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Purpose: To investigate early postoperative microvascular and structural changes in the macular and peripapillary regions after 
posterior chamber phakic intraocular lens (ICL) implantation in high myopia.
Patients and Methods: This prospective cohort included 122 eyes of 61 patients with high myopia undergoing ICL implantation. 
Optical coherence tomography (OCT) and OCT angiography (OCTA) were performed preoperatively and at 1 day, 1 week, 1 month, 
and 3 months postoperatively. Outcomes included corrected distance visual acuity (CDVA), spherical equivalent (SE), intraocular 
pressure (IOP), axial length (AL), macular and peripapillary vessel density parameters, retinal thickness, choroidal thickness (CT), and 
choroidal vascularity index (CVI), analyzed globally and by sector.
Results: At 3 months, SE and CDVA improved significantly (both P<0.05), while IOP remained stable (P>0.05). Global macular 
perfusion decreased, including total macular vessel density (MVD; Δ=−4.11, 95% CI −5.78 to −2.44; P<0.0001) and macular small- 
vessel density (MSmVD; Δ=−3.56, 95% CI −4.22 to −2.90; P<0.0001), with similar reductions across macular subregions. Layer- 
specific analysis showed reduced superficial vessel density (SVD; Δ=−3.61, 95% CI −4.51 to −2.70; P<0.0001), whereas deep vessel 
density (DVD) showed no significant global change (Δ=0.78, 95% CI −0.63 to 2.18; P=0.279), with regional heterogeneity. 
Peripapillary vessel density also decreased (OVD: Δ=−4.21, 95% CI −5.30 to −3.11; P<0.0001; OSmVD: Δ=−2.11, 95% CI −2.85 
to −1.36; P<0.0001), with sectoral variation. AL was negatively correlated with several macular and peripapillary vascular parameters 
(all P<0.05). In an exploratory sub-analysis (32 patients, 64 eyes) with 2-year AL follow-up, mean AL change was not significant, but 
greater 3-month foveal CT reduction was associated with longer AL at 2 years (estimate=−0.003 mm/μm; P=0.008).
Conclusion: ICL implantation significantly improved visual and refractive outcomes and was accompanied by early macular and peripa
pillary microvascular and structural changes. Early postoperative CT changes may be associated with longer-term axial length outcomes.
Keywords: high myopia, intraocular lens implantation, optical coherence tomography angiography, macular vessel density, 
peripapillary vessel density, axial length

Introduction
The global burden of myopia continues to escalate at an alarming rate. In 2000, approximately 1.4 billion individuals 
were affected by myopia, and projections estimate this figure will rise to 4.7 billion by 2050. Of these, nearly 10% are 
expected to develop high myopia, representing a fivefold increase compared to levels observed at the turn of the century.1 

The management of high myopia remains a formidable challenge in contemporary ophthalmology, particularly due to its 
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association with progressive axial elongation and sight-threatening complications. For patients with significant refractive 
errors or inadequate corneal thickness, conventional corneal refractive surgeries such as small incision lenticule extrac
tion (SMILE) may not be suitable due to excessive stromal tissue removal and potential biomechanical instability.2 In 
such cases, implantation of a posterior chamber phakic intraocular lens, specifically the implantable collamer lens (ICL), 
offers a viable alternative. This procedure avoids corneal excision and has demonstrated high refractive accuracy and 
predictability across a broad range of myopic corrections.3

Robust longitudinal data have demonstrated that ICL is both safe and effective in the long-term, with follow-up 
studies extending up to 10 years confirming stable visual outcomes and minimal complications.4,5 Nevertheless, high 
myopia is often linked with structural alterations in the retina and choroid, including thinning of these tissues and reduced 
microvascular perfusion.6 Axial elongation induces mechanical stretching of the ocular wall, resulting in straighter, 
narrower vessels with reduced perfusion and oxygen demand, ultimately leading to a decline in microvascular density.7,8 

Several investigations have reported a negative association between increasing axial length (AL) or refractive error and 
capillary density within the retina and choriocapillaris.9–11 Based on these findings, although ICL implantation is 
a relatively non-invasive intraocular procedure, it is not entirely devoid of risk. Like other intraocular surgeries, it 
may trigger mild intraocular inflammation, compromise vascular endothelial integrity, and transiently disrupt the blood– 
aqueous barrier.12,13 These changes raise important questions regarding the potential impact of this procedure on 
posterior segment perfusion and retinal or choroidal homeostasis in eyes with high myopia.

Advances in imaging, including optical coherence tomography (OCT) and OCT angiography (OCTA), have enabled 
non-invasive, high-resolution assessment of retinal and choroidal microstructures.14,15 While a growing body of literature 
has utilized OCTA to examine the microvascular consequences of ICL surgery, most studies to date have reported 
minimal or no significant postoperative alterations in vessel density (VD).16–20 However, these findings may be limited 
by methodological constraints, such as small sample sizes, lack of power, and inadequate control for inter-eye correlation 
when both eyes are included, which may introduce bias and obscure meaningful associations. To address these 
limitations, our study incorporated a relatively large cohort and utilized linear mixed-effects models to properly account 
for within-subject inter-eye correlation. Additionally, we employed the OCTA system’s intrinsic image processing 
features to exclude large-vessel signals, allowing for more precise capillary-level quantification of small vessel density 
(SmVD). We analyzed SmVD separately from total VD because large-vessel contributions can dominate total VD and 
mask subtle capillary-level rarefaction or dropout, whereas SmVD is more sensitive to microvascular change. This 
approach enhances the sensitivity and reliability of microvascular assessments, especially when investigating subtle 
perfusion changes post-ICL implantation.

Here, the structural and microvascular alterations in the macular, peripapillary, and choroidal regions of highly 
myopic eyes following ICL implantation, were comprehensively investigated using OCT and OCTA. By characterizing 
these changes and their associations with baseline ocular characteristics and long-term axial elongation, our findings aim 
to deepen the understanding of the impact of ICL implantation on posterior segment physiology and guide clinical 
monitoring strategies in high-risk patients.

Materials and Methods
Study Subjects
This prospective observational study was undertaken at Peking Union Medical College Hospital (PUMCH) between 
November 2021 and November 2022. The study followed the guidelines of the Declaration of Helsinki and was approved by 
the Institutional Ethics Committee of PUMCH (Approval No. I-25PJ0034). All participants provided written informed consent.

Eligible participants met the following inclusion criteria: (1) a clinical diagnosis of high myopia, represented by 
a spherical equivalent (SE) ≤ −6.00 diopters or AL > 26 mm; (2) age ≥ 18 years; (3) stable refractive status over the 
preceding year, with a change in SE ≤ 0.50 D; (4) central anterior chamber depth (ACD) ≥ 2.8 mm; (5) corneal 
endothelial cell density (ECD) ≥ 2000 cells/mm2; and (6) no evidence of progressive corneal irregularity, cataract 
progression, or posterior segment pathology apart from retinal breaks that had undergone laser photocoagulation.
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Exclusion criteria consisted of: (1) pathologic myopia, representing myopic maculopathy greater or equal to diffuse 
chorioretinal atrophy, including patchy atrophy, lacquer cracks, myopic choroidal neovascularization (CNV), and CNV- 
related macular atrophy; (2) age ≥ 45 years; (3) intraocular pressure (IOP) > 21 mmHg; (4) presence of other ocular 
conditions, including glaucoma, uveitis, diabetic retinopathy, or retinal vein occlusion; and (5) systemic conditions 
potentially affecting retinal or choroidal circulation, such as diabetes mellitus, hypertension, or autoimmune disease.

