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Purpose: To investigate and compare the aqueous humor (AH) concentration and vitreous mass of cytokines in high myopias (HM) with and without myopic choroidal neovascularization (mCNV). And the correlations between cytokines and the size of CNVs on optical coherence tomography angiography (OCTA) images were also be analyzed.

Methods: This observational study included 56 highly myopic eyes with and without CNV and 57 control eyes with cataracts. AH samples were obtained prior to the intravitreal injection of anti-VEGF and cataract surgery. This study measured multiple inflammatory cytokines including VEGF, interleukin (IL)-6, IL-8, IL-10, interferon-inducible protein-10 (IP-10), and monocyte chemotactic protein-1 (MCP-1) by multiplex bead assay. AH cytokine level, axial length, and vitreous volume were used to calculate the vitreous mass of cytokines.

Results: The vitreous mass of VEGF in eyes with mCNV was significantly higher than that in control group. However, the difference in AH concentration of VEGF between high myopias with mCNV was not observed. Inflammatory cytokines were upregulated (IL-6, IL-10, and MCP-1) in highly myopic eyes both with and without mCNV (all P<0.05). There was also a significant difference in the vitreous mass of IL-8 and IP-10 among all three groups (P<0.05).

Conclusion: We confirmed the secretion of VEGF increased in eyes with mCNV from a new perspective. The development of both HM and mCNV were related to inflammatory cytokines and the upregulation of inflammatory cytokines may precede upregulation of VEGF. The vitreous mass might be tried as a more reliable potential biomarker in eyes with longer axial length.
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Introduction

Myopia is a leading cause of visual impairment worldwide with a high prevalence especially in young adults in East Asia, ranging from 80 to 90% (1, 2). Approximately one-fifth of the myopic population has high myopia (≥-6 diopters) which can be associated with multiple kinds of retinochoroidal lesions such as myopic choroidal neovascularization (mCNV) (1). If left untreated in a period as short as 5 years, CNV can cause scarring with expanding macular atrophy leading to irreversible visual loss (3, 4).

Vascular endothelial growth factor (VEGF) is implicated in the pathogenesis of CNV, making intravitreal injection of anti-VEGF the first-line treatment (5). However, 15% of patients in our earlier study who had VEGF levels within the normal range were resistant to anti-VEGF medication (6). Aqueous humor (AH) concentration of VEGF was investigated as a therapeutic biomarker of anti-VEGF treatment efficacy (7) as it was strongly correlated with the concentration of VEGF in vitreous humor (8) which reflected the retinal microenvironment directly in normal axial eyes. Anti-VEGF therapy is effective for most CNV diseases, including mCNV. However, it was contradictory that the AH concentration of VEGF in mCNV eyes was generally decreased compared to the control subjects in earlier investigations (9, 10). Recently, Wei et al. discovered that the concentration of VEGF was much higher in vitreous humor samples from high myopia (HM) eyes which confirmed the secretion of VEGF increased, supporting the hypothesis about the lower AH concentration of VEGF that the longer axial length and larger intraocular volume diluted the VEGF concentration in AH. However, because it is obviously not justified to collect the vitreous samples from each high myopia patient, AH samples remain the current first choice for assessing intraocular VEGF levels (8). Since the traditional AH concentration may not be suitable for the assessment of overall intraocular VEGF levels in long axial eyes, a new metrics need to be explored.

The inflammatory internal microenvironment in HM eyes also plays an important role in the progression of CNV and myopia. AH and vitreous concentration of inflammatory cytokines, such as interleukin-8(IL-8), and monocyte chemotactic protein-1 (MCP-1), and interferon-inducible protein-10(IP-10), were significantly increased in CNV diseases (11–13). And these cytokines have been demonstrated to be mediators of inflammation and angiogenesis in various ocular and systemic diseases (12), which also induces VEGF upregulation while participating in the inflammatory response (6). Furthermore, pro-fibrotic cytokines which usually function additively or synergistically with inflammatory cytokines, were found to be significantly higher in HM eyes without CNV (8). However, the complex cytokine network in the eye needs to be further investigated, and the dilution effect in HM eyes poses a difficulty for research.

This study aimed to compare the aqueous concentrations of VEGF and inflammatory cytokines in HM eyes (with and without CNV) and relatively normal axial eyes. To minimize the interference of dilution effects, we tried to calculate and compare the vitreous mass of cytokines based on the estimated vitreous volume size according to the axial length. The correlation between the cytokine and the size of CNV area was also analyzed.



Methods

This observational study was conducted between Nov 2021 and May 2022 and included 113 eyes for the treatment of active mCNV or only for cataract surgery. The study was approved by the Ethics Committee and the procedures followed the tenets of the Declaration of Helsinki (IRB number KY2022022). To participate in the trial, every patient signed a written informed permission form.

