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Editorial on the Research Topic
 Advances in ocular imaging and biometry




The eye is an organ of vision composed of a set of refractive elements, including cornea, aqueous humor, crystalline lens, and vitreous humor. These refractive elements are transparent in order to allow light to shine on the retina. Transparency of the refractive media allows us to directly observe these anatomical structures and internal blood vessels. Therefore, medical imaging is of great value in the diagnosis and treatment of ophthalmic diseases. The multifaceted and multilevel understanding of ocular anatomy and pathology has greatly improved clinicians' diagnosis and expanded ocular examination and diagnosis methods.

In addition to imaging devices applied in multiple medical disciplines, such as magnetic resonance imaging (MRI), ultrasonography, and electron computed tomography (CT), in the field of ophthalmology, there are special biomedical optical tools such as fundus angiography, optical coherence tomography (OCT), and ultrasound biomicroscopy (UBM), all of which allow us to obtain intuitive, high-resolution, and dynamic image data. At the same time, these preserved imaging data can make a great contribution to the future diagnosis of difficult diseases and deepen the understanding of ocular tissues. The interdisciplinary combination of cutting-edge technologies, such as artificial intelligence with medicine, has resulted in modern medical imaging becoming an emerging discipline.

This Research Topic, “Advances in Ocular Imaging and Biometry,” includes articles on recent advances in different types of imaging and biometry. We pay special attention to the current state of opinion, the accuracy of new biometric instruments, the efficiency novel technologies alternative to traditional ones, and the accuracy and consistency between different measurement instruments.


Optical coherence tomography

Compared with other optical imaging systems, OCT has its own unique advantages, which bridges a gap between confocal microscopy and ultrasound imaging with a resolution of 1–15 μm and a penetration depth of 1–2 mm. The Fourier-domain OCT is divided into Spectral-domain OCT (SD-OCT) and Swept-source OCT (SS-OCT).


Swept-source optical coherence tomography

Chen et al. investigated lens biometric parameters of congenital lens aberrations using CASIA2, a machine with a new technology of swept-source anterior segment optical coherence tomography (SS-ASOCT). CASIA2 was found to be a valuable option for in vivo crystallography of congenital lens aberrations, which can help accurately diagnose microphthalmia (MSP), lens warts (CL), and posterior lens cones (PL), providing enlightening insights into the pathogenesis of these diseases.

Huang et al. developed an algorithm to detect and quantify hyperreflectivity (HRD) on OCT in patients with diabetic macular edema (DME).



Spectral-domain optical coherence tomography

Domínguez-Vicent et al. performed macular and optic disc volume measurements by separate and combined scanning schemes using the SD-OCT instrument: the Canon OCT HS-100. Macular and optic disc scans alone were found to have better reproducibility than the combined scan mode, but the two scan modes could not be used interchangeably due to extensive consistency limitations.

In vivo imaging of the retina and choroid using SD-OCT in guinea pigs and evaluation of its feasibility, concluding that OCT-based in vivo morphometric imaging of the guinea pig retina and choroid is feasible with acceptable intra-observer reproducibility and inter-observer reproducibility (Dong et al.).

Lin et al. used SD-OCT to identify interpretable OCT imaging biomarkers such as central subfield thickness (CST), macular fissure area (AMS) and photoreceptor defects in patients with X-linked retinopathies.



Optical coherence tomography angiography

Arrigo et al. were able to identify two clinically distinct subtypes of macular neovascularization (MNV) by combining OCTA with conventional angiography: one with more exudation but less damage to the outer retinal structures, and the other with less secretion but causing irreversible anatomical damage.

Qian et al. found that wide-field SS-OCTA can more comprehensively assess choroidal retinal changes in patients with Govt-Koyanagi-Harada (VKH) disease.

Zhong et al. concluded that the retinal vascular system can be used as a surrogate for detecting microvascular injury and help evaluate patients with complete coronary artery occlusion (CTO), and that OCTA examination can be used to monitor the course of coronary artery disease by measuring the retinal vascular system in patients by OCTA.




MRI

Liang et al. assessed spontaneous brain activity by rs-fMRI scanning and fractional amplitude of low frequency fluctuations (fALFF) methods, and concluded that high spontaneous activity in two brain regions may reflect the neuropathological mechanism of visual impairment in patients with high intraocular pressure (OH).



Compare the results between different instruments

Ruan et al. evaluated the reproducibility of a new ultrasound biomicroscope, Insight 100, and its agreement with scanning source optical coherence chromatography imaging (CASIA2). The Insight 100 was found to obtain highly reproducible lens biometry in vivo with better signal penetration.

Chen et al. compared the measurement accuracy of the new optical biometer Pentacam AXL (Scheimpflug imaging with partial coherence interferometry) with that of the OA-2000 biometer (scanning source optical coherence laminar imaging and Placido disk topography) and found high agreement between the two devices to be clinically interchangeable for measuring most ocular parameters.

Du et al. compared vault measurements using scanning source OCT (IOLMasrer 700) and ocular segment OCT and found that the IOLMasrer 700 was able to measure the dome of the implanted lens with high accuracy and reproducibility, and observed good correlation and agreement between the IOLMaster 700 and AS-OCT.

The other articles in this section also have their own unique innovations. Whether it is collecting fundus images or building models, new types of instruments or techniques are used. These articles have broadened our thinking and provided more selectivity for diagnosis and treatment.
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Background: Cytomegalovirus retinitis (CMVR) is a crucial blind-causing disease of AIDS-related ocular opportunistic infection. The CMVR lesions produced retinal necrosis. It is not entirely clear whether CMVR eyes without macular-involved necrotic lesions may have subtle macular damage. In this study, we conducted a cross-sectional study using optical coherence tomography angiography (OCTA) to evaluate macular microvasculature and structure in eyes with AIDS-related CMVR.

Methods: Acquired immune deficiency syndrome (AIDS)-related CMVR patients (active and inactive CMVR) and healthy controls treated in the Department of Ophthalmology, Beijing Youan Hospital, Capital Medical University between August 25, 2019, and October 18, 2019, were recruited. All OCTA parameters, including the foveal avascular zone (FAZ), retinal vessel density (VD), choroidal vascularity index (CVI), retinal thickness, and choroidal thickness, were compared between groups after the signal strength was corrected.

Results: Signal strength in the 3 × 3 and 6 × 6 mm scan patterns was significantly weaker in the inactive CMVR group than in the control group (both p < 0.001). After adjusting for signal strength, heterogeneity in the central fovea and parafoveal quadrants was present with a shift toward lower macular chorioretinal vasculature, decreased full choroidal thickness, and thicker retinal thickness in the active and inactive CMVR groups. The retinal nerve fiber layer (RNFL) and inner nuclear layer (INL) were significantly thicker in the active and inactive CMVR groups than in the control group (all p < 0.05). For photoreceptor-retinal pigment epithelium (PR-RPE) thickness, no significant differences were found in any quadrant between groups. Foveal avascular zone areas were not significantly different among the three groups (p = 0.053).

Conclusions: Subtle macular structure and microvasculature damage still existed in CMVR eyes without macular-involved necrotic lesions. The results of our study are helpful for a deep understanding of the damage caused by CMVR.

Keywords: AIDS, cytomegalovirus retinitis, macular, structure, microvasculature, optical coherence tomography angiography


INTRODUCTION

Cytomegalovirus retinitis (CMVR) is an all-important blind-causing disease but was once neglected in people with acquired immune deficiency syndrome (AIDS) (1). In recent years, apart from diagnosis and treatment, many studies on CMVR have focused on retinal imaging, including fundus photography, fluorescein angiography, fundus autofluorescence, spectral domain-optical coherence tomography (OCT), and adaptive optics (2). However, optical coherence tomography angiography (OCTA) has rarely been mentioned in patients with AIDS. For most CMVR lesions in the peripheral retina, it is not clear whether CMVR eyes without macular-involved necrotic lesions may have subtle macular vascular damage.

Optical coherence tomography angiography in recent years has been a very popular technique in various ocular studies. The unprecedented strength is the near-histology level visualization and quantitative measurement of retinal and choroidal blood density without contrast agent injections (3). The advancement of high-resolution retinal imaging could greatly facilitate the diagnosis and monitoring of chorioretinal disease (4, 5). Optical coherence tomography angiography has been studied in the fields of uveitis, glaucomatous or non-glaucomatous optic neuropathy, choroidal nevi, and systemic disease (6–10). The application of OCT and OCTA in the diagnosis and management of uveitis has also been extensively studied. The OCT/OCTA findings varied according to different types of uveitis and process: increased blood flow in the disc and macular areas during acute stage; epiretinal membrane during chronic stage; cystoid macular edema (CME) along with decreased capillary density (11). For CMVR lesions, OCT images also showed various microstructural abnormalities including vitreous changes, retinal disruptions, hyper-reflective retinal deposits, and retinal vasculature (12). But the application of OCTA is surprisingly limited in AIDS-related CMVR patients.

This study was designed to quantify vessel density (VD), foveal avascular zone (FAZ) area, choroidal vascularity index (CVI), retinal thickness, and choroidal thickness by OCTA in patients with CMVR (active and inactive) and in normal control eyes. Parameters were compared between groups.



MATERIALS AND METHODS


Participants

This prospective observational study was conducted by the Declaration of Helsinki. The ethics committee of Beijing Youan Hospital, Capital Medical University, approved the study (LL-2018-150-K). Both oral and written informed consent were provided to each subject before examinations were performed.

Patients diagnosed with AIDS-related CMVR were recruited between August 25, 2019, and October 18, 2019. Age-matched healthy participants without ocular diseases, previous surgical history, and cardiovascular or cerebrovascular diseases were recruited as controls.

All subjects underwent routine ocular examination, including slit-lamp biomicroscopy, axial length, ultrawide-field (UWF) fundus imaging, and dilated fundus examination with indirect ophthalmoscopy. For patients with AIDS, information regarding medical history, duration of HIV, treatment with combined antiretroviral therapy (cART), and CD4 nadir counts was collected. Medical histories, such as diabetes and hypertension, were collected.

Cytomegalovirus retinitis was clinically diagnosed by an experienced retina specialist with indirect ophthalmoscopy (13). The main retinal manifestations of active CMVR are brush-fire or haemorrhagic necrosis lesions, opaque granular lesions, and frosted branch angiitis (2, 14). As the lesions progressed, CMVR was divided into two subgroups, patients with active or inactive CMVR lesions (15), by experienced retina specialists according to the opacity of CMVR lesion borders: active CMVR lesions represented obvious opacity (mild, moderate, severe, very severe). Lesions showing inactive scars were defined as inactive CMVR lesions.

The classification of CMVR location was based on zones: zone 1 is confined to two papillary diameters from the fovea and one papillary diameter from the edge of the optic nerve; zone 2 refers to areas between the border of zone 1 and the equator; and zone 3 refers to the rest of the peripheral retina (16). We focused on the macular changes of CMVR eyes without macular-involved necrotic lesions. Only CMVR lesions in zone 2 and zone 3 were away from the macular area and included in the study, while CMVR lesions in zone 1 were excluded because of the macular involvement.



Image Acquisition and Processing

Optical coherence tomography angiography examinations were performed with a commercial swept-source (SS) OCT device (VG200; SVision Imaging, Ltd., Luoyang, China) as described previously (17). This commercial device containing contained an SS laser with a central wavelength of around approximately 1,050 nm (990–1,100 nm full width) and a scanning rate of 200,000 A-scans per second. Two different scan patterns centering on the fovea were conducted in this study: areas of 3 ×3 and 6 × 6 mm. The non-flow area of the FAZ was measured in the 3 × 3 mm scan pattern. The VD, CVI, and average thickness were calculated in the inner circle of the Early Treatment of Diabetic Retinopathy Study (ETDRS) chart of the 6 × 6 mm scan pattern: a 1-mm diameter ring was centered on the fovea; the parafoveal area was confined to the area from the inner ring to the outer 3-mm diameter ring; and radial lines defined parafoveal sectors (superior, inferior, nasal, and temporal).

The retinal VD in the superficial vascular plexus (SVP) and inner vascular plexus (IVP) was analyzed. The SVP located between the inner limiting membrane (ILM), and the junction between the inner plexiform layer and the inner nuclear layer (IPL-INL). The IVP located between the ILM and the junction between the inner nuclear layer and the outer plexiform layer (INL-OPL).

The CVI is a three-dimensional index that refers to the ratio of the choroidal vascular luminal volume to the total choroidal volume and represents the volumetric choroidal vascular density. Macular structural changes were calculated using thickness measurements, including the full retinal thickness, retinal nerve fiber layer-ganglion cell layer-inner plexiform layer (RNFL-GCL-IPL) thickness, RNFL thickness, GCL-IPL thickness, inner nuclear layer (INL) thickness, photoreceptor-retinal pigment epithelium (PR-RPE) thickness, and full choroidal thickness with the 6 × 6 mm scan pattern.

The software removes artifacts and retains the original real blood vessels with the SS-PAR algorithm. For cases with segmentation errors, the manual corrections can fix it and can be further evaluated by a third expert. The image quality was automatically calculated using signal strength by the OCTA device. Eyes with other ocular diseases or failure to cooperate with the OCTA exam were excluded from this study.



Statistical Analysis

The statistical analysis was performed with SPSS 25.0 software. Independent-samples t-tests were used to compare continuous data between groups. The chi-square test was used to analyse the distribution of gender. For normal control individuals, data from both eyes were selected. Taking the signal strength as the covariance, differences in all OCTA parameters (FAZ, VFD, CVI, and average thickness) between eyes with active CMVR, eyes with inactive CMVR, and normal eyes were tested by one-way ANOVA and Bonferroni tests. A value of p < 0.05 was accepted as statistically significant.




RESULTS


Demographic Data

Based on clinical examination, 34 eyes from 23 patients were diagnosed with CMVR. Four eyes were excluded because of the destruction of the macular area, which made it impossible to locate the macular fovea. Six eyes were excluded because of severe vitreous opacity, which made it impossible to capture the OCTA image. Finally, 24 eyes from 17 patients with CMVR lesions in zone 2 and zone 3 were eligible for this study. The mean CD4 count for patients with AIDS was 128.65 ± 104.56 cells/μl. The median axial length for CMVR eyes was 24.25 mm (interquartile range (IQR), 23.50–25.49 mm). The witting duration of HIV infection was 12 months (IQR, 4–42 months). All patients were free of the coexistence of diabetes or hypertension and were undergoing cART at the inception of the study. In addition, the study recruited 32 eyes from 16 healthy persons without known ocular disease. There was no significant difference in age, sex, or axial length distribution between the CMVR group and the healthy control group (p = 0.444, 0.576, and 0.656, respectively) (Table 1).


Table 1. Demographic characteristics of patients included in the study.
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En Face OCTA Features

Clinically, 24 eyes were diagnosed with CMVR: 7 eyes with active CMVR and 17 eyes with inactive CMVR. The en face OCTA images of the inner retinal VD from different groups and corresponding B-scans (6 × 6 mm scan pattern) with OCTA signals are presented in Figure 1. The en face OCTA images of 16 eyes revealed vitreous opacity (Figure 2): 14 eyes had inactive CMVR (14/17, 82.4%), and two eyes had active CMVR (2/7, 28.6%). Four eyes revealed cystoid macular oedema (CME): three eyes with inactive CMVR (3/17, 17.6%) and one eye with active CMVR (1/7, 14.3%), which were consistent with characteristic features on OCT B-scans. Compared with the control group, the signal strength in both scan patterns was significantly decreased in the inactive CMVR group (both p < 0.001); the signal strength in the active CMVR group was significantly decreased in the 3 × 3 mm scan pattern (p = 0.007) but not in the 6 × 6 mm scan pattern (p = 1.000) (Figure 3).


[image: Figure 1]
FIGURE 1. The en face OCTA images of the inner retinal vessel density (VD) and corresponding B-scans (6 × 6 mm scan pattern) in a normal eye (A–C), an active CMVR eye (D–F), and an inactive CMVR eye (G-I).
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FIGURE 2. An example of active CMVR in the right eye showing vitreous opacity in the OCTA image (left), en face image (middle), and ultrawide-field (UWF) fundus photograph (right).
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FIGURE 3. Comparison of the signal strength in the 3 × 3 mm (left) and 6 × 6 mm (right) scan patterns between groups.




Macular Microvasculatural Changes

Supplementary Table 1 shows all the microvasculature parameters in both the central fovea and parafoveal areas (superior, inferior, nasal, and temporal) in the three groups. After adjusting for signal strength, all parameters were compared between groups with Bonferroni correction. The difference in FAZ areas in the three groups was not significant (p = 0.053). The macular microvasculature damage was subtle and showed heterogeneity with a shift toward lower superficial and inner retinal VD in the active and inactive CMVR groups. Except for the temporal CVI, the CVI was significantly reduced in the central fovea and superior, inferior, and nasal parafoveal quadrants in the inactive CMVR group (all p < 0.05) but not in the active CMVR group (Table 2).


Table 2. Statistical results of OCTA parameters of macular microvasculature for all groups.
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Macular Structural Changes

Supplementary Table 1 also shows all the structural parameters in both the central fovea and parafoveal areas (superior, inferior, nasal, and temporal) in the three groups. Supplementary Table 2 shows all the statistical results of the structural parameters in those areas. Full choroidal thickness was thinner in some quadrants in the inactive CMVR group. The RNFL thickness and INL thickness were significantly thicker in both the active and inactive CMVR groups in all parafoveal quadrants (all p < 0.05). For PR-RPE thickness, no significant differences were found in either the central fovea or parafoveal quadrants between groups. Despite small heterogeneity, decreased choroidal thickness and retinal thickness were shown in the active and inactive CMVR groups.




DISCUSSION

Unlike CMVR lesions in zone 1, lesions in zone 2 and zone 3 did not cause clinically visible macular necrosis. Our data show that subtle macular structure and microvasculature damage still exist in CMVR eyes without macular-involved necrotic lesions. A shift toward reduced choroidal parameters and thicker retinal thickness was present.

Cytomegalovirus retinitis is an important disease leading to visual impairment and blindness in developing countries and will play a prominent role in the strategy against global blindness (18). Cytomegalovirus retinitis could also occur in immunocompromised patients from other causes, including bone marrow and solid organ transplant recipients, malignancy, primary immunodeficiencies, and ocular corticosteroid injections. Because of similar mechanisms resulting from deprived T lymphocytes, CMVR in HIV- and non-HIV-immunosuppressed patients was found to be similar in most literature (19, 20). For eyes with CMVR, human cytomegalovirus (HCMV) replication coexists with mild smoldering (“persistent”) inflammation; pathological changes involve retinal necrosis of all layers of the retina, manifested as groups of cell swelling, membrane damage, and cellular exudates (21). It is unclear whether these changes affect the macular area without clinically visible CMVR lesions.

This study provided a quantitative assessment of macular retinochoroidal vasculature in eyes with CMVR using SS-OCTA, which was surprisingly limited in previous studies. Patients with CMVR were further divided into active and inactive CMVR because of different retinal findings in different period. The manifestation of active CMVR lesion was retinal edema with opaque (whiteness) borders. After anti-cytomegalovirus treatment, border opacity of active CMVR lesions was decreased to inactive scars (15), but subsequent immune recovery uveitis (IRU) will appear in different degree.

Wongchaisuwat studied macular vascular changes in eyes with CMVR without macular involvement. Their results showed decreased VD in both the superficial and deep retinal capillary plexus (22). We also showed decreased superficial and inner retinal VD in certain quadrants. Although the segmentation definition varies between studies, different results may be mainly attributed to different OCTA devices. For the OCTA device, the scanning rate and laser wavelength were higher in our study: 200,000 vs. 70,000 scans/s, 1,050 vs. 840 nm. Optical coherence tomography angiography signal strength is a quality-image measure. Previous studies described only the cut-off value of the signal strength index (23), qualitative judgement for signal detection (6), or degree of vitreous haze (22). We showed a quantitative judgement of the signal strength. The signal strength in eyes with CMVR, especially inactive CMVR, was significantly weaker than that in the control group. These results also suggested the opacity of dioptric media in eyes with inactive CMVR, which were mainly due to vitritis.

Inflammatory changes, including anterior uveitis, vitritis, papillitis, CME, or epiretinal membrane, could occur in active CMVR (cytomegalovirus-immune recovery retinitis, CMV-IRR) or healed/inactive CMVR (IRU) (24). Kim et al. (6) also showed using SD-OCTA that there was significantly lower density and complexity of capillary perfusion in eyes with uveitis. According to another previous study about intermediate uveitis, the reduced central VD presumably contributes to the presence of CME (25). Four eyes in this study showed CME: three eyes with inactive CMVR and one eye with active CMVR. This may play a role in explaining the changes in this study. Due to our small sample size, we cannot draw firm conclusions regarding subtle macular changes. Large-scale studies aimed at multiple-factor analysis can further improve our understanding of capillary changes.

In addition, SS-OCTA with a 1,050-nm wavelength showed advantages over 840-nm spectral-domain (SD) OCTA in accurate measurements of full-thickness choroid and choroidal structures (26, 27). Three-dimensional CVI with SS-OCTA has contributed greatly to choroidal diseases by volumetrically assessing the choroidal vasculature (17). The choroidal parameters, including CVI and full choroidal thickness in certain quadrants, were decreased in inactive CMVR, showing a sign of choroidal atrophy in resolved infection. Except for PR-RPE thickness, the retinal thickness (full retina, RNFL-GCL-IPL, RNFL, GCL-IPL, INL) in certain quadrants was increased in active or inactive CMVR, showing slight retinal thickening. The structural features in areas of CMVR or macular-involving CMVR have been studied (12, 28, 29). As far as we know, chorioretinal structural changes in the macular area away from CMVR lesions have rarely been studied.

Limitations exist in our study. This is a cross-sectional designed study with a small sample size. There are absences of visual function parameter (best corrected visual acuity or microperimetry for example) and their correlation with OCT and OCTA findings. Further long-term studies assessing longitudinal alterations in the macular structure and microvasculature and large-scale studies aimed at multiple-factor analysis can further improve our understanding of capillary changes in CMVR. Moreover, although the OCTA results in this study were conducted by an experienced retina specialist, there might be a bias between the different operators. With the presence of control group, active and inactive CMVR not involving the macula, our data verified the subtle macular structure and microvascular damages in CMVR eyes without macular-involved necrotic lesions, and offered a foundation for future retinochoroidal vasculature studies and applications for eyes with CMVR using OCTA.



CONCLUSIONS

The OCTA study conducted on changes in the macula and choroid is very valid. Our study showed subtle macular damage, including lower macular chorioretinal vasculature, decreased full choroidal thickness, and thicker retinal thickness, in CMVR eyes without macular-involved necrotic lesions. Using SS-OCTA with a 1,050-nm wavelength, both macular structure and microvasculature can be monitored accurately and may aid in the prognosis of CMVR.
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Purpose: To develop an algorithm to detect and quantify hyperreflective dots (HRDs) on optical coherence tomography (OCT) in patients with diabetic macular edema (DME).

Materials and Methods: Twenty OCTs (each OCT contains 128 b scans) from 20 patients diagnosed with DME were included in this study. Two types of HRDs, hard exudates and small HRDs (hypothesized to be activated microglia), were identified and labeled independently by two raters. An algorithm using deep learning technology was developed based on input (in total 2,560 OCT b scans) of manual labeling and differentiation of HRDs from rater 1. 4-fold cross-validation was used to train and validate the algorithm. Dice coefficient, intraclass coefficient (ICC), correlation coefficient, and Bland–Altman plot were used to evaluate agreement of the output parameters between two methods (either between two raters or between one rater and proposed algorithm).

Results: The Dice coefficients of total HRDs, hard exudates, and small HRDs area of the algorithm were 0.70 ± 0.10, 0.72 ± 0.11, and 0.46 ± 0.06, respectively. The correlations between rater 1 and proposed algorithm (range: 0.95–0.99, all p < 0.001) were stronger than the correlations between the two raters (range: 0.84–0.96, all p < 0.001) for all parameters. The ICCs were higher for all the parameters between rater 1 and proposed algorithm (range: 0.972–0.997) than those between the two raters (range: 0.860–0.953).

Conclusions: Our proposed algorithm is a good tool to detect and quantify HRDs and can provide objective and repeatable information of OCT for DME patients in clinical practice and studies.

Keywords: diabetic macular edema, diabetic retinopathy, optical coherence tomography, deep learning algorithm, hyperreflective dots


INTRODUCTION

The global prevalence of diabetes was 415 million in 2015, and this number is estimated to increase to 642 million by 2040 (1). About one third of diabetic patients will develop diabetic retinopathy, which is the major cause of blindness in the working-age population in the world (2, 3). Diabetic macular edema (DME) is one of the primary causes of vision loss in patients with diabetic retinopathy (4).

DME is characterized by an excessive accumulation of intraretinal or subretinal fluid in the macula and can best be detected by optical coherence tomography (OCT) (4). High-resolution OCT images give information on the severity of DME (4) and on accompanying morphological changes, such as intraretinal cysts, subretinal fluid, disorganization of retinal inner layers, and hard exudates (5, 6). Hard exudates are lipid deposits that can be seen on fundus photographs and give hyperreflective signals on OCT (7). Recently, small hyperreflective dots (HRDs) unseen on fundus photographs but visible on OCT have been reported in diabetic eyes and were hypothesized to be activated microglia (5, 6, 8). A recent study indicated that these small HRDs can best be distinguished from hard exudates by their diameter, reflectivity, and back shadowing status (8). Both hard exudates and activated microglia are probably involved in the pathogenesis of diabetic retinopathy development but playing different roles, and are related to treatment responsiveness in DME patients (9–12). However, current clinical studies investigated HRDs with manual calculation on selected OCT sections (10, 13, 14), which may be time consuming and induce subjective bias for analysis.

Artificial intelligence is a branch of computer science that aims to perform tasks by simulating intelligent human behavior (15, 16). Machine learning is a subfield of artificial intelligence that uses statistical techniques to enable computers to learn on their own without being explicitly programmed (17). Deep learning is the newest component of machine learning and is widely adopted in image recognition in ophthalmology (15). Methods for automatic quantification of HRDs on OCT using artificial intelligence were published recently (18–20). In these papers, HRDs were selected without consideration of differentiation between hard exudates and smaller hyperreflective dots hypothesized to be activated microglia.

Thus, we plan to develop a deep learning algorithm to quantify HRDs on OCT in DME patients and differentiate them into hard exudates and small HRDs, and to investigate the consistency of automatic and manual calculation of HRDs on OCT.



MATERIALS AND METHODS


Data Collection

Twenty OCTs from 20 DME patients diagnosed at Joint Shantou International Eye Center (JSIEC) of Shantou University and the Chinese University of Hong Kong were included in this study. DME was defined as average central retinal thickness >300 μm within the 6-mm ETDRS circle on the OCT report (21, 22) and without other retinal diseases that may cause macular edema. OCT files with poor quality evaluated by Topcon OCT built-in software with a score of TopQ Image Quality <30 were excluded. All patients underwent examination with the Topcon 3D OCT-2000 device (Topcon, Tokyo, Japan) using the macula mode. The OCT scanning area was 6 × 6 × 2 mm3 centered on the fovea, corresponding to 128 × 512 × 885 pixels. This study adhered to the tenets of Declaration of Helsinki and was approved by the Institutional Review Board of JSIEC of Shantou University and the Chinese University of Hong Kong (No. 19-006). Informed consents are waived due to the retrospective nature of the study.



Algorithm Development

Famicom Disk System data were exported anonymously from the Topcon 3D OCT-2000 device and transformed to ITK MetaImage Header files.

Manual labeling of HRDs on 2560 OCT b scans (20 OCTs, each containing 128 b scans) was performed by two ophthalmologists (rater 1: H.H. and rater 2: T.L.) using itk-SNAP software (23). Two types of HRDs, hard exudates and small HRDs, were identified and labeled separately with different colors (Figure 1). Hard exudates were defined as particles larger than 40 μm with back shadowing and reflectivity similar to the retinal pigment epithelium–Bruch complex (8). Small HRDs were defined as particles 20 to 40 μm in diameter (10, 24) with similar reflectivity to the nerve fiber layer without back shadowing on OCT within the neurosensory retina (8). Signals smaller than 20 μm were regarded as noise and excluded.


[image: Figure 1]
FIGURE 1. Illustration of manual labeling of HRDs on OCT b scans in DME patients: (A) fundus photograph of a patient with DME; (B) one OCT b scan of the same eye with different HRDs; (C) manual label of HRDs of the OCT b scan shown in (B), hard exudates with diameter larger than 40 μm, presence of back shadowing and reflectivity similar to RPE–Brush complex are labeled with yellow color; small HRDs with diameter between 20 and 40 μm and similar reflectivity to nerve fiber layer without back shadowing are labeled with red color; (D) output of manual label by rater 1; (E) output of label by proposed algorithm.


The algorithm flow mainly includes two steps: automatic segmentation of HRDs and classification of the segmentation results.

In the first step, an improved U-shaped convolutional neural network (CNN), inspired by U-Net (25), was developed to segment HRDs on retinal OCT images, as is shown in Figure 2A. The original structure of U-Net consists of four downsampling and upsampling steps. Considering the size of HRDs, the number of downsampling and upsampling steps was reduced to three in our improved CNN. To deal with the variable size of HRDs, multi-scale convolution modules (MSCM) were proposed and inserted into the encoder path, which can help the network to achieve adaptive receptive fields. The MSCM is based on three parallel convolutions with dilation rates of 1, 2, and 3 so that multi-scale receptive fields can be obtained and network parameters can be reduced effectively. In addition to the MSCM, a channel attention module (CAM) was also designed to discard redundant information and guide the model to focus on the useful channel information. The CAM is constituted by a global average-pooling layer and a fully connected layer. It is an “end-to-end” structure and can be easily inserted in the CNN. Experiments show that CAM has a better effect on high-level semantic information, so two CAMs were inserted in the bottom two encoders. With these two innovative structures, automatic segmentation of HRDs was improved.


[image: Figure 2]
FIGURE 2. (A) The framework of the improved U-shaped convolutional neural network. Improved multi-scale convolution modules (MSCM), which are inserted into the encoder path of the network. Two channel attention modules (CAM), which are added to two max-pooling layers at the bottom. (B) Flowchart of proposed algorithm development.


In the second step, a connected domain extraction algorithm was used to mark each HRD. Connected domain generally refers to the area on an image composed of adjacent pixels with the same pixel value. Connected domain extraction is the process of recognizing each connected area on an image. Based on different spatial adjacent morphological characteristics of hard exudates and small HRDs, an edge extraction network was developed, which contains edge guide branches to segment the back shadowing on retinal OCT images. For segmentation of small lesions, this network extracts the edge of the gold standard area marked by rater 1 as an auxiliary condition training model, which can improve the accuracy of the network segmentation of the lesion.

After segmentation of back shadowing, automatic classification of the HRDs segmentation results in the first step was achieved by the following strategy: (1) HRDs larger than 40 μm with back shadowing are classified as hard exudates. (2) HRDs smaller than 20 μm are regarded as noise and excluded. (3) HRDs which are neither hard exudates nor noise are recognized as small HRDs.

The whole experiment is computed under the environment of python and pytorch framework. The flowchart of the algorithm development is shown in Figure 2B.

This algorithm uses a 4-fold cross-validation method. The data set is equally divided into four parts and marked as f1, f2, f3, and f4. Three parts are used as training set to get a convergent model and the last part is used as test set to test the accuracy of the model. This method was repeated four times, each time using a different test set, i.e., f1, f2, f3, and f4, respectively. The average of the accuracy of each model was calculated as the final output. Compared with an independent training, validation, and test set, all data in cross-validation have undergone training and validation. If the overall data are unevenly distributed, cross-validation can produce an unbiased result and can be more universally used.