Data
Baseline information on demographics and clinical features, including age, sex, and medical history, were recorded. 
Comprehensive ophthalmic examinations were performed before ICL implantation; these included measurement of AL, 
subjective and objective refraction, uncorrected distance visual acuity (UDVA), corrected distance visual acuity (CDVA), 
corneal topography, IOP, slit-lamp biomicroscope, and dilated fundus examination.

OCTA imaging was performed using a swept-source OCT/OCTA system (VG200S; SVision Imaging, Henan, China) 
at five time points: baseline (preoperatively) and postoperative day 1, week 1, month 1, and month 3. The system 
operates at 200,000 A-scans/s with a 1050-nm light source (axial/lateral resolution: 5/13 μm). To minimize diurnal 
variation, all scans were acquired between 13:30 and 15:30. Macular and peripapillary imaging were obtained using 
6×6 mm scans centered on the fovea and optic nerve head, respectively.

OCTA images were acquired under a standardized protocol. Scans with Signal Strength Index (SSI) < 6 were deemed 
unacceptable and were repeated immediately. Scans with SSI ≥ 6 subsequently underwent independent quality review by 
two experienced ophthalmologists (LHM and XYL) for centration, motion artifacts (eg, streaks/blink lines), and 
segmentation accuracy; disagreements were resolved by consensus with the corresponding authors (HC and ZKY). If 
a scan failed visual quality review (eg, residual artifacts or uncorrectable segmentation errors), it was repeated even if SSI 
≥ 6. For each visit, the first scan meeting both criteria (SSI ≥ 6 and passing visual review) was retained for analysis, and 
no image averaging was performed. To document acquisition-level quality control, we recorded the number of repeat 
scans required before an acceptable scan was obtained.

All OCTA-derived vascular metrics were generated automatically using the device’s built-in analysis software under 
default manufacturer settings applied consistently across all visits (software version V3.1.431T1125). VD and SmVD 
were computed from en face angiograms via proprietary flow-signal processing and flow-pixel classification/binarization 
with identical settings across visits. Large-vessel exclusion was applied only to SmVD-derived metrics using the 
embedded algorithm, whereas total VD metrics were quantified without large-vessel exclusion. Magnification related 
to AL variations was corrected using Bennett’s formula. Two experienced ophthalmologists (LHM and XYL) primarily 
verified scan quality (centration, artifacts, and segmentation accuracy) and exported the software-generated quantitative 
outputs; no manual vessel thresholding/binarization, manual tracing, or image averaging was performed.

Measurement of Angiography Parameters
Retinal thickness (RT) was defined as the mean distance from the inner limiting membrane (ILM) to the retinal pigment 
epithelium (RPE)–Bruch’s membrane complex. Choroidal thickness (CT) was calculated as the average distance between 
the outer boundary of the RPE–Bruch’s complex and the choroid–sclera junction. The choroidal vascularity index (CVI) 
was computed as the ratio of the luminal area to the total choroidal area within a given region.

VD was expressed as the proportion of a selected area containing blood vessels. SmVDwas calculated using the same 
principle but excluded large-caliber vessels via an automated algorithm embedded in the system software. Superficial 
vessel density (SVD) referred to the layer extending from 5 μm beyond the ILM to the outer third interface of the 
ganglion cell and inner plexiform layers (GCL+IPL). Deep vessel density (DVD) spanned from the outer third interface 
of GCL+IPL to 25 μm beneath the lower boundary of the inner nuclear layer (INL). Macular vessel density (MVD) 
represented the combined values of SVD and DVD.21 Peripapillary optic disc vessel density (OVD) was assessed within 
the radial peripapillary capillary (RPC) layer, located in the retinal nerve fiber layer (RNFL), using an elliptical annulus 
of 2 mm width surrounding the optic disc.22 SmVD were further categorized into macular SmVD (MSmVD) and optic 
disc SmVD (OSmVD), respectively.
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The 6×6 mm macular scan was segmented into three concentric regions surrounding the fovea: the foveal (1.0 mm 
diameter), parafoveal (1.0–3.0 mm annulus), and perifoveal (3.0–6.0 mm annulus) regions (Figure 1A). The parafoveal 
and perifoveal rings were each subdivided into four quadrants: superior, inferior, nasal, and temporal (Figure 1B). The 
OVD region was divided into eight sectors: superotemporal, superonasal, inferotemporal, inferonasal, temporal-superior, 
temporal-inferior, nasal-superior, and nasal-inferior (Figure 2).

Surgical Technique
All ICL V4c implantations were performed under standardized conditions by two senior surgeons (YL and ZKY). 
Preoperative mydriasis was induced with four doses of topical mydriatics at 10-minute intervals. Following topical 
anesthesia, a 3.2-mm temporal corneal incision was created, a small amount of viscoelastic was injected into the anterior 
chamber, and the ICL was inserted and positioned with the four haptics placed in the ciliary sulcus; residual viscoelastic 
was thoroughly irrigated with balanced salt solution. Postoperatively, patients were prescribed topical loteprednol 
etabonate ophthalmic suspension 0.5% (Ludashu®), 1 drop in the operated eye four times daily for 1 week; this was 
followed by topical diclofenac sodium eye drops (Difei®), 1 drop three times daily for 2 weeks. In addition, topical 
levofloxacin ophthalmic solution (Cravit®) was administered as 1 drop four times daily for 3 weeks. When multiple eye 
drops were used, an interval of at least 5 minutes was maintained between instillations. No routine postoperative 
mydriatics were administered during follow-up. Any additional IOP-lowering medication or steroid adjustment was 
prescribed only when clinically indicated and was documented. Postoperative ICL vault was measured at 1 week using 
anterior-segment OCT (CASIA2; Tomey Corporation, Nagoya, Japan) without pharmacologic mydriasis, with one 

Figure 1 continued.
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measurement per eye obtained using the built-in caliper tool. For participants undergoing bilateral implantation, the two 
eyes were operated on separate surgical days.

Statistical Analyses
All statistical analyses were conducted using R (R Foundation for Statistical Computing, Vienna, Austria) and GraphPad 
Prism 5.0 (GraphPad Software Inc., CA, USA). Continuous variables were summarized as mean ± standard deviation 
(SD). To assess changes in OCT and OCTA parameters over time, linear mixed-effects models were constructed for each 
parameter. Time was included as a fixed effect, while laterality (left or right eye) was modeled as a random intercept to 
account for intra-subject correlation due to bilateral data. Bonferroni correction was utilized for pairwise comparisons to 
control for multiple testing. Linear mixed-effects models were also employed to examine associations between changes 
in OCTA parameters and relevant clinical variables. A two-tailed P < 0.05 represented significance.

Results
Baseline Information
Sixty-one patients with high myopia (122 eyes) who received ICL implantation were enrolled and analyzed. The average age 
of the participants was 30.00 ± 5.22 years. Among them, 10 were male (16%) with a mean age of 31.2 ± 4.00 years, and 52 
were female (84%) with a mean age of 29.76 ± 5.40 years. The mean preoperative AL was 27.29 ± 1.59 mm (Table 1). All 61 
participants (122 eyes) completed OCT/OCTA assessments at baseline and at 1 day, 1 week, 1 month, and 3 months 

Figure 1 (A) Segmentation of the 6×6 mm macular scan into three concentric zones. Analyzed zones included the central foveal area (1.0 mm diameter), the parafoveal 
region (annular zone spanning 1.0–3.0 mm), and the perifoveal region (annular zone spanning 3.0–6.0 mm). (B) Segmentation of the 6×6 mm macular scan into four 
quadrants. The annular area extending from 1.0 to 6.0 mm around the foveal center is divided into superior, temporal, inferior, and nasal quadrants.
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postoperatively; therefore, longitudinal OCT/OCTA analyses included 122 eyes at each time point. The 2-year AL analysis 
was exploratory and was performed in the subset with available follow-up (32 participants, 64 eyes).

