ± 75.368 −15.45 0.0066** −0.37 0.79
Out.T. a 223.127 ± 73.525 214.822 ± 67.815 −8.30 0.1409 −0.20 0.31

Out.S. a 225.341 ± 76.020 215.280 ± 69.888 −10.06 0.0099** −0.35 0.75

Out.N. a 175.934 ± 82.118 164.101 ± 78.425 −11.83 0.0249* −0.30 0.62
Out.I. a 206.416 ± 83.505 197.871 ± 70.613 −8.55 0.0842 −0.23 0.41

Notes: Region: Standard Early Treatment Diabetic Retinopathy Study (ETDRS) grid was used with central subfield (r = 0.5 mm) (Central), inner ring (r = 0.5–1.5 mm) (In) 
and outer ring (r = 1.5–3 mm) (Out). Inner ring and outer ring were divided into four parts: superior part (S), inferior part (I), nasal part (N) and temporal part (T). In. 
S. stood for superior part of inner ring and so were the others.47 Thickness referred to the average thickness within the measurement area. Volume referred to the total 
volume within the ETDRS grid. Statistical power analysis was performed to estimate the sensitivity of each paired comparison. After normality testing (Shapiro–Wilk test, α= 
0.05), parametric tests (paired t-test) used Cohen’s d based power calculation, while non-parametric tests (Wilcoxon signed-rank test) employed bootstrap resampling 
(n=1000) to estimate detection probability at α= 0.05. *P <0.05, ** P <0.01, ***P <0.001. a: Paired t-test; b: Wilcoxon signed-rank test. 
Abbreviations: VEGF, vascular endothelial growth factor; BCVA, best corrected visual acuity; IOP, intraocular pressure; CVI, choroidal vascularity index; ETDRS, Early 
Treatment Diabetic Retinopathy Study; SD, standard deviation.
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Reduction in retinal thickness within the central 1-mm ETDRS subfield showed the strongest positive association with 
logMAR improvement (β = 0.1205, Table 3 and Supplementary Figure 2E). Similarly, thickness reductions in the nasal 
outer retinal (β = 0.0493) and choroidal (β = 0.0995) subfields were also positively correlated with visual acuity gains 
(Table 3 and Supplementary Figure 2E). Scatterplot analysis with the equivalent linear regression fits demonstrated 
associations between six initially identified parameters and logMAR changes (Figure 1B). The directionality of these 
relationships, as indicated by the fitted trend lines (with 95% confidence intervals), aligned perfectly with their respective 
positive or negative coefficients shown in Table 3 and Supplementary Figure 2E. Among these, changes in four 
parameters demonstrated statistically significant positive correlations (P < 0.05) in linear models: central retinal 
thickness, nasal outer ring choroidal thickness, nasal outer ring retinal thickness and nasal inner retinal thickness.

Across three sensitivity analyses—using all available eyes, adjusting for anti-VEGF drug type, and restricting to one 
eye per participant (the eye with the greatest BCVA improvement)—the relative importance of the six variables showed 
some variation. Across all sensitivity analyses, nasal outer ring choroidal thickness ranked first in importance, with 
central retinal thickness consistently among the top three predictors (Figure 1A and Supplementary Figure 2E–H).

These findings suggest that anatomical improvements in three specific regions (central retina, nasal outer ring choroid 
and nasal outer ring retina) show significant correlations with visual acuity gains. The consistent top ranking of the 
change of nasal outer ring choroidal thickness and central retinal thickness in sensitivity analyses further highlights that 
these two parameters may be more closely associated with visual acuity improvement than the other variables, supporting 
their potential clinical utility as SS-OCT-based biomarkers for monitoring anti-VEGF efficacy in CI-DME management.

Prognostic Analysis of Visual Acuity and Central Retinal Thickness
Building on the previous finding that changes in specific ocular imaging parameters were associated with visual acuity 
improvement, we investigated the prognostic value of baseline ocular parameters for visual acuity and central retinal 
thickness, respectively.