To improve the generalization of the network, we adopted online augmentation strategies including left and right flipping, up and down flipping, random rotation, and additive Gaussian noise addition. For each round of training, two to four of these augmentation methods are used. In the training process, the stochastic gradient descent (SGD) algorithm with an initial learning rate of 0.01, momentum of 0.9, and weight decay of 0.0001 is used to optimize the network. The batch size is set to 2 and the number of epochs is 60.



Statistical Analysis

The sample size of this study was based on a previously published algorithm focusing on a similar topic (19). The output of proposed algorithm includes the area and number of total HRDs, hard exudates, and small HRDs, respectively, within 6, 3, and 1 mm diameters centered on the fovea. All the parameters were evaluated with histograms for distribution patterns. Mean and SD were applied to describe normally distributed data, while median and interquartile ranges (IQRs) were used to describe non-normally distributed data. Repeatability of the aforementioned parameters between two methods (either between two raters or between one rater and proposed algorithm) was evaluated with Dice coefficients and intraclass correlation coefficients (ICCs). A Dice coefficient is a metric used to evaluate the overlapping of the same target labeled by two methods. It ranges from 0 to 1. The higher the Dice coefficient, the better the two methods are overlapping. The correlation between Dice coefficient and area of total HRDs was evaluated by a correlation coefficient. Correlation and agreement of the parameters between two methods was analyzed with linear regression and Bland–Altman plots. SPSS 23.0 software was used for all statistical analyses. P-values <0.05 were considered statistically significant.




RESULTS

Twenty OCTs from 20 DME patients were included in this study (12 right and eight left eyes). If one patient had DME in both eyes, one eye was selected at random. Fifteen patients were treatment-naïve, four patients received macular laser, and one patient had anti-VEGF injections before inclusion. Eleven eyes were diagnosed with non-proliferative diabetic retinopathy and nine eyes had proliferative diabetic retinopathy. The mean central retinal thickness within 6 mm diameter of the ETDRS circle was 334 μm (IQR 314–390 μm) and the mean volume of the 6 mm ETDRS circle was 9.45 mm3 (IQR 8.88–11.04 mm3). The mean score of the Top Q Image Quality was 38 ± 5. The descriptive data of HRD parameters of rater 1, rater 2, and proposed algorithm of 6 × 6 mm area, within 1 mm and 3 mm diameters centered on the fovea, are presented in Table 1.


Table 1. Descriptive data of HRD parameters of rater 1, rater 2, and proposed algorithm of 6*6 mm area, within 1 and 3 mm diameters centered on fovea.

[image: Table 1]

Table 2 shows the Dice coefficients and correlations of all parameters between two methods. The mean Dice coefficient of total HRD area between the two raters was 0.59 ± 0.14, while the Dice coefficients of hard exudate area and small HRD area were 0.58 ± 0.12 and 0.38 ± 0.10, respectively. The Dice coefficient between rater 1 and proposed algorithm of total HRD area was 0.70 ± 0.10, and the Dice coefficients of hard exudate area and small HRD area were 0.72 ± 0.11 and 0.46 ± 0.06, respectively. The Dice coefficient of total HRD area between rater 1 and proposed algorithm was correlated with total HRD area labeled by rater 1 (r = 0.48, p = 0.03) and by proposed algorithm (r = 0.52, p = 0.02).


Table 2. Reliability and correlation of HRD parameters of 6*6 mm area centered on fovea between two methods.

[image: Table 2]

ICCs of all HRD parameters between the two raters ranged from 0.860 (95% CI: 0.546–0.950, hard exudate area) to 0.953 (95% CI: 0.881–0.981, small HRD area), and ICCs of the parameters between rater 1 and proposed algorithm ranged from 0.972 (95% CI: 0.843–0.991, hard exudate area) to 0.997 (95% CI: 0.993–0.999, small HRD area) (Figures 3–5). The correlations between rater 1 and proposed algorithm (range: 0.953–0.996, all p < 0.001) were stronger than the ones between the two raters (range: 0.842–0.962, all p < 0.001) for all parameters (Figures 3–8). As the algorithm was trained with data from rater 1, ICCs and correlations between rater 1 and the algorithm were stronger than those between rater 2 and the algorithm. However, ICCs and correlations between rater 2 and the algorithm were similar to those between the two raters.


[image: Figure 3]
FIGURE 3. Linear regression and Bland–Altman analysis for correlation of total HRD area (A) between 2 raters, (B) between rater 1 and proposed algorithm, and (C) between rater 2 and proposed algorithm; agreement of total HRD area (D) between 2 raters, (E) between rater 1 and proposed algorithm, and (F) between rater 2 and proposed algorithm.


Bland–Altman plots demonstrated that the 95% limits of agreement (LOA) of the total HRD area between rater 1 and proposed algorithm (range from −0.21 to 0.24) were much smaller compared with the 95% LOA of two measurements between the two raters (range from −0.64 to 1.23) (Figure 3). Similar differences were observed for the hard exudate area (Figure 4) and the small HRD area (Figure 5).


[image: Figure 4]
FIGURE 4. Linear regression and Bland–Altman analysis for correlation of hard exudate area (A) between 2 raters, (B) between rater 1 and proposed algorithm, and (C) between rater 2 and proposed algorithm; agreement of total HRD area (D) between 2 raters, (E) between rater 1 and proposed algorithm, and (F) between rater 2 and proposed algorithm.



[image: Figure 5]
FIGURE 5. Linear regression and Bland–Altman analysis for correlation of small HRD area (A) between 2 raters, (B) between rater 1 and proposed algorithm, and (C) between rater 2 and proposed algorithm; agreement of total HRD area (D) between 2 raters, (E) between rater 1 and proposed algorithm, and (F) between rater 2 and proposed algorithm.


The 95% LOA of the total HRD number between rater 1 and proposed algorithm (range from −219 to 182) were also smaller compared with the 95% LOA of two measurements between the two raters (range from −384 to 346) (Figure 6). Similar differences are illustrated in Figure 7 for the numbers of hard exudates and in Figure 8 for the number of small HRDs.


[image: Figure 6]
FIGURE 6. Linear regression and Bland–Altman analysis for correlation of total HRD number (A) between 2 raters, (B) between rater 1 and proposed algorithm, and (C) between rater 2 and proposed algorithm; agreement of total HRD area (D) between 2 raters, (E) between rater 1 and proposed algorithm, and (F) between rater 2 and proposed algorithm.



[image: Figure 7]
FIGURE 7. Linear regression and Bland–Altman analysis for correlation of hard exudate number (A) between 2 raters, (B) between rater 1 and proposed algorithm, and (C) between rater 2 and proposed algorithm; agreement of total HRD area (D) between 2 raters, (E) between rater 1 and proposed algorithm, (F) between rater 2 and proposed algorithm.



[image: Figure 8]
FIGURE 8. Linear regression and Bland–Altman analysis for correlation of small HRD number (A) between 2 raters, (B) between rater 1 and proposed algorithm, and (C) between rater 2 and proposed algorithm; agreement of total HRD area (D) between 2 raters, (E) between rater 1 and proposed algorithm, and (F) between rater 2 and proposed algorithm.


The parameters within a 1 mm diameter and 3 mm diameter circle centered on the fovea also showed good reliability and correlation between rater 1 and proposed algorithm (Table 3). For the parameters measured within a 1 mm diameter circle centered on the fovea, ICCs of all HRD parameters between rater 1 and proposed algorithm ranged from 0.819 (small HRD area) to 0.994 (hard exudate area) (Table 3), while the correlation coefficient ranged from 0.694 (small HRD area) to 0.988 (hard exudate area). For the parameters measured within a 3 mm diameter circle centered on the fovea, ICCs of all HRD parameters between rater 1 and proposed algorithm ranged from 0.713 (small HRD area) to 0.989 (total HRD area) (Table 3), and the correlation coefficient ranged from 0.597 (small HRD area) to 0.979 (hard exudate area). The results within a 1 and 3 mm diameter area centered on the fovea were weaker than those within a 6 × 6 mm area, thus using the 6 × 6 mm area would be preferable for future clinical studies.


Table 3. Intraclass correlation coefficient of HRD parameters within 1 and 3 mm diameters centered on fovea between 2 raters and between rater 1 and proposed algorithm of parameters.
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DISCUSSION

In the current study, a new algorithm for quantifying and differentiating HRDs on OCT in DME patients is introduced. All the parameters, including area and number of total HRDs, hard exudates, and small HRDs, show good correlation and agreement between the two raters and between the rater and proposed algorithm.

HRDs only visible on OCT in DME patients were first reported by Bolz in 2009 and hypothesized to be extravasated lipoproteins (7). However, more recent studies indicate that these structures represent microglia. Microglia are immunocompetent cells of retina (26) and are activated at different stages of human diabetic retinopathy (27). A recent study showed that these HRDs are strongly correlated with soluble CD 14 in aqueous humor, a cytokine released by microglia and macrophages, in DME patients (13). Moreover, these HRDs were also present in diabetic patients without manifest diabetic retinopathy and the number of HRDs increases as diabetic retinopathy progresses (28). Therefore, these HRDs on OCT are more likely to be activated microglia in DME patients.

For the proper development of an algorithm, the definitions of hard exudates and small HRDs must be rigorous and their OCT characteristics should not or only minimally overlap. We based our definition of hard exudates and small HRDs on previous studies. Definitions of HRDs representing activated microglia in the literature vary, and sizes ranging from 20 to 50 μm have been given (8, 10, 13, 24). However, a solid foundation of such definition is lacking. The reason could be that it is difficult to measure microglia in human retina by histology, especially the size of the entire microglial cells (cell body and dendrite ramifications). In contrast, it is possible to measure the cell bodies of the microglia (personal comment by M.O.M. Tso). The cell body of normal or quiescent microglia in human retina has a long axis of 16.4–20.4 μm and a short axis of 6–7.6 μm (29, 30). With inflammation such as DME, microglia will be activated and the size of cell body will enlarge, presenting as amoeboid morphology (26). By estimating the cell body of human activated microglia from histology pictures published by Zeng et al. (27), we defined small HRDs as structures of 20–40 μm length, which means a doubling of the size compared with quiescent microglial cells.

In previous studies, different algorithms for quantifying HRDs on OCT were developed. Our proposed algorithm showed similar Dice coefficients of total HRDs (0.695 ± 0.103) compared with published ones (0.638 and 0.713) (19, 20). The published algorithms did not differentiate HRDs into different types (18–20), which would provide ambient information for clinical analysis. Moreover, all the published algorithms quantified HRDs with conventional machine learning techniques, while our proposed algorithm uses deep learning technology, which provides further possibility for analysis using transfer learning on other OCT machines and in other retinal diseases, which can shorten the learning process compared with a new algorithm. For each new situation, i.e., for each different OCT machine and each retinal disease, the algorithm should be adapted based on a series of manually labeled OCT scans.

The present study found a better Dice coefficient of hard exudates (0.724 ± 0.106) compared with that of small HRDs (0.460 ± 0.056). Hard exudates showed larger signals (>40 μm) compared with small HRDs (20–40 μm), as defined earlier. We also reported a positive correlation between the Dice coefficient of total HRDs between rater 1 and the algorithm and total HRD area. Such a result is predictable as the smaller the labeled target, the more difficult to get a perfect output by the algorithm. Even if the Dice coefficient of small HRDs is not very high, the correlation and agreement between rater 1 and the algorithm are very good. No published algorithm has identified and quantified such a small target, so we could not evaluate it by comparison. Thus, we think the output of this algorithm is acceptable.

As shown in the Bland–Altman plot, the mean of the total number of HRDs is more consistent in all methods than the numbers of hard exudates and small HRDs separately. This is because it can be difficult to differentiate hard exudates from small HRDs by our definition. Some small hyperreflective signals presented unclear back shadowing, which contributes to different classifications of HRDs by raters, and probably by the algorithm. Another reason would be that some HRDs are too close to each other and were recognized as one rather than several by different raters and the algorithm.

We acknowledge several limitations, such as a relatively low dice coefficient of small HRDs and minor deviations of HRD number counting, as explained explicitly earlier. The distribution of HRDs on OCT in DME patients is currently unknown and could be variable among different populations, which may induce potential selection bias of the algorithm. We also would like to highlight that this study is the first to develop an algorithm to differentiate HRDs into hard exudates and small HRDs and quantify these signals in numbers and area on OCT in DME patients using deep learning technology. To summarize, the present study introduces a newly developed algorithm to quantify and differentiate HRDs on OCT for DME patients. Standardizing HRDs with automatic calculation will provide more objective and repeatable data for further investigation of DME and related diseases.
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Purpose: This study was conducted in order to compare the diagnostic classification of Bruch's membrane opening-minimum rim width (BMO-MRW) and RNFL thickness in normal myopic subjects by using optical coherence tomography (OCT).

Methods: This cross-sectional study involved 75 healthy myopic subjects [spherical equivalent (SE) ≤ −0.5D] from April 2019 to January 2020. One eye of each subject was randomly selected for examination. BMO-MRW and peripapillary RNFL thickness were measured by spectral-domain OCT (Spectralis, Heidelberg Engineering GmbH, Heidelberg, Germany). All the subjects were divided into three groups: low myopic group (SE > −3D), moderate myopic group (−6D < SE ≤ −3D), and high myopic group (SE ≤ −6D). A nonparametric test was used to analyze the difference among groups. Linear regression was used to analyze the relationship between BMO-MRW/RNFL thickness and axial length/spherical equivalent. McNemar test was used to compare the diagnostic classification between BMO-MRW and RNFL thickness.

Results: The RNFL thickness classified a significantly higher percentage of eyes as outside normal limits/borderline in at least 1 quadrant (BMO-MRW, 4%; RNFL thickness, 34.67%; p < 0.01). There was no significant correlation between BMO-MRW/RNFL thickness and AL/SE. The low myopia (SE > −3D) had a significantly lower percentage of eyes classified as outside normal limits/borderline in at least 1 quadrant than the moderate myopia (−6D < SE ≤ −3D) and high myopia (SE ≤ −6D) (low myopia, 12.5%; moderate/high myopia, 42.42%/50%; p < 0.05).

Conclusion: BMO-MRW had a lower percentage of eyes classified as outside normal limits/borderline in at least 1 quadrant than RNFL thickness in normal myopic subjects. When referring to the diagnostic classification of RNFL thickness in myopic subjects, caution should be exercised in interpreting positive results. Further studies are needed to compare the diagnostic accuracy of these two measurements in myopic glaucoma patients.
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INTRODUCTION

Myopia is a common ocular disorder worldwide. It is estimated that there will be 4,758 million people with myopia in 2050 (1, 2). Myopia is a risk factor for primary open-angle glaucoma (POAG) that can increase the risk of POAG by two- to three-fold (3, 4). Since POAG can cause asymptomatic vision loss, early diagnosis of POAG in myopic patient is important. Diagnosis of POAG relies on evaluating optic disc, visual field, intraocular pressure (IOP), retinal nerve fiber layer (RNFL), and retinal ganglion cell (RGC) layer. However, myopic eye is associated with tilted optic disc (5, 6), thinning of the RNFL (7) and RGC layer (8), increased intraocular pressure (4), and visual field defects (9). As a result, the diagnosis of POAG in myopic patients is challenging.

RNFL thickness measured by optical coherence tomography (OCT) is widely used for early diagnosis of POAG. It was reported that RNFL thickness measurement would be affected by myopia (7, 10). A significant proportion of normal myopic eyes were reported to be classified as abnormal (outside normal limits or borderline) (11, 12). Bruch's membrane opening-minimum rim width (BMO-MRW) represents the least distance between the Bruch's membrane opening and the internal limiting membrane, through which axons of RGCs pass. It has been shown that measuring BMO-MRW may have a higher accuracy in detecting glaucoma (13). To our knowledge, no study has been performed to compare the diagnostic classification of RNFL thickness and BMO-MRW in normal myopic subjects. The aim of this study was to compare the diagnostic classification of RNFL thickness and BMO-MRW in normal myopic subjects with spectral domain OCT.



METHODS

This was a cross-sectional study. The study was designed following the ethical standards of the Declaration of Helsinki and approved by the ethical committees of the Joint Shantou International Eye Center of Shantou University and The Chinese University of Hong Kong with written informed consent obtained before the study.


Subjects

Eighty-seven Chinese subjects with spherical equivalent (SE) ranging from −0.5 to −10.75D were recruited in the current study. One eye from each subject was randomly selected. All subjects received a comprehensive ocular examination, including best corrected visual acuity, intraocular pressure (IOP), slit lamp examination, refraction, axial length (AL) (OA-2000, Tomey, Japan) and 24-2 standard automated perimetry.



Inclusion and Exclusion Criteria

All the included eyes have SE of less than −0.5D and no other concurrent diseases. Subjects with best corrected visual acuity of less than 20/40, IOP over 21 mmHg, family history of glaucoma, intraocular surgery, myopic macular degeneration, clinical evidence of glaucoma, parapapillary atrophy extending the circle of OCT RNFL scan, refractive surgery, age less than 18, neurological diseases, and diabetes and subjects unable to cooperate with the examination or with poor OCT image quality were excluded.



Visual Field Testing

All visual field tests were performed with the static automated white-on-white threshold 24-2 SITA standard strategy (Humphrey Field Analyzer II; Carl Zeiss Meditec, Inc., Dublin, CA, USA). A visual field test was considered to be reliable when false-positive errors were less than 15%, false-negative errors were less than 15%, and fixation losses were less than 20%. All the visual field tests of the included eyes were “within normal limits” in the glaucoma hemifield test (GHT).



Spectralis OCT Imaging

Imaging of Spectralis OCT (Spectralis, Heidelberg Engineering GmbH, Heidelberg, Germany; Spectralis family acquisition module, version 6.0.11.0) was conducted using the Glaucoma Module Premium Edition (GMPE; Heidelberg Engineering). Radial B-scans of 24 were acquired for BMO-MRW. The OCT images were 15° in width and were obtained at 7.5° intervals of the ONH. Three scan circles (3.5, 4.1, and 4.7 mm in diameter) were used to measure peripapillary RNFL thickness. Well-centered scans with accurate retinal segmentation and image quality higher than 20 were included. The axis between the BMO center and fovea (fovea–BMO axis, FoBMO axis) was attained before data collection and analyses. Data collection and analyses of six quadrants (N, nasal; NS, superonasal; NI, inferonasal; T, temporal; TS, superotemporal; TI, inferotemporal) were achieved with regard to FoBMO axis. The diagnostic classifications presented with three colors were attained by comparing with the imbedded normative database. Green represents over 95% normal results and was considered as within normal limits. Yellow represents 1~5% normal results and was considered as borderline. Red represents less than 1% normal results and was considered as outside normal limits.



Statistical Analyses

Statistical analyses were performed with SPSS version 21.0 (SPSS, Chicago, IL, USA). The data were presented as mean ± standard deviation. Normal distribution was tested by the Shapiro–Wilk test. Linear correlation analysis was used to investigate the correlation between BMO-MRW/RNFL and SE/AL. McNemar test was used to compare the diagnostic classification between BMO-MRW and RNFL thickness. A p-value < 0.05 was considered statistically significant.




RESULTS

Eighty-seven eyes from 87 Chinese subjects were involved in this study. Twelve eyes were excluded for unacceptable visual field tests or OCT scans. Finally, 75 eyes from 75 Chinese subjects (54 females and 37 right eyes) were included in the current study. Mean age, SE, and axial length were 31.08 ± 10.32 years (range: 20 to 64), −4.13 ± 2.29D (range: −10.75 to −0.50D), and 25.07 ± 1.19 mm (range: 22.22 to 27.55), respectively. All the subjects were divided into three groups: low myopic group (SE > −3D), moderate myopic group (−6D < SE ≤ −3D), and high myopic group (SE ≤ −6D). There was no significant difference in age, gender, and visual field average loss between three groups. Their baseline information is presented in Table 1.


Table 1. Characteristics of the high, moderate, and low myopia groups.

[image: Table 1]


BMO-MRW and RNFL Measurement

The mean BMO-MRW was 369.75 ± 61.05 μm. There was no significant correlation between BMO-MRW and AL/SE. No significant correlation was found between BMO-MRW of each quadrant and AL/SE. No significant difference of BMO-MRW was found among the three groups (Table 2).


Table 2. Correlations between Bruch's membrane opening-minimum rim width and axial length/spherical equivalent.

[image: Table 2]

The mean RNFL thickness was 109.25 ± 9.20 μm. Both the temporal (r = 0.33, p < 0.01) and superotemporal (r = 0.32, p < 0.01) RNFL thickness were positively correlated with axial length. The inferonasal (r = −0.32, p < 0.01) RNFL thickness was negatively correlated with axial length. No significant correlation was found between RNFL thickness of other quadrants and AL/SE. No significant difference of RNFL thickness was found among the three groups (Table 3).


Table 3. Correlations between RNFL thickness and axial length/spherical equivalent.
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BMO-MRW and RNFL Diagnostic Classification Result

All the global BMO-MRW were classified as normal. For the temporal quadrant, 2 of 75 eyes (2.67%) were classified as abnormal. For the superotemporal and inferotemporal quadrant, 1 of 75 eyes (1.37%) was classified as borderline.

For the global RNFL thickness, 73 eyes (97.33%) were classified as normal, while 2 eyes (2.67%) were classified as borderline. For the nasal quadrant, 19 eyes (25.33%) were classified as abnormal (borderline, 6; outside normal limits, 13). All RNFL thickness was classified as normal for the temporal quadrant. Table 4 presents the proportion of eyes identified as abnormal based on the normative databases for BMO-MRW and RNFL thickness.


Table 4. Diagnostic classification results of BMO-MRW and RNFL (n = 75).
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Abnormal classification was considered as false positive and was defined as “borderline” or outside normal limits in the current study. For quadrants, the RNFL thickness had a significantly higher percentage of eyes detected as abnormal (RNFL thickness, 34.67%; BMO-MRW, 4.00%; p < 0.01, McNemar test).

In the diagnostic classification results of BMO-MRW, the low myopic group had one false-positive result (4.17%), the moderate myopic group had two false-positive results (6.06%), and the high myopic group had no abnormal result. However, there was no significant difference among the three groups (χ2 = 1.12, p = 0.79).

In the diagnostic classification results of RNFL, the low myopic group had 3 false-positive results (12.50%), the moderate myopic group had 14 false-positive results (42.42%), and the high myopic group had 9 false-positive results (50.00%). There was a significant difference between the three groups (χ2 = 7.95, p = 0.02). The low myopic group had a significant difference with the moderate/high myopic groups (p < 0.05), while the moderate myopic group had no significant difference with the high myopic group.




DISCUSSION

This study found that there was no significant correlation between BMO-MRW/RNFL thickness and AL/SE. However, both the temporal and superotemporal RNFL thickness were positively correlated with AL. The false-positive rate of BMO-MRW diagnostic classification was significantly lower than RNFL thickness.

Previous studies found that RNFL became thinner with increasing myopia (11). However, Kang et al. (14) found that mean RNFL thickness decreased with increasing myopia, and after the ocular magnification adjustment, the mean RNFL thickness had no correlation with myopia. In this study, we used different versions of OCT which adjusted the ocular magnification during the measurement of RNFL. The result showed that mean RNFL had no significant correlation with axial length and SE in this study. Zheng et al. (15) found that superotemporal and inferotemporal RNFL yield the best diagnostic performance for glaucoma. In this study, superotemporal RNFL thickness had a significant correlation with axial length. So the influence of axial length on superotemporal RNFL thickness may affect the diagnosis of glaucoma with myopia. Due to this, it is necessary to build a normative database of RNFL thickness for myopia.

It has been reported that BMO-MRW has a higher sensitivity and specificity in diagnosing glaucoma (16, 17). BMO-MRW also has a better correlation with glaucomatous visual field defect (18). BMO is an anatomical mark of the outer edge of the optic disc. The measurement of BMO-MRW is based on the edge of the optic disc which would not be affected by the distance from the optic disc. As a result, BMO-MRW might not be affected by the ocular magnification due to the axial length extension. Sastre-Ibañez et al. (19) reported that BMO-MRW had no significant difference between moderate myopic subjects and low/nonmyopic subjects. In this study, axial length and SE were not correlated with BMO-MRW. BMO-MRW had no significant difference among the three groups. BMO-MRW measurement was not affected by axial myopia. Therefore, BMO-MRW measurements might be more suitable for myopic subjects when screening glaucoma.

Nowadays, the diagnostic classification result plays an important role in diagnosing glaucoma. OCT can provide the diagnostic classification result after comparing the BMO-MRW and RNFL measurements with its normal database. For RNFL thickness, Leung et al. found that there were up to 45.2% healthy myopic subjects diagnosed as abnormal. Qiu et al. (12) found that there were up to 55.7% myopic subjects diagnosed as abnormal by Cirrus OCT, and the abnormal results mainly occurred in the nasal sector of the optic disc. In this study, the false-positive rate was 34.67% and the nasal sector had the highest false-positive rate. Kang et al. (14) pointed out that myopia may be associated with temporal deviations in the peak RNFL thickness and this may cause temporal RNFL thickening in myopia. Therefore, nasal RNFL might have a higher false-positive rate due to RNFL thinning in the nasal sector. In addition, both the moderate myopic group and the high myopic group had higher false-positive rates than the low myopic group, and caution should be exercised when analyzing the positive result of the moderate/high myopic subjects. BMO-MRW had a lower false-positive rate than RNFL in moderate myopic subjects (19). In this study, the false-positive rate of BMO-MRW measurement in healthy myopic subjects was 4.00% which was significantly lower than the RNFL result (34.67%). This indicated that BMO-MRW measurement reduced the false-positive rate caused by myopia.

However, BMO-MRW also had three false-positive results in this study, while the visual fields and intraocular pressures were within the normal range. Two of them had “borderline” results in the temporal sector, while RNFL measurement results were classified as normal. The remaining one was classified as “borderline” in superotemporal and inferotemporal BMO-MRW, while the mean superotemporal and inferonasal RNFL were classified as “borderline.” Therefore, early glaucomatous damage cannot be excluded and follow-up is necessary.

In this study, the temporal sector of BMO-MRW had the highest false-positive rate, while the highest false-positive rate of RNFL occurred in the nasal sector which was in the opposite position of BMO-MRW. With the development of axial myopia, the elongation of the globe takes place more in the posterior segment so that the position of the optic nerve moves relatively to the nasal side of the posterior segment. However, the Bruch's membrane opening would not shift with the optic nerve (20). It leads to the absence of the Bruch's membrane at the temporal disc border which can explain the high false-positive rate of BMO-MRW. On the other hand, Bruch's membrane defects can lead to the corresponding retinal pigment epithelium and choroid defects, so the temporal atrophy of the optic disc should be taken into account for the abnormal results of temporal BMO-MRW. The peak of RNFL thickness had a trend of temporal deviation with increasing myopia which can explain the high false-positive rate of the nasal RNFL diagnostic classification results. However, nasal RNFL thickness had no significant correlation with axial length and SE. It is known that supero- and inferotemporal RNFL sectors are the most sensitive parameters for diagnosing glaucoma. In the current study, the positive rates of RNFL and BMO-MRW were similar in supero- and inferotemporal sectors (1.33 vs. 2.67% for both sectors). The highest positive rate occurred in the nasal sector of RNFL. Since the abnormal nasal sector of RNFL may not affect the diagnosis of glaucoma, longitudinal studies are needed to address this issue.

During the examination of OCT, it is very important to confirm the exact position of BMO so that we can obtain a reliable BMO-MRW value. Zheng et al. (21) found that high myopic eyes were more likely to have indiscernible BMO at the temporal, superotemporal, and inferotemporal sectors of the optic disc. Increased axial length, parapapillary atrophy, and advanced glaucoma affect the location of BMO. These may compromise the measurement of neuroretinal rim in the diagnostic evaluation of glaucoma. Therefore, it is necessary to confirm the position of BMO before further analyses when using BMO-MRW as the detection parameter of glaucoma. In addition, the resolution of OCT and the analytical ability to recognize BMO of the computer software need to be improved.

This study has some limitations. In this study, about half of the subjects were in the moderate myopic group which may result in an uneven distribution of sample size. The statistical methods were used to reduce bias. During the study process, 12 subjects were excluded because of abnormal visual fields (11 “borderline” and 1 “general sensitivity decline”). Since myopia can be related to visual field defect, the otherwise normal myopic subjects may be excluded. On the other hand, we did not measure other parameters of optic disc, so further study about myopic optic disc morphology affecting RNFL and BMO-MRW is needed. In addition, although BMO-MRW reduced the false-positive results of myopic subjects, the advance of glaucoma may cause other changes in ocular structure. Furthermore, the diagnostic accuracy of both measurements in myopic glaucoma was not evaluated in the current study. Therefore, comparison with glaucomatous subjects is needed to make the study more complete.

In summary, BMO-MRW had a lower false positive than RNFL thickness in normal myopic subjects. When referring to the diagnostic classification of RNFL thickness in myopic subjects, caution should be exercised in interpreting positive results. However, the accuracy of both measurements in myopic glaucoma patients was not evaluated in the current study. Further studies are needed to compare the diagnostic accuracy of these two measurements in myopic glaucoma patients.
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Purpose: Flat irregular pigment epithelial detachment (FIPED) in chronic central serous chorioretinopathy (CSC) is strongly associated with type 1 choroidal neovascularization (CNV). The present study aimed to describe the multimodal imaging characteristics of FIPED in patients with chronic CSC and investigate the factors associated with vascularized FIPED.

Methods: We included 55 chronic CSC eyes with vascularized FIPED (47 patients) and 55 chronic CSC eyes with avascular FIPED from age-matched patients (47 patients). None of the included eyes had a history of previous treatment with anti-vascular endothelial growth factor, photodynamic therapy, focal laser, or vitrectomy. The demographic and multimodal imaging data were reviewed. The location, angiography features, height and width, presence of retinal pigment epithelium (RPE) aggregations, RPE thickness, and choroid status of the FIPED area were compared between the groups.

Results: The mean age of the included chronic CSC patients was 54.3 ± 7.8 years (range: 33–72 years), and 85.1% were male. Vascularized FIPED eyes had a larger width (1,556.4 ± 731.6 vs. 931.1 ± 486.2 μm, p < 0.001), larger subfoveal RPE thickness (33.4 ± 15.3 vs. 26.3 ± 6.6 μm, p = 0.004), larger maximum RPE thickness of the FIPED area (46.3 ± 20.5 vs. 31.5 ± 8.3 μm, p < 0.001), and more RPE aggregations in the FIPED area (94.5 vs. 54.5%, p < 0.001) than avascular FIPED eyes. RPE aggregations in the FIPED area were an independent factor strongly associated with vascularized FIPED (OR = 7.922, 95% CI = 1.346–46.623, p = 0.022).

Conclusion: FIPED with a larger width and RPE thickening may suggest the presence of an underlying type 1 CNV. FIPED with RPE aggregations had an increased occurrence of neovascularization in chronic CSC.

Keywords: chronic central serous chorioretinopathy, flat irregular pigment epithelial detachment, type 1 choroidal neovascularization, RPE thickening, RPE aggregations


INTRODUCTION

Central serous chorioretinopathy (CSC), a chorioretinal disease that predominantly affects middle-aged men, is characterized by serous retinal detachment (SRD) that frequently involves the macular area and is associated with focal pigment epithelial detachment (PED) (1, 2). In chronic CSC, flat irregular PED (FIPED) is more frequently observed and presents as an irregular elevation of the retinal pigment epithelium (RPE) (3). FIPED is associated with type 1 choroidal neovascularization (CNV), which may lead to worse visual outcomes over long-term follow-up (4, 5).