Preoperative and Postoperative Changes in SE, CDVA, and IOP
Both SE, UDVA and CDVA demonstrated statistically significant improvements at all postoperative time points relative to 
baseline (P < 0.0001). The IOP remained constant over the follow-up period, with no marked changes detected relative to 
the preoperative values (P > 0.05) (Table 2). Exact P-values for all time points are provided in Supplementary Tables 1.1 
and 1.2.

Figure 2 Sectoral segmentation of the peripapillary optic disc vessel density (OVD) region into eight sectors. Analyzed sectors included superotemporal, superonasal, 
inferotemporal, inferonasal, temporal-superior, temporal-inferior, nasal-superior, and nasal-inferior.

Table 1 Basic Characteristics of the Subjects

Characteristic Mean ± SD

Sample size, people/eyes 61/122

Sex, female/male 52/10

Age (years) 30.00 ± 5.22 (ranging from 19 to 45)

AL (mm) 27.29 ± 1.59 (ranging from 24.04 to 32.04)

Abbreviation: AL, axial length.
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Image Quality Control
Image quality was consistently high across all visits. A total of 244 OCTA scans per time point (122 eyes × 2 scan types) 
were included for analysis, with scan-level SSI ranging from 7 to 10 (overall mean SSI, 9.05 ± 0.74). Importantly, SSI 
did not differ across preoperative and postoperative visits (linear mixed-effects model time effect: P = 1.00; Friedman 
test: P = 0.97). During acquisition, scans with SSI < 6 were repeated until meeting the predefined threshold (SSI ≥ 6); 
consequently, only a small proportion of scans required at least one repeat (3.3–7.4% across visits; maximum repeats for 
a single scan, 3), and no manual segmentation correction was performed for the final analysis set.

Alterations in Retinal Thickness and Vascular Density in the Macular Region
Following ICL implantation, RT exhibited a progressive increase. Significant thickening was observed in the global macular 
region, as well as in the parafoveal and perifoveal areas and all four quadrants (superior, inferior, nasal, and temporal) 
beginning at 1 week following surgery and persisting through 1 and 3 months (P < 0.05). No notable changes in RT were 
detected on postoperative day 1. In contrast, significant increases in foveal thickness were only seen at 1 and 3 months (P < 
0.05) (Table 3). Exact P-values for all regions and time points are provided in Supplementary Tables 2.1 and 2.2.

From baseline to 3 months, global macular MVD decreased (Δ = −4.11, 95% CI −5.78 to −2.44; P < 0.0001). During the 
early postoperative period (day 1 to 1 month), MVD remained unchanged across all macular regions (including the fovea, 
parafovea, perifovea, and four quadrants) (P > 0.05). By the 3-month follow-up, MVD had significantly decreased across all 
evaluated subregions and quadrants compared to baseline (P < 0.05) (Table 4 and Figure 3). Exact P-values for baseline-to–3 
-month comparisons are provided in Supplementary Tables 2.1 and 2.2, and exact P-values for all regions and time points are 
provided in Supplementary Tables 3.1 and 3.2. A similar pattern was observed for MSmVD. From baseline to 3 months, global 

Table 2 Comparison of SE, CDVA, and IOP of Patients Before and After Surgery

Preoperative 1 Day After 
Surgery

1 Week After 
Surgery

1 Month After 
Surgery

3 Months After 
Surgery

IOP 14.84 ± 2.89 15.26 ± 2.75 14.64 ± 2.77 15.33 ± 2.97 14.98 ± 2.65

SE −10.11 ± 3.44 −0.40 ± 0.93a −0.34 ± 0.79a −0.26 ± 0.86a −0.21 ± 0.99a

LogMAR UDVA 1.644 ± 0.186 −0.047 ± 0.110a −0.060 ± 0.069a −0.065 ± 0.071a −0.056 ± 0.070a

LogMAR CDVA 0.036 ± 0.083 −0.047 ± 0.110a −0.060 ± 0.069a −0.065 ± 0.071a −0.056 ± 0.070a

Notes: a, P < 0.0001, compared with preoperative values. 
Abbreviations: SE, spherical equivalent; LogMAR, logarithm of the minimal angle of solution; CDVA, corrected distance visual acuity; IOP, intraocular pressure.

Table 3 Comparison of RT Before and After Surgery

RT (μm) Preoperative 1 Day After Surgery 1 Week After Surgery 1 Month After Surgery 3 Months After Surgery

Global 278.93 ± 20.33 280.62 ± 15.17 282.16 ± 15.12a 282.21 ± 14.99a 282.45 ± 15.08a

Foveal 252.09 ± 17.9 251.09 ± 16.59 253 ± 16.47b 254.11 ± 16.36ab 254.11 ± 16.71ab

Parafoveal 314.82 ± 22.58 316.28 ± 16.7 317.83 ± 16.65a 317.97 ± 16.59a 318.25 ± 16.56a

Perifoveal 269.16 ± 20.32 271.01 ± 15.4 272.55 ± 15.34a 272.52 ± 15.18a 272.79 ± 15.31a

Temporal 265.12 ± 18.49 266.74 ± 13.63 268 ± 13.44a 268.07 ± 13.01a 268.79 ± 13.33a

Superior 285.15 ± 20.92 287.41 ± 16.21a 289.01 ± 16.08a 289.05 ± 15.94a 289.28 ± 16.04a

Nasal 298.47 ± 23.86 300.25 ± 18.28 301.57 ± 18.39a 301.67 ± 18.42a 301.69 ± 18.31a

Inferior 269.8 ± 21.21 271.12 ± 16.46 273.12 ± 16.31a 273.01 ± 16.21a 273.11 ± 16.2a

Notes: a, P < 0.05, compared with preoperative values. b, P < 0.05, compared with values at 1 day after surgery. 
Abbreviation: RT, retinal thickness.

Clinical Ophthalmology 2026:20                                                                                                   https://doi.org/10.2147/OPTH.S579505                                                                                                                                                                                                                                                                                                                                                                                                       7

Meng et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/article/supplementary_file/579505/579505%20Supplementary%20Material.pdf
https://www.dovepress.com/article/supplementary_file/579505/579505%20Supplementary%20Material.pdf
https://www.dovepress.com/article/supplementary_file/579505/579505%20Supplementary%20Material.pdf
https://www.dovepress.com/article/supplementary_file/579505/579505%20Supplementary%20Material.pdf
https://www.dovepress.com/article/supplementary_file/579505/579505%20Supplementary%20Material.pdf
https://www.dovepress.com/article/supplementary_file/579505/579505%20Supplementary%20Material.pdf


macular MSmVD decreased (Δ = −3.56, 95% CI −4.22 to −2.90; P < 0.0001). At 1 month, perifoveal MSmVD and values in 
the superior and nasal quadrants had significantly declined from baseline (P < 0.05). These reductions became more 
widespread by 3 months, with significant decreases seen across all macular regions and quadrants (P < 0.05) (Table 5). 
Exact P-values for all regions and time points are provided in Supplementary Tables 4.1 and 4.2.