In the multivariable model of visual acuity, older age and thicker baseline temporal outer ring retinal thickness were 
significantly associated with poorer post-treatment visual acuity following a single dose of treatment. Specifically, each 
additional year of age predicted a 0.0124 increase in logMAR, and each 1 μm increase in temporal outer ring retinal 
thickness predicted a 0.0023 increase in logMAR (Table 4). These findings are supported by visual summaries, with 
predictive strength, model performance, and variable importance illustrated in Figure 2A–C. Variable importance 
analysis confirmed that age, temporal outer ring retinal thickness, and temporal inner ring CVI contributed most to 
visual acuity prediction. The model showed moderate explanatory and acceptable predictive performance (R2 = 0.291, 
adjusted R2 = 0.247; MAE = 0.288 logMAR, RMSE = 0.369 logMAR; Table 4), indicating that baseline age, temporal 
outer ring retinal thickness, and temporal inner ring CVI can meaningfully inform individualized visual prognosis 
(Figure 2A–C).

Table 3 Multivariate Analysis of Key Ocular Structural Parameters Related to 
Visual Acuity Gains

Variable β Selection_Frequency P Value

Central Retina Thickness Change 0.1205 1 0.006

Out.N. Choroid Thickness Change 0.0995 0.85 0.001

Out.N. Retina Thickness Change 0.0493 0.89 0.004
In.N. Retina Thickness Change 0.0048 0.2 0.005

In.T. CVI change −0.0038 0.08 0.427

In.S. CVI change 0.0025 0.08 0.409

Notes: Standard Early Treatment Diabetic Retinopathy Study (ETDRS) grid was used with central 
subfield (r = 0.5 mm) (Central), inner ring (r = 0.5–1.5 mm) (In) and outer ring (r = 1.5–3 mm) (Out). 
Inner ring and outer ring were divided into four parts: superior part (S), inferior part (I), nasal part (N) 
and temporal part (T). In.S. stood for superior part of inner ring and so were the others.47 

Abbreviations: ETDRS, Early Treatment Diabetic Retinopathy Study; CVI, choroidal vascularity 
index.
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Figure 1 Key Ocular Parameters Related to Changes in Visual Acuity by Elastic-Net Regression. Analysis based on eye-level data (n = 58), treating each eye as an independent 
observation. (A) Variable-selection stability across 100 bootstrap repetitions. The red dashed line (80%) indicates the threshold for defining highly stable predictors. (B) Scatter plots for 
predictors that showed significant associations between six initially identified parameters and logMAR changes in the equivalent linear regression models. Regression lines and 95% 
confidence bands are displayed. Standard Early Treatment Diabetic Retinopathy Study (ETDRS) grid was used with central subfield (r = 0.5 mm) (Center), inner ring (In, r = 0.5–1.5 mm) 
and outer ring (Out, r = 1.5–3 mm). Inner ring and outer ring were divided into four parts: superior part (S), inferior part (I), nasal part (N) and temporal part (T). In.S. stood for superior 
part of inner ring and so were the others.47 

Abbreviations: IOP, intraocular pressure; CVI, choroidal vascularity index; ETDRS, Early Treatment Diabetic Retinopathy Study.
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In the multivariable model of central retinal thickness, thicker baseline nasal inner ring retinal thickness was 
significantly associated with higher post-treatment ETDRS central retinal thickness (Table 4), with each 1 μm increase 
in nasal inner ring retinal thickness predicting a 0.480 μm increase in post-treatment central retinal thickness. Other 
variables, including superior inner ring CVI, age, and gender, were not statistically significant. Variable importance 
analysis indicated that nasal inner ring retinal thickness was the dominant predictor of central retinal thickness outcomes. 
The model demonstrated moderate explanatory power and predictive performance (R2 = 0.36, adjusted R2 = 0.306; MAE 
= 47.255 μm, RMSE = 66.973 μm; Table 4 and Figure 2D–F).