The mechanisms underlying the development of type 1 CNV in FIPED (vascularized FIPED) remain unclear. Several factors have been shown to be risk factors for the formation of vascularized FIPED in CSC in prior studies, including chronic CSC, the female sex, choroidal vascular hyperpermeability (CVH), poor vision, and old age (6, 7); however, as one of the common manifestations of chronic CSC, the role of RPE disorders in CNV in chronic CSC has been overlooked. Some clinical and pathological studies of age-related macular degeneration (AMD) have pointed out that RPE-related changes, such as RPE migration and RPE thickening, could stimulate angiogenesis (8–10). The relationship between RPE disorders and vascularized FIPED remains to be elucidated. Moreover, age contributes to the irregularity of RPE cells and thinning of the choroid (11–13). In previous studies of CSC with CNV, age as a potential confounding factor may have led to bias in the assessment of RPE and the choroidal status in vascularized FIPED.

Previously, dye angiography has shown good accuracy in the detection of CNV; however, in regard to CNV in chronic CSC, the overlap of imaging features between type 1 CNV and CSC manifestations often challenges the detection of CNV (3). Optical coherence tomography (OCT) angiography (OCTA) is a non-invasive imaging modality that enables distinct depth-resolved 3D visualization of the choriocapillaris and retinal microvasculature (3, 14). Studies have shown that OCTA can detect CNV well in CSC and detect CNV more frequently than other imaging modalities (3, 14–16).

In the current study, we included chronic CSC eyes with vascularized FIPED and age-matched chronic CSC eyes with avascular FIPED to evaluate the FIPED features, RPE, and choroidal status on multimodal imaging and to further evaluate factors associated with vascularized FIPED.



MATERIALS AND METHODS


Patients

This retrospective study was approved by the Institutional Review Board of Zhongshan Ophthalmic Center, and all research and data collection complied with the Declaration of Helsinki. Patients were informed of the risks of invasive examinations and signed informed consent forms.

Treatment-naïve chronic CSC eyes with vascularized FIPED and age-matched (within 5 years) chronic CSC eyes with avascular FIPED were included in this study from October 2018 to January 2021 at Zhongshan Ophthalmic Center. Chronic CSC was diagnosed as a neurosensory detachment caused by one or more sites of leakage at the level of the RPE at the first clinical visit and a record of persistent subretinal fluid (SRF) lasting 6 months or longer (1). FIPED was defined as an irregular elevation of the RPE and distinct visualization of Bruch's membrane on an OCT B-scan (3). The exclusion criteria were as follows: (1) drusen in the macular area; (2) type 2 and type 3 CNV; (3) high myopia of more than ±6 diopters (spherical equivalent); (4) other eye diseases, including glaucoma, polypoidal choroidal vasculopathy, retinal vein occlusion, or neurodegenerative disease; (5) history of previous treatment with anti-vascular endothelial growth factor (anti-VEGF), photodynamic therapy (PDT), focal laser, or vitrectomy; or (6) low-quality fundus images that could affect interpretation of the results.



Image Acquisition and Analysis

Patients' clinical charts and multimodal imaging data were reviewed. All patients underwent a complete ophthalmic examination that included the following: best-corrected visual acuity (BCVA) examination, anterior segment examination, fundus biomicroscopy, and multimodal imaging examinations, including color fundus photography (FP) (FF450 plus; Carl Zeiss, Oberkochen, Germany), fundus autofluorescence (FAF), fundus fluorescein angiography (FFA), indocyanine green angiography (ICGA), OCT (Spectralis; Heidelberg Engineering, Heidelberg, Germany), and OCTA (RTVue 100; Optovue, Fremont, CA, USA). OCT scans were performed on single high-definition vertical and horizontal lines across the center of the fovea with a 30° area. Forty-nine B-scans that covered an area of 30° × 25° centered on the fovea were also obtained. The OCTA scanning area was captured in high-definition sections of 6 × 6 mm and 3 × 3 mm in size centered on the fovea.

Vascularized FIPED was determined by both en face OCTA and cross-sectional OCTA, which presented as a pathological flow in the outer retinal slab on en face OCTA and a hyperreflective, flat, irregular RPE elevation with a hyper-flow signal on cross-sectional OCTA (3). The automated segmentation line reference was manually fine-tuned if the automated segmentation was misaligned. OCTA images were evaluated at each successive slab to determine that the imaged abnormalities were real and not the result of projection artifacts. Two investigators (YS and XZ) independently evaluated the OCTA images to determine FIPED with or without CNV. Any disagreement was resolved by a senior retinal specialist (FW).

Multimodal imaging features of the FIPED area were qualitatively and quantitatively compared between vascularized FIPED and avascular FIPED. The FIPED location was classified as foveal involving or foveal sparing (17). The presence of fluorescence leakage on late-phase FFA, CVH, a neovascular choroidal network on early-phase ICGA, and intraretinal fluid (IRF) and SRF on OCT was assessed. The maximum height and width of the FIPED area were measured by the caliper function of OCT. The RPE and choroid status features of the FIPED area were further evaluated on OCT, including the subfoveal RPE thickness, the maximum RPE thickness of the FIPED area, the presence of RPE aggregations in the FIPED area (punctuate thickening of the RPE exceeding double the regular RPE height), the subfoveal choroidal thickness (SFCT), the thickness of Haller's layer under the FIPED area (the distance from the innermost point of the largest choroidal vessel to the inner border of the sclera), and the thickness of the choriocapillaris layer under the FIPED area (the distance from Bruch's membrane to the inner border of the large diameter choroidal vessels) (7, 18–21). The RPE and choroidal thickness were measured by the caliper function of OCT. All quantitative parameters were independently measured by two investigators (YS and YG), and the mean of the measurements was used for analysis.



Statistical Analysis

Statistical analysis was performed using the Statistical Package for the Social Sciences for Windows ver. 25.0 (SPSS, Inc., Chicago, IL, USA). Continuous variables with a normal distribution are expressed as the mean ± standard deviation (SD) and were analyzed using independent t-tests. Categorical variables were compared using the chi-square test or Fisher's exact test, when appropriate. Multivariate logistic regression analysis was used to assess the factors associated with vascularized FIPED in chronic CSC, and the odds ratio (OR) and 95% confidence interval (CI) were calculated. p-values < 0.05 were considered significant.




RESULTS


Patient and Ocular Characteristics

A total of 110 chronic CSC eyes with FIPED in 94 patients were included in this study. The demographic and clinical features of the included patients are summarized in Table 1. The patient age ranged from 33 to 72 years, with a mean (±SD) age of 54.3 ± 7.8 years. Most patients were male (80/94 patients, 85.1%). The mean BCVA of the included eyes was 0.39 ± 0.28 logMAR, and the mean duration from onset to last visit was 35.9 ± 33.7 months. The mean SFCT of the included eyes was 414.1 ± 118.2 μm. None of the 110 eyes had a history of previous treatment with anti-VEGF, PDT, focal laser, or vitrectomy. Fifty-five (50.0%) eyes of 47 patients had vascularized FIPED.


Table 1. Summary of the clinical and demographic features of included chronic CSC with FIPED.
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Characteristics of Eyes With Avascular and Vascularized Flat Irregular Pigment Epithelial Detachment

The mean age was 53.9 ± 7.8 and 54.6 ± 7.8 years (p = 0.683), and males accounted for 92% (38/47 patients) and 89.4% (42/47 patients) of patients (p = 0.386) in the avascular and vascularized FIPED groups, respectively. Clinical records and multimodal imaging features were compared between chronic eyes with avascular and vascularized FIPED (Table 2). Compared with the avascular FIPED group, the vascularized FIPED group showed a longer course of disease and poorer BCVA, but the differences were not statistically significant. In most cases, FIPED was located in the fovea in both the vascularized FIPED (44/55 eyes, 80.0%) and avascular FIPED (44/55 eyes, 80.0%) groups. On FFA, 72.7% (40/55 eyes) and 63.6% (35/55 eyes) of FIPED areas showed late-phase dye leakage in the avascular and vascularized FIPED groups, respectively. On ICGA, CVH was observed in almost all FIPED areas in both groups; the choroidal neovascular network was found in 36 (66.7%) eyes in the vascularized FIPED group on early-phase ICGA, and no neovascularization was detected in the avascular FIPED group. On OCT, the maximum width was significantly larger in the eyes with vascularized FIPED (1,556.4 ± 731.6 μm) than in the eyes with avascular FIPED (931.1 ± 486.2 μm; p < 0.001). The maximum height of FIPED was similar in the avascular FIPED group (65.1 ± 23.4 μm) and vascularized FIPED group (60.8 ± 23.5 μm). There was no significant difference in SRF or IRF above the FIPED areas between the groups.


Table 2. Comparison between avascular and vascularized FIPEDs in chronic CSC.
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The RPE and choroidal features were further compared between the avascular and vascularized FIPED groups (Table 3). The mean subfoveal RPE thickness in vascularized FIPED eyes (33.4 ± 15.3 μm) was significantly thicker than that in avascular FIPED eyes (26.3 ± 6.6 μm; p = 0.004). Regarding the FIPED area, the maximum RPE thickness (46.3 ± 20.5 vs. 31.5 ± 8.3 μm, p < 0.001) and presence of RPE aggregations (94.5 vs. 54.5%, p < 0.001) were significantly greater in vascularized FIPED areas than in avascular FIPED areas. The mean SFCT, thickness of the choriocapillaris layer, and thickness of Haller's layer beneath FIPED areas showed no significant differences between the groups. In the eyes with avascular and vascularized FIPED, the mean SFCT was 413.0 ± 112.3 and 415.0 ± 123.6 μm, respectively; the mean thickness of the choriocapillaris layer beneath FIPED areas was 53.0 ± 26.7 and 55.5 ± 38.4 μm, respectively; and the mean thickness of Haller's layer beneath FIPED areas was 307.8 ± 93.2 and 361.5 ± 95.3 μm, respectively.


Table 3. RPE and choroid status features of avascular and vascularized FIPEDs in chronic CSC.
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Typical multimodal images of chronic CSC eyes with avascular and vascularized FIPED are shown in Figure 1. FIPED presented as an irregular elevation of the RPE allowing visualization of Bruch's membrane on cross-sectional OCTA (white arrow in G and yellow arrow in N). In chronic CSC with vascularized FIPED, FP (H), FFA (I), and ICGA (J, K) showed pigmentation in the FIPED area. The neovascularization within the FIPED area could be well-identified by the combination of en face OCTA (L) and cross-sectional OCTA (N) images.


[image: Figure 1]
FIGURE 1. Multimodal imaging of avascular (A–G) and vascularized FIPED (H–N) in chronic CSC. Fundus photography (A) of avascular FIPED showed retinal neurosensory detachment in the macula. “Ink spots” dye leakage was observed on FFA (B). ICGA showed dilation of choroidal vessels in the macular region in the early phase (C) and ovoid hyperfluorescence in the macula corresponding to retinal neurosensory detachment in the late phase (D). No CNV signals were observed on ICGA (C,D), in the outer retina layer (E) or choriocapillaris layer on OCTA (F), or on cross-sectional OCTA [(G), corresponding to the green line in (E)]. Cross-sectional OCTA showed that FIPED [white arrow in (G)] presented as an irregular elevation of the RPE. Fundus photography (H) of vascularized FIPED showed multifocal abnormal pigmentation. Dye leakage was observed on late-phase FFA (I). Choroidal vessel dilation was shown in the macular region on early-phase ICGA (J), but the choroidal neovascular network was not clearly shown. Both en face OCTA [red arrow in (L,M)] and cross-sectional OCTA [(N), corresponding to the green line in (L)] showed CNV signals in vascularized FIPED [yellow arrow in (N)]. FIPED, flat irregular pigment epithelial detachment; CSC, central serous chorioretinopathy; FFA, fundus fluorescein angiography; ICGA, indocyanine green angiography; CNV, choroidal neovascularization; OCTA, optical coherence tomography angiography; RPE, retinal pigment epithelium.




Multivariate Analysis of Factors Associated With Vascular Flat Irregular Pigment Epithelial Detachment

To determine the independent relevant factors of vascularized FIPED in chronic CSC, multiple logistic regression models were constructed. Single factors with p < 0.1 were included as variables in the multiple logistic regression analysis (Table 4). FIPED with RPE aggregations had an increased occurrence of neovascularization, by approximately 7.922-fold (OR = 7.922, 95% CI = 1.346–46.623, p = 0.022). In addition, the maximum width (OR = 1.002, 95% CI = 1.001–1.003, p = 0.005) and RPE thickness of FIPED areas (OR = 1.056, 95% CI = 1.005–1.109, p = 0.031) were significantly associated with the presence of vascularized FIPED.


Table 4. Multivariate analysis of factors associated with vascularized FIPED in chronic CSC.
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DISCUSSION

In this study, 55 treatment-naïve chronic CSC eyes with vascularized FIPED and 55 treatment-naïve chronic CSC eyes with avascular FIPED from age-matched patients were included. In contrast to avascular FIPED eyes, the eyes with vascularized FIPED showed significantly more RPE aggregations and a significantly greater maximum RPE thickness in the FIPED area. The width of vascularized FIPED areas was also significantly larger than that of avascular FIPED areas. Our findings reveal that RPE thickening was associated with vascularized FIPED in chronic CSC.

FIPED is defined as an irregular elevation of the RPE on OCT, and CNV may exist in the space between the RPE and Bruch's membrane (type 1 CNV) (3). Sarah et al. found that type 1 CNV is the most frequent subtype of CNV associated with chronic CSC and causes poor vision (4). Previous studies have revealed different pathological mechanisms between FIPED associated with and without CNV, although the mechanism is still unclear (3, 7). In this study, we found that RPE thickening was an independent factor strongly associated with vascularized FIPED in chronic CSC. RPE thickening manifested as irregular hyperreflective punctate or band-shaped areas of thickening of the RPE layer on OCT, which corresponded well with clinically observed hyperpigmentation, dark pigmented dots on fundus color photography, blocked fluorescence on FFA and/or ICGA, and hyperreflective foci on infrared reflectance (IR) (Figure 2) (8, 19).


[image: Figure 2]
FIGURE 2. Typical manifestations of RPE thickening on multimodal imaging observed in chronic CSC with vascularized FIPED. Fundus photography (A) showed faint dark pigmented spots in the foveal area. En face OCTA of the outer retina (B) and choriocapillaris (C) showed CNV signals (red arrow). Early-phase FFA (D) showed blocked fluorescence (yellow arrow) in the fovea. Early-phase (E) and mid-phase ICGA (F) showed blocked fluorescence (yellow arrow) and choroidal vasodilation on the fovea. Hyperreflective dots on IR (G) and areas of RPE aggregations on OCT (yellow arrow) corresponded to regions with blocked fluorescence on FFA and ICGA, respectively. RPE, retinal pigment epithelium; CSC, central serous chorioretinopathy; FIPED, flat irregular pigment epithelial detachment; OCTA, optical coherence tomography angiography; CNV, choroidal neovascularization; FFA, fundus fluorescein angiography; ICGA, indocyanine green angiography; IR, infrared reflectance.


In our chronic CSC eyes, vascularized FIPED showed significantly more RPE aggregations and a significantly greater maximum RPE thickness than avascular FIPED. Therefore, we speculate that the RPE may play an important role in the formation of vascularized FIPED in chronic CSC, and the possible pathogenic mechanism is as follows. In chronic CSC, the dilation of outer choroidal vessels produces an inward hydrostatic pressure that causes different degrees of RPE disorders, including RPE thickening (1, 19). RPE disorders could impede the passage of fluid and nutrients between the choroid and outer retina, resulting in relative ischemia (22, 23). Severe RPE thickening and the surrounding hypoxic conditions may result in excess VEGF secretion by the RPE, contributing to neovascularization (24). In addition, previous AMD studies have also shown evidence that RPE thickening occurs prior to CNV formation and is topographically and chronologically associated with CNV development (8). Moreover, in AMD studies, clinical hyperpigmentation corresponds to RPE hypertrophy on histopathology (25, 26).

Additionally, we found that vascularized FIPED was wider than avascular FIPED in chronic CSC, which is consistent with the findings of previous studies (3, 5, 7, 27). Furthermore, the SFCT, thickness of the choriocapillaris layer, and thickness of Haller's layer under FIPED areas were larger in the vascularized FIPED group than in the age-matched avascular FIPED group, but the differences were not significant. Pang et al. mentioned that thickening of the choroid may play an important role in type 1 CNV in CSC (28); however, Guo et al. and Kim et al. found a smaller SFCT in vascularized FIPED than in avascular FIPED (7, 29). We believe that these different results in terms of choroidal changes are mainly due to the age of the subjects. The choroidal thickness decreases with aging (30). In previous studies, age was found to be an independent risk factor for CNV secondary to chronic CSC, and the mean age of CNV patients was significantly greater than that of non-CNV patients (7, 27, 31). Therefore, CNV eyes with CSC often show a decreased choroidal thickness. In this study, we included patients with vascularized FIPED and age-matched patients with avascular FIPED to eliminate the effect of age on choroidal thickness; no significant difference in choroidal changes was found between the two groups, indicating that choroidal thickening in CSC may not be the only cause of CNV.

Recently, several studies have demonstrated that OCTA allows the detection of CNV in chronic CSC that is not visible with other imaging techniques due to overlapping of the imaging features on FFA and ICGA (3, 15, 16, 32). In this study, OCTA did not miss any cases of CNV that were detected by ICGA, but dye angiography was less effective than OCTA in CNV detection in chronic CSC, which is consistent with the findings of a study by Bousquet et al. (3). Our results also show that fluorescence leakage could occur in both vascularized and avascular FIPED. Both CNV and defects of the RPE in CSC could show poorly defined, late hyperfluorescence on FFA and ICGA, and the choroidal neovascular network of chronic CSC in early ICGA is difficult to identify because of the underlying choroidal vasodilation. Additionally, approximately one-third of vascularized FIPED areas were symptom-free and fluid-free, which could be the quiescent CNV (33). These findings often challenge the identification of CNV in chronic CSC by dye angiography (34).

Our research has potential limitations. First, as this was a hospital-based, retrospective study, there was selection bias. Second, further longitudinal observation and direct evidence of clinicopathological correlations are warranted to confirm that RPE thickening contributes to neovascularization in FIPED in chronic CSC to some extent. Despite these limitations, our study balanced the age of the participants and focused on the characteristics of FIPED. The results provide new insights regarding RPE thickening in the pathogenesis of vascularized FIPED in chronic CSC.

In conclusion, we found that vascularized FIPED areas in chronic CSC have a larger width, thicker RPE, and more RPE aggregations. Additionally, severe RPE thickening, such as RPE aggregations, is strongly associated with vascularized FIPED in chronic CSC.
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Purpose: To investigate the stability of intraocular lens (IOLs) with different haptics by swept-source anterior-segment optical coherence tomography (AS-OCT).

Methods: Sixty-eight eyes from 55 patients received the implantation of Rayner 920H (Closed C-loop Group), Zeiss 509M (Plate Group) or Lenstec SOFTEC HD (C-loop Group) IOLs. The tilt and decentration of IOLs were evaluated using AS-OCT at least 1 month postoperatively.

Results: Mean decentration and tilt of IOLs were 0.18 ± 0.12 mm (range 0.02 to 0.59 mm) and 5.63 ± 1.65° (range 2.2 to 9.6°) respectively. Decentration was significantly smaller in the plate haptic group (0.12 ± 0.06 mm) as compared to the C-loop group (0.22 ± 0.13 mm, P = 0.02). The tilt of IOL was also significantly smaller in the plate haptic group (4.96 ± 0.89°) as compared to the C-loop group (6.28 ± 1.83°, P = 0.01). There was marginal difference between the Closed C-loop group (5.52 ± 1.74°) and C-loop group (6.28 ± 1.83°, P = 0.07).

Conclusions: The Plate-haptic IOLs should have better stability for the decentration and tilt than the C-loop design IOLs.

Keywords: intraocular lens, tilt, decentration, haptic, optical coherence tomography


INTRODUCTION

Cataract is the leading cause of reversible blindness in the world (1, 2). Phacoemulsification with foldable intraocular lens (IOLs) implantation is still the main treatment for cataract (3). There are many different types of commercially available IOLs (4–6). The positions of IOLs are crucial for visual outcome after cataract surgeries. Any decentration and tilt of IOLs would induce wavefront aberrations and affect visual performance (7).

The maintenance of IOL stability relies on the support of the haptics in the capsular bag (8). Previous study based on Scheimpflug imaging demonstrated that the one-piece IOLs show better stability than the three-piece IOLs (9–11). Using OPD-Scan III aberrometer (Nidek Co, Ltd., Gamagori, Japan), another study reported that the Plate-haptic IOLs show better stability than the C-loop IOLs in myopic eyes (8). Both studies measured decentration and tilt of IOLs manually.

IOLs with Plate-haptics, C-loop or Closed C-loop are widely used in clinical practice. It is not clear whether these IOLs with different haptics would have different performance in stability. The CASIA2 (CASIA2, TOMEY, Nagoya, Japan) is a new generation anterior segment optical coherence tomography (AS-OCT) with a 1,310 nm swept-source laser (12). The lens analysis mode of CASIA2 could automatically measure and analyze the IOL decentration and tilt using the corneal topographic axis with high repeatability and reproducibility (12, 13). To our knowledge, no study has used CAISA2 to analyzed tilt and decentration of these kinds of IOLs. Herein this study aimed to investigate the decentration and tilt of IOLs with different haptics by the swept-source AS-OCT.



MATERIALS AND METHODS


Study Design and Ethical Approval

This study was a retrospective study. It has been approved by the Human Medical Ethics Committee of the Joint Shantou International Eye Center (JSIEC) of Shantou University and the Chinese University of Hong Kong, which was in accordance with the tenets of the Declaration of Helsinki.



Subjects

Sixty-eight eyes from 55 Chinese adults who had underwent cataract surgeries were involved. All patients were followed up at JSIEC from May 2019 to January 2020. All subjects received complete ophthalmic examinations, including visual acuity, intraocular pressure (IOP), dilated fundus stereoscopic examination. The exclusion criteria were as follows: (1) age <18; (2) follow-up time <1 month; (3) history of eye surgeries other than cataract surgery; (4) history of complications during or after cataract surgery; (5) severe anterior capsule contraction; (6) angle closure glaucoma; (7) high myopia or axial length (AL) ≥ 26 mm.



Intraocular Lenses

All 68 eyes from 55 Chinese adult study subjects received routine phacoemulsification and IOL implantation in the capsular bag. Closed C-loop IOLs (Rayner 920H) were implanted in 25 eyes of 22 subjects. C-loop IOLs (Lenstec Softec HD) were implanted in 24 eyes of 19 subjects. Plate-haptics IOLs (Zeiss 509M) were implanted in 19 eyes of 14 subjects. The information of IOLs used in the current study was shown in Table 1. Rayner 920H has an overall diameter of 12.5 and 6.25 mm of optical diameter with Closed C-loop haptic design. Lenstec Softec HD has an overall diameter of 12 mm and 5.75 mm of optical diameter with C-loop haptic design. Zeiss 509M has an overall diameter of 11 and 6 mm of optical diameter with Plate-haptic design. All these IOLs were made of hydrophilic acrylic material and 0° in angulation.


Table 1. Characteristics of the three types of intraocular lens.
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Anterior Segment Optical Coherence Tomography Imaging

All studied eyes were dilated using a mixture of 0.5% tropicamide and 0.5% phenylephrine hydrochloride (Mydrin P, Santen, Osaka, Japan) at 30 min before CASIA2 examination. All examinations were performed by a single experienced operator. “Post-op Cataract” was selected in Exam Protocol Selection. Trace Line mode was used with “Semi-Auto”. Eight anterior segment images were obtained from 8 scans (0 to 180°, 90 to 270°, 23 to 203°, 113 to 293°, 45 to 225°, 135 to 315°, 68 to 248°, and 158 to 338°). Three-dimensional anterior segment was reconstructed. The positions of IOLs were assessed automatically by the lens analysis mode in the device-specific software. IOL decentration was defined as a distance between vertex normal of the cornea and the center of equator circle of IOLs, while IOL tilt was defined as a tilt between vertex normal of the cornea and the optic axis of IOLs (Figure 1). Moreover, the device-specific software can export the azimuth which represented the orietation of IOL tilt and decentration in degree. The azimuth can show the direction of maximal IOL tilt and decentration, which was indicated graphically by a coordinate system (Figure 2). If the anterior and posterior surface of the IOLs were not correctly traced or the Quality Score (QS) was not satisfactory, the scan would be repeated. The data of lOLs tilt and decentration was collected from the report generated by CAISA2.


[image: Figure 1]
FIGURE 1. The lens analysis of CASIA2 examination. (A) The information of patient and the Quality Score (QS) were shown above, left window showed the 3D result and right window showed one of eight anterior segment images. The 3D result contained the value and the azimuth of the IOLs tilt and decentration. (B) The Green line (Pointed by the Green arrow): the trace lines on the anterior and posterior surface of the IOLs; The Orange line (Pointed by the Orange arrow): the IOLs optic axis which was defined as a perpendicular line with the center of equator circle of IOLs; The Blue line (Pointed by the Blue arrow): the vertex normal of cornea. The decentration (The short yellow line) was defined as a distance between vertex normal and the center of equator circle of lens. The tilt (The red area) was defined as an angle between vertex normal and optic axis.



[image: Figure 2]
FIGURE 2. The Diagram of IOL decentration and tilt direction. The length between the dot and the origin of coordinates is the decentration and tilt magnitude. The azimuth represented the orietation of IOL tilt and decentration in degree. Zero-degree was in the nasal side of the patient's right eye and in the temporal side of the patient's left eye. OD represent the right eye of patient while OS represent the left eye. The red dots represent the Closed C-loop IOLs, the green dots represent the C-loop IOLs and the blue dots represent the Plate IOLs. (A) Each ring = 0.3mm. The blue dots showed more concentrated on the origin of coordinates in both eyes. And there was not obvious tendency of the IOLs decentration direction in both eyes. (B) Each ring = 5°. The tendency of IOLs tilt direction was toward the inferotemporal direction in the both eyes.




Statistical Analysis

Statistical analysis was performed with commercially available software (SPSS ver. 26.0; SPSS Inc, Chicago, IL). Data distribution for normality was checked using Shapiro–Wilk's test. According to the data normality of the groups, one-way analysis of variance (ANOVA) or Kruskal-Wallis H test was used to compare the age, AL, IOL decentration and tilt among different groups. Multiple testing correction between groups was adjusted by the post-hoc test. χ2 test was used for the comparisons on gender and laterality. P < 0.05 was considered as statistical significant.




RESULTS

Sixty-eight eyes from 55 study subjects were included in the analysis. There were 25 eyes in the Closed C-loop Group, 24 eyes in the C-loop Group and the 19 eyes in the Plate Group. The demographics of the study subjects were shown in Table 2. The mean age of the Closed C-loop, C-loop and Plate groups was 63.84 ± 15.02 years, 68.08 ± 9.36 years and 63.47 ± 6.18 years respectively. Mean AL in the Closed C-loop, C-loop and Plate groups was 23.68 ± 0.88 mm, 23.73 ± 0.94 mm and 23.51 ± 0.70 mm respectively. There was no statistically significant differences in age, AL, gender and laterality among the three studied groups.


Table 2. Demographics of study subjects implanted with different haptic design of intraocular lenses.
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Intraocular Lens Decentration

Mean decentration for all types of IOLs was 0.18 ± 0.12 mm (range 0.02 to 0.59 mm). There were significant differences among the three studied groups in decentration (ANOVA, P = 0.02). The IOL decentrations of the three studied groups were shown in Table 3 and Figure 2. Mean decentration of the Closed C-loop, C-loop and Plate groups was 0.19 ± 0.12 mm (range 0.02 to 0.49 mm), 0.22 ± 0.13 mm (range 0.02 to 0.59 mm) and 0.12 ± 0.06 mm (range 0.02 to 0.21 mm) respectively. Decentration was significantly smaller in the plate haptic group (0.12 ± 0.06 mm) as compared to the C-loop group (0.22 ± 0.13 mm, Bonferroni-Dunn test, P = 0.02). There was no statistically significant difference between the Plate and Closed C-loop groups in decentration, and no significant difference in decentration was found between the Closed C-loop and C-loop groups. Decentration for IOLs was toward each quadrant without obvious tendency (mean: 155.50° for right eyes and 87.50° for left eyes). For the right eyes, mean IOL decentration azimuth of the Closed C-loop, C-loop and Plate groups was 159.08 ± 103.33° (range 17 to 324°), 155.92 ± 73.56° (range 10 to 253°) and 135.33 ± 83.94° (range 16 to 275°) respectively. For the left eyes, mean IOL decentration azimuth of the Closed C-loop, C-loop and Plate groups was 186.33 ± 122.14° (range 21 to 343°), 226.08 ± 105.65° (range 61 to 341°) and 249.40 ± 102.89° (range 4 to 329°) respectively. This tendency was not affected by the haptic design (right eyes: Kruskal-Wallis H test, P = 0.51; left eyes: Kruskal-Wallis H test, P = 0.40).


Table 3. Intraocular lens stability with different haptics.
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Intraocular Lens Tilt

Mean tilt for all IOLs was 5.63 ± 1.65° (range 2.20 to 9.60°). There were significant differences among the three studied groups in IOL tilt (Kruskal-Wallis H test, P = 0.02). IOL tilts of the three studied groups were shown in Table 3 and Figure 2. Mean IOL tilt of the Closed C-loop, C-loop and Plate groups was 5.52 ± 1.74° (range 2.70 to 9.40°), 6.28 ± 1.83° (range 2.30 to 9.60°) and 4.96 ± 0.89° (range 2.20 to 6.20°) respectively. The Plate Group showed significantly smaller IOL tilt (4.96 ± 0.89°) than the C-loop Group (6.28 ± 1.83°, Bonferroni-Dunn test, P = 0.01). Ther was marginal difference in IOL tilt between the Closed C-loop Group (5.52 ± 1.74°) and C-loop Group (6.28 ± 1.83°, Bonferroni-Dunn test, P = 0.07), and no significant difference was found between the Plate Group and Closed C-loop Group in IOL tilt. Mean IOL tilt direction was toward the inferotemporal direction (204.74° for right eyes and 290.85° for left eyes), and both eyes presented a mirror symmetry relationship. For the right eyes, mean IOL tilt azimuth of the Closed C-loop, C-loop and Plate groups was 209.92 ± 20.68° (range 182 to 258°), 195.83 ± 31.13° (range 119 to 247°) and 209.11 ± 21.26° (range 186 to 243°) respectively. For the left eyes, mean IOL tilt azimuth of the Closed C-loop, C-loop and Plate groups was 325.50 ± 28.33° (range 244 to 352°), 221.58 ± 158.12° (range 15 to 305°) and 332.40 ± 11.30° (range 312 to 347°) respectively. This tendency was not affected by the haptic design (right eyes: Kruskal-Wallis H test, P = 0.53; left eyes: Kruskal-Wallis H test, P = 0.14).




DISCUSSION

In the current study, the stability of three different types of IOLs with C-loop, Closed C-loop and Plate-haptics was evaluated with CASIA 2 AS-OCT. The Plate-haptic IOLs were found to have the smallest decentration and tilt among the three studied groups. The C-loop IOLs were found to have the largest decentration and tilt among the three studied groups.