Table 4 Comparison of MVD Before and After Surgery

MVD (%) Preoperative 1 Day After Surgery 1 Week After Surgery 1 Month After Surgery 3 Months After Surgery

Global 58.57 ± 8.07 57.96 ± 8.53 58.81 ± 8.63 57.64 ± 9.08 54.51 ± 8.40abcd

Foveal 19.42 ± 6.76 18.75 ± 6.81 19.33 ± 7.13 18.23 ± 6.73 16.58 ± 6.83abc

Parafoveal 61.52 ± 9.99 59.94 ± 10.58 61.12 ± 11.19 60.15 ± 11.23 57.28 ± 10.79ac

Perifoveal 59.16 ± 7.96 58.84 ± 8.36 59.59 ± 8.37 58.37 ± 8.90 55.10 ± 8.27abcd

Temporal 51.99 ± 11.27 50.72 ± 11.50 52.31 ± 10.34 50.89 ± 12.06 48.11 ± 11.10ac

Superior 60.66 ± 9.37 59.30 ± 10.26 59.87 ± 9.94 58.59 ± 10.31 55.92 ± 9.80abc

Nasal 68.44 ± 8.03 68.37 ± 8.05 68.03 ± 9.40 67.02 ± 9.08 63.63 ± 8.81abcd

Inferior 57.64 ± 9.75 57.85 ± 10.81 59.55 ± 10.05 58.57 ± 10.48 54.70 ± 11.21abcd

Notes: a, P < 0.05, compared with preoperative values. b, P < 0.05, compared with values at 1 day after surgery. c, P < 0.05, compared with values at 1 week after 
surgery. d, P < 0.05, compared with values at 1 month after surgery. 
Abbreviation: MVD, macular vessel density.

Figure 3 Postoperative changes in macular vessel density (MVD) assessed globally, as well as across defined macular subregions and quadrants. *P < 0.05, **P < 0.01, ***P < 
0.001.
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From baseline to 3 months, total SVD decreased (Δ = −3.61, 95% CI −4.51 to −2.70; P < 0.0001). Regionally, SVD 
within the fovea remained stable at all postoperative time points (P > 0.05). In contrast, SVD decreased significantly at 3 
months in the parafoveal and perifoveal regions and all four quadrants (P < 0.05) (Table 6 and Figure 4). Exact P-values 
for all regions and time points are provided in Supplementary Tables 5.1 and 5.2. Global macular DVD did not change 
significantly from baseline to 3 months (Δ = 0.78, 95% CI −0.63 to 2.18; P = 0.279). DVD in the fovea showed a marked 
reduction at the 3-month time point (P < 0.05). No substantial changes were noted in the parafoveal and perifoveal 
subregions at 3 months (P > 0.05), except for the inferior quadrant, which exhibited a significant increase at both 1 and 3 
months following surgery (P < 0.05) (Table 7 and Figure 5). Exact P-values for all regions and time points are provided 
in Supplementary Tables 6.1 and 6.2.

Changes in Choroidal Thickness and Vascularity
CT significantly increased at 1 day and 1 week following surgery across all macular regions (fovea, parafovea, and 
perifovea) as well as in each quadrant (superior, inferior, nasal, and temporal) (P < 0.05). Over time, CT gradually 

Table 5 Comparison of MSmVD Before and After Surgery

MSmVD (%) Preoperative 1 Day After 
Surgery

1 Week After 
Surgery

1 Month After 
Surgery

3 Months After 
Surgery

Global 26.54 ± 4.79 26.13 ± 5.13 26.33 ± 4.85 25.66 ± 5.06 23.05 ± 4.69abcd

Foveal 9.49 ± 3.38 9.26 ± 4.02 9.45 ± 3.84 9.07 ± 3.89 8.46 ± 3.7abc

Parafoveal 28.39 ± 6.46 27.61 ± 7.04 28.18 ± 6.79 27.54 ± 6.82 24.73 ± 6.25abc

Perifoveal 26.62 ± 4.66 26.33 ± 4.88 26.41 ± 4.63 25.72 ± 4.88a 23.1 ± 4.58abcd

Temporal 17.88 ± 4.37 17.17 ± 4.48 17.55 ± 4.05 17.26 ± 4.18 15.79 ± 3.87abcd

Superior 27.76 ± 5.85 27.15 ± 6.28 27.25 ± 5.85 26.47 ± 5.94 23.54 ± 5.32abcd

Nasal 36.01 ± 6.11 35.87 ± 6.12 35.79 ± 6.23 34.81 ± 6.65 31.82 ± 6.28abcd

Inferior 26.4 ± 6.02 26.2 ± 6.77 26.63 ± 6.43 25.96 ± 6.39 22.69 ± 6.47abcd

Notes: a, P < 0.05, compared with preoperative values. b, P < 0.05, compared with values at 1 day after surgery. c, P < 0.05, compared with values at 1 week after surgery. d, 
P < 0.05, compared with values at 1 month after surgery. 
Abbreviation: MSmVD, macular small vessel density.

Table 6 Comparison of Macular SVD Before and After Surgery

SVD (%) Preoperative 1 Day After Surgery 1 Week After Surgery 1 Month After Surgery 3 Months After Surgery

Global 39.69 ± 5.79 40.32 ± 5.93 39.97 ± 5.9 39.38 ± 5.05 36.18 ± 4.95abcd

Foveal 11.81 ± 3.79 11.86 ± 4.01 11.91 ± 4.29 11.89 ± 4.07 11.1 ± 3.81

Parafoveal 37.49 ± 7.37 37.7 ± 7.41 37.68 ± 7.81 37.33 ± 6.71 34.31 ± 6.53abcd

Perifoveal 41.43 ± 5.75 42.21 ± 5.91 41.69 ± 5.84 41 ± 4.99b 37.68 ± 5.04abcd

Temporal 27.73 ± 5 28.04 ± 4.79 28.21 ± 5.12 27.82 ± 4.44 26.43 ± 4.11abcd

Superior 41.72 ± 7 42.3 ± 7.7 41.47 ± 7.56 40.6 ± 6.62b 37.53 ± 6.19abcd

Nasal 51.8 ± 7.96 52.32 ± 7.94 51.25 ± 8.22 50.77 ± 7.01 46.07 ± 7.22abcd

Inferior 40.68 ± 7.4 41.82 ± 7.86 42.16 ± 7.17 41.49 ± 6.78 37.55 ± 6.89abcd

Notes: a, P < 0.05, compared with preoperative values. b, P < 0.05, compared with values at 1 day after surgery. c, P < 0.05, compared with values at 1 week after 
surgery. d, P < 0.05, compared with values at 1 month after surgery. 
Abbreviation: SVD, superficial vessel density.
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declined and by 3 months had significantly decreased relative to its early postoperative peak (P < 0.05). When compared 
to baseline, however, only the temporal quadrant demonstrated a marked reduction in CT at the 3-month time point 
(P < 0.05); other regions showed no meaningful difference from preoperative values (P > 0.05) (Table 8). Exact P-values 
for all regions and time points are provided in Supplementary Tables 7.1 and 7.2.

The CVI remained unchanged during the early postoperative period (1 day to 1 month) in the foveal, parafoveal, and 
perifoveal areas (P > 0.05). At the 3-month mark, however, the CVI in the foveal region declined markedly compared to 
baseline (P < 0.05) (Table 9). Exact P-values for all regions and time points are provided in Supplementary Tables 8.1 
and 8.2.

Figure 4 Postoperative changes in macular superficial vessel density (SVD) assessed globally, as well as across defined macular subregions and quadrants. *P < 0.05, **P < 
0.01, ***P < 0.001.