These findings suggest that baseline retinal and choroidal structures, together with age, influence post-treatment visual 
acuity and central retinal thickness in CI-DME. Although baseline nasal inner ring retinal morphology was strongly 
associated with post-treatment central retinal thickness, visual acuity outcomes were influenced by regional retinal and 
choroidal features and age, indicating that structural improvements may not always translate directly into functional gains 
in CI-DME.

Exploratory Subgroup Analysis by Baseline Characteristics
To further explore factors associated with treatment response, patients were stratified into subgroups based on age and 
baseline ocular structure. For the age-based analysis, participants were divided at the cohort mean into low- and high-age 
groups. Both groups exhibited significant retinal thinning following anti-VEGF therapy. However, reductions in some 
choroidal parameters and visual improvements were observed only in the low-age group (Figure 3A). Comparative 
analysis between the two age groups revealed significant differences in visual acuity (logMAR), superior outer ring 
retinal thickness, and nasal outer ring retinal thickness changes (Figure 3B–D), with younger patients showing greater 
anatomical and functional improvements.

For the structure-based analysis, eyes were classified into four groups according to baseline total retinal and choroidal 
volumes relative to the mean: Group A: Thin choroid + Thin retina; Group B: Thin choroid + Thick retina; Group C: 

Table 4 Model Performance of Visual Acuity and Central Retinal Thickness 
by Multivariate Linear Model

Variable β Coefficient SE t-statistic P-value

Intercepta 0.512 0.884 0.579 0.565

Age 0.0124 0.0036 3.445 0.0011**

Out.T. Retina Thickness 0.0023 0.0008 2.754 0.0082**
In.T. CVI −2.1236 1.2224 −1.737 0.0886

Interceptb 8.391 171.571 0.049 0.961
In.N. Retina Thickness 0.480 0.111 4.298 <0.001***

In.S. CVI 57.861 277.539 0.208 0.836
Age 1.215 0.652 1.863 0.069

Gender (Male vs Female) 32.371 20.510 1.578 0.121

Notes: Model performancea: R2 = 0.291, adjusted R2 = 0.247, MAE = 0.288, RMSE = 0.369, 
P < 0.001***. Model performanceb: R2 = 0.36, adjusted R2 = 0.306, MAE = 47.255, RMSE = 
66.973, P = 0.0002***. Data are presented as β coefficients with standard errors (SE) and 
t-statistics. Model performance metrics: R2 indicates how much of the outcome variability is 
explained by the model, while adjusted R2 further corrects this value by considering the 
number of predictors, preventing artificial inflation when unnecessary variables are added. 
MAE and RMSE represent prediction accuracy in logMAR units for visual acuity and micro
meters for retinal thickness, respectively. The visual acuity model (a) was developed using eyes 
with best visual improvement, while the retinal thickness model (b) used eyes with greatest 
anatomical changes. Standard Early Treatment Diabetic Retinopathy Study (ETDRS) grid was 
used with central subfield (r = 0.5 mm) (Central), inner ring (r = 0.5–1.5 mm) (In) and outer 
ring (r = 1.5–3 mm) (Out). Inner ring and outer ring were divided into four parts: superior 
part (S), inferior part (I), nasal part (N) and temporal part (T). In.S. stood for superior part of 
inner ring and so were the others.47 ** P <0.01, ***P <0.001. avisual acuity prognosis model; 
bcentral retinal thickness prognosis model. 
Abbreviations: CVI, choroidal vascularity index; ETDRS, Early Treatment Diabetic Retinopathy 
Study; MAE, mean absolute error; RMSE, root mean square error; SE, standard errors.
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Figure 2 Prognostic Modeling of Visual Acuity and Central Retinal Thickness by Multivariate Linear Model. Analysis based on subject-level data from 53 participants (58 eyes initially), 
with one eye selected per participant to avoid interocular correlation. (A–C) Visual acuity prognosis model: for participants with bilateral data, the eye with greater visual acuity 
improvement was selected. (A) Predictive strength of baseline variables for visual acuity outcomes, (B) Prediction performance for visual acuity outcomes, (C) Variable importance in 
the final visual prognosis model. (D–F) ETDRS central retinal thickness prognosis model: for participants with bilateral data, the eye with greater ETDRS central retinal 
thickness reduction was selected. (D) Predictive strength of baseline variables for central retinal thickness changes, (E) Prediction performance for central retinal thickness outcomes, 
(F) Variable importance in the final thickness prognosis model. Standard Early Treatment Diabetic Retinopathy Study (ETDRS) grid was used with central subfield (r = 0.5 mm) 
(Central), inner ring (r = 0.5–1.5 mm) (In) and outer ring (r = 1.5–3 mm) (Out). Inner ring and outer ring were divided into four parts: superior part (S), inferior part (I), nasal part (N) 
and temporal part (T). In.S. stood for superior part of inner ring and so were the others.47 