The positions of IOLs are crucial for postoperative visual performance. Any decentration or tilt of IOLs could induce wavefront aberrations and lower visual performance (7). Previous studies indicated that decentration would induce coma, astigmatism and defocus (14). It has been (15) reported that visual function of aspheric IOLs is worse than spherical IOLs when the tilt is more than 7° or when decentration is more than 0.4 mm. Another study (14) based on the Liou-Brennan model eye found that the aspherical IOLs are more sensitive to decentration and tilt than spherical IOLs. Similar results were also found in additional study (16). It has been suggested that (7), 0.3 mm decentered IOL could cause hyperopic shift of less than 0.11 D, while IOL tilt of 5° could result in a myopic shift of up to 0.25 D. IOL tilt could be more clinically relevant than decentration.

In previous studies based on Purkinje method and Scheimpflug method (8, 14, 17), mean decentration was 0.30 ± 0.16 mm (range 0.00 to 1.09 mm), and mean tilt was 2.62 ± 1.14° (range 0.20 to 8.17°). The range of tilt measured by Purkinje method was limited (18). The Scheimpflug method suffered from the optical distortion which could influence on the measurement of tilt and decentration (17, 19). Both Purkinje method and Scheimpflug method needed manual marking and relied on pupil as reference axis. It has been (13) shown that the methods relied on pupil as reference axis could be affected by the shape and location of the pupil. Instead, the corneal topographic axis should be the better choice of the reference axis. The current study used CASIA2 to measure the IOL positions. CASIA2 is a new-generation AS-OCT with a 1,310-nm swept-source laser wavelength (12). It could automatically measure the IOL position using the corneal topographic axis with high repeatability and reproducibility (13, 20). Mean decentration and tilt of IOLs in the current study were 0.18 ± 0.12 mm (range 0.02 to 0.59 mm) and 5.63 ± 1.65° (range 2.20 to 9.60°), which were within the range of previous studies. Compared to the previous studies, this study reported relatively smaller mean decentration and larger mean tilt. The discrepancy of the current study with previous studies could be due to different methods with different algorithms and reference axes. The current study found an obvious tendency of IOLs tilt toward the inferotemporal direction relative to the corneal topographic axis, and there was a mirror symmetry relationship in both eyes. This result was consistent with the previous study using IOLMater700(21). It was (13) found that the crystalline lens is tilting toward the inferotemporal direction. This tilting tendency could be due to the normal physiological structure of the eyeball. In addition, our study found that the tendency of IOL tilt showed no relationship with the haptics design of IOLs.

The current study found that the Plate-haptics IOLs have the smallest absolute mean of the decentration and tilt among the three studied IOLs. The Plate-haptics IOLs showed better stability than the C-loop IOLs. There was no significant difference between the Plate and Closed C-loop groups for IOL decentration and tilt. No significant difference was also found between Closed C-loop Group and C-loop Group for IOL decentration and tilt. Previous study reported that the Plate-haptics IOLs have better stability than the C-loop IOLs in myopic eyes (8), which is consistent with the current study. The Plate-haptics IOLs could achieve greater support from the capsular bag through the four corners of the IOLs. Moreover, there is no gap between the optic and haptics in Plate-haptics IOLs, which is different from the C-loop IOLs. There is larger area of haptics that could be covered by the capsule. Moreover, the C-loop IOLs have only two support points against the capsule. More decentration could be developed when the capsule bag has asymmetric fibrosis (Figure 3). As a result, the Plate-haptics IOLs have less decentration and tilt than the C-loop IOLs. The current study also found that there was marginal difference between the Closed C-loop and C-loop group for IOL tilt. We postulated that the Closed C-loop design could have better stability than the C-loop in IOL tilt. The Closed C-loop has outer and inner haptics, while the C-loop has two single haptics. When there is capsule contraction, the outer haptics would first hold against the contraction. When the contraction becomes more severe, the outer haptics and inner haptics would be in contact, and the resistance would become greater to maintain the position of IOLs.


[image: Figure 3]
FIGURE 3. Comparison of Plate-haptics and C-loop IOL. The gray area is the capsule. The red area is the area of haptics covered by the capsule. (A) The Plate-haptics IOLs can get great support from the capsular bag through the four corners and more area of haptics can be covered by capsule compared to C-loop IOLs. (B) The C-loop IOLs has only two support points against capsule and there is a large gap between the optic and haptics.


There were several limitations in the current study. First, the sample size was relatively small. Second, hydrophobic C-loop IOLs was not involved in the current study. Hydrophobic C-loop IOLs has been widely used in clinical practices and could have different performance in IOL stability.

In summary, this study evaluated the decentration and tilt of three different IOLs with C-loop, Closed C-loop and Plate-haptics. The Plate-haptics IOLs showed better stability for the decentration and tilt than the C-loop design IOLs. No significant difference in stability was found between Plate-haptics and Closed C-loop IOLs. Further studies with larger sample size are warranted to confirm the preferred design of haptics for IOLs.
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Purpose: To investigate choroidal changes in patients with Vogt-Koyanagi-Harada disease (VKH) using widefield swept-source optical coherence tomography angiography (SS-OCTA).

Methods: In this cross-sectional study, 133 eyes of 69 patients with VKH (52 eyes of 28 active VKH patients and 81 eyes of 41 inactive VKH patients) and 104 eyes of 52 age and sex matched healthy volunteers were imaged using a widefield SS-OCTA instrument. On 12 mm × 12 mm OCTA scans, mean choroidal thickness (MCT), choroidal vascularity index (CVI), choriocapillaris (CC) flow area, and mean retinal thickness (MRT) were separately calculated in the fovea (diameter of 1 mm) and in concentric rings with different radii (1–3, 3–6, 6–9, and 9–12 mm).

Results: Eyes with active VKH showed significant increases in MCT, CVI, and MRT, and decreased CC flow area in all central and peripheral regions (0–1, 1–3, 3–6, 6–9, and 9–12 mm) than in the healthy eyes (p ≤ 0.01) and inactive VKH eyes (p < 0.05). Inactive VKH eyes only showed marked decrease in CC flow area in all regions compared with controls (p < 0.05). Flow voids were observed in 51 of 52 (98.1%) active VKH eyes and 50 of 81 (61.7%) inactive VKH eyes on 12 mm × 12 mm OCTA. The MCT of all regions was significantly correlated with age, disease duration, and disease activity, whereas CVI was associated with age and disease activity. The CC flow void was related to visual acuity in all regions (p < 0.05).

Conclusion: Widefield SS-OCTA enables a more comprehensive evaluation of chorioretinal changes in patients with VKH disease. Structural and vascular abnormalities are observed in both the central and peripheral choroid and are closely correlated with disease activity.

Keywords: Vogt-Koyanagi-Harada disease, widefield swept-source optical coherence tomography angiography, choroidal thickness, choroidal vascular index, choriocapillaris


INTRODUCTION

Vogt-Koyanagi-Harada disease (VKH), a multisystemic autoimmune disease, is one of the most common uveitis entities leading to blindness in China (1). It mostly affects young adults and is characterized by bilateral granulomatous panuveitis and extraocular manifestations, including meningismus, vitiligo, and poliosis (2). To date, autoimmunity against pigmented tissues in target organs throughout the body has been accepted as the main pathogenesis of VKH disease (3). In the eyes, the primary and most significant pathophysiology of VKH is diffuse stromal choroiditis, followed by inflammation spreading to the choriocapillaris, retina, vitreous, and anterior segment (4). If the disease is not recognized at an earlier stage and controlled effectively, frequent acute attacks and chronic intraocular inflammation could result in significant blood supply impairments and structural damage in the choroid and retina, both in the foveal and parafoveal regions (5). Consequently, this can cause permanent visual impairment and serious complications.

Fluorescein angiography and indocyanine green angiography have long been used as validating tools for diagnosing and evaluating VKH disease (6). Nevertheless, these two invasive modalities are time-consuming and non-quantitative, with potential dye-related risks, and are, therefore, unsuitable for regular follow-up. In recent years, a number of studies have revealed swept-source optical coherence tomography (SS-OCT) to be useful for monitoring intraocular inflammation both clinically and pathologically (7). Building on this rapid-developed platform, SS-OCT angiography (SS-OCTA) is proposed as an effective non-invasive tool. SS-OCTA can not only overcome the above mentioned limitations, but also offer other advantages, such as superiority in tissue penetration that would be particularly suitable for providing comprehensive information on full-thickness choroidal features (8, 9). Recently, this tool has been widely applied in clinical practice and scientific research to understand the pathophysiology of chorioretinal diseases, including central serous chorioretinopathy and polypoidal choroidal vasculopathy (10, 11). However, this novel technique is rarely used to delineate choroidal changes in VKH patients (12). Moreover, most of the previous OCTA observations in VKH patients have focused on limited areas, restricted mainly to macular scans of 3 × 3 mm and 6 × 6 mm. To the best of our knowledge, there is dearth of studies evaluating the vascular disturbances and structural alternations using such widefield imaging tool.

Therefore, the objective of this cross-sectional study was to investigate in detail the choroidal changes in VKH disease in a larger field of view. Toward this, a widefield SS-OCTA with a 12 mm × 12 mm scanning protocol was used to cover as much of the posterior pole as possible.



MATERIALS AND METHODS


Study Participants

All patients presenting with VKH disease at the Department of Ophthalmology at Peking Union Medical College Hospital, China, between September 2019 and January 2021 were recruited. The diagnosis of VKH was made strictly following the criteria of the International Committee on Nomenclature by ophthalmologists with expertise in uveitis (13). Patients with the disease in the acute uveitic phase or chronic recurrent phase, manifesting as active anterior uveitis (cells and flare in the anterior chamber, mutton-fat keratic precipitates, iris nodules, etc.), vitritis, and/or posterior uveitis, were categorized as having active VKH. Patients in the convalescent phase without any evidence of disease activity signs were categorized as having inactive VKH. Uveitis terminology and anatomic classification were described by the Standardization of Uveitis Nomenclature (SUN) Working Group (14). Individuals with any systemic diseases (e.g., other autoimmune, infectious, and cardiovascular diseases), malignancy, ocular diseases except for VKH, ocular surgery history, large refractive error (>−6.0 D or >+4.0 D) were excluded. Healthy volunteers were matched with patients in terms of sex and age.

This study was approved by the Institutional Review Board of Peking Union Medical College Hospital and conducted according to the tenets of the Declaration of Helsinki. Informed written consents were obtained from all the participants enrolled in the study.

Sociodemographic and clinical characteristics were recorded. All participants underwent a detailed ophthalmic examination, including the logarithm of the minimum angle of resolution (logMAR) of best-corrected visual acuity (BCVA), intraocular pressure, slit-lamp biomicroscopy, and fundoscopy. Inflammatory manifestations in the anterior and posterior segments were evaluated after appropriate pupil dilatation.



OCTA Image Analysis

OCTA images were acquired using a commercial SS-OCTA instrument (VG200, SVision Imaging, Ltd., Luoyang, China) equipped with a 1,050-nm-wavelength laser (10). OCTA was performed using a raster scan protocol of 512 (horizontal) × 512 (vertical) and 1,024 (horizontal) × 1,024 (vertical) B-scans, which covered an area of 3 mm × 3 mm and 12 mm × 12 mm centered on the fovea. The quality of the OCTA images was automatically graded by the built-in software from quality index Q1 (the worst) to Q10 (the best). Eyes with poor image quality (quality index <6) due to refractive media opacity or poor fixation were excluded.

For the quantitative analysis of 12 mm × 12 mm OCTA scans, choroidal and retinal parameters including mean choroidal thickness (MCT), choroidal vascularity index (CVI), choriocapillaris (CC) flow area, and mean retinal thickness (MRT) were separately calculated both in the central and peripheral regions, including the fovea (diameter of 1 mm) and the parafoveal (1–3 mm), perifoveal (3–6 mm), pararetinal (6–9 mm), and periretinal (9–12 mm) rings using built-in software version 1.28.11. Central foveal thickness (CFT) and subfoveal choroidal thickness (SFCT) were also automatically measured. The choroidal thickness was defined as the distance between the outer portion of the RPE line and the hyperreflective line behind the large choroidal vessel layers in response to the choroidal-scleral interface. This was taken as 1,000 μm in cases where the thickness was beyond the measurement limit and the inner surface of the sclera was not visible. CVI was defined as the ratio of the choroidal vascular luminal volume to the total choroidal volume, which reflects the volumetric choroidal vascular density (10, 15). The choriocapillaris was the region 10 μm above the Bruch membrane to 25 μm below it. The term choriocapillaris flow area was used for the area occupied by vessels in the choriocapillaris layer. Retinal thickness was considered as the vertical distance between the vitreoretinal interface and Bruch membrane. Layer segmentation and quantification analyses were performed automatically using the built-in software. Manual manipulation of segmentation was conducted to ensure accuracy, if necessary.

For qualitative analysis of the OCTA scans, the presence of flow voids on both 3 mm × 3 mm and 12 mm × 12 mm images was documented. Flow voids were defined as variable multifocal dark areas present throughout the scan, where the corresponding structural en face and cross-sectional OCTA images did not display any loss of signal transmission (16). Two trained doctors (YJQ and AYL; ophthalmologists with subspecialty training in the uveitis and retina) independently performed all the image evaluations in the study.



Statistical Analysis

Statistical analysis was undertaken using SPSS (version 25.0; IBM Corp., Armonk, NY, USA). The Kolmogorov-Smirnov test was used for normality testing. Normal variables are presented as the mean and standard deviation (SD), and non-normal variables as the median and interquartile range (IQR). t-tests were performed to compare the means of normally distributed quantitative variables; otherwise, the Mann–Whitney U-test was used. Chi-square test was used to compare the qualitative data. Spearman correlation coefficients were employed to investigate the correlations between the OCTA metrics and clinical variables. The coefficient of variation was calculated as the standard deviation divided by the mean value. Differences were considered statistically significant at p < 0.05.




RESULTS


Demographic and Clinical Features of Participants

A total of 133 eyes of 69 patients with VKH (23 men, 33.3%) and 104 eyes of 52 age- and sex-matched healthy volunteers (18 men, 34.6%) were enrolled in the study. Five VKH eyes with poor image quality were excluded. The sociodemographic and clinical features of all subjects are summarized in Table 1. The mean ages of the VKH patients and healthy controls were 37 (31–54) years and 38 (31–45) years, respectively. All participants included in this study were Han Chinese. Among 69 patients with VKH (133 eyes), 41 were inactive VKH patients (81 eyes), and 28 were active VKH patients (52 eyes). Patients with inactive/active VKH had worse LogMAR BCVA than healthy subjects (p < 0.001). Central foveal thickness and subfoveal choroidal thickness were significantly higher in eyes with active VKH than in the controls (p < 0.001). No significant differences in age, sex, and intraocular pressure were found between the inactive/active VKH patients and healthy controls (p > 0.05).


Table 1. Demographic and clinical features of healthy controls and patients with inactive/active VKH.
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Quantitative Evaluation on 12 mm × 12 mm OCTA Scans
 
MCT

On the 12 mm × 12 mm OCTA scans, significant choroidal thickening was observed both in the central fovea (0–1 mm) and in different radii of concentric rings (1–3, 3–6, 6–9, and 9–12 mm) of active VKH eyes, as compared to the healthy controls (p < 0.001 for all) and inactive VKH eyes (p < 0.001 for all; Table 2 and Figure 1). Moreover, in the active inflammatory stage, the change in MCT was greater in the central region than in the peripheral region (Figure 2). In contrast, in all divided regions, there was no significant difference in the MCT between the eyes with inactive VKH and control eyes. The choroid of inactive VKH patients was slightly thickened in the posterior pole (0–1, 1–3, and 3–6 mm rings), whereas it was thinner in the mid-peripheral regions (6–9 and 9–12-mm rings) in comparison with the healthy controls (p > 0.05).


Table 2. Choroidal and retinal parameters of healthy, inactive VKH, and active VKH eyes on 12 mm × 12 mm OCTA.
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FIGURE 1. Comparisons of (A) choroidal thickness, (B) choroidal vascularity index (CVI), (C) choriocapillaris (CC) flow area, and (D) retinal thickness between healthy controls, inactive Vogt-Koyanagi-Harada (VKH), and active VKH patients in the central fovea (0–1 mm) and different radius of concentric rings (1–3, 3–6, 6–9, 9–12 mm) on the 12 mm × 12 mm swept-source optical coherence tomography angiography (SS-OCTA) scans. Data are shown in composite box plots. Whisker: minimum to maximum; box: interquartile range; lower and upper borders of box: the lower and upper quartiles (25th and 75th percentiles); line inside the box: median. The non-parametric Mann–Whitney U-test was used to compare the differences of parameters between groups.



[image: Figure 2]
FIGURE 2. The median value of (A) choroidal thickness and (B) choroidal vascularity index (CVI) measured at different locations (0–1, 1–3, 3–6, 6–9, and 9–12 mm rings) within the 12 mm × 12 mm optical coherence tomography angiography (OCTA) scans in healthy controls, inactive Vogt-Koyanagi-Harada (VKH), and active VKH patients.




CVI

Another useful index reflecting the status of the choroid, CVI was also markedly increased in all regions of the active VKH eyes, as compared to the healthy eyes (p < 0.01) and inactive VKH eyes (p < 0.05; Figure 3), similar to those in MCT. Furthermore, in eyes with active VKH, the increase in the CVI value was also greater in the central region than in the peripheral region. Consistent with the trend in MCT, CVI was slightly increased in most of the subfields of inactive VKH eyes, whereas it decreased in the periphery (9–12 mm ring), with no statistically significant difference (p > 0.05). Moreover, in 104 eyes of 52 healthy controls, the average CVI (52.90 ± 5.27%) of the entire 12 mm × 12 mm area showed a lower coefficient of variation (COV, 9.96%), indicating a greater stability as compared to the MCT (305.96 ± 70.30 μm, COV = 22.98%). Likewise, the COV of the average CVI was also significantly lower than that of the MCT (14.64 vs. 50.43%) in the eyes with VKH disease.


[image: Figure 3]
FIGURE 3. Representative of 12 mm × 12 mm three-dimensional choroidal vascularity index (CVI) maps (left: A,D,G), en face images at the level of choroid (middle: B,E,H), and the swept-source optical coherence tomography angiography (SS-OCTA) scans at the level of choriocapillaris (right: C,F,I) obtained from the left eye of a sex- and age-matched control (first row: A,B,C), an inactive Vogt-Koyanagi-Harada (VKH) patient (second row: D,E,F), and an active VKH patient (third row: G,H,I). The maps of three-dimensional CVI shows that as compared to the healthy eye (A), choroidal vessels mildly dilated in the inactive VKH eye (D), whereas significantly dilated in the active VKH eye (G), especially in the central region. The OCTA image from a representative active VKH subject (I) shows multifocal flow void which were widespread in distribution and variably size at the level of choriocapillaris layer (red arrowheads).




CC Flow Area

The active VKH group showed significant decrease in CC flow area in the fovea and all concentric rings, as compared to the control group (p < 0.001) and inactive VKH group (p < 0.001). The CC flow area was also significantly lower in the inactive VKH group than in the control group (p < 0.001).



MRT

The mean retinal thickness significantly increased in all regions of eyes with active VKH than in the healthy eyes (p < 0.05) and inactive VKH eyes (p < 0.01). In contrast, the MRT of every divided region was lower in the inactive VKH eyes than in the healthy controls, with statistically significant differences in the central foveal (0–1 mm circle) and parafoveal regions (1–3 mm ring) (p < 0.001 and p = 0.001, respectively).




Qualitative Evaluation on OCTA Scans

At the choriocapillaris layer, of the 52 eyes with active VKH, a widespread distribution of flow voids of various sizes and shapes was observed in 51 eyes (98.1%) in the 3 mm × 3 mm OCTA images and in 48 eyes (92.3%) in the 12 mm × 12 mm OCTA images (p = 0.363). Of the 81 eyes with inactive VKH disease, 64 eyes (79.0%) showed flow voids in the 3 mm × 3 mm scans, whereas only 50 eyes (61.7%) showed a clear display of this feature in the 12 mm × 12 mm scans (p = 0.016).



Correlation Analyses Between Clinical Parameters and OCTA Quantitative Measurements

Based on Spearman correlation analyses between the demographic and clinical indices of VKH patients and chorioretinal measurements of 12 mm × 12 mm OCTA scans, it was seen that age was negatively correlated with choroidal thickness (p ≤ 0.001) and CVI (p < 0.05) of all subfields (Table 3). Furthermore, age was also related to the CC flow area and retinal thickness in some of the divided regions (p < 0.05). In addition, it was found that disease duration was closely associated with choroidal thickness in all subfields, with an increasing correlation coefficient (p < 0.001), and with peripheral retinal thickness (p < 0.001). Furthermore, a negative correlation was found between LogMAR BCVA and CC flow area in all subfields of 12 mm × 12 mm images (p < 0.05). No other variables (such as sex, IOP) were found to be significantly associated with structural and vascular measurements on widefield OCTA scans (p > 0.05).


Table 3. Correlation analyses between clinical parameters and OCTA quantitative measurements in 69 patients with VKH disease.
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DISCUSSION

The choroid is recognized as the main target of autoimmunity in the pathogenesis of VKH disease (6). Diffuse inflammation in the choroid mostly affects the choroidal stroma and can secondarily damage the choriocapillaris. SS-OCTA, with a 1,050 nm tunable laser, has distinct advantages in the evaluation of choroidal involvement in VKH disease, as it can better visualize the choroidal and choriocapillaris layers with a greater span of the images (17, 18). However, before this study, we did not find any published cross-sectional studies that reported choroidal changes in VKH disease using widefield SS-OCTA.

Apart from the traditional choroidal vascular parameters, in the current study, we adopted the CVI (19) to quantitatively assess the status of choroidal vessels in patients with VKH. The three-dimensional SS-OCTA-derived CVI was separately calculated in different subfields of the 12 mm × 12 mm images. It was found that the CVI of active VKH patients was significantly higher in all regions, as compared to that of the inactive patients and healthy controls. These findings not only validated the results obtained from a small retrospective series (19), but also provided new evidence supporting the view that vascular dilatation and stasis of blood flow may occur in the choroid during active VKH inflammation (20). Furthermore, our results also revealed that the dilated vascularity in the active stage could decrease markedly in the inactive stage and reach a level similar to that of healthy individuals. Hence, we propose that CVI may represent a novel indicator for monitoring disease activity in VKH patients. In addition, as compared to the average MCT of the 12 mm × 12 mm area, the average CVI exhibited relatively lower variability in both healthy volunteers and patients with VKH. These observations were similar to those reported in previous studies (10, 15). Moreover, CVI could provide additional information regarding changes in vascular structure compared to conventional choroid thickness (21). Therefore, we agree with the view that CVI may be less easily affected by potential confounding factors (19). Hence, this could serve as a relatively more stable and novel measurement in evaluating choroid status.

In this study, the changes in MCT coincided well with CVI, be it with respect to comparisons between different subgroups of patients, or among comparisons between different subfields of the scanning area, indicating a satisfactory consistency of these two indices. Additionally, the MCT of all divided regions significantly correlated with age, disease duration, and disease activity of patients with VKH disease. Thus, we re-emphasize the irreplaceable role of MCT in monitoring VKH disease progression during follow-up.

Using a 12 mm × 12 mm scanning protocol to acquire the widefield image of the posterior pole, we uncovered the peripheral features of VKH eyes in the current study. Consistent results were obtained both in the central and peripheral regions of active VKH eyes, showing significant increases in the MCT, CVI, and MRT, and a decrease in CC flow area, as compared to the inactive VKH and control groups. In contrast, in eyes with inactive VKH, MCT and CVI were not significantly different from healthy eyes in all divided regions, and showed slight decreases in the peripheral region (Figure 2). Our results suggest that patients with VKH have significant choroidal thickening and luminal enlargement in the active stage, which gradually returned to near normal in the inactive stage, and could develop choroidal thinning and vessel shrinkage along with disease progression (22, 23). We noticed that the detection rate of flow void in inactive VKH eyes on the 12 mm × 12 mm scans was lower than that in the 3 mm × 3 mm scans. We believe that this may be partly related to the present technical limit of imaging resolution. Taken together, widefield OCTA is currently more suitable for screening and monitoring VKH disease. The application of this advanced technology facilitates a comprehensive evaluation of the structural and vascular changes both in the central and peripheral regions of the choroid, and broadens our understanding of the pathophysiology of VKH disease.

The present study has some limitations. First, the cross-sectional nature somewhat limited the dynamic assessment of the choroid changes as the disease develops and progresses. Further longitudinal prospective studies on widefield imaging as well as basic experimental studies are needed to validate the current results and provide novel information. Second, it would be of higher clinical relevance to conduct the study in a diverse study population using more types of OCTA devices. Third, to ensure accurate segmentation and consequently precise calculation of the measurements, we had to exclude some OCTA scans with ineligible imaging quality, which may have led to a selection bias.

Nevertheless, this is the first report that used widefield SS-OCTA to evaluate choroidal changes in a 12 mm × 12 mm field of view. The results revealed that disease activity correlated with changes in choroidal thickness (thickening/thinning) and vasculature (dilation/shrinkage), even in the peripheral choroid of VKH eyes.

In conclusion, this study provides comprehensive information and newer insights into the choroidal pathophysiology of VKH disease and highlights that widefield SS-OCTA can serve as a novel and valuable tool for the clinical assessment and scientific investigation of ocular diseases.
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Purpose: To investigate the distributions of the ocular anterior and posterior segment lengths among a cataract surgical population in Shanghai.

Design: Cross-sectional study.

Methods: Ocular biometric parameters of 23,462 eyes of 23,462 cataract surgery candidates were reviewed. Axial length (AL), anterior chamber depth (ACD), and lens thickness (LT) were obtained using IOL Master. Anterior segment length (ASL = ACD + LT), posterior segment length (PSL = AL – ASL) and the ratio of ASL to PSL (ASL/PSL) were calculated.

Results: The mean ASL was 7.58 ± 0.39 mm, the mean PSL was 17.12 ± 2.64 mm. As the age grew, the ASL increased, and PSL increased firstly then decreased. Male subjects tended to have significantly longer ASL and shorter PSL than female subjects. With the increasing AL, the ASL was firstly decreased to trough at 20–22 mm AL group, then increased gradually, while the PSL increased rapidly. The ASL correlated positively with AL in normal, moderate and highly myopic eyes, negatively in short eyes. The PSL correlated positively with AL across the entire study population. The ASL/PSL was not constant in the eyes with different AL but had a relatively steep downward trend with the increasing AL in the short eyes, then decreased smoothly in normal, moderate and highly myopic eyes.

Conclusions: In Chinese cataractous eyes, longer ASL and shorter PSL were associated with elder age and male gender. The change of ASL over AL was not linear, and the ASL was smallest in the eyes with AL of 20–22 mm. The elongation of the eyeball was mainly due to the extension of the posterior segment.

Keywords: anterior segment length, posterior segment length, IOL Master 700, cataract patients, axial length


INTRODUCTION

The eye, an important visual organ, is composed of two main parts, anterior segment and posterior segment. In clinical practice, ophthalmologists noted that the ratio of the anterior segment to the posterior segment was not constant, but varied a lot in eyes with different axial length (AL). During ocular surgeries, a deep anterior chamber can be seen in small eyeballs, while a shallow anterior chamber can also be seen in eyes with long AL. This phenomenon prompts that the development of anterior and posterior segments is not synchronized. The narrow anterior segment is a relatively bigger challenge for the ophthalmologist to perform surgery on the anterior segment, and are more prone to have some intraoperative and post-operative complications. Thus, exploring the distribution of anterior and posterior segment lengths in the population can help us understand the development of anterior and posterior segments, and find out the high-risk patients and take personalized treatment.

Ocular biometric characteristics, such as AL, anterior chamber depth (ACD), white-to-white (WTW) distance, central corneal thickness (CCT), keratometric power (K), and corneal astigmatism (CA) have been described previously (1–7). However, few studies have been focused on the overall anterior and posterior segment dimensions of the eyes (8, 9). Nowadays, modern optical biometry devices can measure different axial biometric parameters of the eyes, including ACD and AL (10). IOL Master 700, based on swept-source optical coherence tomography, can provide a non-invasive image-based measurement with a 44-mm scan depth and 22-mm tissue resolution to determine the axial biometric parameters of the eye accurately (11). Consequently, the lens thickness (LT) can now be better measured with the facility, which enables the evaluation of anterior segment length (ASL = ACD + LT) and posterior segment length (PSL = AL – ASL).

Therefore, with a large number of cataract surgical candidates from Shanghai, we aim to describe the distribution of anterior and posterior segment lengths with IOL Master 700, and investigate their associations with age, sex, AL, and other ocular biometric characteristics.



METHODS

This study adhered to the tenets of the Declaration of Helsinki, and was approved by the Institutional Review Board of the Eye and Ear, Nose, and Throat (ENT) Hospital of Fudan University, Shanghai, China. Informed consents for the use of the clinical biometric data were routinely obtained from the patients before cataract surgery.


Subjects

This study retrospectively reviewed medical records of cataract surgical candidates, aged 30 or above, at the Eye and Ear, Nose, and Throat Hospital of Fudan University from March 2018 to March 2020. The exclusion criteria were patients with previous ocular trauma or surgeries, corneal opacity, lens dislocations, other ocular diseases that could affect the measurements or those who were unable to cooperate and fixate adequately during the measurements. In this study, only one eye was counted for each patient. For patients with both eyes eligible, one eye was selected randomly. Finally, 23,462 eyes of 23,462 cataract patients were included in this analysis.



Ocular Biometric Measurements

Ocular biometric parameters were obtained using the IOL Master 700 (Carl Zeiss AG, Jena, Germany) by experienced technicians before cataract surgery. During each measurement, the correct fixation of the examinees was visually checked on the fovea scan by the technician. The standard deviation (SD) for AL, ACD and LT were automatically calculated for each measurement, and if the SD for AL >0.027 mm, for ACD >0.021 mm or LT >0.038 mm, the device would warn of poor-quality results, which would be deleted and remeasured until reproducible readings were obtained (12).

AL was measured using signals from the tear film to the retinal pigment epithelium (RPE) of the fovea. ACD was defined as the distance from the anterior corneal surface to the anterior lens surface. LT was defined as the distance between the anterior and posterior lens surfaces. The anterior segment length (ASL) was defined as the distance from the anterior corneal surface to the posterior lens surface, calculated by the sum of LT and ACD (9, 13, 14). The distance between the posterior lens surface and the RPE of the fovea was defined as the posterior segment length (PSL), which was equal to AL minus ASL. The ratio of ASL to PSL (ASL/PSL) was also calculated.

Then, we divided all the eyes into seven groups according to the AL in this study (AL groups: <20, 20–22, 22–24.5, 24.5–26, 26–30, 30–35, ≥35 mm). The eyes with AL <22 mm were defined as short eyes, eyes with AL between 22 and 24.5 mm were defined as normal eyes, eyes with AL between 24.5 and 26 mm were defined as moderate myopic eyes, and those with AL ≥26 mm were defined as highly myopic eyes.



Statistical Analysis

All continuous data are expressed as mean ± SD and categorical data are expressed as frequency and percentage for each category. The normality of data was tested for all ocular biometric parameters using the Kolmogorov-Smirnov (K-S) test and was considered skewed distribution if P < 0.05. For continuous data, differences between two groups were assessed using the Mann-Whitney U-test, and those among more than two groups were assessed using the Kruskal-Wallis test. For categorical data, differences were compared using the Pearson chi-squared test. The multiple linear regressions for ASL and PSL were performed, including age, sex and AL as independent variables. The correlations between anterior and posterior segment lengths with ocular biometric parameters were assessed using Pearson's correlation. P-values of <0.05 were considered statistically significant. All analyses and graphs were performed using IBM SPSS v22.0 (Chicago, Illinois, USA).