Table 7 Comparison of Macular DVD Before and After Surgery

DVD (%) Preoperative 1 Day After Surgery 1 Week After Surgery 1 Month After Surgery 3 Months After Surgery

Global 39.44 ± 7.27 39.01 ± 5.74 39.88 ± 6.79 41.21 ± 6.53ab 40.12 ± 5.76

Foveal 21.16 ± 6.94 21.22 ± 6.96 20.62 ± 7.46 20.02 ± 7.3 18.45 ± 7.2abcd

Parafoveal 46.97 ± 7.57 46.25 ± 5.86 46.57 ± 7.91 47.35 ± 6.6 46.33 ± 7.32

Perifoveal 37.9 ± 7.84 37.57 ± 6.21 38.53 ± 7.09 40.15 ± 7.21ab 39.12 ± 6.03

Temporal 45.55 ± 9.99 45.48 ± 8.97 46.39 ± 8.71 46.45 ± 9.75 44.7 ± 9.4

Superior 39.33 ± 10.14 37.96 ± 8.15 38.34 ± 9.15 40.2 ± 9.22 39.44 ± 8.63

(Continued)
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Changes in Peripapillary Vascular Density
From baseline to 3 months, global peripapillary OVD decreased (Δ = −4.21, 95% CI −5.30 to −3.11; P < 0.0001). 
Sectoral OVD reductions were observed in all quadrants except the superonasal sector at 3 months (P < 0.05) (Table 10 
and Figure 6). Several temporal sectors including the superotemporal, temporal-superior, temporal-inferior, and infer
otemporal regions showed significant reductions as early as 1 month post-surgery (P < 0.05), whereas no other time 
points demonstrated significant changes (P > 0.05). Exact P-values for all regions and time points are provided in 
Supplementary Tables 9.1 and 9.2.

From baseline to 3 months, global peripapillary OSmVD decreased (Δ = −2.11, 95% CI −2.85 to −1.36; P < 0.0001). 
OSmVD declined significantly at 3 months in nasal sectors, including the superonasal, nasal-superior, nasal-inferior, and 
inferonasal areas (P < 0.05) (Table 11). In contrast, temporal sectors exhibited a distinct temporal pattern: OSmVD in the 
superotemporal and inferotemporal regions significantly declined on postoperative day 1 (P < 0.05) but subsequently 

Table 7 (Continued). 

DVD (%) Preoperative 1 Day After Surgery 1 Week After Surgery 1 Month After Surgery 3 Months After Surgery

Nasal 39.33 ± 7.87 38.72 ± 7.68 39.19 ± 8.55 41.04 ± 7.12b 40.42 ± 7.11

Inferior 35.61 ± 9.26 35.86 ± 8.22 37.83 ± 8.82 39.58 ± 8.69ab 38.44 ± 8.92a

Notes: a, P < 0.05, compared with preoperative values. b, P < 0.05, compared with values at 1 day after surgery. c, P < 0.05, compared with values at 1 week after 
surgery. d, P < 0.05, compared with values at 1 month after surgery. 
Abbreviation: DVD, deep vessel density.

Figure 5 Postoperative changes in macular deep vessel density (DVD) assessed globally, as well as across defined macular subregions and quadrants. *P < 0.05, **P < 0.01, 
***P < 0.001.
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Table 8 Comparison of CT Before and After Surgery

CT (μm) Preoperative 1 Day After Surgery 1 Week After Surgery 1 Month After Surgery 3 Months After Surgery

Global 212.27 ± 70.37 219.6 ± 73.09a 218.16 ± 72.62a 215.02 ± 70.28b 208.85 ± 68.79bcd

Foveal 207.44 ± 83.3 215.63 ± 86.17a 213.77 ± 84.95a 212.45 ± 83.71 204.73 ± 81.69bcd

Parafoveal 211.26 ± 77.85 218.78 ± 79.99a 217.69 ± 80.25a 214.96 ± 78.03 207.69 ± 75.6bcd

Perifoveal 212.75 ± 68.16 219.99 ± 71.15a 218.46 ± 70.36a 215.15 ± 68.03bc 209.35 ± 66.73bcd

Temporal 232.67 ± 77.47 241.11 ± 82.93a 238.65 ± 80.31a 235.23 ± 77.98b 228.43 ± 76.12abcd

Superior 240.83 ± 79.28 249.52 ± 84.38a 248.64 ± 83.35a 245 ± 81b 237.03 ± 78.8bcd

Nasal 163.1 ± 56.41 168.69 ± 57.41a 168.23 ± 57.34a 165.28 ± 55.1bc 160.57 ± 53.49bcd

Inferior 212.98 ± 79.79 219.47 ± 80.4a 217.59 ± 80.99a 214.72 ± 79.47b 209.79 ± 77.89bcd

Notes: a, P < 0.05, compared with preoperative values. b, P < 0.05, compared with values at 1 day after surgery. c, P < 0.05, compared with values at 1 week after 
surgery. d, P < 0.05, compared with values at 1 month after surgery. 
Abbreviation: CT, choroidal thickness.

Table 9 Comparison of CVI Before and After Surgery

CVI Preoperative 1 Day After Surgery 1 Week After Surgery 1 Month After Surgery 3 Months After Surgery

Global 0.43 ± 0.07 0.43 ± 0.07 0.43 ± 0.07 0.42 ± 0.07b 0.43 ± 0.07

Foveal 0.47 ± 0.1 0.47 ± 0.1 0.46 ± 0.1 0.46 ± 0.1b 0.45 ± 0.1ab

Parafoveal 0.47 ± 0.08 0.47 ± 0.08 0.47 ± 0.08 0.46 ± 0.08b 0.46 ± 0.08b

Perifoveal 0.41 ± 0.07 0.42 ± 0.06 0.41 ± 0.06 0.41 ± 0.07 0.41 ± 0.06

Temporal 0.42 ± 0.08 0.42 ± 0.08 0.42 ± 0.08 0.42 ± 0.08 0.42 ± 0.08

Superior 0.42 ± 0.07 0.42 ± 0.07 0.42 ± 0.07 0.41 ± 0.07 0.42 ± 0.07

Nasal 0.41 ± 0.1 0.42 ± 0.1 0.42 ± 0.1 0.41 ± 0.1b 0.41 ± 0.1bc

Inferior 0.45 ± 0.08 0.45 ± 0.07 0.45 ± 0.07 0.45 ± 0.08 0.45 ± 0.07

Notes: a, P < 0.05, compared with preoperative values. b, P < 0.05, compared with values at 1 day after surgery. c, P < 0.05, compared with values at 1 week after surgery. 
Abbreviation: CVI, choroidal vascularity index.

Table 10 Comparison of OVD Before and After Surgery

OVD (%) Preoperative 1 Day After 
Surgery

1 Week After 
Surgery

1 Month After 
Surgery

3 Months After 
Surgery

Global 70.93 ± 6.44 71.52 ± 6.69 70.34 ± 7.04 69.53 ± 8.49b 66.73 ± 7.25abcd

Nasal-superior 62.28 ± 11.94 62.37 ± 12.47 61.57 ± 12.97 62.27 ± 12.2 58.9 ± 12.57abd

Nasal-inferior 57.37 ± 13.11 57.38 ± 12.89 56.02 ± 14.19 56.6 ± 13.11 51.53 ± 13.58abcd

Inferonasal 70.93 ± 10.14 72.7 ± 9.55 71.19 ± 10.74 70.54 ± 11.45 67.56 ± 10.79abcd

Inferotemporal 83.44 ± 7.53 84.46 ± 8.16 82.9 ± 8.62 80.94 ± 10.39abc 79.95 ± 8.84abc

Temporal-inferior 75.68 ± 10.05 75.88 ± 9.57 74.09 ± 11.35 72.67 ± 11.23ab 70.76 ± 9.61abc

(Continued)
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increased over time, returning to baseline levels by 1 week and persisting through 3 months (P > 0.05). Although similar 
trends were observed in the temporal-superior and temporal-inferior sectors, these changes were non-significant at all time 
points (P > 0.05). Exact P-values for all regions and time points are provided in Supplementary Tables 10.1 and 10.2.