Abbreviations: CVI, choroidal vascularity index; IOP, intraocular pressure; ETDRS, EarlyTreatment Diabetic Retinopathy Study; RMSE, root mean square error; MAE, mean 
absolute error.
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Figure 3 Subgroup Analysis of Treatment Response Based on Baseline Characteristics. (A) Heatmap displaying standardized mean differences (Z-scores) for ocular parameters 
showing significant within-group changes from baseline to follow-up in age-based subgroups. Color intensity represents standardized mean differences (Z-scores) only for significant 
variables. Asterisks denote significance levels from paired tests (*P<0.05, **P<0.01, ***P<0.001). (B–D) Line plots comparing measurements at baseline and follow-up for selected 
variables that showed significant intergroup differences between low (n=24) and high (n=29) age groups. Data points represent mean values, with error bars indicating standard error 
(SE) of the mean. (E) Subgroup analysis based on baseline choroidal and retinal volume combinations: A (thin choroid + thin retina, n=14), B (thin choroid + thick retina, n=11), C (thick 
choroid + thin retina, n=20), and D (thick choroid + thick retina, n=13). The heatmap shows standardized changes from baseline for variables showing significant within-group paired 
changes. Standard Early Treatment Diabetic Retinopathy Study (ETDRS) grid was used with central subfield (r = 0.5 mm) (Central), inner ring (r = 0.5–1.5 mm) (In) and outer ring (r = 
1.5–3 mm) (Out). Inner ring and outer ring were divided into four parts: superior part (S), inferior part (I), nasal part (N) and temporal part (T). In.S. stood for superior part of inner ring 
and so were the others.47 

Abbreviations: ETDRS, Early Treatment Diabetic Retinopathy Study; CVI, choroidal vascularity index; IOP, intraocular pressure.
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Thick choroid + Thin retina; Group D: Thick choroid + Thick retina. In Figure 3E, while all other groups demonstrated 
retinal thinning in the ETDRS center, inner ring and outer ring to varying extents following treatment, Group A (Thin 
choroid + Thin retina) was characterized by a more limited response, with significant reduction confined to selected areas 
within the inner ring (superior, inferior and nasal parts). In terms of choroidal treatment response, a significant reduction 
in choroidal thickness was documented in the central ETDRS region and inner inferior ring, primarily in groups with 
thicker baseline choroidal volume (Groups C and D). Notably, Group C (Thick choroid + Thin retina) also demonstrated 
a significant choroidal thickness reduction within the outer ring regions (nasal, superior and temporal), whereas in Group 
D (Thick choroid + Thick retina), the decrease was mainly confined to specific areas of the inner ring (nasal and 
superior). Group B (Thin choroid + Thick retina), which showed the most significant improvement in visual acuity after 
treatment, also exhibited a localized decrease in CVI at the inner superior ring of the ETDRS grid. Comparative analysis 
revealed no significant treatment-induced variations among the four groups in total choroidal volume, IOP, choroidal 
thickness at the outer inferior and inner temporal rings, as well as in the CVI across all inner regions except for the 
superior inner ring of the ETDRS grid.

These exploratory analyses indicate that baseline retinal and choroidal characteristics, as well as age, may affect the 
extent and distribution of anatomical and functional responses to anti-VEGF therapy in CI-DME, highlighting the 
potential utility of these parameters for patient stratification and personalized monitoring.