RESULTS


Characteristics

Table 1 showed the general and ocular biometric characteristics of this study population. This study included 23,462 eyes (11,400 right and 12,062 left) of 23,462 cataract patients (10,210 men and 13,252 women). In this study, all the included eyes were composed of 6.0% short eyes (n = 1,403), 58.0% normal eyes (n = 13,610), 13.1% moderate myopic eyes (n = 3,070), and 22.9% highly myopic eyes (n = 5,379). The mean age was 63.5 ± 12.3, ranging from 30 to 108 years old (Supplementary Figure 1). The mean ASL in this study population was 7.58 ± 0.39 mm, the mean PSL was 17.12 ± 2.64 mm, and the mean ASL/PSL was 45.1 ± 6.2%. The distributions of ASL and PSL among this study population were shown in Figure 1, and were both skewed toward the right, especially PSL (K-S test, both P < 0.001).


Table 1. General and ocular biometric characteristics in this study population.
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FIGURE 1. Distribution of anterior and posterior segment lengths in this study population. (A) The distribution of anterior segment length (ASL) was positively skewed and peaked. (B) The distribution of posterior segment length (PSL) was positively skewed and peaked.




Comparisons of Anterior and Posterior Segment Lengths Stratified by Age and Sex

With the increase of age, the ASL increased both in male and female groups (Kruskal-Wallis test, both p < 0.001; Figure 2A). The PSL of male and female subjects both increased as the age grew from 30 to 49, then decreased with age (Kruskal-Wallis test, both p < 0.001; Figure 2B).


[image: Figure 2]
FIGURE 2. Comparisons of anterior and posterior segment lengths stratified by age and sex. (A) The anterior segment length (ASL) was increasing gradually both in either male or female subjects, and that of male subjects was significantly larger than that of female subjects among all age groups. (B) The posterior segment length (PSL) of male and female subjects both increased as the age grew from 30 to 49, then decreased with the increase of age, and male subjects had significantly longer PSL than female subjects in elder than 50 population. *Comparisons between male and female subjects, p < 0.05.


As to comparisons stratified by sex, the male subjects had significantly longer ASL than female subjects among all age groups (Mann-Whitney U-test, all p < 0.001; Figure 2A). The PSL of male subjects was significantly longer than that of female subjects in elder-than-50 population(Mann-Whitney U-test, all p < 0.001; Figure 2B). There was no significant difference in PSL between the male and female subjects in age groups 30–39 and 40–49 (Mann-Whitney U-test, both p ≥ 0.05; Figure 2B).

Multiple linear regression analysis, which included age, sex, and AL, demonstrated that larger anterior segment was associated with elder age (β = 0.006, 95% confidence interval [CI] 0.006–0.006, p < 0.001), male gender (β = 0.164, 95%CI 0.155–0.173, p < 0.001), and longer AL (β = 0.063, 95%CI 0.061–0.065, p < 0.001), and larger posterior segment was associated with younger age (β = −0.006, 95%CI −0.006 to −0.006, p < 0.001), female gender (β = −0.164, 95%CI −0.173 to −0.155, p < 0.001) and longer AL(β = 0.937, 95%CI 0.935–0.939, p < 0.001).



Changes of Anterior and Posterior Segment Lengths With AL

With the increase of AL, the ASL was firstly decreased to trough in the group with AL of 20–22 mm, then increased gradually (Kruskal-Wallis test, p < 0.001; Figure 3A). Meanwhile, the PSL was always on the rise as the AL increasing (Kruskal-Wallis test, p < 0.001; Figure 3B).


[image: Figure 3]
FIGURE 3. Changes of anterior and posterior segment lengths with axial length (AL). (A) With the increase of AL, the anterior segment length (ASL) was firstly decreased to trough in the group with AL of 20–22 mm, then increased gradually. (B) With the increasing AL, the posterior segment length (PSL) was always on the rise.


The Pearson's correlation analyses showed that the ASL correlated positively with AL in normal (r = 0.273), moderate myopic (r = 0.055), and highly myopic (r = 0.185) eyes (Pearson's correlation coefficient, all p < 0.05; Figure 4A). However, in the short AL group, the ASL was negatively correlated with AL (Pearson's correlation coefficient, r = −0.121, p < 0.001; Figure 4A). The PSL showed a stable increasing trend with AL across the entire study population (Pearson's correlation coefficient, all p < 0.001; Figure 4B).
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FIGURE 4. Correlations of anterior and posterior segment lengths with axial length (AL). (A) The anterior segment length (ASL) positively correlated with AL in the normal and myopic eyes, negatively in the short AL eyes. (B) The posterior segment length (PSL) positively correlated with AL in the whole population. (C) The ratio of ASL to PSL (ASL/PSL) had a relatively steep downward trend with the increasing AL in the short eyes, then decreased smoothly in normal, moderate and highly myopic eyes.


The ASL/PSL was not constant in the eyes with different AL, but had a relatively steep downward trend with the increasing AL in the short eyes (r = −0.885), then decreased smoothly in normal (r = −0.314), moderate myopic (r = −0.293) and highly myopic (r = −0.814) eyes (Pearson's correlation coefficient, all p < 0.001; Figure 4C). Table 2 showed that the distribution of ASL/PSL in different AL groups. For 96.9% of eyes with AL <20 mm, the ASL/PSL was more than 50%. But the ASL/PSL was <40% for all eyes with AL >35 mm (Pearson chi-squared test, p < 0.001).


Table 2. Distribution of the ratio of anterior segment length to posterior segment length (ASL/PSL) in different axial length (AL) groups.
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Correlations of ASL and PSL With Other Ocular Biometric Parameters

Correlations of ASL and PSL with other ocular biometric characteristics were evaluated using Pearson's correlation analysis, and presented in Table 3. The results showed that the ASL correlated positively with PSL (r = 0.303, p < 0.001), CCT (r = 0.074, p < 0.001), WTW (r = 0.320, p < 0.001), ACD (r = 0.471, p < 0.001), and LT (r = 0.369, p < 0.001), negatively with the K (r = −0.092, p < 0.001), and CA (r = −0.024, p < 0.001). Meanwhile, the PSL correlated positively with ASL (r = 0.303, p < 0.001), CCT (r = 0.049, p < 0.001), WTW (r = 0.141, p < 0.001), and ACD (r = 0.426, p < 0.001), negatively with the LT (r = −0.187, p < 0.001), K (r = −0.230, p < 0.001), and CA (r = −0.118, p < 0.001).


Table 3. Correlations of anterior and posterior segment lengths with other ocular biometric characteristics.
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DISCUSSION

The eyeball can be divided into the anterior segment and posterior segment. Major structures of the anterior segment include the cornea, anterior chamber, iris, and lens. Meanwhile, the posterior segment is occupied by the vitreous body, retina, choroid, and sclera. The anterior segment and posterior segment comprise tissues from different embryonic origins, for example, the lens and the cornea are derived from the surface ectoderm, but the retina is from the anterior neural plate (15). Eye development is a complex and highly regulated process. The development of the anterior segment and the posterior segment was regulated by different signaling pathways. Therefore, the anterior segment and posterior segment are not developed synchronously, so that the ratio of anterior segment to posterior segment varied a lot in the eyes with different AL. Few studies focused on the overall anterior and posterior segment dimensions of the eyes, which can help us understand the development of eyeball better. Meanwhile, narrow anterior segment is a relatively bigger challenge for the ophthalmologist to perform surgery on the anterior segment, such as phacoemulsification and filtering surgery. The patients with narrow anterior segment are more prone to some intraoperative and post-operative complications. Thus, exploring the distribution of ASL and PSL can help ophthalmologists to find out the high-risk patients and take preventions. Thus, in this study, we reviewed medical records of cataract patients elder than 30 from Shanghai, focused on the distribution of the ASL and PSL.

With the growth of age, the ASL was increased in our study population. One reasonable explanation for that might be the lens of age-related thicken. Many previous studies in western China (1), southern China (2), India (14), and Latin America (15) found that the LT increased with the growth of age. The crystalline lens is thickening due to fiber hyperplasia during the aging process (16). Meanwhile, in our study, we found that the PSL of 40–49 years old cataract patients was the longest, and the shorter PSL was more common in elder cataract patients. Some previous studies revealed that the biological characteristics of vitreous were significantly changed as the age grow (17), which may result in the shrink of the posterior segment.

In our study, we found that the anterior and posterior segment lengths had a gender bias: the male subjects were more prone to have a significantly larger anterior segment and shorter posterior segment than female subjects. The difference in ASL between males and females are similar to the differences among other ocular biometric parameters, such as AL, ACD, LT, WTW, and so on, proved in numerous previous studies of cataract population and healthy population (18–20). This phenomenon demonstrated that the anterior segment of female subjects was relatively narrow, which may explain the susceptibility to glaucoma among females (21, 22).

The ocular anterior segment is mainly occupied by the anterior chamber and crystalline lens, and the normal development of anterior segment is essential for maintaining many ocular functions, such as aqueous drainage, refraction, accommodation, and so on (23, 24). Sorbatzoglou et al. (25) reported that the mean ASL in healthy people between 31 and 44 years old was 7.36 ± 0.21 mm, and that in elder than 45 was 7.56 ± 0.24 mm. In our study, the mean ASL was 7.58 ± 0.39 mm in the cataract population, longer than healthy population, may due to the thicker lens in cataract patients. We found that compared to the PSL, the ASL in different AL eyes was relatively stable. The difference between the maximum and minimum of mean ASL among all AL groups was only 0.85 mm in this study. Small variation of the ASL regarding of the AL is essential for maintaining the normal function of the anterior segment in eyes with different AL, such as aqueous drainage. Meanwhile, the change of ASL was not linear with the AL but firstly decreased to trough in the group with AL of 20–22 mm, then increased gradually. Unexpectedly, in the short eyes, the ASL had a downward trend as the AL increasing, and the ASL of the eyes with AL between 20 and 22 mm was the smallest. It proves that as for the short eyes, the eyes with the smaller AL are more likely to be the posterior microphthalmos, which's AL is short due to reduced posterior segment dimension with normal anterior chamber dimensions (26). So that, during ocular surgeries, we often encounter that the anterior chamber of some small eyes is not narrow. This phenomenon also reminds our cataract surgeons to pay more attention to confirm whether the anterior segment is too narrow to operate when dealing with the cataract eyes with AL between 20 and 22 mm.

As for the change of PSL with AL, the PSL had a significantly increasing trend with the increasing AL in the present study. Meanwhile, we found that the ASL/PSL was not constant in the different AL eyes but had a downward trend with the increasing AL. This demonstrated that the ASL and PSL were not increasing in the same proportion, the elongation of the eyeball mainly resulted in the extension of the ocular posterior segment. Excessive lengthening of the posterior segment of the eyeball is the major structural abnormality associated with high myopia (27). Numerous previous studies about the mechanism of high myopia demonstrated that myopia-related visual signal and hypoxia signal would regulate many growth factors in the sclera, resulting in extracellular matrix remodeling of the scleral shell (28–30). That is to say, the signal that prolongs the eyeball might mainly affect the growth of the posterior segment of the eyes, but do not affect the anterior segment.

In conclusion, the present study determined the normative ocular anterior and posterior segment lengths and their correlations with sex, age, AL, and other ocular biometric characteristics in the cataract surgery candidates from Shanghai. In Chinese cataractous eyes, longer ASL, and shorter PSL were more common in elder people. Male subjects were more prone to have longer anterior segment and shorter posterior segment than female subjects. The change of ASL over AL was not linear, the ASL was smallest in the eyes with AL of 20–22 mm. The elongation of the eyeball was mainly due to the extension of the posterior segment.
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The Influence of Analysis Mode Selection on Prediction Accuracy of Corneal Astigmatism Using Pentacam
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Purpose: To evaluate the influence of analysis mode selection on prediction accuracy of corneal astigmatism using Pentacam.

Methods: Fifty-nine eyes of 59 patients implanted with toric intraocular lenses (IOLs) were included in the retrospective study. Preoperative corneal astigmatism (total refractive power) measured with Pentacam was analyzed based on 2-, 3-, 4-, or 5-mm ring or zone mode either centered on corneal apex or pupil center. Actual corneal astigmatism was calculated based on residual astigmatism on the corneal plane, surgical-induced astigmatism, and effective toric power on the corneal plane. Prediction error, the difference between actual corneal astigmatism and measured astigmatism, was compared among different analysis modes. Influences of local topography on prediction error were also evaluated.

Results: Based on the zone mode, prediction error was lower when centered on corneal apex than on pupil center at different diameters, whereas based on the ring mode, this difference was only seen at 2-mm cornea (all P < 0.05). When centered on the corneal apex, the zone mode showed lower prediction error than the ring mode at 4- and 5-mm corneas (both P < 0.001), regardless of asymmetric or symmetric astigmatism. In symmetric bowtie, the zone mode showed lower prediction error than the ring mode at 2-mm cornea of the small bowtie, and 4- and 5-mm corneas of the large bowtie (all P < 0.05).

Conclusions: For toric IOL planning, the corneal apex may be a better reference center. At a cornea diameter ≥4 mm, the zone mode is more accurate than the ring mode. Local topography affects prediction accuracy in the symmetric bowtie.

Keywords: corneal astigmatism, Pentacam, toric intraocular lens, cataract, ocular biometry


INTRODUCTION

With the increasing visual demands of patients, cataract surgery has developed into a refractive procedure in recent years, not only aiming to remove the opacified lens but also to achieve better spectacle-free visual outcomes (1). However, preoperative astigmatism of 1.25 D or greater is present in 20–30% of cataract patients (2, 3), which may lead to post-operative blurred vision and reduced visual quality, if not corrected during surgery (4, 5). With improvements in intraocular lens (IOL) design, toric IOLs are now widely used to correct preexisting corneal astigmatism (6, 7).

For toric IOL surgical planning, Pentacam is a very useful facility (8). Based on the Scheimpflug rotating camera, it provides more details of the cornea and thus improves the accuracy of toric IOL planning (9). The instrument has several analytical modes, yielding multiple sets of data for corneal diameters ranging from 1.0 to 8.0 mm, based on a ring or zone mode, and centered either on the corneal apex or the pupil center. With the ring mode, corneal astigmatism is calculated with data points locating on the ring, while with the zone mode, all the keratometric data points within the diameter are included in the analysis (10). However, it remained unclear which analysis mode is more accurate for the toric IOL surgical planning. Moreover, the influences of the local corneal topography on prediction accuracy are still unclear, as even in eyes with symmetric bowtie of corneal astigmatism, the location of the steepest part of the bowtie varies.

Thus, in this study, we firstly compared the prediction error for corneal astigmatism based on 2-, 3-, 4-, or 5-mm ring or zone mode either centered on the corneal apex or the pupil center and then analyzed the influence of the local topography on the prediction error in eyes with symmetric bowtie of corneal astigmatism.



MATERIALS AND METHODS

This retrospective study adhered to the principles of the Declaration of Helsinki. The protocols of the study were approved by the institutional review board of the Eye and Ear, Nose, and Throat (EENT) Hospital of Fudan University, Shanghai, China. Written informed consent was routinely obtained from each participant before surgery for the use of their clinical data.


Patient Selection

Medical records of patients undergoing cataract surgery at the EENT Hospital of Fudan University between October 1, 2018, and November 1, 2019, were reviewed. Eyes with uneventful cataract surgery and toric IOL implantation (AT Torbi 709M IOL, Carl Zeiss AG, Oberkochen, Germany) were included. Exclusion criteria were: eyes with poor quality of Pentacam scans, corneal pathologies such as keratoconus and corneal scars, contact lens wearing within 2 weeks before examinations, previous intraocular surgery or trauma, zonular weakness, glaucoma, severe fundus pathology, uveitis, and systemic disorders such as diabetes. Finally, 59 eyes of 59 patients were available for analysis.



Preoperative Examinations

All patients underwent complete ophthalmic examinations before surgery, namely, visual acuity testing, slit-lamp examination, corneal topography (Pentacam HR, Oculus Inc., Wetzlar, Germany), biometry measurements (IOLMaster700, Carl Zeiss AG, Oberkochen, Germany), fundoscopy, and B-scan ultrasonography. The cylinder power and axis of toric IOLs were calculated based on the corneal refractive power (axial/sagittal front) using the online calculator of the IOL manufacturer (ZCALC2: https://zcalc.meditec.zeiss.com).



Surgical Procedure

All surgeries were performed with a standard procedure by one experienced surgeon (Prof. YL). A 2.6-mm clear corneal incision was made temporally and then a 5.5-mm continuous curvilinear capsulorhexis was created, followed by hydrodissection, phacoemulsification, and cortex removal. Using the Callisto Eye System (Carl Zeiss AG, Oberkochen, Germany), the toric IOL was implanted in the capsular bag. After the thorough removal of the viscoelastic from above and below the IOL, the alignment was checked again and the incision was hydrated. At the end of the surgery, the axis of the toric IOL was recorded for each eye. All eyes received routine post-operative medications after surgery.



Post-operative Examinations

At 1 month after surgery, the post-operative examinations included visual acuity testing, manifest refraction, corneal topography, and anterior segment photography. The uncorrected distance visual acuity (UDVA; logarithm of the minimal angle of resolution, logMAR) and the corrected distance visual acuity (CDVA; logMAR) were recorded for each eye. During the photography of the anterior segment, a retroilluminated photograph was taken after pupil dilation to measure the post-operative axis of the IOL at 1 month.



Prediction Error Calculation

Preoperative corneal astigmatism (total refractive power) measured with Pentacam was analyzed based on the 2-, 3-, 4-, or 5-mm ring or zone mode centered either on the corneal apex or the pupil center, resulting in 16 sets of astigmatism data for each eye.

The actual corneal astigmatism was calculated as the vector sum of the post-operative residual astigmatism on the corneal plane (Dresidual/cornea), surgical-induced astigmatism (SIA), and the effective toric IOL power on the corneal plane (DIOL/cornea). Post-operative residual astigmatism (Dresidual) was converted to the corneal plane (Dresidual/cornea) with the formula (11):

[image: image]

Surgical-induced astigmatism was calculated as the vector difference between post-operative and preoperative total corneal astigmatism both measured with Pentacam. The effective toric IOL power (DIOL) was also converted to the corneal plane (DIOL/cornea) by (12, 13):

[image: image]

where K is the net corneal power measured with Pentacam and ELP is the effective lens position calculated from the anterior chamber depth after surgery. In addition, the post-operative axis of the toric IOL at 1 month was used for the vector analysis.

The prediction error, defined as the vector difference between the actual corneal astigmatism and the preoperative corneal astigmatism measured with Pentacam, was compared among different analysis modes. Both the absolute prediction error and the centroid error were calculated in the study.



Local Corneal Topography of the Bowtie Pattern

The total corneal irregular astigmatism was recorded with Pentacam for all eyes, and the values of <0.3, ≥0.3, and <0.5, and ≥0.5 μm were defined as mild, moderate, and severe irregularity, respectively. Based on the corneal topography, eyes with an inferior-superior index (I-S) of >1.5 D, a superior-inferior index (S-I) of >2.5 D, or a skewed radial axis index (SRAX) of >22° were classified as asymmetric, while all the other eyes were classified as symmetric (14). I-S was defined as the difference in corneal curvature between the inferior and superior points on the steep axis at 5 mm in the sagittal curvature (front) image, and S-I was defined as the difference between the superior and inferior points (14). SRAX was defined as the difference in the axes of the two lobes of the bowtie (14).

In the symmetric group, the eyes were further divided into three subgroups according to the diameter of symmetric bowtie: type A (small bowtie, diameter ≤ 5 mm; Figure 1A); type B (medium bowtie, 5 mm < diameter ≤ 7 mm; Figure 1B); and type C (large bowtie, diameter >7 mm; Figure 1C). To measure the diameter of the bowtie, a color scale with increments of 0.25 D was used.


[image: Figure 1]
FIGURE 1. Influences of the local corneal topography on prediction error in a symmetric bowtie. The first column shows the corneal topography of (A) eyes with small bowtie (type A, diameter ≤5mm), (B) eyes with medium bowtie (type B, 5 mm < diameter ≤7 mm), and (C) eyes with large bowtie (type C, diameter >7 mm). The second column shows the topographic profile on the steep axis corresponding to the first column.




Statistical Analysis

The sample size required to detect a difference of 0.20 D with an SD of 0.50 D was calculated as 54 eyes for a significance level of 5% and a test power of 0.80. Continuous data are presented as means ± SDs. Shapiro–Wilk tests were performed for Gaussian distributions. The paired Wilcoxon signed-rank test was used for the comparison of median absolute errors. A paired t-test was used to compare mean absolute errors. All statistical analyses were performed with SPSS version 22 (SPSS, Chicago, Illinois, USA). A P < 0.05 was considered statistically significant.




RESULTS


Characteristics

Table 1 shows the characteristics of the included eyes. The mean age of the patients included was 63.4 ± 14.0 years. The mean axial length was 26.50 ± 2.81 mm. The mean preoperative total corneal refractive power measured with Pentacam was 2.09 ± 0.74 D. At 1 month after surgery, the mean residual astigmatism was 0.62 ± 0.41 D.


Table 1. Characteristics.
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Prediction Errors of Corneal Astigmatism Based on Different Analysis Modes

Table 2 shows the prediction errors of corneal astigmatism based on the ring or zone mode centered on either the corneal apex or pupil center. For the zone mode, the absolute prediction errors of corneal astigmatism were significantly lower when centered on the corneal apex than centered on the pupil center at 2-, 3-, 4-, and 5-mm corneas (paired Wilcoxon signed-rank test, all P < 0.05); whereas, for the ring mode, this difference was only seen for a corneal diameter of 2 mm (paired Wilcoxon signed-rank test, P = 0.01).


Table 2. Prediction errors of corneal astigmatism based on the ring or zone mode either centered on the corneal apex or pupil center.
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When centered on the corneal apex, the zone mode showed significantly lower absolute prediction error than the ring mode at 4- and 5-mm cornea (paired Wilcoxon signed-rank test, both P < 0.001). When centered on the pupil center, differences between ring and zone mode were seen at 2-, 4-, and 5-mm cornea (paired Wilcoxon signed-rank test, all P < 0.05). The zone mode also showed lower mean centroid error than the ring mode at 3-, 4-, and 5-mm corneas (0.18 vs. 0.25 D, respectively, for 3 mm, 0.21 vs. 0.36 D, respectively, for 4 mm, 0.31 vs. 0.44 D, respectively, for 5 mm). Based on the zone mode, the lowest median absolute error (0.43 D) and mean centroid error (0.18 D) were both seen at the 3-mm cornea.

All the included eyes had mild irregularity. Of the 59 eyes, 23 (39%) had asymmetric astigmatism. Table 3 shows the prediction errors of corneal astigmatism in the asymmetric and symmetric groups between the ring and zone modes when centered on the corneal apex. In both the groups, the zone mode showed significantly lower absolute prediction error than the ring mode at 4- and 5-mm cornea (paired Wilcoxon signed-rank test, all P < 0.05), while in the asymmetric group, the zone mode showed higher absolute prediction error than the ring mode at 2-mm cornea (paired Wilcoxon signed-rank test, P = 0.03).


Table 3. Prediction errors of corneal astigmatism based on the ring or zone mode centered on the corneal apex in the asymmetric and symmetric groups.
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Influences of the Local Corneal Topography on Prediction Error in Symmetric Bowtie

Among the eyes with symmetric bowtie of corneal astigmatism, the proportions of type A, type B, and type C were 17% (6/36), 50% (18/36), and 33% (12/36), respectively. Table 4 shows the prediction errors of corneal astigmatism in the eyes with the symmetric bowtie pattern. In type A, the zone mode showed a significantly lower absolute prediction error than the ring mode at 2-mm cornea (paired t-test, P = 0.02). In type B, no differences were identified at any corneal diameters between the two modes (paired t-test, all P > 0.05). In type C, the zone mode had significantly lower absolute prediction errors than the ring mode at 4- and 5-mm cornea (paired t-test, P = 0.004 for 4 mm and P = 0.001 for 5 mm).


Table 4. Prediction errors of corneal astigmatism based on the ring or zone mode centered on the corneal apex in eyes with a symmetric bowtie.
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DISCUSSION

Over the past decade, the implantation of toric IOLs has become a preferred option for correcting preexisting corneal astigmatism and achieving better post-operative visual outcomes for cataract patients (15, 16). Pentacam is a useful instrument for planning toric IOL surgery and improving prediction accuracy for corneal astigmatism (17, 18). With various analysis modes, it provides more than 30 sets of keratometric data for corneal diameters ranging from 1.0 to 8.0 mm, based on the ring or zone mode centered on either the corneal apex or pupil center (10). However, it remained unclear which analysis mode is most appropriate for the toric IOL surgical planning. Moreover, little was known about the influences of the local corneal topography on prediction error. In this study, we evaluated the prediction errors among different analysis modes of Pentacam and found that for toric IOL surgical planning, the corneal apex may be a better reference center than the pupil center, and at a corneal diameter of ≥4 mm, the zone mode may be more accurate than the ring mode. Prediction accuracy may also be affected by the local topography of symmetric bowtie astigmatism.

The corneal apex is found as a better reference center for toric IOL surgical planning according to our data. Choosing the inappropriate reference center may reduce the prediction accuracy, especially when there is a certain distance between the two reference centers (19). Previously, some studies recommended the pupil center as the reference center in this context, because the researchers considered that the entrance pupil controls what the patient sees (20, 21). However, according to our study, the prediction accuracy of corneal astigmatism is higher when the measurement is centered on the corneal apex rather than on the pupil center, based on the 2-, 3-, 4-, or 5-mm zone mode or the 2-mm ring mode. The corneal apex usually corresponds to the center of the capsular bag, which is closely associated with the optical performance of the toric IOL (22), and this may explain why using the corneal apex as the reference center resulted in more accurate prediction in most cases. Another explanation may be that pupil-centered measurements made with Pentacam have poorer precision (23), given the dynamic nature of the pupil.

We also found that when centered on the corneal apex, the zone mode presented higher prediction accuracy than the ring mode at the corneal diameter of ≥4 mm, regardless of whether the astigmatism was asymmetric or symmetric. Unlike the ring mode in which corneal astigmatism is analyzed merely with data points over the ring, the zone mode includes all the data points within the corneal diameter for analysis (10). Thus, an assessment of corneal astigmatism based on the zone mode may be more representative of the actual corneal astigmatism in the selected area, and will therefore provide greater accuracy for toric IOL surgical planning. Notably, based on the zone mode, among all the different diameters examined, the 3-mm cornea data offered the most accurate prediction. The 3-mm zone mode is not only more representative of the actual corneal astigmatism but also it is closer to the pupillary area (24), which is actually responsible for corneal refraction, suggesting that this is the optimal option for toric IOL surgical planning in future clinical practice.

The influence of the local corneal topography on prediction accuracy should not be neglected in the eyes with the symmetric bowtie pattern of corneal astigmatism. In these eyes, the location of the steepest parts of the bowtie varies, which may lead to differences in the prediction accuracy of the different analysis modes. In particular, if the steepest part of the bowtie is located on the central cornea, the prediction accuracy is greater for the zone mode than for the ring mode at a corneal diameter of 2 mm. In contrast, if the steepest part of the bowtie is located on the peripheral cornea, the prediction accuracy is greater for the zone mode than for the ring mode at corneal diameters of 4 and 5 mm. This finding provides an insight into how to select the most appropriate analytical mode for planning toric IOL implantation according to the local corneal topography.

Some issues need to be addressed with regard to this study. The implantation of toric lenses represents a recent frontier of refractive surgery and cataract surgery, but there are limitations that cannot be addressed, even with sophisticated instruments like Pentacam. Eyes that have undergone previous operations or suffer corneal pathologies pose a great risk of surgical failure. Therefore, despite advanced instruments and more accurate analytical modes, previous incisions or scars must also be considered. For instance, cataract surgery on eyes that have undergone previous radial keratotomy poses higher risks of dehiscence and higher residual astigmatism, whereas the stabilizing suture of the radial keratotomy incision can reduce the risk of dehiscence and post-operative astigmatism (25). However, eyes with previous surgery or corneal pathologies were excluded from this study to avoid their effect on the prediction error. Furthermore, gender should always be considered in research. Studies have shown a between-sex difference in corneal astigmatism (26). In this study, no significant difference was detected in corneal astigmatism between male and female patients (P > 0.05), though 61% of the patients were females. Gender may be a secondary factor. A future study with a larger sample size is needed to further investigate the effect of gender on the prediction accuracy for corneal astigmatism.

In conclusion, for toric IOL surgical planning, the corneal apex may be a better reference center than the pupil center, and at a corneal diameter of ≥4 mm, the zone mode may be more accurate than the ring mode. The influence of the local corneal topography on the prediction accuracy in symmetric bowtie corneal astigmatism shall also not be neglected.
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Background: The aim was to study the relationship between quantitative information provided by optical coherence tomography (OCT) angiography (OCTA) and conventional angiography in macular neovascularization (MNV) secondary to age-related macular degeneration (AMD).

Methods: The research was designed as an interventional, prospective study. We included 66 eyes (66 patients) affected by naïve MNV. Multimodal imaging included structural OCT, OCTA, fluorescein angiography (FA), and indocyanine green angiography (ICGA). The follow-up lasted 1 year. Patients were treated by PRN anti-VEGF injections. Based on FA/ICGA examinations, we divided the patients into two categories: low vessel tortuosity (VT) (<8.40) and high VT (>8.40), correlating VT with the MNV area, leakage area, speckled fluorescence (SF) quadrants and MNV area/leakage area ratio.

Results: Mean baseline BCVA was 0.50 ± 0.61 LogMAR, improved to 0.31 ± 0.29 LogMAR after 1 year (p < 0.01), with a mean number of 7 ± 2 anti-VEGF injections. The patients revealed type-1 MNV in 36 eyes (55%), mixed type 1 and 2 MNV in 18 eyes (27%), and type-2 MNV in 12 eyes (18%). MNV eyes in high-VT MNV featured poorer BCVA, CMT, and OCTA parameters, higher SF quadrants, and less exudation, compared with low-VT MNV (p < 0.01). Moreover, 30% of high-VT MNV eyes developed outer retinal atrophy.

Conclusions: Low VT MNV turned out to be more exudative at the baseline but less damaging to the outer retinal structures, whereas high VT MNV proved to be less exudative but more prone to lead to atrophic changes and visual function deterioration. VT may be usefully applied to artificial intelligence-based models designed to characterize MNV secondary to AMD.

Keywords: age-related macular degeneration, OCT, OCTA, MNV, vessel density, vessel tortuosity


SYNOPSIS

Two clinically different MNV subforms can be identified by combining OCTA and conventional angiography: an MNV that is characterized by greater exudation but is less damaging to the outer retinal structures, and an MNV that is less exudative but leads to irreversible anatomical impairment.



INTRODUCTION

Macular neovascularization and exudation are possible complications encountered in the advanced stages of age-related macular degeneration (AMD) (1), causing a progressive deterioration of the visual function. Anti-VEGF intravitreal injections represent the gold standard for the treatment of the condition and have radically changed its natural history and the outcome for patients with AMD (2). However, the response to anti-VEGF treatment is extremely variable, thus rendering the outcome unpredictable. Nowadays, optical coherence tomography (OCT) angiography (OCTA) represents an extremely powerful non-invasive approach to the detailed analysis of MNV secondary to AMD (3–5). Quantitative OCTA parameters, in the first instance, MNV vessel tortuosity (VT), have recently been proposed to differentiate clinically different MNV subgroups (6). This quantitatively based categorization of the MNV lesions depended on the perfusion features of the MNV and its clinical activity and proved to be less influenced by the type of MNV (6, 7).