The inclusion criteria were as follows: (1) Over the age of 18, (2) No previous intraocular surgery or intravitreal injections, (3) spherical equivalent < −6.0 D, and axial length >26 mm. The exclusion criteria were were as follows: (1) any other retinopathy, such as diabetic retinopathy, retinal vascular occlusion, or retinal detachment; (2) uveitis; (3) glaucoma and/or iris neovascularization; and (4) any prior treatment for CNV, such as laser therapy within the preceding 6 months or PDT.

Based on the ocular status with or without active CNV, patients were divided into mCNV group and high myopias (HM) without CNV group (hereafter HM group). The presence of CNVs had to be confirmed by both fluorescein angiography (FA) and spectral domain optical coherence tomography (SD-OCT), consisting of late leakage of the hyperfluorescent neovascular network and the presence of sub/or intraretinal fluid and/or subretinal hyperreflective exudation, respectively. The control group, which included 57 eyes that underwent cataract surgery but did not have any additional ocular or immune-mediated diseases, served as comparison.

Before receiving an anti-VEGF injection or having cataract surgery, all patients underwent a thorough ophthalmological examination that included a measurement of their best-corrected visual acuity (BCVA), which was expressed as the log of the minimum angle of resolution (logMAR), intraocular pressure, slit-lamp biomicroscopy, and a dilated fundus examination. Axial length was measured using the IOL-Master 700 (Carl Zeiss Meditec, Jena, Germany). Zhou et al. analyzed the topography of human eyes with pathological myopia through volume rendering images by high-resolution 3D- magnetic resonance imaging (MRI) and established a model to estimate the vitreous volume (14). The estimation formula of vitreous volume is as follows:

- HM eyes: Vitreous volume (mm3) = 546.27 × axial length (mm)-6977.12

- Controls: Vitreous volume (mm3) = 458.35 × axial length (mm)-6331.14.

The Heidelberg Spectralis (Heidelberg Engineering, Heidelberg, Germany) performed SD-OCT imaging on all patients 1 to 3 days before the procedure. We defined the central macular thickness as the average retinal thickness within the 1-mm diameter central field of the Early Treatment Diabetic Retinopathy Study. The optical coherence tomography angiography (OCTA) images were produced using a split-spectrum amplitude decorrelation angiography (SD-OCT) equipment (RTVue-XR Avanti; Optovue, Inc, Fremont, CA).Then the size of CNVs was marked with the manual selection tools and calculated based on the built-in software (11). Images with poor quality (quality <7) were excluded from the analysis.

Before intravitreal injection or cataract surgery, AH samples were taken. Approximately 0.05–0.1 mL of AH was withdrawn using a 30-gauge insulin syringe via limbal paracentesis. Each sample was immediately transferred to a sterile plastic tube and kept at −84°C until assayed. VEGF, interleukin (IL)-6, IL-8, IL-10, interferon-inducible protein-10 (IP-10), and monocyte chemotactic protein-1 (MCP-1) were measured in undiluted AH samples by Luminex200 (BIO-RAD, Hercules, CA, USA). Each cytokine concentration (pg/mL) was calculated based on the standard curve provided by the kit. All procedures were carried out in a dark environment with room temperature illumination to prevent degradation brought on by light (6, 11). Previous studies found that the majority of the proteins presented in both aqueous and vitreous fluid were in similar quantities (15) and cytokines such as VEGF demonstrated a strong correlation in vitreous and aqueous of patients (16). We assume tentatively that the concentration of cytokines in the AH is approximately equal to the concentration in the anterior vitreous. Thus, the AH concentration is used to estimate the mass in the vitreous, and the following formula was yielded:

Vitreous mass (pg)= Aqueous Humor Concentrations (pg/mL) × Vitreous Volume (mm3) × 10−3(mL/mm3).

SPSS for Windows was used to execute each and every statistical analysis (version 26.0, SPSS Inc., Chicago, IL, USA). Means and standard deviations were used to express continuous variables. The Shapiro-Wilk test was used to determine whether the distribution of the cytokine data was normal. Non-parametric analysis of variance was used to compare groups using either the Mann-Whitney U test or the Kruskal-Wallis test for data that were not normally distributed. Significant values for the Kruskal-Wallis test were modified using the Bonferroni correction for multiple tests on continuous variables. The Spearman rank correlation analysis was used to determine the correlations between the variables. Statistics were judged significant at P <0.05.



Results

In this observational study, we included 113 eyes, including 30 highly myopic eyes (9 males and 21 females) with active mCNV, 26 highly myopic eyes (5 males and 21 females) without CNV and 57 control eyes (19 males and 38 females). The mean age was 57.6 ± 16.0 years in the mCNV group, 63.0 ± 8.3 years in the HM group and 69.5 ± 9.2 years in the control group (Table 1). The axial length and vitreous volume of eyes with HM (with or without CNV) were significantly higher than those of the control group (both P < 0.001). Although the control group was older than the other groups, there were no correlations between age and cytokines (P > 0.05 for all, Table 2).