Discussion
Our real-world investigation was designed to assess the early response to a single anti-VEGF administration in CI-DME 
patients. We selected this timepoint because, in routine practice, some patients do not complete the loading dose of three 
injections, unlike in randomized controlled trials where protocols are strictly enforced. By including both treatment-naïve 
individuals and those who had not received treatment for at least three months, we aimed to capture a more generalizable 
initial treatment effect.

Our findings observed significant anatomical and functional improvements, characterized by reductions in both retinal 
and choroidal thickness and volume, as well as a modest but statistically significant improvement in visual acuity. We 
also identified specific retinal and choroidal subfields in which post-treatment alterations were significantly correlated 
with visual improvement. Among these, reductions in central retinal thickness, nasal outer ring choroidal thickness, and 
nasal outer ring retinal thickness emerged as the most effective imaging biomarkers associated with visual acuity gains. 
The effect size analysis further supported that retinal structural restoration, particularly within the central and inner 
ETDRS regions, was the most stable anatomical response to treatment, whereas choroidal thinning was present but more 
modest, indicating differential tissue response. In addition, Elastic Net regression and sensitivity analyses identified 
changes in central retinal thickness and nasal outer ring choroidal thickness as the variables most strongly associated with 
visual improvement, suggesting their potential value as dynamic SS-OCT indicators for monitoring anatomical and 
functional responses.

Although visual function improved, with BCVA (logMAR) changing significantly from 0.694 ± 0.342 to 
0.614 ± 0.429 (P = 0.0103), the magnitude of change was modest. Therefore, we focused on both visual and structural 
improvements. This approach allowed us to assess treatment response from multiple perspectives and examine how 
baseline characteristics relate to both functional and anatomical changes. Our analysis indicated that baseline region- 
specific retinal and choroidal characteristics, along with age, contribute to post-treatment outcomes in CI-DME. Baseline 
nasal inner ring retinal thickness was closely associated with post-treatment central retinal thickness, whereas visual 
acuity outcomes were more correlated with baseline temporal outer ring retinal thickness, temporal inner ring CVI and 
age. These observations suggest a potential dissociation between structural and functional responses, indicating that 
region-specific retinal and choroidal features may be differentially related to visual and anatomical outcomes in CI-DME.

Exploratory subgroup analyses provided additional insights. Eyes with thicker retina and thinner choroid at baseline 
showed more favorable anatomical and functional responses after treatment. Additionally, younger patients exhibited 
more structural changes—including both retinal and choroidal improvements—alongside better visual gains. In contrast, 
older patients displayed less choroidal changes and less visual improvement, suggesting that age-related tissue char
acteristics may influence early treatment response. It should be noted, however, that these age-based comparisons were 
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derived from within-group pre-post treatment analyses; between-group differences were only observed in changes in 
visual acuity and retinal thickness in the superior outer and nasal outer subfields, with considerable individual-level 
variation noted in these metrics (Supplementary Figure 2I–K).

Exploratory subgrouping by baseline retinal and choroidal volumes within ETDRS regions suggested that regional 
structural characteristics may be associated with differential anatomical responses to anti-VEGF therapy. These findings 
align with prior reports demonstrating that DME patients with thinner choroids at baseline exhibit superior post-treatment 
improvements in BCVA and macular thickness, compared to those with thicker choroids.51 Although these analyses are 
exploratory due to small sample sizes, they may inform future strategies for individualized monitoring and prognostica
tion based on baseline ocular anatomy.

These results reinforce previous evidence indicating that anti-VEGF therapy can induce choroidal change, particularly 
in the subfoveal region.38,39,52 However, the prognostic significance of choroidal thickness remains debated. While some 
investigations suggested that post-treatment reductions in subfoveal CT did not correlate with visual acuity 
outcomes,40,41 others showed that greater baseline subfoveal CT predicts superior short-term visual and anatomical 
outcomes.53,54 Savur et al55 reported that although central macular thickness and BCVA improved significantly after 
intravitreal anti-VEGF injections, central choroidal thickness did not exhibit a statistically significant decrease. Our 
results suggest that anatomical response may be location-specific and dependent on the interplay between retinal edema 
severity and choroidal perfusion status.