The strength of this new quantitative approach is that it offers an estimate of MNV activity, thus providing useful information about the evolution of the neovascular lesion and the damage caused to retinal structures. However, from the point of view of its association with the functional features of the MNV, the methodology fails to provide an assessment of the relationship between the information supplied by OCTA and data obtained from dye-based angiography. In particular, OCTA is well-known to yield little regarding the blood-retinal barrier breakdown and the exudative phenomena, which are, in contrast, well detected by dye-based angiography.

The aim of the present paper was to classify the AMD-related MNV by combining MNV VT on OCTA with findings obtained by standard dye angiography.



METHODS

The study was designed as a prospective, interventional case series. Consecutive patients with AMD newly diagnosed with MNV were recruited at the Ophthalmology Unit of San Raffaele Hospital, Milan, Italy, from January 2018 and December 2019, and followed for 1 year. The study was approved by the Ethical Committee of the Vita-Salute San Raffaele University in Milan (protocol ID: MIRD) and conducted in accordance with the Declaration of Helsinki. All MNV patients underwent Ranibizumab.5-mg intravitreal injections, starting with three monthly injections, followed by further treatments in accordance with a pro re nata regimen. The inclusion criteria were: naïve AMD-related MNV; classified as type 1, type 2, and mixed type 1 and 2 on the basis of fluorescein angiography (FA) and indocyanine green angiography (ICGA) (Spectralis HRA+OCT; Heidelberg Engineering, Heidelberg, Germany). We excluded polypoidal choroidal vasculopathy and retinal angiomatous proliferation because of difficulties in achieving a reliable identification of the neovascular lesion on OCTA. Further exclusion criteria were: high media opacities, any other ophthalmological disorder, ophthalmological surgery within the last 6 months, and any systemic condition potentially affecting the analyses.

Ophthalmological examination included BCVA measurement using standard ETDRS charts, slit lamp biomicroscopy of anterior and posterior segments, and Goldmann applanation tonometry. Structural OCT acquisitions included raster, radial, and dense scans with a high number of frames (ART > 25) and enhanced depth imaging (EDI). Structural OCT data were used to measure central macular thickness (CMT) and exudation thickness at the baseline and at the 1-year follow-up. OCTA images were obtained using a swept source OCT DRI Topcon Triton (Topcon Corporation, Tokyo, Japan). OCTA scans included high-resolution 3 × 3 and 4.5 × 4.5 mm acquisitions. Only high-quality images, evaluated by Topcon Imaging Quality factor > 70, were considered. Two expert readers (AA and EA) carefully inspected and eventually manually corrected all OCTA segmentations to address for possible residual artifacts.

We isolated superficial (SCP), deep (DCP), and choriocapillaris (CC) plexa from 4.5 × 4.5 mm scans, as well as the MNV network from 3 × 3 mm high-resolution OCTA reconstructions. To obtain vascular plexa vessel density (VD) values and MNV VT values, we performed the same post-processing steps already described in previous papers (6–10). All these parameters were calculated by means of ImageJ software (11). The first step in our post-processing analyses was to binarize OCTA reconstructions using the following pipeline: Import.tiff image -> Adjust -> Threshold -> Automatic threshold -> Mean thresholding -> Export binarized image. VD was obtained by calculating the ratio of white to black pixels, placing the manually segmented foveal avascular zone among the exclusion criteria. VT is defined as the ratio of the shortest pathway to the straight-line length (12), and provides information about the vascular perfusion (6, 7, 13, 14). MNV VT was calculated through the following pipeline: Loading binarized MNV image -> Skeletonize -> Analyze skeleton -> Euclidean distance measurement.

Optical coherence tomography angiography quantitative analyses were carried out on the basis of baseline reconstructions alone.

We applied an MNV VT cutoff of 8.40 to differentiate two clinically significant MNV subforms: low-VT MNV (VT <8.40) and high-VT MNV (VT > 8.40) (6, 7). We performed a fresh ROC analysis to confirm the validity of this previously proposed MNV VT cutoff (6, 7), as well as to determine the presence of any further MNV VT cutoff value.

The following parameters were considered: leakage area (defined as the extension of the region affected by leakage 5 min after the fluorescein dye injection), MNV area (measured on ICGA), and speckled fluorescence (SF) (defined as multiple punctate spots of hyperfluorescence observed 5 min after the fluorescein dye injection). SF was analyzed by dividing the posterior pole into four quadrants (two temporal and two nasal) and by considering only the quadrants involved, using the center of the MNV as a reference point. These metrics were obtained by the measurement tools provided by Heidelberg software. Furthermore, we calculated an MNV area/leakage area ratio so as to quantify the amount of leakage in relation to the size of the MNV and to obtain a parameter associated with the activity of the MNV. The analyses were conducted by two expert graders (AA and EA) at least two times in order to calculate the reproducibility and repeatability of the measurements. The intraclass correlation coefficient (ICC) was calculated to evaluate the agreement between the two operators.

The aim of the present paper was to classify the AMD-related MNV by combining MNV VT on OCTA with findings obtained by standard dye angiography.

The statistical analyses were performed using the SPSS software package (SPSS, Chicago, Illinois, USA). We considered age, sex, and number of injections as fixed factors for the analysis. The sample size was calculated on the basis of similar studies present in the literature, considering a minimum of 50 eyes needed to reject the null hypothesis with a confidence interval of 95% and a margin of error of 5%. Continuous variables were analyzed through the two-tailed t-test. We stratified MNV eyes according to the MNV VT value and assessed possible intergroup statistical differences. We also evaluated the possible influence of the type of MNV (type 1, type 2, and mixed) on the quantitative investigation, as well as possible intergroup differences, through one-way ANOVA analysis, with Bonferroni correction for multiple comparisons. In view of the inclusion of 11 different metrics, the statistical significance was set at p < (0.05/11 = 0.0045). The Tau-Kendall correlation analysis (SPSS, Chicago, Illinois, USA) was used to assess the relationship between all the parameters reviewed. In this case, we considered a p < 0.01 to be statistically significant.



RESULTS

We collected data from 80 eyes of 80 patients affected by naïve AMD-related MNV. Fourteen eyes were excluded, owing to high media opacities. The remaining 66 eyes of 66 patients with MNV (34 males; mean age 78 ± 8 years) were included in the study and completed the entire follow-up. Mean BCVA was 0.50 ± 0.61 LogMAR at the baseline, improving to 0.31 ± 0.29 LogMAR after the 1-year follow-up (p = 0.002), with a mean number of 7 ± 2 injections administered. CMT was 408 ± 105 μm at the baseline, improving to 348 ± 76 μm after 1 year (p =.003). In accordance with MNV angiographic classification, we found 36 eyes with type 1 (55%), 18 eyes with mixed types 1 and 2 (27%), and 12 with type 2 (18%) MNV. As reported in Table 1, type-2 MNV showed higher exudation, as indicated by the significantly lower MNV/leakage ratio, and greater CMT. The mixed MNV type displayed intermediate values, compared with type 1 and type 2 lesions. Interestingly, the number of intravitreal injections administered was similar among the three MNV subtypes. Moreover, MNV VT values were similar in the entire cohort of type 1, type 2, and mixed lesions.


Table 1. Clinical and imaging data in MNV types.
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Categorizing MNV on the basis of a VT cutoff value of 8.40, confirmed by the new ROC analysis (sensitivity, 0.90; specificity, 0.92) (Figure 1), allowed us to distinguish two different MNV subforms, namely low-VT MNV (41 eyes; VT <8.40) and high-VT MNV (25 eyes; VT > 8.40). Specifically, eyes in the high-VT MNV group showed worse final BCVA (0.24 ± 0.24 vs. 0.43 ± 0.32), final CMT and baseline DCP VD (p < 0.001) (Table 2). Moreover, 30% of eyes in the high-VT MNV group developed macular atrophy (understood as complete retinal pigment epithelium and outer retinal atrophy), as against no eye in the low-VT MNV group. Low-VT MNV showed less SF quadrant involvement than high-VT MNV (Figure 2) (p < 0.001), whereas the MNV and leakage areas were similar (p = 0.22 and p = 0.33, respectively) (Table 2). By contrast, the MNV/leakage ratio proved significantly higher in cases of high-VT MNV than in low-VT MNV (p < 0.001) (Figure 3). MNV VT values turned out to be stable over the entire follow-up (p = 0.452). The correlation analysis revealed that high-VT MNV is characterized by more SF and less exudation, expressed both as a high MNV area/leakage area ratio and thinner CMT. The MNV and leakage areas correlated significantly with worse VD of the CC at the baseline. Indicators of lower exudation (higher MNV/leakage ratio and CMT) correlated significantly with higher MNV VT and lower DCP VD (all correlation data are listed in Table 3). Table 4 summarizes the most important characteristics of low- and high-VT MNV.


[image: Figure 1]
FIGURE 1. An ROC curve of an MNV VT cutoff (VT cutoff value 8.40; sensitivity, 0.90; specificity, 0.92).



Table 2. Quantitative analysis in functionally different MNV subgroups (VT cutoff 8.40).
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[image: Figure 2]
FIGURE 2. One case of poorly involved SF quadrants (A) on fluorescein angiography and one case of totally involved SF quadrants (B) on fluorescein angiography.



[image: Figure 3]
FIGURE 3. One case of low-MNV/leakage ratio, corresponding to high exudation area compared with MNV lesion detected on fluorescein angiography (A,B). MNV area and leakage area are marked by green and blue lines, respectively (C). One case of high-MNV/leakage ratio, corresponding to a lower exudation area, compared with MNV lesion detected on fluorescein angiography (D,E). MNV area and leakage area are marked by green and blue lines, respectively (F). Green V and red X correspond to the quadrants showing SF or quadrants without SF, as detected by FA, respectively.



Table 3. Correlation analysis in functionally different MNV subgroups (VT cutoff 8.40).
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Table 4. Most important characteristics of macular neovascularization in Group 1 and in Group 2.
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In summary, the main features of the two MNV subgroups are as follows: low-MNV VT lesions are characterized at the baseline by high exudation, extended blood-retinal barrier breakdown, and poor SF quadrants, leading to higher-baseline LogMAR BCVA, whereas the baseline features of high-MNV VT lesions are low exudation, less-pronounced blood-retinal barrier breakdown, high SF quadrants, and lower-starting LogMAR BCVA. The higher number of intravitreal injections, administered in a pro re nata setting over 1 year, together with less-affected DCP, leads to a better recovery of the BCVA. This recovery proves to be less pronounced in low-MNV VT lesions, compared with high-MNV VT lesions and is not associated with the onset of outer retinal atrophy, unlike high-MNV VT lesions, in which atrophy occurs in 30% of cases after 1 year (Figure 4).


[image: Figure 4]
FIGURE 4. Low- and high-MNV VT neovascularizations. Low-MNV VT lesion is characterized by low-MNV/leakage ratio on FA (A), scant SF, a poorly tortuous neovascular network on OCTA (B), high-baseline exudation (C) and good anatomical and functional recovery after 1 year, with retention of outer retinal structure reflectivity properties (D). High-MNV VT lesion is characterized by high-MNV/leakage ratio on FA (E), involvement of high SF quadrants, a highly tortuous neovascular network on OCTA (F), poor baseline exudation (G), and bad anatomical and functional recovery after 1 year, with fibrotic alterations, and impairment of outer retinal structure reflectivity properties, together with backscattering phenomena (H).


Reproducibility and repeatability values of all the quantitative metrics varied overall from 0.91 to 0.97 and are fully reported in Table 5. The agreement between the two graders was very high for all the measurements, with overall ICC of 0.95 (range, 0.89–0.98).


Table 5. Reproducibility and repeatability values of OCTA quantitative parameters.
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DISCUSSION

In the present study, we investigated the relationship between MNV OCTA-based VT values and MNV activity detected by FA and structural OCT.

Taking as a premise the traditional classification based on FA (15–18), we confirmed the presence of statistically significant differences between the different MNV types. In particular, type-2 MNV turned out to be more exudative (lower MNV/leakage ratio and greater CMT) compared with the mixed type, and type-1 MNV, although the final visual outcome proved comparable after the same number of intravitreal injections, had been administered in the three subtypes. Moreover, our quantitative MNV VT analysis failed to reveal any statistically significant differences between the three MNV types.

A different MNV classification based on MNV VT quantitative assessment performed by OCTA provided more information. In particular, the use of an MNV VT cutoff value of 8.40 identified two different MNV patterns, i.e., low VT and high VT, which had different baseline features and eventually led to different clinical and functional outcomes.

Low-VT MNV (MNV VT <8.40) corresponded to highly exudative lesions, with worse baseline BCVA and CMT, but with improved visual and anatomical outcomes after 1 year of treatment, following a significantly higher number of intravitreal injections (7.2 intravitreal injections). Conversely, high-VT MNV was characterized by less exudation—which explains the lower number of injections (5.2) administered in accordance with the pro re nata regimen—and by more frequent evolution toward atrophy and final visual function decline.

Interestingly, this kind of quantitative analysis also provided information about the anatomical constitution of the neovascular network. Indeed, the presence of a statistically significant correlation between MNV VT and MNV/leakage ratio, with the absence of correlations with the MNV area or leakage area alone, suggests that high-VT MNV, over than more perfused lesions, might represent better anatomically organized MNV, as regards to capillary walls. From this point of view, future studies assessing the relationship between quantitative imaging-based biomarkers and the histologic composition of the MNV might introduce intriguing new perspectives on the anatomical characterization of MNV lesions. With respect to the stability of MNV VT values over the follow-up, this was in accordance with a previous paper, showing that intravitreal treatments had no significant effect on this OCTA parameter (19).

The assessment of the MNV on the basis of VT suggests that a bias may occur in the ordinary therapeutic decision on the anti-VEGF administration, which is generally guided by the detection of exudative signs. Even though it appears less exudative, high-VT MNV may thus require a high number of anti-VEGF injections to be controlled.

Observing the FA findings, we detected a mismatch between leakage, taken as a sign of blood-retinal barrier breakdown, and the SF extension. Indeed, the low-VT MNV group revealed higher leakage and lower SF quadrants than the high-MNV VT group. SF may, therefore, represent a negative prognostic factor since its extension was significantly associated with clinically worse MNV. Furthermore, since the lower leakage and greater presence of SF were related to lower VD of the DCP, we might advance the hypothesis that SF is, in fact, a more reliable biomarker of pronounced vascular impairment than leakage.

A positive correlation was found between preserved DCP VD and visual acuity, in conformity with the findings of previous studies (6–10). In addition, we found that higher DCP VD correlated with increased exudation and leakage, suggesting that higher exudative phenomena might require a better preserved retinal vascular network. The higher DCP VD was possibly related to the vascular congestion secondary to the alterations in the perfusion distribution determined by the MNV, which may, in turn, have influenced the DCP as a result of both the mechanical burden and the release of growth factors and cytokines.

We are aware that our study has several substantial limitations. First of all, we restricted our analyses to type 1, type 2, and mixed MNV sub-forms that are readily detectableon OCTA, and, secondly, our follow-up was limited to just 12 months. The correlation we found on the basis of a VT cutoff of 8.40 may prove to be only valid for the specific MNV subtypes we considered and over a short-term follow-up. Hence, future studies with larger samples and longer follow-up would be needed to validate this new classification for clinical practice. Furthermore, OCTA can be conditioned by a number of image artifacts, which might have affected the analyses of the survey (20). In addition, the quantitative OCTA approach described requires supplementary software to analyze the images and, therefore, has limited relevance to clinical practice. A further shortcoming might concern the use of spectral-domain OCT technology instead of swept-source OCT, which is known to provide better images of deeper structures. However, it is worth pointing out that, although a swept source represents a step forward in OCTA analyses, spectral-domain technology remains a reliable way of detecting MNV, especially in the presence of naïve lesions (21). In addition, although we mainly interpreted SF as a sign of vascular impairment, we cannot exclude at all the possible contribution of drusen, focal RPE impairment, and other kinds of alterations to this FA finding. We have to acknowledge though that our pathogenetic hypotheses would need to be confirmed by histopathological validations. Just the same, while undoubtedly based on a limited number of eyes and a short follow-up, the present study provides new insights that may prove helpful in attempting to attain a better characterization of MNV secondary to AMD.

In conclusion, our study quantitatively assessed the relationship between MNV VT and its morpho-functional features. Based on our data, two different MNV subforms can be identified: low-VT MNV, which is more exudative at the baseline but less damaging to the outer retinal structures, and high-VT MNV, which is less exudative at the baseline but tends to lead to atrophic changes and functional deterioration. Further prospective studies are warranted to provide a more thorough investigation of the quantitative morpho-functional features characterizing MNV lesions so as to develop new models to optimize personalized treatment strategies. The quantitative approach adopted might form the basis of an artificial intelligence-based model, offering a better way to characterize MNV secondary to AMD.
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Purpose: To investigate the distribution of white-to-white (WTW) corneal diameter and anterior chamber depth (ACD) in Chinese myopia patients.

Methods: This was a cross-sectional observational study conducted at five ophthalmic centers. Anterior segment biometry was performed in 7,893 eyes of the 7,893 myopic patients using Pentacam, and the WTW and ACD were recorded. The distribution patterns of WTW and ACD were evaluated and the correlation between WTW and ACD was analyzed statistically.

Results: There were 4416 (55.95%) males and 3477 (44.05%) females. The age of the study population was 25.14 ± 5.41 years. Distribution of WTW was slightly positively skewed (Skewness = 0.0076, Kurtosis = 0.3944, KS P = 0.020) with a mean of 11.65 ± 0.38 mm and a 95% normal range of 10.91–12.39 mm. A significant difference in WTW was found among different myopia groups (P < 0.001). The ACD was normally distributed (Skewness = 0.899, Kurtosis = 0.027, KS P = 0.086). The mean ACD was 3.25 ± 0.26 mm and the 95% normal range of was 2.74–3.75 mm. A significant difference in ACD was also found among different myopia groups (P = 0.030). There was a significant correlation between WTW and ACD (r = 0.460, P < 0.001).

Conclusions: In our study, 95% of the Chinese myopic patients had a WTW within 10.91–12.39 mm and an ACD within 2.74–3.75 mm. ACD and WTW were significantly different among different myopia, gender and age groups. WTW was positively correlated with ACD.

Keywords: distribution, white-to-white corneal diameter, anterior chamber depth, Chinese, myopia patients


INTRODUCTION

Anterior segment parameters such as white-to-white (WTW) corneal diameter and anterior chamber depth (ACD) are not only of essential importance for preoperative evaluation of refractive surgery, but also provide crucial information about individual ocular anatomy (1–3). Accurate measurement of WTW and ACD is needed for implantable collamer lens (ICL) sizing before surgery (4). Implantation of an incorrect size ICL may lead to complications after the surgery, such as corneal endothelial damage, uveitis, and glaucoma (4). Besides, shallow central ACD was found to be an independent predictive risk factor for the development of any form of angle closure in the Handan Eye study (5) and in the Namil Study (6). Thus, it is important to identify such patients so that prophylactical treatment can be used to prevent an acute attack of angle-closure and primary angle-closure glaucoma (PACG). As for the WTW corneal diameter, an abnormal WTW may indicate corneal diseases like micro-cornea, microphthalmos, and so on (7). It is important to recognize these conditions before ocular surgery as they may be associated with other ocular and systemic disorders that compromise the outcomes of the surgery. WTW and ACD are also important parameters in some formulas used to calculate the power of intraocular lens (IOL) for cataract surgery (8, 9).

Previous studies have been carried out to investigate anterior segment parameters in various populations (10–13). However, results from these reports may not be directly applied to our patients due to possible ethnical differences in the anterior segment anatomy (1). In a recent study, the distribution of WTW was investigated in Chinese cataractous patients aged 63.7 ± 12.4 years (14). To date, little information is known about WTW and ACD distribution in young Chinese myopic adults, who represent the largest population of refractive surgery candidates in the world. In the present study, using pooled data from five ophthalmic centers we revealed the distribution patterns of WTW and ACD in this specific group of patients.



MATERIALS AND METHODS


Participants

A total of 7,893 eyes of 7,893 myopic patients from Guangzhou Aier Eye Hospital (GZ), Shenyang Aier Eye Hospital (SY), Chengdu Aier Eye Hospital (CD), Wuhan Aier Eye Hospital (WH), and Hankou Aier Eye Hospital (HK) were retrospectively recruited. The study was approved by the Institutional Review Board (IRB) of every hospital (GZ, SY, CD, WH, and HK) and conducted in agreement with the Declaration of Helsinki. The IRBs waived the need of informed consent as the study only involved review and analysis of medical records and no individual patient could be identified from the data (15, 16). Inclusion criteria were myopic patients with a spherical equivalent (SE) ≤ −0.50 D and good quality Scheimpflug scans. Only the right eyes of the patients were included for analysis. Exclusion criteria were coexisting corneal diseases, keratoconus, forme fruste keratoconus, severe dry eye, non-axial myopia (such as those caused by spherophakia), previous ocular trauma or surgery, uveitis, glaucoma, wearing contact lenses within the previous 2 weeks, age younger than 18 years (unstable refraction) or older than 40 years (to reduce the effects of the crystal lens on anterior chamber depth measurement) (15, 16).



Examinations

All of the eyes underwent routine ophthalmic examinations including decimal visual acuity, intraocular pressure (IOP), cycloplegic and manifest refraction, anterior segment examination by slit-lamp, corneal topography and tomography (Pentacam). Clinical data of the eyes were retrieved from an electronic medical record database. The spherical equivalent (SE) was defined as “spherical error + 1/2 cylindrical error” using manifest refraction. The eyes were divided into four groups according to the manifest SE: low myopia (−3.00 D < SE ≤ −0.5 D, LM), moderate myopia (−6.00 D < SE ≤ −3.00 D, MM), high myopia (−10.00D < SE ≤ −6.00 D, HM) and extremely high myopia (SE ≤ −10 D, EHM).

The WTW and ACD were measured with Pentacam by experienced technicians under dim light condition according to the standard procedures of the manufacturer (Oculus GmbH, Wetzlar, Germany) as previously described (15, 16). The fixation target was set to a viewing distance of +1.00 to 0.00 D (far vision) (17). Depth of anterior chamber (ACD) was the distance between the anterior surface of the crystalline lens and posterior surface of cornea, and WTW was the distance between nasal and temporal limbus points between the white sclera and the darker iris image (Figure 1). Repeated measurement was taken when Pentacam scans did not pass the quality check. Quality control and data retrieving of Pentacam examination were previously described (15, 16).


[image: Figure 1]
FIGURE 1. Delineations of white-to-white (WTW) corneal diameter and anterior chamber depth (ACD) measurements with Pentacam. The distance between the anterior surface of the crystalline lens and posterior surface of cornea was ACD (left) and WTW was the distance between nasal and temporal limbus points between the white sclera (right).




Statistical Analysis

Pooled data of the five ophthalmic centers were used for analysis. Distribution of the WTW and ACD was evaluated by Kolmogorov–Smirnov (KS) test. Data of WTW, ACD, age, and SE were presented as mean ± standard deviation (SD). Kruskal–Wallis test was used for comparison of WTW and ACD among different myopia groups and age groups. Two sample t-test was used for ACD and WTW comparison between different genders among different myopia groups. Correlation between the WTW and ACD, between WTW/ACD and age, and between WTW/ACD and refractive error was evaluated by Spearman correlation test. P < 0.05 was considered to be statistically significant.




RESULTS


Demography

There were 7,893 patients (7,893 eyes) included in the study and 55.95% of them were male. The mean age of the patients was 25.14 ± 5.41 years. The mean SE of the eyes was −4.87 ± 1.66 D. There was a significant difference in age, gender, SE, ACD, and WTW among patients from different ophthalmic centers (all P < 0.001). Demographics of the eyes are shown in Table 1.


Table 1. Demographics of the subjects in different ophthalmic centers.

[image: Table 1]



Distribution of Corneal Diameter and Anterior Chamber Depth

Distribution of WTW was slightly positively skewed (Figure 2; Skewness = 0.0076, Kurtosis = 0.3944, KS P = 0.020); the ACD was normally distributed (Figure 3; Skewness = 0.899, Kurtosis = 0.027, KS P = 0.086). The mean WTW was 11.65 ± 0.38 mm (95% CI: 11.64–11.66) and the mean ACD of the study population was 3.25 ± 0.26 mm (95% CI 3.24–3.25). The 95% normal range of WTW in our study was 10.91–12.39 mm, and the 95% normal range of ACD was 2.74–3.75 mm. The smallest WTW was 10.2 mm and the WTW <10.65 mm was seen in 25 eyes (0.32%). The largest WTW was 13.3 mm and the WTW >12.94 mm was seen in 3 eyes (0.04%). Anterior chamber depth in our study population ranged from 2.07 to 4.35 mm. There were 352 eyes (4.46%) with an ACD <2.8 mm and 889 eyes (11.26%) more than 3.55 mm.


[image: Figure 2]
FIGURE 2. Frequency distribution of white-to-white (WTW) corneal diameter.



[image: Figure 3]
FIGURE 3. Frequency distribution of anterior chamber depth (ACD).


Details about the WTW and ACD in different myopia groups are shown in Table 2. Significant differences in WTW and ACD were found among different myopia groups (P < 0.001 and P = 0.030, respectively). Eyes in the LM group seemed to have slightly lower ACD but significantly larger WTW.


Table 2. Anterior chamber depth and white-to-white corneal diameter in different myopia groups of patients.

[image: Table 2]

Comparison of WTW and ACD between female and male subjects in different myopia groups are shown in Table 3. Significant larger WTW and ACD in males than females were observed in low, moderate and high myopia groups, and significant larger WTW but not ACD in male than female was observed in extremely high myopia group.


Table 3. Comparison of anterior chamber depth and white-to-white corneal diameter between different genders among different myopia groups.

[image: Table 3]

A significant difference was found among different age groups in terms of ACD and WTW measurements (all P <0.001). With increase of age, ACD was shallower and WTW was smaller as showed in Table 4.


Table 4. Comparison of anterior chamber depth and white-to-white corneal diameter among different age groups.

[image: Table 4]

No significant correlation was found between SE and ACD (r = −0.019, P = 0.090), or between SE and WTW (r = 0.094, P < 0.001). A weak but statistically significant negative correlation was found between ACD and age (r = −0.286, P < 0.001), and between WTW and age (r = −0.199, P < 0.001).



Correlation Between WTW and ACD

A significant positive correlation was found between WTW and ACD in our subjects (r = 0.460, P < 0.001). Patients with shallower anterior chambers might also have smaller WTW (Figure 4).


[image: Figure 4]
FIGURE 4. Correlation between anterior chamber depth (ACD) and white-to-white (WTW) corneal diameter.





DISCUSSIONS

The distribution patterns of WTW and ACD in myopic patients were investigated in the present multicenter study using pooled data from different ophthalmic centers of mainland China. We found that the average WTW was 11.65 mm and within 10.91–12.39 mm in 95% of eyes. The average ACD was 3.25 mm, and 95.54% of eyes had an ACD of 2.74–3.75 mm. Significant differences in ACD and WTW were found among different myopia groups. The WTW was increased in eyes with deeper ACD.

ICL implantation is a predictable and widely accepted surgery for the correction of myopia (18–20). Although the ICL surgery has been reported to be a relatively safe, effective, alterable, and even reversible surgical approach, a variety of possible complications are associated with the procedure, such as lens opacification, endothelial cell loss, high intraocular pressure, rotation of ICL, and anterior chamber inflammation (7, 21). Postoperative complications also include improper ICL vaulting due to incorrect ICL size selection, which is closely related to preoperative measurement of ACD and WTW (22). ICL sizing for ideal vaulting is challenging. A properly sized ICL can greatly help achieve an optimum vault after the surgery. Patients with a shallower ACD and a smaller WTW tend to have a lower postoperative vault. An over-low vault may increase the risk of lens opacification after surgery. On the contrary, patients with a deeper ACD and a larger WTW are more likely to have a higher postoperative vault. An excessively high vault may cause complications such as pupil ovalization, iritis, pigment dispersion, angle crowding, the liberation of inflammatory mediators, iris chaffing, endothelial cell loss, and angle-closure glaucoma (23). Thus, it is critical to determine the normal ranges of ACD and WTW in myopia eyes so that they can be used as references during ICL sizing.

Currently, the ICL sizes are available for eyes with an ACD of at least 2.80 mm. In our study, 4.46% of eyes had an ACD <2.80 mm. In patients with high myopia and extremely high myopia, 3.59% of eyes had an ACD <2.80 mm. These patients may pose great challenges in ICL size selection. High myopia patients with a shallow ACD (<2.80 mm) are not rare (24). Although it was shown that high myopia patients with shallow ACD achieved satisfying and stable visual outcomes during a follow-up of 15.35 ± 4.90 months after ICL surgery, the long-term safety and stability require further investigation (25).

On the other hand, a shallow ACD is correlated with a higher risk of developing PACG (26). In western countries the majority of glaucoma is the open-angle type. However, the percentage of angle-closure glaucoma in the eastern population is almost 50% (1). The shallower ACD seen in the eastern population due to racial differences might be responsible for the discrepancy in PACG prevalence. Females have shallow ACD as compared to males in the eastern population putting them at higher risks of acute attack of angle-closure and PACG. In the Handan Eye study, 6,830 eligible subjects aged 30 years or older with open-angle were recruited and undergone gonioscopic examinations at baseline and follow-up visits; the results showed that shallow central ACD was a significant risk factor for development of any form of angle closure after 5-year follow up (OR = 0.110, P = 0.003) (5). In our study, ACD was significantly different among different myopia groups. A previous study showed that a deeper ACD was related to thinner lenses in eyes with longer axial length, which was probably due to geometrical scaling during axial elongation of the eyes (27).

The average WTW in our study was 11.65 ± 0.38 mm, which was similar to Singh et al.'s study conducted in normal Indian subjects (WTW= 11.79 ± 0.67 mm) (1). In our study, the WTW was decreased in patients with the increase of myopia severity (P = 0.030), which was in accordance with the study conducted by Zha et al. (28). The decrease of WTW with higher myopia may be due to posterior traction of the limbus caused by elongation of the eyeball. However, further investigations are needed to reveal the exact mechanisms of this finding. Besides ACD, WTW is also of great importance for ICL sizing. Based on Visian ICL product information, patients with WTW <10.65 mm may not be recommended for ICL implantation (24). In our study, 0.32% of myopia eyes had WTW measurement <10.65 mm. For these eyes, development of a new ICL size may be needed.

Both WTW and ACD are important parameters for IOL power selection in cataract surgery. ACD and WTW are indispensable biometric determinants for IOL power calculation formula, such as SRK-T, Holladay 2 and so on (9). Precise preoperative WTW and ACD measurement are significantly associated with accurate IOL positioning after cataract surgery, which is one of the important factors related to satisfactory postoperative visual outcomes (8, 9, 29). In a recent study, larger WTW was observed in younger male patients and eyes with flatter corneas, deeper anterior chambers, thicker lenses, and thinner central corneal thickness (14). The largest WTW was found in eyes with axial length of 24.5 to 26 mm (14). Some of these findings seemed to be different from our results. One of the reasons might be that the populations were different in the two studies. While in Wei et al.'s study the participants were cataractous patients aged 63.7 ± 12.4 years, our study population was young myopic adults with a mean age of 25.14 ± 5.41 years. Different from our study, the WTW and ACD in Wei et al.'s study, might be affected by older age and the cataract (14).

We should be aware that the actual ACD and WTW values may vary according to different measuring instruments such as Orbscan, Pentacam, or IOL Master because of different measuring principles of these instruments. The ACD and WTW measurements of Pentacam may not be interchangeable with Orbscan or IOL Master (30). Although other parameters such as sulcus-to-sulcus (STS) distance on ultrasound biomicroscopy also can be used to calculate the ICL size (31). WTW and ACD were the two major parameters recommended by the manufacturer for choosing ICL size (Visian ICL Product Information: Visian ICL For Myopia. Available at http://www.accessdata.fda.gov/cdrh_docs/pdf3/p030016c.pdf).