Table 10 (Continued). 

OVD (%) Preoperative 1 Day After 
Surgery

1 Week After 
Surgery

1 Month After 
Surgery

3 Months After 
Surgery

Temporal- 
superior

75.42 ± 9.23 75.58 ± 9.43 74.12 ± 10.27 71.64 ± 11.13ab 69.78 ± 11.03abc

Superotemporal 81 ± 6.7 81.32 ± 8.01 80.56 ± 8.35 78.56 ± 9.8ab 76.07 ± 8.53abcd

Superonasal 70.99 ± 10.98 72.32 ± 11.67 71.91 ± 11.66 71.45 ± 11.25 68.62 ± 10.89bcd

Notes: a, P < 0.05, compared with preoperative values. b, P < 0.05, compared with values at 1 day after surgery. c, P < 0.05, compared with values at 1 week after surgery. d, 
P < 0.05, compared with values at 1 month after surgery. 
Abbreviation: OVD, peripapillary optic disc vessel density.

Figure 6 Postoperative changes in peripapillary vessel density (OVD) assessed globally, as well as across defined peripapillary sectors. *P < 0.05, **P < 0.01, ***P < 0.001.
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Correlation Analyses
Using linear mixed-effects modeling, we assessed the relationship between AL and postoperative VD at 3 months. 
Models were adjusted for baseline VD and accounted for random effects from subject ID and laterality. Longer AL was 
significantly associated with lower vessel densities in multiple regions: the inferior quadrant of the MVD (estimate = 
−2.09, P = 0.0054), the perifoveal MSmVD (estimate = −1.08, P = 0.021), the inferior quadrant of the DVD (estimate = 
−1.26, P = 0.0035), and in the OVD inferotemporal (estimate = −1.13, P = 0.014) and superonasal sectors (estimate = 
−1.29, P = 0.047). Significant negative associations were also observed in the global OSmVD (estimate = −0.611, P = 
0.015), and in its nasal-superior (estimate = −0.765, P = 0.039), inferonasal (estimate = −0.707, P = 0.037), super
otemporal (estimate = −1.246, P = 0.0008), and superonasal (estimate = −0.908, P = 0.020) sectors. Marginally 
significant trends were found in the perifoveal MVD (estimate = −1.09, P = 0.052), the inferior SVD (estimate = 
−0.80, P = 0.066), and the OSmVD inferotemporal sector (estimate = −0.67, P = 0.064).

Using linear mixed-effects modeling, we assessed the relationship between postoperative vault at 1 week and 
postoperative VD at 3 months. Models were adjusted for baseline VD and accounted for random effects from subject 
identification number (ID) and laterality. Vault was entered as a continuous variable and rescaled per 100 μm to facilitate 
interpretation of regression coefficients. Postoperative vault at 1 week was not associated with 3-month posterior- 
segment vascular or choroidal metrics in baseline-adjusted linear mixed-effects models (all P > 0.05). For global macular 
metrics, total MVD was not associated with vault (estimate = −0.226; P = 0.619), and no associations were observed for 
SVD (global macular area: estimate = 0.0008; 95% CI, −0.444 to 0.446; P = 0.997) or DVD (global macular area: 
estimate = −0.152; 95% CI, −0.757 to 0.454; P = 0.625). Similarly, MSmVD did not demonstrate a vault-dependent 
pattern; the lowest P value was observed for foveal MSmVD (estimate = −0.252; P = 0.0796). Mean CVI values were 
also not associated with vault across rings (foveal area: estimate = 0.0010, P = 0.691; parafoveal area: estimate = 
−0.0005, P = 0.798; perifoveal area: estimate = −0.0003, P = 0.818). In the global peripapillary area, neither OVD 
(estimate = 0.463; P = 0.127) nor OSmVD (estimate = 0.0418; P = 0.826) demonstrated a vault-dependent pattern.

Among the 61 participants enrolled, 32 participants (64 eyes) had AL measurements available at the 2-year follow-up. 
Mean AL changed from 27.50 ± 1.70 mm at baseline to 27.60 ± 1.76 mm at 2 years, and this difference was not 
statistically significant (P > 0.05). In an exploratory sub-analysis restricted to eyes with available 2-year data, linear 
mixed-effects models were fitted with AL at 2 years (mm) as the outcome and 3-month postoperative changes in OCT/ 
OCTA metrics as predictors, adjusting for baseline AL and accounting for inter-eye correlation. Foveal CT change was 

Table 11 Comparison of OSmVD Before and After Surgery

OSmVD (%) Preoperative 1 Day After 
Surgery

1 Week After 
Surgery

1 Month After 
Surgery

3 Months After 
Surgery

Global 31.54 ± 4.72 30.82 ± 5.33 30.9 ± 5.04 31.02 ± 5.14 29.44 ± 4.49abcd

Nasal-superior 27.67 ± 7.7 27.13 ± 7.56 26.35 ± 7.54 26.68 ± 7.6 24.04 ± 7.2abcd

Nasal-inferior 26.09 ± 7.99 26.5 ± 7.71 25.35 ± 8.05 25.44 ± 7.59 22.06 ± 6.47abcd

Inferonasal 30.57 ± 5.23 29.7 ± 6.18 29.75 ± 6.01 28.89 ± 6.6a 27.54 ± 5.95abcd

Inferotemporal 30.72 ± 9.23 28.73 ± 9.87a 30.31 ± 9.01 30.69 ± 8.66b 31.25 ± 7.5ab

Temporal-inferior 38.19 ± 8.32 37.58 ± 8.17 37.82 ± 7.15 38.07 ± 7.15 37.37 ± 6.62

Temporal-superior 38.62 ± 8.91 38.64 ± 9.2 38.66 ± 8.01 38.85 ± 7.62 37.5 ± 6.88

Superotemporal 31.82 ± 8.06 30.03 ± 8.75a 31.75 ± 8.03b 32.08 ± 7.92b 31.9 ± 7.26b

Superonasal 31.82 ± 6.48 30.79 ± 6.57 30.85 ± 7.17 31.14 ± 6.73 28.89 ± 6.46abcd

Notes: a, P < 0.05, compared with preoperative values. b, P < 0.05, compared with values at 1 day after surgery. c, P < 0.05, compared with values at 1 week after surgery. d, 
P < 0.05, compared with values at 1 month after surgery. 
Abbreviation: OSmVD, Peripapillary optic disc small vessel density.
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expressed in μm; when scaled to a clinically interpretable unit, each 10-μm greater reduction in foveal CT at 3 months 
was associated with an approximately 0.03-mm longer AL at 2 years (estimate = −0.003 mm/μm; P = 0.008). Given the 
non-significant mean AL change and incomplete long-term follow-up, this finding should be interpreted as exploratory 
and hypothesis-generating.