Interestingly, post-treatment changes in visual acuity were observed to relate to concurrent changes in the nasal outer 
ring choroidal and retinal thickness. This aligns with OCT angiography studies showing that deep vascular density 
reductions post-anti-VEGF were most prominent in the nasal deep capillary plexus, highlighting the regional vulner
ability and therapeutic response of nasal structures.56,57 These findings are further supported by evidence from pediatric 
populations, in which increased choroidal thickness in the perifoveal nasal outer and para-inferior inner rings was 
observed in diabetic children without retinopathy, suggesting a potential role of these regions in early-stage diabetic 
changes.58 Given the choroid’s role in supporting outer retinal metabolism,11–15 such localized remodeling may reflect 
a compensatory or restorative response to anti-VEGF-induced vascular normalization. Despite the observed choroidal 
thinning, CVI remained relatively unchanged in most inner ETDRS subfields after treatment. This discrepancy may be 
attributed to the stability of vascular-to-stromal ratio despite the reduction in overall choroidal thickness, supporting 
previous findings that CVI is a more stable index compared to CT and less influenced by short-term physiological 
fluctuations.28,29,37

This research has several limitations. The retrospective nature of the analysis and limited sample size may affect the 
validity of the results. The wide variation in follow-up time may also have influenced the assessment of treatment 
response dynamics. Furthermore, the single follow-up timepoint precludes evaluation of longer-term structural and 
functional outcomes. Although SS-OCT offers high-resolution structural imaging, it does not evaluate microvascular 
perfusion, which would require complementary techniques such as OCT angiography. Although our cohort included 
different anti-VEGF agents, both sensitivity analyses adjusting for drug type and multivariable prognostic models 
showed that the choice of anti-VEGF agent did not substantially affect the main findings. Future studies with larger, 
drug-stratified cohorts are needed to validate these results.

Despite these limitations, our study offers real-world insights into the early structural and functional responses following 
initial anti-VEGF administration. Our findings suggest a two-phase process: while widespread structural improvement is 
predicted by baseline factors like region-specific choroidal and retinal thickness and age, the translation of this anatomical 
benefit into visual gains appears to depend on treatment-induced reductions in both central retinal and nasal outer choroidal 
thickness. This distinction underscores the value of monitoring SS-OCT parameters correlated with visual improvement. 
While this combined approach of tracking dynamic and baseline parameters may not capture every treatment responder, it 
nonetheless provides a practical and nuanced reference for monitoring and tracking therapeutic response over time. 
Furthermore, by integrating these SS-OCT-derived structural parameters with patient-specific factors such as age, these 
features could serve as valuable inputs for future algorithms aimed at predicting individual treatment response.
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Conclusions
In summary, our SS-OCT-based study showed that a single anti-VEGF injection led to morphological retinal and 
choroidal changes in CI-DME. Among these alterations, reductions in central retinal thickness and in nasal outer ring 
choroidal thickness demonstrated the strongest associations with visual acuity improvement, suggesting their potential 
utility as treatment-response indicators. Baseline predictors of post-treatment structure and function differed: post- 
treatment central retinal thickness was mainly linked to baseline nasal inner ring retinal thickness, whereas visual 
outcomes were more closely related to baseline temporal outer ring retinal thickness and age. These outcomes may help 
explain why anatomical recovery does not always accompany equivalent visual gains. While these findings provide 
a practical reference for tracking anatomical and functional changes, further prospective studies incorporating long
itudinal design and multimodal imaging are warranted to validate their clinical applicability and predictive value.

Abbreviations
CI-DME, Center-involved diabetic macular edema; CVI, Choroidal vascularity index; ETDRS, Early Treatment Diabetic 
Retinopathy Study; MAE, Mean absolute error; RMSE, Root mean square error; SS-OCT, Swept-source optical 
coherence tomography; VEGF, Vascular endothelial growth factor.
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