What cannot be ignored is that patients with small WTW and narrow ACD may have a higher risk of low ICL vault after surgery (23). In our study, the normal range of ACD was 2.74–3.75 mm, and WTW was 10.91–12.39 mm, indicating a relatively large range of ACD and WTW measurements in myopia eyes. The variety in ACD and WTW may lead to multiple choices in ICL size, and sometimes it is challenging to determine the most appropriate ICL size. Moreover, it remains undetermined about what is a safe ICL vault after surgery. Several studies have reported that 90 μm is the minimum safe vault (32, 33). Gonvers et al. recommended a central vault of 150 μm, to protect the lens from contact with the ICL (34). Choi et al. reported an ideal ICL vault to be 250–750 μm (35). The maximum safe vault may be associated with preoperative ACD. A high preoperative ACD is likely to render a high vault after ICL implantation, and may have better tolerance for high ICL vault postoperatively. However, an ideal ACD which could predictive a safe range of ICL vault is still under investigation (36). Importantly, it is necessary to take into accounts the effects of accommodation on vaulting and the age-related reduction of the central vault when selecting the ideal ICL size.

Our study has some limitations. Firstly, we only included myopic patients in the study. Distribution of ACD and WTW in emmetropic and hyperopic subjects needs to be determined in future investigations. Secondly, our results can only be applied to a relatively young age group (18–40 years). In older patients the distribution pattern of ACD is significantly different, although the difference in WTW with aging may be less significant. Thirdly, we did not collect axial length (AL) data, and the relationship between AL and ACD/WTW could not be assessed in our study. Since the AL is better indicator of growth of the eye in myopia compared to the SE, it is important to evaluate the ACD and WTW distribution in eyes with different AL. Lastly, the study subjects in the five ophthalmic centers were inhomogeneous in terms of age and gender which might have some impact on the results, but we believe that the current results maybe more representative of the WTW and ACD in a real world scenario, instead of a specific “uniform” population.

In conclusion, we demonstrated the distribution patterns of ACD and WTW in Chinese myopic patients using multicenter data. The 95% normal range for ACD was 2.74–3.75 mm and 10.91–12.39 mm for WTW. ACD and WTW were significantly different among different myopia, gender and age groups. WTW was positively correlated with ACD.
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Purpose: To analyze the anterior, posterior, and total corneal spherical aberrations (ASA, PSA, and TSA) in patients with Chinese bilateral ectopia lentis (EL).

Methods: A cross-sectional study was conducted to evaluate corneal spherical aberration (CSA) using a Pentacam system at the 6-mm optical zone. Axial length, keratometry, astigmatism, and corneal asphericity were also determined.

Results: This study included 247 patients (420 eyes) with a mean age of 18.1 years. The values of ASA, PSA, and TSA were 0.136 ± 0.100 μm, −0.118 ± 0.030 μm, and 0.095 ± 0.095 μm, respectively. In the EL patients with Marfan syndrome (MFS), ASA and TSA were significantly lower than in the non-MFS patients (0.126 ± 0.094 μm vs. 0.155 ± 0.107 μm, P = 0.004 for ASA; 0.085 ± 0.091 μm vs. 0.114 ± 0.099 μm, P = 0.003 for TSA), whereas PSA was not significantly different (P = 0.061). The values of ASA and TSA were significantly higher in the patients with EL aged ≥ 40 years old than in younger patients, whereas ASA and PSA were lower in patients aged <10 years old than in older patients (all P < 0.05). In the multiple linear regression analysis, age, keratometry, astigmatism, anterior asphericity, higher-order aberration (HOA), and lower-order aberration (LOA) were positively or negatively correlated with TSA in the patients with EL (r = 0.681, P < 0.001).

Conclusions: Corneal spherical aberration was low in the patients with EL especially for MFS and tended to increase with aging. Preoperatively, individual measurement of CSA was necessary for bilateral EL patients with MFS.

Keywords: corneal spherical aberration, ectopia lentis, Marfan syndrome, corneal asphericity, aging


INTRODUCTION

Ectopia lentis (EL), which is dislocation or subluxation of the crystalline lens of the eye, is a condition that could occur metabolically or idiopathically. Metabolic syndromes include Marfan syndrome (MFS), homocystinuria, and Weill–Marchesani syndrome (1). EL caused by the weakness or loss of zonule can shift off the patient's visual axis and lead to a more spherical lens, inducing internal and spherical aberrations (SA) (2).

As a rotationally symmetric higher-order optical aberration, SA contributes to the deterioration of image quality and photic complaints (3–5). Prior studies have shown a marked variability in the extent of SA, not only among different ethnic groups with or without cataract, but also between eyes with different refractive states (6–10). CSA was reported to be ~+0.27 μm at a diameter of 6 mm, with a large SD of 0.10 μm (8). It was compensated for by the negative SA of the crystalline lens (11, 12) and had a statistically significant age-related change in general populations (13). Our previous study revealed that patients with MFS of EL with corneal optical properties had a significantly lower value of CSA than in healthy subjects as a control group (14). However, baseline wavefront data for CSA in the patients with bilateral EL between MFS and non-MFS remain unclear.

Clinical studies have reported that ignoring CSA in patients undergoing cataract or refractive lens surgery can significantly reduce their postoperative visual performance (3). Owing to recent advances in diagnostic and corrective methods, ophthalmologists have become more interested in CSA. Advances in surgical techniques and adjunct prosthetic devices made it possible for the in-the-bag placement and centration of intraocular lens (IOL) for patients with EL. With the removal of internal aberration of lens and the possibility of CSA compensation using an aspheric IOL, a better understanding of the characteristics of CSA will help ophthalmologists to improve the strategies for maintaining the quality of vision postoperatively in patients with EL. Therefore, we conducted a descriptive study to evaluate the characteristics of CSA (Zernike coefficient, Z 4 0) in patients with EL. We also investigated whether CSA correlated with age, axial length (AL), keratometry, corneal astigmatism, corneal asphericity, higher-order aberration (HOA), and lower-order aberration (LOA) determined using a Scheimpflug camera over a 6 mm diameter.



METHODS

We conducted a cross-sectional study of patients diagnosed with bilateral EL who were examined between October 2016 and October 2019 at the Eye and ENT Hospital of Fudan University, Shanghai, China. Slit-lamp examination revealed bilateral EL in 247 patients (494 eyes), including anterior or posterior dislocation of the lens and lens subluxation. The patients with EL were further divided into the non-MFS group (90 patients) and MFS group (157 patients), whose diagnosis was made according to the Ghent-2 criteria (15).

The study was conducted according to the tenets of the Declaration of Helsinki and was approved by the Human Research Ethics Committee of the Eye and ENT Hospital of Fudan University. Written informed consent was obtained from all patients (adults) and a parent and/or legal guardian (for minors) in this study.

All subjects were examined by two experienced doctors following the methods described before (13). All data of 420 eyes were collected with a Scheimpflug camera (Pentacam HR system, Oculus Inc., Wetzlar, Germany) and partial coherence interferometry (IOLMaster; Carl Zeiss Meditec, Jena, Germany). Only measurements marked “OK” in the quality specification for Pentacam were considered valid (16). Five valid readings of AL for IOLMaster were taken. A total of 74 eyes were excluded for the poor quality of Pentacam measures or a history of ocular surgery.

Measurements included AL determined using the IOLMaster, the mean keratometry (Km) of total corneal refractive power (TCRP), total corneal astigmatism (TCA), anterior spherical aberration (ASA), posterior spherical aberration (PSA), total spherical aberration (TSA), corneal asphericity (the Q-values), root mean square (RMS) of HOA, and RMS of LOA. The acquired CSA datasets were expanded with normalized Zernike polynomials and performed in the automatic mode with a 6-mm pupil scan diameter until accurate readings were obtained.

To analyze the differences in CSA with age, the patients with EL were divided into five age groups: G1 (95 patients; <10 years old), G2 (55 patients; 10–19 years old), G3 (45 patients; 20–29 years old), G4 (32 patients; 30–39 years old), and G5 (20 patients; ≥40 years old).

Categorical variables are presented as the absolute frequency (n) and relative frequency (%). The Kolmogorov–Smirnov test was used to assess the normality of the distribution of continuous variables. Where appropriate, continuous variables are presented as the mean ± SD. Student's t-test, the χ2 test, and Wilcoxon's rank-sum test (Mann–Whitney U-test) were used to compare data as appropriate. One-way ANOVA with post-hoc Bonferroni tests and the Kruskal–Wallis test were used to compare data among five age groups. Correlations between CSA and other parameters were assessed using Pearson's correlation test. Multiple linear regression analyses with the stepwise selection method were then performed to evaluate the associations between explanatory variables and TSA. In all analyses, P-values of < 0.05 were considered statistically significant. Statistical analyses were performed using SPSS software version 23.0 (IBM Corp., Armonk, NY, United States).



RESULTS

The study comprised 247 patients (420 eyes) of bilateral EL with a mean age of 18.1 ± 13.2 years (range: 3–56 years). The demographic and ocular biometric parameters in the patients with EL are presented in Table 1.


Table 1. Demographic and ocular characteristics in Chinese patients with bilateral ectopia lentis.
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The 277 eyes of the 157 patients with MFS and the 143 eyes of the 90 non-MFS patients had similar baseline parameters (Table 2). The mean ± SD age of the MFS and non-MFS groups was 17.9 ± 12.5 and 18.5 ± 14.3 years, respectively (P = 0.715). The mean values of ASA and TSA were significantly lower in the MFS group than in the non-MFS group measured at an optical zone of 6.0 mm (0.126 ± 0.094 vs. 0.155 ± 0.107 μm, P = 0.004 for ASA; 0.085 ± 0.091 vs. 0.114 ± 0.099 μm, P = 0.003 for TSA, Table 2), whereas PSA was not significantly different between the two groups (P = 0.061). The values of TSA were positive in 228 EL eyes with MFS (82.3%) and in 125 EL eyes without MFS (87.4%).


Table 2. The comparison of ocular characteristics in a cohort of Chinese patients with bilateral ectopia lentis divided into Marfan syndrome and non-Marfan syndrome.
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A histogram of the distribution of CSA in the patients with EL is shown in Figure 1. It revealed an almost symmetrical distribution around the mean TSA value of 0.095 μm (range: −0.197–0.380 μm); 73.1% of these values were between 0.0 and 0.2 μm, 15.7% were < 0.0 μm, and 11.2% were > 0.2 μm.


[image: Figure 1]
FIGURE 1. Distribution of anterior, posterior, and total spherical aberrations of the cornea measured by the Pentacam system in 420 eyes of patients with bilateral ectopia lentis. ASA, anterior spherical aberration; PSA, posterior spherical aberration; TSA, total spherical aberration.


In the patients with EL, the mean AL was 25.72 ± 3.22 mm (range: 20.78– 34.81 mm); the Km reading of total corneal refractive power was 40.31 ± 1.67 D (range: 36.4–46.1 D); and the mean total corneal astigmatism was −1.59 ± 0.91 D (range: −4.1 to −0.1 D, Table 1). AL, total corneal refractive power, and total corneal astigmatism were statistically different between the MFS and non-MFS groups (Table 2). Similarly, corneal asphericity (the Q-values) of the anterior and posterior surfaces was significantly different between the MFS and non-MFS groups (−0.50 ± 0.20 vs. −0.45 ± 0.18, P = 0.003 for the anterior surface; −0.36 ± 0.20 vs. −0.32 ± 0.17, P = 0.022 for the posterior surface, Table 2). However, no statistical difference was found for RMS, RMS HOA, and RMS LOA between the MFS and non-MFS groups (Table 2).

To analyze potential factors that influence CSA, the values of ASA, PSA, and TSA were compared in the patients with EL divided by age, sex, and right or left eye. Of all 420 EL eyes tested, ASA and TSA differed significantly among the five age groups and were higher in G5 (20 patients, 34 eyes) than in the other four groups [G1 (95 patients, 153 eyes); G2 (55 patients, 97 eyes); G3 (45 patients, 79 eyes); and G4 (32 patients, 57 eyes); all P < 0.05, Table 3], whereas ASA and PSA were lower in G1 than in the four older groups (G2, G3, G4,and G5; all P < 0.05, Table 3). The values of CSA did not differ significantly for any part of the cornea between men and women or between the right and left eyes (all P > 0.05, Table 3). Comparisons of ASA, PSA, and TSA of cornea among the five age groups of the patients with EL divided by MFS and non-MFS groups are shown in Figure 2.


Table 3. Anterior, posterior, and total spherical aberration of the cornea with a 6-mm pupil size in patients with bilateral ectopia lentis divided by age, sex, and eye.
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FIGURE 2. Comparisons of anterior, posterior, and total spherical aberrations of cornea among the five age groups of the patients with bilateral ectopia lentis divided by Marfan and non-Marfan syndrome groups. Error bars represent the standard error of the mean. ASA, anterior spherical aberration; MFS, Marfan syndrome; PSA, posterior spherical aberration; TSA, total spherical aberration.


We found that TSA was positively correlated with age (r = 0.329, P < 0.001), total corneal refractive power (r = 0.342, P < 0.001), total corneal astigmatism (r = 0.109, P = 0.025), and corneal asphericity (r = 0.575, P < 0.001 for the anterior surface; r = 0.269, P < 0.001 for the posterior surface). However, TSA was negatively correlated with RMS (r = −0.125, P = 0.011), RMS HOA (r = −0.264, P < 0.001), and RMS LOA (r = −0.113, P = 0.021, Figure 3). Similarly, ASA was positively correlated with age, total corneal refractive power, total corneal astigmatism, and corneal asphericity and was negatively correlated with RMS, RMS HOA, and RMS LOA, whereas PSA was negatively correlated with age, total corneal refractive power, and corneal asphericity and was positively correlated with RMS, RMS HOA, and RMS LOA (data not shown).


[image: Figure 3]
FIGURE 3. Scatter plots indicating correlations of total spherical aberration of the cornea with other biometric parameters. Regression lines are drawn when the regression analyses are statistically significant.


The associations between TSA and the variables, including age, AL, total corneal refractive power, total corneal astigmatism, corneal asphericity, RMS, RMS HOA, and RMS LOA, were investigated using the multiple linear regression analysis. It revealed that the parameters, including age, total corneal refractive power, total corneal astigmatism, anterior asphericity, RMS HOA, and RMS LOA, were significantly associated with TSA in the patients with EL (r = 0.681, all P < 0.05; Table 4). However, no association was found between TSA and AL, RMS, or posterior corneal asphericity after adjusting for other factors in the patients with EL.


Table 4. Multiple linear regression analysis of factors associated with total corneal spherical aberration in patients with bilateral ectopia lentis.
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DISCUSSION

The quality of vision may deteriorate because of corneal aberrations. In recent years, ophthalmologists have gained a greater understanding of the impact of aberrations on vision owing to the increasing availability of wavefront-sensing devices in ophthalmic clinics (17, 18). Advances in surgical techniques and adjunct prosthetic devices mean in-the-bag placement and centration of IOL are usually successful in patients with EL (19). Based on the significant improvements in aspherical IOLs to eliminate CSA, a better understanding of the characteristics of CSA in patients with EL can improve the accuracy of IOL design and facilitate appropriate IOL selection. Therefore, we used the Pentacam HR system to assess CSA in patients with EL because very few studies have provided detailed descriptions of CSA.

The tilt decentration of the lens-induced HOAs can lead to deterioration in the quality of vision. Significantly, EL and the resultant spherophakia were very likely to contribute to the internal aberrations. After the subluxated lens was removed, CSA might contribute considerably to the deterioration of image quality. The positive SA would provide some protection against myopia progression (20). Our study revealed that the implantation of a neutral or low-negative aberration aspheric IOL would be preferable in patients with EL.

Visual quality following cataract surgery may show age-related deterioration in corneal aberrations. Although CSA was unaffected by age in some studies (11, 21, 22). later studies revealed a correlation with age when using specialized aberrometer in patients with cataract (6, 23, 24). Here, we found a positive correlation between age and TSA in patients with EL that might be attributed to an increased positive ASA. The steepening of the anterior corneal surface was correlated with age-related increases in ASA in some studies (5, 8, 25–27). Using Scheimpflug photography, Sicam et al. (28) observed an increase of CSA with advancing age because PSA was negative at a young age and became positive at an older age. However, we found PSA was negatively correlated with age. To make an accurate description of CSA in the patients with EL, the posterior corneal surface should not be ignored.

Age-related changes of CSA may affect the refractive postoperative outcomes of young children or older patients with EL. Kemraz et al. (13) found that CSA became more positive after 39 years of age. Similarly, in our patients with EL, TSA was higher in G5 (≥40 years old) than in the other four groups. What's more, ASA was lower in G1 (<10 years old) than in the four older groups. This increase of CSA in the older population may be attributed to the change in corneal asphericity from a prolate ellipsoid into a more spherical shape (13). In younger patients, the internal optics compensate for part of the corneal aberrations, leading to a lower SA. Clinical evaluation is required for these patients to improve the quality of vision following cataract surgery.

The mean values of ASA and TSA were significantly lower in the MFS group than in the non-MFS group measured at an optical zone of 6.0 mm. Although not statistically significant, the value of PSA was less negative in MFS eyes. In our previous study, patients with MFS with decreased keratometry were found to have lower CSA than health subjects (13). The steeper central region and flatter periphery may reduce the number of SAs in the eye. In the management of patients with bilateral EL, the CSA of MFS is relatively small, which has significance for selecting IOL.

Few studies have reported the correlation between CSA and ocular biometric parameters in patients with EL. In some studies, CSA significantly correlated with AL but not corneal curvature in the general population (6, 9); however, Beiko et al. found a very weak correlation between CSA and corneal central keratometry parameters (5). In the current study, TSA tended to increase with increases in keratometry. Longitudinal studies have shown that the corneal curvature of myopic children may flatten between the ages of 9 and 12 years (29), indicating that CSA may decrease in this period. Multiple linear regression analysis revealed that age and total corneal refractive power were positively associated with TSA in the patients with EL. Therefore, the selection of aspherical IOL in young patients with EL deserved to be deliberated.

In our study, corneal asphericity (the Q-value) was directly proportional to TSA with a correlation coefficient of 0.575 for the anterior corneal surface. As anterior corneal asphericity became more positive, TSA increased. The corneal asphericity described the rate of curvature variation of the cornea from its center to the periphery and separated more pronounced corneal flattening. It is possible that eyeball elongation and corneal thinning have particular consequences on the junction between the peripheral cornea and the sclera, affecting the values of CSA synergistically or oppositely (30). The determination of corneal asphericity, which characterizes the variation between the central and the peripheral curvature of the cornea, would provide a detailed information for CSA in the patients with EL.

To our knowledge, there were few studies to evaluate the characteristics of CSA, as well as the correlations between CSA and ocular biometric parameters in patients with EL. One limitation was the different visual and refractive status of participants. The poor preoperative fixation stability in the patients with EL with a long AL means that the Scheimpflug analysis may exhibit limited acuity for corneal biometrics. Finally, the analysis of internal aberrations would be much more appropriate to add information regarding the TSA of the eye in patients with EL; further study should be conducted in the future.

In conclusion, the value of TSA was low in this cohort of patients with EL, especially for patients with MFS. Implanting a neutral or low-negative SA aspheric IOL was recommended for patients with EL. Taking into consideration the age-related change and correlation with ocular biometric parameters, we believe preoperatively individual measurement of CSA is necessary for patients with bilateral EL, and the results should guide the selection of aspheric IOL for implantation in the patients with EL.
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Optical coherence tomography angiography (OCTA) is the most relevant evolution based on optical coherence tomography (OCT). OCTA can present ocular vasculature, show detailed morphology for assessment, and quantify vessel parameters without intravenous dye agent. Research on the anterior segment OCTA (AS-OCTA) is only in its initial phase, and its advances in clinical diagnosis and treatment efficacy evaluations require a detailed comparison to traditional imaging methods. In this review of AS-OCTA, we summarize its technical features, imaging advances, current clinical applications in various eye diseases, as well as its limitations and potential future directions. AS-OCTA offers potential advantages in ophthalmic imaging, and with further development it could become a common tool in the near future.
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INTRODUCTION

Optical coherence tomography (OCT) provides a non-invasive and rapid way to image the eye in vivo. In the early 1990s, OCT was introduced to display retinal structures in cross-sections, such as the macula and optic nerve. Simultaneously, quantitative parameters of retina can also be detected, such as the peripapillary nerve fiber layer thickness, which is specifically identified in the development of open angle glaucoma (1, 2). With continuous development over the last 10 years, a new form of angiography, known as OCT angiography (OCTA), has been created (3). As the most relevant evolution of OCT, OCTA evaluates tissue from morphology to the study of functional components without intravenous injection of dye (4, 5). OCTA was designed for the posterior ocular segment, and has been widely used in age-related macular degeneration, high myopia, retinal vascular diseases, inflammatory diseases, and optic nerve diseases (2, 6, 7). OCTA allows better discrimination of the foveal avascular zone and parafoveal microvasculature than fluorescence angiography (FA), and can detect changes in lesions and early recurrence, even before the exudation detected on OCT (8–12). OCTA has improved identification of capillary non-perfusion, microaneurysms, and retinal ischemia, as well as delineating the foveal avascular zone (11, 13–22).

Most recently, a growing number of studies have been focusing on OCTA for anterior segment diseases. Anterior segment OCTA (AS-OCTA) provides a novel technique for acquiring anterior segment vasculature images (23). Although research on AS-OCTA is only in its initial phase, it has been gaining attention and recognition (7, 24, 25). Therefore, the application of AS-OCTA in clinical diagnosis and treatment needs to be summarized.

AS-OCTA offers several advantages over traditional angiography. Its non-invasive nature and rapid inspection time allow frequent repetition of tests, and avoids the potential risks of dye-based angiography (5). In addition, AS-OCTA provides cross-sectional high-resolution images of the vasculature and allows for analysis according to depth located on a specific axis (7, 26). It is also a more cost-effective method over conventional angiography that is more time-consumable and requires training-certified clinicians (24, 27).

Slit-lamp photography is the most common method for capturing anterior segment vasculature. However, the results of slit-lamp photography are easily influenced by corneal transparency and background iris vessels (24, 28). Dye-based techniques, including FA and indocyanine green angiography, are applied to assess vessels clinically (2, 24). However, dye administration is not suitable for some patients, and has various contraindications (2, 27–29). AS-OCT has advanced as a useful tool in providing rapid, non-contact evaluation of the anterior segment, and it takes a vital role in diagnosing and monitoring the effect of therapy in anterior segment diseases (30–32). However, AS-OCTA has developed the imaging technologies for increasing the speed and image resolution. Moreover, it offers the technology of evaluation of vascular flow (33). Furthermore, with the development of anti-angiogenic therapy, non-invasive techniques are needed for quantitative analysis in anterior segment vasculature (25). Because the OCTA systems are designed for posterior diseases, imaging the anterior segment requires putting on an adaptor lens (24, 29, 34). The quantitative index, including vessel density and blood flow, can monitor the effect of anti-vascular endothelial growth factor (VEGF) treatment, and guide treatment planning and prognostic evaluation (24, 25). Thus, an increasing role for AS-OCTA brings more attention and importance (35).

The aim of this review is to summarize the current applications of the AS-OCTA, including the diagnosis, therapy, and prognosis of detailed anterior diseases. In addition, the study discusses the limitations and potential future directions of AS-OCTA.



ACQUISITION AND ANALYSIS OF AS-OCTA

Different types of devices have been reported in AS-OCTA scanning (e.g., AngioVue, DRI Triton, and PLEX Elite 9000). The majority of the studies use adaptor lens, and manually adjust the equipment parameters F and Z for anterior segment imaging (F was adjusted to the minimum value and Z was close to the maximum) (36–41). During the whole scanning process, the external lens has been put near the eye, so we need to pay special attention during the inspection process to avoid damage (42). Some studies haven't used adaptor lens, applied the retina scanning procedure and manually adjusted the F value to the maximum value (39, 43). According to the anatomical structure of the eye, the diopter of posterior segment differs by 20D (diopters) from that of anterior segment (42). A self-designed lens holder was made by 3 Dimensions printing technology, which could place a 35D biconvex lens provided by Heidelberg at a suitable distance about 2 mm in front of the retinal lens to obtain an image (42). For the best image quality, the scanning area should be placed within the B scan range as far as possible. To avoid artifacts from the cornea and iris vessels, the scanning position can be placed flipping the zero-delay line and the image can be obtained “upside down” (39, 44). It is worth noting that the traditional image quality scoring standard and automatic image slicing function are not recommended in the current methods of obtaining AS-OCTA images (42).



AS-OCTA PRECISE DIAGNOSIS


Conjunctiva

A chemical burn can lead to rapid and permanent denaturation to ocular surface (44). AS-OCTA was able to identify the normal vasculature in unaffected areas and areas of ischemia, similar in appearance to FA (45). Additionally, it can detect vascular flow though conjunctival edema and hemorrhages (46). In pterygium, AS-OCTA can detect more abundant vascularization in pterygium than in normal conjunctiva. In addition, these vessels are most obvious in the subepithelial connective tissue. The morphology of these vessels is newly formed, with smaller caliber, tortuous and branched shape, and rarely visible lumen (39). In the remaining connective tissue, the blood vessels have a regular diameter and morphology, very similar to normal conjunctive; their cavities are visible, sometimes dilated, and filled with blood (47). A study of scleral contact lens (ScCL) wearers demonstrates that repeated use of ScCL can cause vascular alterations in conjunctiva detected by AS-OCTA (48). Recent research shows that AS-OCTA works best on superficial and non-pigmented conjunctiva lesions, and malignant lesions always accompanied by deeper and larger perilesional vessels, which could be a significant marker of clinical diagnosis (49, 50).



Cornea and Limbus

Combing structure and vascular information, OCTA can distinctly diagnose corneal pathologies (24–26). In addition, research suggests that AS-OCTA can show early corneal angiogenesis more clearly than slit-lamp photography (6, 24). OCTA can detect subtle abnormal blood vessels with corneal opacity, vascularization around the cornea or in front of the iris, which may not be detected by slit-lamp photography (6, 24). Both FA and indocyanine green angiography technologies only provide two-dimensional images, and dye leakage may hinder the analysis of deep blood vessels. OCTA allows simultaneous evaluation of the lesion structure and its related vessels in three-dimensions and at any predetermined depth (24). Severe corneal neovascularization (CoNV) always presents thicker, deeper, larger vessels on AS-OCTA (51). It has been noted that the extension and thickness of CoNV is related to the severity of limbal stem cell deficiency (LSCD) and best corrected visual acuity (BCVA) (52). In addition, Varma et al. (53) observed the conjunctivalization of the cornea caused by LSCD. The vascularization concentrated in superficial layer of peripheral cornea is the sign of LSCD, which can be differentiated from deeper vascularization caused by corneal inflammation.



Ciliary Body and Iris

OCTA provides a non-invasive method for detecting small capillaries or microaneurysm flow, even at an early stage of neovascularization of the iris without leakage of dye, and only need little adjustments to the OCTA device (54, 55). Current assessments for neovascularization of the iris include slit lamp biomicroscopy, gonioscopy, FA, and indocyanine green angiography (56–58). Furthermore, conventional examinations may miss the very fine neovascularization of the iris (59, 60). Moreover, the assessment of neovascularization of the iris always needs a non-dilated pupil using dye-based angiography; thus, it is not possible to perform FA and indocyanine green angiography of the iris and retina at the same time, since most cases are caused by ischemic retinopathy (58).

The inflammation in the anterior uveitis always appears primarily on the iris and the ciliary body (3). During the active stage, the vessel in the iris dilates visibly. However, assessment of that presence is limited to previous examination, like fluorescein angiography (59). The reason is that the capillaries are non-fenestrated in the iris, and the leakage caused by inflammation cannot be shown by fluorescein angiography (59, 61). Since it is dye-free technology, AS-OCTA may provide more than a just promising method for assessing vascular anomalies in active anterior segment inflammation and para-inflammatory conditions. It might also be a safe and more precise method for investigating the pathophysiology of inflammation and the preclinical therapeutic strategies for uveitis (39, 55). Iris cysts appears with no intrinsic vascularity detected by AS-OCTA, and this could become a key imaging feature to distinguish iris cysts from other iris lesions (62).




AS-OCTA FOR EFFICACY FOLLOW-UP


Conjunctiva

The evaluation of limbal epithelial stem cells is related to the severity of the conjunctival chemical burn, therefore a reliable and objective assessment of limbal non-perfusion could make prognosis more accurate (63–65). The range of severe limbal ischemia determined by AS-OCTA represented the severity of LSCD (46). The correlation between AS-OCTA prognosis and visual outcome at 3 months supersedes that of FA. AS-OCTA could also be used for longitudinal clinical estimation of recovery and reperfusion (46). En face OCTA can potentially assess the deeper intrascleral vessels, and index the more severe damage that can leads to iris atrophy, cataract, secondary ocular hypertension, or hypotony (46).

Trabeculectomy remains the common surgical procedure for glaucoma when other treatments have failed to control intraocular pressure (66). Fibrosis in the filtering bleb area plays a crucial role in failure of trabeculectomy (67). Hence, an early and objective means of detecting bleb vascularity to minimize fibrosis and lead to better outcomes is important. The Indiana Bleb Appearance Grading Scale and Moorfields Bleb Grading System are clinically used, but these grading systems are quite subjective (68–70). The development in surgical area vascularity and tortuous vessels on bleb are signs of bleb failure (68, 70, 71). AS-OCTA could be applied to address the early evaluation of bleb, which plays a crucial role in discovering the failure of trabeculectomy (37, 38, 72–74). Bleb vascularity can be examined sensitively; a previous study showed a correlation between the outcome of AS-OCTA and the outcome of previous grading systems (75). AS-OCTA could potentially be used in evaluating vessel parameters pre- and post-trabeculectomy (75). In a recent study, vascularization of the filtering bleb assessed by AS-OCTA at 1-month post-trabeculectomy could predict surgery effects at 6 months post-treatment and provided timely post-surgery intervention for a more successful outcome from the trabeculectomy (37). A study focused on eyedrops finds that the lowering effect of IOP is associated with a lower baseline vessel density detected by AS-OCTA (76).



Cornea and Limbus

AS-OCTA provides rapid processing and objective assessment of areas for corneal vessel invasion (77). OCTA is also useful for monitoring vascular changes before and after treatment. Furthermore, AS-OCTA allows estimations of the range and the depth of vascularization and fibrosis, such as the penetration of corneal abnormal vessels. This helps in pre-surgery planning, and monitoring of corneal vascularization after surgeries such as keratoplasty, pterygium surgery, and fine-needle diathermy (FND) combined with subconjunctival Ranibizumab (24–26, 78). In patients who received various treatments after graft rejection, AS-OCTA was able to find a significant decrease in the vascularized area after 3 months of treatment, which is consistent with color photographs (79).



Ciliary Body and Iris

AS-OCTA is not only useful for screening, but also for following-up and assessment of treatments, such as laser or anti-VEGF therapy for neovascularization of the iris. Roberts et al. (55) showed that AS-OCTA provided a new stage for detecting neovascularization of the iris, which is regressed and clinically invisible. Additionally, en face OCTA can non-invasively show the persistent vessels by imaging blood flow after treatment. In the future, longitudinal follow-up will be indispensable for identifying OCTA markers for regression before and after therapy (37).