Discussion
The increasing global frequency of myopia, especially high myopia, necessitates the development of effective, safe, and 
minimally invasive corrective strategies. For individuals with moderate-to-severe ametropia who are unsuitable candi
dates for corneal refractive procedures such as photorefractive keratectomy (PRK), laser-assisted in situ keratomileusis 
(LASIK), or SMILE, implantation of an ICL offers a viable and tissue-preserving alternative.23,24 The V4C model of ICL 
incorporates a central port, which facilitates physiological aqueous humor flow and helps maintain anterior chamber 
homeostasis. This design innovation eliminates the need for preoperative laser peripheral iridotomy or intraoperative 
iridectomy to prevent pupillary block and reduces the risk of anterior subcapsular cataract formation associated with 
impaired aqueous dynamics.25,26 Notably, ICL implantation not only provides excellent refractive outcomes comparable 
to or even exceeding those of corneal refractive surgeries but also induces fewer higher-order aberrations.27–29 

Furthermore, because the lens is removable, the procedure retains a degree of reversibility.
Our study reinforces the safety and effectiveness of ICL implantation in the management of myopia. Patients 

demonstrated significant improvement in UDVA, with both refractive and visual outcomes remaining stable throughout 
the 3-month follow-up. CDVA also improved at all postoperative visits compared with baseline, suggesting that the 
procedure did not compromise best-corrected visual performance. IOP remained unchanged postoperatively, and no 
complications such as cataract development, pigment dispersion syndrome, pupillary block, or lens rotation were 
recorded during the study period.

OCTA provides a valuable, non-invasive method to quantify retinal and choroidal microvasculature, with VD serving 
as a key metric. VD has been widely used to characterize hemodynamic changes in various ocular pathologies,30–32 and 
its alterations following ICL surgery have been increasingly documented.16–20,33 Importantly, SmVD, which excludes 
larger-caliber vessels, enhances sensitivity for detecting early perfusion changes in the capillary network. In contrast, 
total VD measurements that include both large and small vessels may mask subtle microvascular alterations. Despite the 
clinical relevance, relatively few studies have evaluated SmVD in the context of ICL implantation. To our knowledge, 
our study comprises the largest sample to date assessing changes in both total and small vessel densities in the macular 
and peripapillary regions post-ICL implantation.

At 3 months postoperatively, both MVD and MSmVD showed significant reductions compared to baseline. SVD also 
decreased across nearly all macular subregions, with the exception of the fovea. In contrast, DVD remained largely 
unchanged, except for a significant decrease within the foveal region. High myopia is itself linked with low-grade 
inflammation and oxidative stress dysregulation,34 and intraocular procedures such as ICL implantation, much like 
cataract surgery, may provoke additional trauma. Mechanical manipulation, exposure to irrigating fluids, vitreoretinal 
traction, and transient ischemia may induce metabolic stress and inflammatory signaling in the retina.35 Prior studies have 
shown elevated intraocular prostaglandin levels following cataract extraction,36 along with increased expression of 
inflammatory cytokines such as chemokine ligand 2 (CCL2) and interleukin-1β (IL-1β) in the neurosensory retina of 
animal models.37 This proinflammatory environment can trigger glial cell activation, ultimately compromising vascular 
endothelium integrity, causing vasodilation, and disrupting the blood-retinal barrier.38 Such inflammatory sequelae may 
contribute to the observed long-term decline in macular vascular density.

The present findings are consistent with those of Xu et al,33 who observed significant reductions in both superficial 
and deep macular vessel densities at 3 months following ICL implantation. However, other studies have reported 
divergent outcomes. For instance, Zhu et al16 and Tang et al17 found no marked postoperative changes in macular 
VD, while Peng et al18 noted an initial decline that resolved by the 3-month mark. Zhao et al19 further observed that 
superficial VD initially decreased but returned to baseline, while deep VD remained stable throughout. Notably, our study 
and Xu et al33 ‘s included participants with longer AL and more severe refractive errors: mean AL and SE in our study 
were 27.29 ± 1.59 mm and −10.11 ± 3.45 D, respectively; Xu et al33 reported 27.24 ± 1.23 mm and −9.73 D. These 
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values are higher than those reported by Zhu et al16 (26.61 ± 1.15 mm, −7.52 ± 2.2 D), Tang et al17 (26.63 ± 1.06 mm, 
−8.50 ± 2.68 D), Peng et al18 (26.98 ± 1.19 mm, −8.64 ± 1.71 D), and Zhao et al19 (26.97 ± 1.54 mm, −9.02 ± 2.70 D). 
Thus, inter-study discrepancies may stem from differences in baseline ocular characteristics. Further supporting this 
interpretation, a previous OCTA-based study of cataract surgery showed that patients with high myopia are more prone to 
postoperative reductions in retinal VD compared to those with lower degrees of myopia or emmetropia.39 Our correlation 
analysis revealed a significant inverse relationship between AL and postoperative VD in various macular regions, even 
after adjusting for baseline VD. These results are consistent with prior research demonstrating that longer AL is 
associated with decreased retinal vascular density.40–42 Given the high metabolic demands of the retina, structural 
changes accompanying high myopia may render these eyes more vulnerable to perfusion fluctuations and inflammatory 
responses,43 thereby predisposing them to postoperative vascular alterations. Moreover, while many previous studies 
have reported nonsignificant changes in VD, the consistent trend toward postoperative reduction suggests that our 
statistically significant findings may be attributable, at least in part, to our larger sample size.

Our data also revealed differing responses between superficial and deep vascular layers. SVD decreased significantly 
after surgery, whereas DVD remained stable, similar to the pattern observed by Zhao et al.19 This differential behavior 
has also been reported by Pilotto et al,44 who studied early and intermediate-term OCTA changes following uneventful 
cataract surgery. They proposed that inflammation tends to initiate in the inner retinal layers before propagating to the 
outer layers, reflecting the temporal dynamics of microglial activation and Müller cell elongation. These glial responses, 
which have been extensively documented in histopathologic studies of inflammatory retinal disorders such as diabetic 
retinopathy,45,46 may help explain the observed selective involvement of superficial vasculature. Importantly, the relative 
preservation of DVD in our study suggests that postoperative inflammation after ICL implantation is generally localized 
and mild. Interestingly, our results showed a contrasting pattern in the foveal subregion, where DVD declined while SVD 
remained unchanged. This may be explained by the unique anatomical features of the fovea, where the superficial 
capillary plexus is sparse or absent, and deep layers predominantly contribute to inner retinal perfusion.

In our study, we observed a significant reduction in the CVI within the foveal region at 3 months postoperatively, 
whereas the parafoveal and perifoveal areas exhibited no notable changes from baseline. We propose that this focal 
decline in foveal CVI may arise from mechanisms similar to those underlying the observed decreases in retinal VD, such 
as the intraocular inflammation that impairs choroidal vascular integrity. The choroid supplies the majority of oxygen to 
the retina (~90%) through high-volume blood flow tailored to meet the intense metabolic requirements of 
photoreceptors.47 Since the fovea represents the retinal region with the greatest oxygen demand, its underlying choroidal 
vasculature may be especially susceptible to stress-related compromise, potentially accounting for the localized CVI 
decline.

We also found that OVD declined significantly in most regions by the 3-month follow-up, with reductions in the 
temporal sectors already evident at 1 month postoperatively. These results align partly with those of Xu et al,33 who 
observed a significant drop in VD in the temporal peripapillary quadrant at 1 month after ICL surgery, though their 
results showed no significant changes by 3 months. In their study, other quadrants exhibited a trend toward reduced 
vascular density postoperatively, but these changes were not statistically significant. The discrepancy between their 
findings and ours may stem from differences in sample size; our analysis included 122 eyes, nearly double the 67 eyes in 
their cohort, potentially affording greater statistical power. Furthermore, the finer granularity of our eight-sector 
segmentation may have enhanced sensitivity in detecting localized microvascular alterations compared to the broader 
four-quadrant division used in their study.