TABLE 1 Differences in age, sex, axial length, and vitreous volume in the three groups.
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TABLE 2 Correlation between age and cytokines in the control group.
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AH concentration of cytokines

The differences in AH concentration of the cytokines in the three groups were shown in Table 3. The AH concentration of VEGF in the control group and mCNV group were both higher than that in the HM group (P < 0.001 and = 0.008, respectively). However, there was no difference between the control group and the mCNV group (P = 1.000).


TABLE 3 Aqueous humor concentrations (pg/mL) of cytokines in the three groups.
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The AH concentration of IL-8 and IP-10 in the mCNV group was higher than those in the control group (P = 0.004 and = 0.001, respectively) and the HM group (both P < 0.001). However, there was no difference between the control group and the HM group (P = 0.360 and 0.952, respectively).

The AH concentration of MCP-1 in the mCNV group and HM group was higher than that in the control group (P < 0.001 and = 0.037). However, there was no difference between the mCNV group and HM group (P = 0.582).



Vitreous mass of cytokines

The differences in vitreous mass of the cytokines in the three groups were shown in Table 4. The vitreous mass of VEGF in the mCNV group was significantly higher than that in the control group and HM group (P < 0.001 and = 0.014, respectively). However, there was no difference between the control group and HM group (P = 0.771).


TABLE 4 Vitreous mass (pg) of cytokines in the three groups.
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The vitreous mass of IL-6, IL-8, IL-10, IP-10, and MCP-1 in the HM group and mCNV group were both higher than those in the control group (all P < 0.05). However, for all these cytokines except IL-8 and IP-10 (P = 0.013 and 0.017, respectively), there was no difference between the HM group and mCNV group (all P > 0.05).



Correlation between cytokines and CMT size of CNV

In the mCNV group, the AH concentration and vitreous mass of cytokines had no correlation with CMT or size of CNV (Table 5).


TABLE 5 Correlations between aqueous humor concentration / vitreous mass of cytokines and CMT/size of CNV in the mCNV group.
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Discussion

The main findings in the present study were as follows: (1) The mass of VEGF in eyes with mCNV was significantly higher than that in the normal eyes, while there was no significant difference in AH concentration of VEGF between the two groups. It is speculated that the occurrence and development of CNV were mainly mass-dependent rather than concentration-dependent; (2) Some inflammatory cytokines (IL-6, IL-10, and MCP-1) in highly myopic eyes have been upregulated regardless of the presence or absence of CNV. (3) The mass of IL-8 and IP-10 gradually increased with the severity of HM.

VEGF is an angiogenic and vasopermeability factor. Progressive distension of the posterior pole stretches the RPE cells and changes the choroidal hemodynamic, which leads to a decrease in choroidal perfusion. This further induces choroidal ischemia that upregulates the expression and secretion of VEGF, resulting in development of mCNV (17). However, AH concentration of VEGF in mCNV is still controversial. Several studies demonstrated that the VEGF level in eyes with mCNV is generally lower than that in control subjects (myopic patients without CNV or patients without myopia) (9, 18, 19), which is inconsistent with another report in which the VEGF level was shown to be increased (20).

An explanation is that VEGF concentration is gradually diluted with diffusion from the vitreoretinal interface to the AH of the anterior chamber, and the dilution effect is more obvious in the eyes with high myopia due to the longer axial length and larger intraocular volume. For the HM without CNV and mCNV groups, since the two are similar in ocular size and the dilution effect could be almost ignored, and active neovascularization were presented in the latter group, it could be explained why the VEGF level was increased in eyes with mCNV. However, when compared to controls, it could present two completely opposite findings, increased or decreased VEGF, since the secretion of VEGF and axial length (or intraocular volume) both increased (21). Our results were similar to the previous studies showing that the VEGF concentrations were significantly lower in HM eyes with or without CNV when compared with controls and that the VEGF concentration in mCNV was significantly higher than in HM without CNV (9, 18, 19), but we did not observe the difference between the control group and mCNV group.

To eliminate the influence of the volume, we used the axial length to estimate the vitreous volume and multiplied it by the concentration of VEGF. Then we compared the difference in mass among different groups instead of concentration. In our results, the vitreous mass of VEGF in the mCNV group was higher than that in the HM group and control group. It confirms our conjecture that the concentration could not accurately reflect the actual intraocular secretion and upregulation of VEGF due to the large individual variation in axial length, which differs from the previous studies on cytokines in other retinopathies that included only eyes with normal axial length. This finding is also consistent with our cognition that VEGF is upregulated in the mCNV and explains the occurrence of CNV in HM patients but not in controls under conditions of similar AH concentrations of VEGF. Recently, Wei et al. found that the concentration of VEGF was significantly increased in the vitreous humor samples from HM (22), which contradicts the view that retinal thinning might cause relatively increased choroidal perfusion and decreased retinal hypoxia resulting in decreased VEGF production (9), However, in our results, there is no significant difference in the vitreous mass of VEGF between HM group and the controls. This discrepancy might be due to the different inclusion criteria since Wei et al. included HM patients with rhegmatogenous retinal detachment, myopic retinoschisis, idiopathic epiretinal membrane, or macular hole (22).