Although overall VD in the temporal sectors declined, SmVD remained relatively stable in these sectors. This 
dissociation suggests that changes in larger-caliber vessels may be the primary contributors to the observed OVD 
reductions in the temporal sectors, which anatomically contain a higher proportion of such vessels. Retinal circulation 
is regulated through autoregulatory mechanisms involving arteriolar vasodilation and constriction in response to 
fluctuations in perfusion pressure, metabolic demand, and neural input.48–50 The early onset of VD reduction in the 
temporal sectors, detectable as soon as one month post-surgery, supports the hypothesis that autoregulatory responses, 
rather than inflammatory processes alone, may drive these early changes. In eyes with high myopia, combined with 
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structural and metabolic shifts induced by surgery, autoregulatory vasoconstriction may contribute to a decrease in 
peripapillary perfusion.51,52

Moreover, we observed that the temporal OSmVD remained more stable over time than that in the nasal peripapillary 
or macular regions. This relative stability may reflect the region’s more robust macrovascular framework, characterized 
by the proximity and abundance of large-caliber vessels branching directly from primary arterial trunks. The structural 
support provided by these larger vessels may help preserve microvascular perfusion in the face of postoperative 
inflammatory stimuli, delaying or attenuating the impact on smaller temporal vessels.

We further explored whether vault, a key anterior-segment parameter, might act as an influential or intermediary 
factor in postoperative microvascular changes. Using baseline-adjusted linear mixed-effects models, we found no 
evidence of a vault-dependent association between postoperative vault at 1 week and posterior-segment vascular or 
choroidal metrics at 3 months. The absence of a vault-related effect on 3-month macular and peripapillary VD is 
consistent with the design rationale of the hole-ICL (V4c), in which the central port is intended to facilitate aqueous 
humor circulation and thereby minimize anterior–posterior segment perturbations attributable to mechanical vaulting.25,26 

From this perspective, the postoperative microvascular signals detected by OCTA in our cohort are more likely to reflect 
a vault-independent postoperative physiological response rather than a mechanically mediated, vault-driven phenomenon.

RT increased significantly following surgery, consistent with previous reports.16,33,53 This thickening is likely due to 
retinal edema, although the precise mechanism remains uncertain. Several hypotheses have been proposed, including 
mechanical vitreous traction and the upregulation of inflammatory mediators postoperatively.36,54 These processes can 
disrupt the blood-retinal barrier, increase vascular permeability, and lead to fluid accumulation within the retinal layers. 
Conversely, CT exhibited a transient postoperative increase, returning to baseline without evidence of sustained change. 
Similar transient choroidal thickening has been reported following phacoemulsification and is generally attributed to 
inflammation triggered by surgical trauma.37,55 Thus, the reversible nature of CT changes in our study supports the notion 
that the inflammatory response after ICL implantation is relatively mild and localized. Our baseline AL–adjusted 
correlation analysis suggested that greater postoperative reductions in foveal CT at 3 months were associated with 
longer AL measured at the 2-year follow-up in the subset of eyes with available long-term data. Given the limited 
number of participants contributing to the 2-year assessment and the non-significant mean AL change, this observation 
should be interpreted as exploratory and hypothesis-generating rather than definitive evidence of a longitudinal pathway. 
Nevertheless, this signal is broadly consistent with prior work in which choroidal thinning has been reported in relation to 
myopic progression.56–58 A plausible biological explanation is that a thicker choroid may act as a diffusion barrier 
modulating the exchange of signaling molecules and growth factors between the retina and sclera.59 From this 
perspective, postoperative choroidal thinning in some eyes could potentially reduce such buffering capacity; however, 
whether this mechanism operates in the post-ICL setting and whether it translates into clinically meaningful axial 
elongation require confirmation in larger cohorts with more complete long-term follow-up.

Despite the structural and vascular changes observed, postoperative visual function remained stable and favorable 
throughout the follow-up period, suggesting that these short-term alterations may not be clinically meaningful within the 
early postoperative window. However, given the expanding global uptake of posterior chamber phakic IOLs, the clinical 
relevance of early postoperative OCT/OCTA signals should be considered alongside long-term surveillance and the 
cumulative burden of established complications. Recent simulation-based projections suggest that population-level 
disability burden from post-phakic IOL complications—including cataract, secondary glaucoma, and corneal endothelial 
decompensation—may rise substantially toward 2050, particularly under poor follow-up adherence scenarios.60 

Accordingly, these data underscore the importance of comprehensive postoperative monitoring that incorporates anterior- 
segment determinants (eg, vault and angle-related metrics) for risk stratification of long-term complications. In parallel, 
further investigation of whether postoperative microvascular changes are predictive of future retinal dysfunction is 
warranted. Longitudinal studies incorporating functional assessments, such as electrophysiological testing or microperi
metry, will be critical for evaluating long-term implications. Additionally, future work may benefit from integrating 
intraocular fluid analysis (eg, aqueous humor sampling) with advanced imaging and multi-omics profiling to elucidate 
molecular pathways underlying perfusion changes and to identify early biomarkers of subclinical retinal impairment, 
thereby enabling more tailored perioperative strategies and risk stratification for patients undergoing ICL implantation.
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Several limitations of this study should be acknowledged. First, the study population primarily consisted of young 
adults with a relatively narrow age range, and we did not include an age- and AL–matched non-surgical high-myopia 
control group. This limits generalizability to older highly myopic individuals, who may have different vascular resilience 
and age-related retinal/choroidal remodeling that could modify postoperative microvascular responses, and reduces our 
ability to fully disentangle surgery-related changes from the natural course of high myopia. Second, the 3-month follow- 
up may be insufficient to capture the full spectrum of structural and vascular adaptations after ICL implantation, and 
longer-term follow-up is warranted. Third, although image quality was rigorously controlled through standardized 
acquisition and SSI-based screening, OCTA measurements remain susceptible to residual motion artifacts, projection 
effects, segmentation-related errors, and the influence of device-specific proprietary algorithms—particularly in highly 
myopic eyes—which may affect quantitative VD estimates and limit cross-platform comparability of absolute values. 
Fourth, the 2-year axial-length sub-analysis (examining the association between 3-month postoperative OCT/OCTA 
changes and AL at 2 years) was exploratory and restricted to a subset of participants, introducing potential selection bias 
due to incomplete long-term follow-up. Finally, more complete longitudinal measurements of vault and other anterior- 
segment dynamics would further strengthen inference regarding potential time-varying biomechanical effects.

Conclusion
Our findings confirm that ICL implantation is a generally safe and effective refractive solution for patients with high 
myopia. However, the procedure is associated with notable changes in the microvascular architecture of the retina, 
peripapillary region, and choroid, suggesting alterations in ocular hemodynamics. Notably, in patients with available 
2-year follow-up, early postoperative choroidal changes showed an association with subsequent axial length outcomes, 
supporting the potential value of choroidal metrics as a longitudinal indicator after ICL implantation. While these 
changes did not translate into measurable visual impairment over the short term, they warrant careful monitoring. 
Clinically, beyond routine surveillance for established postoperative complications, attention should also be paid to 
fundus status and potential posterior-segment complications during follow-up. Routine OCTA is not mandatory in 
asymptomatic eyes with stable vision, but may be considered when available to longitudinally monitor postoperative 
microvascular signals. Future large-scale, long-duration studies are essential to elucidate the mechanisms driving these 
microvascular responses and to assess their potential clinical relevance over time.
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