Yuan et al. reported the possible connection between highly myopic eyes and low-grade or subclinical inflammation (10). For the mass of IL-6, IL-10, and MCP-1, these inflammatory cytokines had significantly increased before mCNV had occurred in highly myopic eyes. Although the mass relationships between different groups in our results were obtained through indirect calculations, they are very similar to the relationship acquired through direct measurement from vitreous samples by Wei et al. (22) i.e., the vitreous concentrations of IL-6, IP-10 and MCP-1 were significantly elevated in the HM patients. IL-6 is a pro-inflammatory cytokine involved in angiogenesis by VEGF induction and correlated with AH concentration of VEGF (23). Zhao et al. (24) demonstrated that the upregulation of MCP-1 contribute to axial length elongation and myopia development. VEGF-related pathways drive MCP-1-induced in vivo angiogenesis, and a positive regulatory feedback loop between VEGF and MCP-1 production may intensify inflammatory reactions and angiogenesis (6). Since IL-10 is an immunomodulatory cytokine (25), it is reasonable to assume that the IL-10 secretion was a compensatory response before the appearance of CNV and that the sustained decompensation of IL-10 may lead to the CNV formation.

The AH concentrations of IL-8 and IP-10 were increased in the mCNV group compared to controls and the HM group in our result, and similar findings were also obtained by Yamamoto et al. (18). In addition, we found the mass of IL-8 and IP-10 gradually increased with the severity of high myopia, suggesting that the associated low-grade retinal inflammation may occur prior to the appearance of neovascularization. IL-8 stimulates the expression of VEGF and the activation of VEGF receptors in vascular endothelial cells, and was also found in elevated concentrations in CNV (18, 26). IP-10 have also been demonstrated to be mediators of inflammation and angiogenesis in various ocular diseases (12). IL-8 and IP-10 may be therapeutic targets or markers of disease progression.

In the mCNV group, the AH concentration and vitreous mass of cytokines had no correlation with CMT or size of CNV. The possible explanations are as follows: In other CNV diseases, such as AMD, type 1 CNV did not affect visual activity in the early stages and patients seek medical attention later, when the size of CNV was large and VEGF level were significantly elevated (11). In contrast, the majority of mCNV are type 2 CNV, which rapidly affected vision as soon as it appeared. The CNV area was still minor when the majority of patients received timely therapy. In our results, the majority of mCNV eyes had modest CNVs, hence there was no significant relationship between cytokines and size of CNV. The correlation with CMT was similar.

There are some limitations of this study. Firstly, the difference in vitreous mass of VEGF between mCNV group and control group was found on the basis that the vitreous concentration was replaced by aqueous humor concentration when estimated the vitreous mass. However, in eyes with longer axial length (mCNV group), the concentration in the vitreous was higher than that in aqueous humor due to the dilution effect, thus the actual vitreous mass should be higher than the estimated mass. And in eyes with normal axial length (control group), the actual mass should be close to the estimated mass due to the similar quantities of major proteins presented in both aqueous and vitreous fluid. Therefore, a more significant difference in the actual vitreous mass of VEGF should be presented between the two groups, remaining consistent with the results of this study. Secondly, for patients with posterior scleral staphyloma, there may be an error in the measurement of the axial length. Zhou et al. included and scanned 290 eyes with and without posterior pole staphyloma by high-resolution 3D-MRI in the establishment of the model. The formula applied to the majority of HM and our study was to further estimate the mass on this basis. The results should be more accurate if each patient underwent 3D-MRI to obtain vitreous volumes, however we have reason to believe that there should be not much deviation. Thirdly, this is a cross-sectional study, and thus no causal inferences could be made. Finally, we examined only six cytokines, but t but other cytokines might have a stronger impact on the development of HM and mCNV.

In conclusion, we confirmed the increase of VEGF secretion in mCNV eyes from the perspective of vitreous mass which might be tried as a more reliable potential biomarker in eyes with longer axial length. Different inflammatory cytokines were elevated in different stages of high myopias. IL-8 and IP-10 were upregulated earlier than the upregulation of VEGF in high myopia, suggesting that the progression of high myopia and the occurrence and development of CNV may be related to an early low-grade inflammation, which provided potential clinical prevention and treatment of mCNV.
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