To better monitor the response to the treatment in clinical trials of anterior uveitis, efforts have been made utilizing multi-modal imaging to objectively measure ocular inflammation, for better patient monitoring and response measurement in clinical studies (80, 81). OCTA provides a superior objective measurement for showing the capillaries. Pichi et al. (82) showed that the dilatation and increased blood flow of an iris with acute anterior uveitis in OCTA could be recognized and quantified by AS-OCTA. This means that the iris vascular caliber might be a good index for quantifying the presence of inflammation and monitoring response to treatment. Choi et al. (83) compared the vessels caliber at different time points, whereas in the current study, an objective quantification was employed. A case of chronic retinal necrosis (CRN) finds that AS-OCTA can detect non-perfusion area of iris, and the reperfusion during the proper treatment, which could make an accurate follow-up of the progression (84).




CURRENT LIMITATION AND FUTURE DIRECTIONS

Although AS-OCTA has many advantages for clinical applications, its limitations need to be addressed in future AS-OCTA studies. First, the OCTA device and software were designed for the posterior segment; imaging the anterior segment requires putting on an adaptor lens, which may yield lower quality images and inaccurate parameter values. A specific algorithm for anterior imaging with automated adjustment is necessary to improve and standardize the scan quality, such as the automation of focus and scaling (68, 85). Secondly, pupil size might affect vasculature caliber and morphological characteristics (39). Although studies have chosen similar lighting conditions, pupil size changes are unavoidable. The need to control the effect of environmental factors that can influence the vasculature in anterior segment should not be ignored; quantitatively reproducible measurements are needed to solve the problem. Thirdly, the conventional technique of OCTA lacks a sequential image matching function, which makes it hard to fix the same area of interest and reduce motion artifacts caused by severely decreased visual acuity. Thus, an eye-tracking system and sequential image matching system need to be incorporated (24, 85).

Furthermore, the restriction of the scanning field and signal dropout does not support high-quality imaging of both the perimeter part and the central part of region in interest. AS-OCTA evaluates a limited area and depth compared to AS-OCT, which is designed for the external eye. To meet this challenge, AS-OCT with angiography technology needs to be developed to help diagnosis and assessment of anterior segment diseases. Moreover, a wide field swept-source OCTA, which is operated at longer wavelengths, might be able to solve this issue (55, 77). Currently, wide-field swept-source OCTA provides a wider-angle image for detecting diabetic retinopathy lesions, such as 12 × 12 mm or even 15 × 9 mm using the Montage technique (86). What's more, wide-field swept-source OCTA shows huge prospects for anterior segment imaging due to its sufficient scanning range and high sensitivity in detecting structures.



CONCLUSION

The imaging methods of AS-OCTA described here provide a rapid and non-invasive tool for specialized imaging. The technique allows detection of vessel diameter, density, and overall appearance, and provides powerful methods for helping clinical prognoses, diagnoses, and treatment outcomes (Table 1). Moreover, the challenges in AS-OCTA that were presented here should encourage the improvement of future techniques.


Table 1. Advantages and applications of AS-OCTA.
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Purpose: To evaluate the precision of individual and combined macula and optic disc volumetric analysis, and the agreement between these two scan modes with spectral domain optical coherence tomography (OCT).

Methods: Macular and optic disc volumetric measurements were performed with individual and combined scan protocols in one eye of 75 healthy subjects. Three repeated measurements were performed with each protocol. From the macular area, retinal thickness in nine different sectors and ganglion cell complex thickness in eight different sectors were analyzed from both scan modes. From the optic disc area, the peripapillary retinal nerve fiber layer (pRNFL) thickness in 12 clock sectors and the optic disc parameters were evaluated. For all the parameters, repeatability limit and agreement analysis were performed.

Results: For the retinal thickness measurements in macula, the combined scan had two to three times larger repeatability limit than the individual scan for all the sectors except the central sector, where the repeatability limit was five times larger. The limits of agreement intervals were lower than 20 μm for all sectors, except the central. The ganglion cell complex measurements also had larger repeatability limits for the combined scans, and the limits of agreement intervals were <10 μm for all sectors. For the pRNFL thickness, the repeatability values were distributed like a vertically elongated ellipse for both scans, but still the repeatability was better for individual scan compared to the combined scan. The shortest and widest interval are obtained for sectors 9 (9 μm) and 12 (40 μm), respectively. The repeatability limit was <0.15 units for all disc parameters with both scan modes.

Conclusion: The individual macula and optic disc scans had better repeatability than the combined scan mode, and the two scan modes cannot be used interchangeability due to the wide limits of agreement.

Keywords: optical coherence tomography, volumetric measurement, precision, agreement, simultaneous imaging


INTRODUCTION

Optical coherence tomography (OCT) is an irreplaceable imaging technology that allows the acquisition of in vivo and non-invasive cross-sectional images of the retina and choroid (1, 2). The OCT images from the volumetric scans have been used to quantitatively evaluate the different layers of the retina, which has been proven to be valuable for the diagnosis and follow-up of various ocular diseases (3–8). Clinical available OCTs have different scanning protocols for the macular and optic disc volumetric measurements. The built-in automated segmentation algorithm provides reliable volumetric measures of different retinal layers (9–13).

Macula and optic disc areas are usually imaged separately to get the respective volumetric measurements, and the precision of these thickness measurements has been well investigated (9, 14–17). Current-generation OCTs allow wide-field visualization of the retina with a scan area that can cover both macula and optic disc (18–20). With simultaneous imaging of macula and optic disc, the measurement time can be reduced to half. In addition, the fixation target is paracentral, which can reduce the fixation errors during the image acquisition. The wide-field scan protocol has been shown to be comparable and has a diagnostic ability that is similar to that of the individual macula and optic disc scans (19, 20). In the previous studies mentioned, the thickness parameters obtained with the wide-field scanning protocol from the swept-source OCT were compared to the individual scanning protocol obtained with the spectral domain OCT. The combined scan mode is possible even with a spectral domain OCT that has a scan window that can cover both the macula and optic disc. The Canon OCT HS-100 (Canon Europe, the Netherlands), which is a spectral domain OCT, has an updated scanning protocol that performs volumetric measurements on an area of 13 ×10 mm, allowing simultaneous imaging and combined volumetric analysis of both macula and optic disc. The B-scan density for this simultaneous scan protocols is different compared to the individual scanning protocols as number of B-scans used in these scan modes are same though the area covered is different. It would be interesting to know the precision and how comparable are the thickness values obtained with individual and simultaneous scanning protocols.

The aim of the present study is to evaluate the precision of individual and combined macula and optic disc volumetric analysis, and the agreement between these two scan modes with the Canon OCT HS-100. The results of the present study help to decide whether the combined scan can substitute the individual scans in clinical practice.



METHODS


Participants

A total of 75 healthy volunteers (28 men and 47 omen; mean age: 32.72 ± 10.28 years, range: 20–62 years) participated in this study. In order not to artificially reduce the CI around the limits of agreement (21), only one eye per participant was included (the right eye of the participants was measured if they were born in even months, and the left eye was measured if the participant was born in odd months). The study protocol adhered to the tenets of the Declaration of Helsinki and was approved by the Regional Ethical Committee (Regional ethics committee, Stockholm 2011/874-31/2). Written informed consent from all participants was obtained after explaining the purpose, nature, and the possible consequences of the study.

The inclusion criteria to participate in this study were best corrected visual acuity better or equal to 0.1 logMAR and no history of amblyopia; no history of any ocular surgery; normal anterior and posterior segment (i.e., no significant opacities, irregularities, or pathologies); and intraocular pressure below 21 mmHg.



Instrumentation and OCT Measurements

The participants underwent OCT imaging with the Canon OCT HS-100 at the Optometry Clinic (Karolinska Institute, Solna, Sweden). The OCT HS-100 performs up to 70,000 A-scans/s with an axial resolution of 3 μm, with a maximum scan width of 13 mm. This instrument allows the possibility to image the macula and optic disc individually (with a maximum scan width of 10 and 6 mm, respectively), or simultaneously with a 13-mm scan width. Table 1 summarizes the specifications of each scan mode. The main differences between the two scan modes are the B-scan density and scan area. From this point forward, the individual image scan mode of the macula or optic disc will be referred to with the term individual scan, and the term combined scan will be used to refer to the scan mode in which the macula and optic disc are imaged simultaneously.


Table 1. Specifications of the individual scan and combined scan modes.

[image: Table 1]

In this study, nine scans were acquired in each eye (three individual scans of the macula, three individual scans of the optic disc, and three combined scans). The repeated measurements were taken under repeatability conditions (22, 23), and with sufficient breaks in between to ensure good patient cooperation. The same experienced examiner performed all OCT scans, and these were repeated in case of poor fixation, subject blink, or signal strength <7 (out of 10).



Parameters Analyzed

From both individual and combined scans, measurements from the macular and optic disc area were exported. From the macular area, volumetric measurements of the retinal layer thicknesses were exported. The retinal thickness was measured from the inner limiting membrane (ILM) to the retinal pigment epithelium (RPE). The Early Treatment Diabetic Retinopathy Study (ETDRS) map was used to evaluate the ILM–RPE thickness. The ETDRS map consists of a central circle, inner ring (nasal, superior, temporal, and inferior), and outer ring (nasal, superior, temporal, and inferior) with diameters of 1, 3, and 6 m, respectively. Panel A in Figure 1 shows a schematic diagram of the ETDRS map.


[image: Figure 1]
FIGURE 1. Schematic representation of the thickness maps used in this study. (A) Early Treatment Diabetic Retinopathy Study sector map. (B) Ganglion cell complex map. (C) Schematic representation of the peripapillary retinal nerve fiber layer thickness sectors. The numbers represent the clock hour positions. C, central; IS, inner superior; OS, outer superior; IN, inner nasal; ON, outer nasal; II, inner inferior; OI, outer inferior; IT, inner temporal; OT, outer temporal; ITS, inner temporal superior; INS, inner nasal superior; INI, inner nasal inferior; ITI, inner temporal inferior; OTS, outer temporal superior; ONS, outer nasal superior; ONI, outer nasal inferior; OTI, outer temporal inferior.


In addition to ILM–RPE thickness, ganglion cell complex thickness was also evaluated from retinal nerve fiber layer (RNFL), ganglion cell layer (GCL), and inner plexiform layer (IPL) thicknesses. This was exported in terms of RNFL–GCL–IPL and GCL–IPL thickness in eight sectors divided into two concentric circles with diameters of 5 and 10 mm. Panel B in Figure 1 shows the schematic representation of the ganglion cell complex map.

From the optic disc, the peripapillary RNFL (pRNFL) thickness around the optic nerve head was evaluated in 12 clock-hour sectors in a circle of 3.45 mm diameter centered at the optic disc. Panel C in Figure 1 shows a schematic representation of the clock positions. The optic nerve parameters (disc area, rim area, cup volume, and cup–disc ratio vertical and horizontal) were also obtained. All thicknesses were obtained using the automated segmentation algorithm from the OCT instrument, and no manual adjustments of the segmentation were allowed.



Statistical Analysis

The baseline demographics of the participants and observations are summarized with descriptive statistics. The within subject SD (Sw), repeatability limits, and coefficient of variation (CoV) were used to describe the repeatability of the OCT HS-100 in both individual and combined scan modes. The Sw, which represents the repeatability of the measurements, was calculated with a one-way ANOVA. The repeatability limit was calculated as [image: image], and it represents the expected limits that 95% of the measurements should be within (21). The CoVs were calculated as the repeatability limit divided by the average thickness of that sector and was expressed in percentage.

The Bland–Altman test for repeated measurements was used to analyze the agreement between the individual and combined scan modes (24). All these calculations were performed for all the parameters evaluated.




RESULTS


Retinal Thickness at Macula

Figures 2, 3 show the repeatability limit and the CoVs results, respectively, for the ILM–RPE thickness (left panel), RNFL–GCL–IPL thickness (central panel), and GCL–IPL thickness (right panel) for both scan modes. For ILM–RPE thickness, the repeatability limit values for the individual scan were about two to three times less than the combined scan for all ETDRS sectors except the central sector, where the repeatability limit for the individual scan was five times less than the combined scan. The repeatability limit values were similar among the ETDRS sectors for the individual scan, whereas the values were heterogeneous for the combined scan. Concretely, the repeatability values for the individual scan ranged from 1.80 μm (outer nasal sector) to 2.60 μm (central sector), and for the combined scan, the repeatability values ranged from 3.50 μm (outer nasal sector) to 12 μm (central sector). Regarding the CoV values for the ILM–RPE thickness, the values corresponding to all ETDRS sectors are represented on the top of the line of equality. The CoVs for the individual scan are smaller than 1% for all sectors, and the CoVs for the combined scan range from 1 to 4.5%.


[image: Figure 2]
FIGURE 2. Repeatability limit for the macular thickness measurements for individual and combined scan modes. ILM–RPE, inner limiting membrane to the retinal pigment epithelium; NFL–GCL–IPL, retinal nerve fiber layer, ganglion cell layer, and inner plexiform layer; GCL–IPL, ganglion cell layer, and inner plexiform layer. See Figure 1 legend for sector abbreviations.



[image: Figure 3]
FIGURE 3. Coefficient of variation (CoV) obtained for the macular thickness measurements for individual and combined scan modes. ILM–RPE, inner limiting membrane to the retinal pigment epithelium; NFL–GCL–IPL, retinal nerve fiber layer, ganglion cell layer, and inner plexiform layer; GCL–IPL, ganglion cell layer, and inner plexiform layer. See Figure 1 legend for sector abbreviations.


Table 2 summarizes the descriptive statistics of the ILM–RPE thicknesses obtained with each scan modality, and the agreement results between the individual and combined scans for each ETDRS sector. On average, the mean difference between the individual and combined scans was lower than the axial resolution of the instrument (3 μm) for all ETDRS sectors except the central one, where the mean difference value is −3.50 μm. The limits of agreement intervals were <20 μm for all ETDRS sectors, except the central, where the interval was 22 μm.


Table 2. Retinal thickness in macula (Internal limiting membrane to retinal pigment epithelium) for 9 different sectors with two scan modes, and the agreement results.
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RNFL–GCL–IPL Thickness at Macula

The repeatability limit for the individual scan mode was <3 μm in all eight sectors (Figure 2, central panel). This scan mode had lower repeatability values compared to the combined scan for all sectors, except one, the inner nasal superior where the values were similar. The repeatability limit values were homogeneous among all sectors with both scan modes. Concretely, the outcomes ranged from 1.9 to 2.9 μm for the short scan and from 2.4 to 4.2 μm for the large scan.

From the CoV results (Figure 3, central panel), the values corresponding to the combined scan were larger than those from the individual scan for all sectors except for the inner nasal superior sector, where the CoVs from both scan modes were the same. The CoVs obtained with the individual and combined scans ranged from 2 to 3%, and 2.5 to 4 %, respectively.

The descriptive statistics of the NFL–GCL–IPL and GCL–IPL thicknesses obtained with each scan modality, and the agreement results between both scan modes for each sector are included in Table 3. On average, the mean difference between the individual and combined scan modes was <1 μm for all sectors. The limits of agreement intervals were similar among all sectors, the minimum and maximum intervals being 5 and 8 μm, respectively.


Table 3. Ganglion cell complex thickness in macula for 8 different sectors with two scan modes, and the agreement results.

[image: Table 3]



GCL–IPL Thickness at Macula

The repeatability limit values obtained with the individual scan mode were 1.5 to 2.0 times lower than those obtained with the combined scan for all sectors (Figure 2, right panel). With the individual scan mode, the repeatability limit was similar among all sectors, and it was in all cases lower than 3 μm. The repeatability limit for the combined scan mode was different among the sectors. Concretely, the repeatability values for the outer sectors were two times lower than their corresponding inner sectors.

The combined scan had larger CoV values compared to the individual scan for the GCL–IPL thickness in all sectors (Figure 3, right panel). In addition, the outer sectors had lower CoV values compared to their respective inner sectors.

The mean difference between both scan modes was <1 μm for all sectors (Table 3). The limits of agreement intervals were <10 μm for all sectors. However, the values for the inner sectors were twice than that of the corresponding outer sectors.



PRNFL Thickness

The repeatability of the three consecutive measurements of pRNFL thickness for the individual and combined scan modes is represented in a polar plot (Figure 4). In both scan modes, the repeatability limit never exceeded 20 μm in any of the sectors. The repeatability limit for the individual scan was lower than that of the combined scan for all clock positions except for clock positions 4 and 10, where the values were almost the same. It can also be noticed that the values for the individual and combined scan are distributed like a vertically elongated ellipse. Sector 9 showed the best repeatability with both scan modes, with the repeatability value of 2.7 and 3.8 μm, respectively. Both scan modes showed the worst repeatability in sector 12, with a repeatability value of 12.30 μm for the individual scan and 18.22 μm for the combined scan.


[image: Figure 4]
FIGURE 4. Repeatability limit for the peripapillary retinal nerve fiber layer thickness measurements for the 12 clock sectors obtained with the individual and combined scan modes represented in a polar plot.


Table 4 summarizes the descriptive statistics of the pRNFL thicknesses obtained with each scan modality, and the CoV and agreement results between the individual and combined scans for each clock sector position. The combined scan had larger CoV values compared to the individual scan in all clock sectors. The mean difference between both scan modalities never exceeded 7 μm in any of the clock position. Nonetheless, the limits of agreement interval were lessr than 20 μm for sectors 3, 4, 9, and 10, and larger than 20 μm for the other sectors. The shortest and widest intervals are obtained for sectors 9 (9 μm) and 12 (40 μm), respectively.


Table 4. Peripapillary nerve fiber layer thickness for 12 clock sector position with two scan modes, and the coefficient of variation (CoV), and the agreement results.

[image: Table 4]



Optic Disc Parameters

The descriptive statistics, repeatability, and agreement results for the optic nerve parameters obtained with the individual and combined scan modes are summarized in Table 5. The repeatability limit was <0.15 unit for all parameters independently of the scan mode. Nevertheless, the repeatability values obtained with the individual scan were lower than those obtained with the combined scan. Concretely, these values were about two to three times lower. The CoVs for disc and rim area were also lower in the individual scan mode.


Table 5. Optic nerve parameters with two scan modes, and the repeatability, and agreement results.

[image: Table 5]

Regarding the agreement, the mean difference between the individual and combined scans was close to zero for all optic nerve parameters. The limits of agreement interval were narrower than 0.15 units for all parameters, except the Rim area, where the agreement interval was 1.50 mm2.




DISCUSSION

The precision of individual and combined macula and optic disc OCT scans, and their agreement were evaluated. In general, the individual scan had a better repeatability than the combined scan for all thickness measurements. The mean difference in the thickness measurements between the two scan modes was good in general except for the pRNFL thickness in some of the sectors.

In the macular area, there is a notable difference in the repeatability limit between the scan modes for the ILM–RPE thickness. For the ganglion cell complex thickness, though the individual scan had better repeatability than the combined scan, the difference is not as large as in the ILM–RPE thickness. Both the repeatability and CoV values were more homogenous among the sectors for the individual scan mode compared to the combined scan mode. The agreement between the two scan modes were not uniform among the sectors. Though the number of B-scans is the same for both scan modes, the combined scan covers a larger area than the individual scan. This results in a larger interscan distance for the combined scan, which could explain the worse repeatability. It has been reported that the reduction in the B-scan density is associated with an increase in the error of the retinal thickness measurement (25). Larger agreement intervals were seen in those sectors that had bad repeatability with the wide scan mode. This is not unexpected as low repeatability in one or both measurement modes is known to result in low agreement (24). Similarly, a previous study has reported the worst agreement for ILM–RPE thickness in the central sector (26).

The repeatability of pRNFL measurements was heterogeneous among the sectors with worse values in the vertical sectors for both the individual and combined scans. In two of the horizontal sectors, the repeatability values were almost the same for both scan modes. In all other sectors, the repeatability of the individual scan was better than combined scan. It has been reported previously that the scan direction affects the precision of the pRNFL measurements (12), where the horizontal sectors had better repeatability with horizontal scanning, whereas with the vertical scanning the repeatability was more homogeneous. In the present study, the combined scan, which had vertical B-scans, did not have a homogeneous repeatability among the sectors. The scan density in the optic disc for the combined scan is 4.4 times less than for the individual scan. This can explain the differences in the repeatability values between the scan modes and among the sectors. Improving the B-scan density in the combined scan mode could improve the repeatability though that might increase the acquisition time. The agreement between both scan modes for the pRNFL measurements was worse in the sectors that had low repeatability. Ideally, the comparison between individual and combined scan modes would be more meaningful if the scan direction would have been the same. However, the B-scan directions are fixed for both scan modes and cannot be modified. The repeatability of all the optic disc parameters was good with both scan modes. The agreement was also good for all parameters except the rim area. These results on the optic nerve parameters are similar to those obtained in previous studies (15, 16, 27).

The diagnostic ability of the wide scanning protocol for early glaucoma diagnosis has been studied previously (19, 20), and it has been reported that the glaucoma-discriminating ability of the combined scan was comparable to that of the individual macula and optic disc scans. In the present study, we evaluated the precision and agreement of the individual and combined scan modes in healthy eyes, and it would be interesting to assess these metrics in eyes with glaucoma. Based on the current results, it can already be suggested that the same scan mode should be used for follow-up measurements as we can expect the same tendency in eyes with glaucoma also.

The minimum number of measurements (N) needed to ensure a certain measurement tolerance can be estimated as [image: image] (22, 23). Based on the current repeatability results, to achieve a measurement tolerance of 6 μm (twice the instrument's axial resolution), the individual scan protocol requires only one volumetric scan for the macular thickness measurements, and two volumetric scans for the pRNFL measurements in healthy eyes. With the combined scan protocol, two and five volumetric scans are needed for the macular and pRNFL measurements in healthy eyes, respectively, to achieve a measurement tolerance of 6 μm.

In conclusion, the individual macula and optic disc scans had better repeatability than the combined scan mode, and the two scan modes cannot be used interchangeability due to the wide limits of agreement.
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Background: Among the various intraocular lens (IOL) power calculation formulas available in clinical settings, which one can yield more accurate results is still inconclusive. We performed a meta-analysis to compare the accuracy of the IOL power calculation formulas used for pediatric cataract patients.

Methods: Observational cohort studies published through April 2021 were systematically searched in PubMed, Web of Science, and EMBASE databases. For each included study, the mean differences of the mean prediction error and mean absolute prediction error (APE) were analyzed and compared using the random-effects model.

Results: Twelve studies involving 1,647 eyes were enrolled in the meta-analysis, and five formulas were compared: Holladay 1, Holladay 2, Hoffer Q, SRK/T, and SRK II. Holladay 1 exhibited the smallest APE (0.97; 95% confidence interval [CI]: 0.92–1.03). For the patients with an axial length (AL) less than 22 mm, SRK/T showed a significantly smaller APE than SRK II (mean difference [MD]: −0.37; 95% CI: −0.63 to −0.12). For the patients younger than 24 months, SRK/T had a significantly smaller APE than Hoffer Q (MD: −0.28; 95% CI: −0.51 to −0.06). For the patients aged 24–60 months, SRK/T presented a significantly smaller APE than Holladay 2 (MD: −0.60; 95% CI: −0.93 to −0.26).

Conclusion: Due to the rapid growth and high variability of pediatric eyes, the formulas for IOL calculation should be considered according to clinical parameters such as age and AL. The evidence obtained supported the accuracy and reliability of SRK/T under certain conditions.

Systematic Review Registration: PROSPERO, identifier: INPLASY202190077.

Keywords: pediatric cataract, calculation formula, intraocular lens power, prediction error, meta-analysis


INTRODUCTION

Pediatric cataract accounts for 5–20% of the global cases of childhood blindness (1). The etiology of pediatric cataract is diverse, which includes genes mutations and various disruptive factors during the embryonic to postnatal stages (2). With the development of modern diagnostic technology, cataract surgical techniques and intraocular lens (IOL) designs, pediatric cataract surgery has been recommended as a safe and effective intervention for optical correction in infants and young children (1, 3, 4). Nevertheless, controversies still exist on the timing of intervention, IOL implantation, and postoperative management for pediatric cataract. Even with a successful cataract surgery, it is still challenging to achieve the desired refractive outcomes in children. Pediatric eyes generally have shorter axial lengths (ALs), higher keratometry values, and smaller anterior chamber depths (ACD). Distinct from the eyes of an adult, pediatric eyes are characterized by rapid growth and constantly varying parameters, which may result in significant refractive change during the postoperative optical rehabilitation (3, 5). Aside from that, the inaccurate measurements of the parameters of children due to poor cooperation and fixation also complicates the calculation of IOL power for pediatric cataract patients.

At present, the IOL power calculation formulas applied in pediatric patients were derived from the data of adult eyes, which may be impractical for application in the eyes of children. The second-generation SRK II formula is a regression formula adjusted for AL and keratometry that was commonly used (6). Subsequently, the third-generation formula of Holladay 1 (7) and Hoffer Q (8) formulas introduced ACD and corneal curvature into the calculation. Another third-generation formula, SRK/T (9), is a non-linear theoretical formula optimized for postoperative ACD, retinal thickness, AL, and corneal refractive index. Thereafter, Holladay 2, a fourth-generation formula, takes the effective lens position and characteristics of patients into account to achieve personalized calculation (10). In adults, the Holladay 2 formula has been considered as the most accurate for eyes with an AL of 22–26 mm (11). The Haigis formula showed superiority over other formulas in short eyes of the adults (AL <22 mm) (12), while the SRK/T is considered optimal for long eyes (AL > 26 mm) (13).

Although the predictability of the IOL formulas for adults has been studied extensively, controversies still exist regarding the most appropriate IOL calculation formula for pediatric cataract patients (12, 14–17). For example, Andreo et al. (18) and Neely et al. (19) did not report a significant association between IOL formulas and refractive prediction error. On the other hand, Nihalani and Vanderveen (20) suggested that Hoffer Q was the most accurate formula, whereas Kekunaya et al. (21) found that the SRK II formula was superior to the other formulas. To date, the comparisons of the predictability of the IOL calculation formulas for pediatric cataract patients have yielded inconsistent results. We therefore conducted an initial and comprehensive systematic review and meta-analysis to evaluate and compare the refractive prediction performances of the different IOL power calculation formulas in pediatric cataract patients.



MATERIALS AND METHODS

This meta-analysis was designed, implemented, and performed in accordance with the meta-analysis of observational studies in epidemiology (MOOSE) protocol (22), and is reported herein following the preferred reporting items for systematic reviews (PRISMA) guidelines (23). The protocol for this systematic review was registered on International Platform of Registered Systematic Review and Meta-analysis Protocols (INPLASY) (registration number: INPLASY202190077).


Search Strategy

Two independent investigators (YZ and YY) systematically searched the databases of PubMed, Web of Science, and EMBASE for cohort studies published through April, 2021. The following search strategy was used: (pediatric cataract) AND (calculate OR formula) AND (IOL OR IOL). Only articles published in English and full-text journal articles of original studies were included. Furthermore, the references cited in the relevant articles were reviewed for additional eligible publications.



Eligibility Criteria

Studies that met the following criteria were included in our meta-analysis: (i) included pediatric cataract patients who underwent cataract extraction and primary posterior chamber IOL implantation; (ii) compared at least two types of the target IOL power calculation formula (Holladay 1, Holladay 2, Hoffer Q, SRK/T, and SRK II); and (iii) provided either prediction error (PE) or APE values (with 95% confidence intervals [CIs]). We excluded reviews, non-comparative studies, case reports, studies that lacked sufficient data, and other non-relevant publications.



Data Extraction

Two independent investigators (YZ and YY) conducted an initial screening of titles and abstracts and then evaluated the full texts of the eligible studies. Any discrepancies were resolved through group discussion. The data were extracted in a standardized data collection form including the following information from each included study: first author, year of publication, study location, study design, sample size, gender, age, AL, follow-up duration, IOL calculation formulas used, and the PE and/or APE values with their 95% CIs.



Quality Assessment

Quality assessment was performed using the revised quality assessment of diagnostic accuracy studies (QUADAS-2) tool (24). QUADAS-2 is applied in four phases: summarizing the review question, tailoring the tool and producing review-specific guidance, constructing a flow diagram for the primary study, and judging bias and applicability. For judgments of risk of bias and applicability, four domains discussing patient selection, index test, reference standard, and flow and timing were assessed with 14 signaling questions.



Statistical Analysis

In this meta-analysis, PE and/or APE with 95% CI was considered as the common measure of comparison of the different IOL calculation formulas across studies. The random-effects model (DerSimonian-Laird method) was used to calculate the summarized mean differences (MDs) and their corresponding 95% CIs (25, 26).

The heterogeneity among the studies was estimated using the I2 statistic, with cutoff values representing low (25%), moderate (50%), and high (75%) degrees of heterogeneity (27). To explore the potential confounding factors, we performed subgroup analyses based on different ages and ALs.



Sensitivity Analysis and Publication Bias

Sensitivity analyses were performed by omitting one study at a time and calculating a pooled estimate for the remainder of the studies to determine if the results were markedly affected by a single study. The publication bias was evaluated by the application of Egger's linear regression test and Begg's rank correlation test with the significance set at p < 0.10 (28, 29). All the statistical analyses were performed using Stata (version 15.0; StataCorp LP, College Station, TX, USA). All the tests were two tailed, and differences with p < 0.05 were considered significant.




RESULTS


Search Process

Of the 186 articles identified (54 from PubMed, 80 from Web of Science, 41 from EMBASE, and 11 from other sources), we excluded 105 duplicates and 69 studies that did not meet the aforementioned criteria (Figure 1). Eventually, we included 12 studies in the meta-analysis (11 cohort studies and one randomized comparative trial).


[image: Figure 1]
FIGURE 1. Flowchart depicting the literature search and selection strategy.




Study Characteristics

Table 1 summarizes the descriptive characteristics of the included studies. A total of 1,647 eyes from 12 studies were enrolled in our meta-analysis (20, 21, 30–39). Five of the studies were conducted in the United States, three in China, three in other Asian countries, and one in Canada. Ten studies (1,102 eyes) assessed the predictability of IOL calculation formula with Holladay 1, six studies (439 eyes) with Holladay 2, 12 studies (1,647 eyes) with Hoffer Q and SRK/T, and eight studies (1,319 eyes) with SRK II. The quality assessment results using the QUADAS-2 tool indicated a low risk of bias of the included studies (Supplementary Table 1 and Figure 2).


Table 1. Characteristics of the included studies (n = 12).
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FIGURE 2. QUADAS-2 quality assessment of the included studies.




Comparison of the APEs of the Different Formulas

The APEs of the studied formulas are shown in Supplementary Figure 1. All the formulas showed inevitable APE in pediatric eyes. Holladay 1 demonstrated the smallest APE (0.97; 95% CI: 0.92–1.03), followed by Holladay 2 (APE: 1.05; 95% CI: 0.94–1.17) and Hoffer Q (APE: 1.05; 95% CI: 1.00–1.11). Among all the studied formulas, SRK II showed the largest APE of (1.34; 95% CI: 1.28–1.41). As shown in Table 2, the MDs of PEs, APEs, and relative risks of APE < 0.5D of the different formulas were not significant. However, the pooled results were characterized by substantial heterogeneity and warrants further subgroup analysis.


Table 2. Mean difference of prediction error (PE), absolute prediction error (APE), and relative risk of APE prediction < 0.5 D.
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The MDs of the APEs of the different formulas are presented in Figure 3. Four studies compared the predictability levels of Holladay 1 and Holladay 2. The APEs of these formulas were not significantly different (MD: −0.06; 95% CI: −0.23 to 0.11; Figure 3A), with low heterogeneity (I2 = 0). Nine studies compared the APEs of Holladay 1 and Hoffer Q. The pooled results indicated no significant difference in APEs (MD: −0.11; 95% CI: −0.23 to 0.01; Figure 3B), with moderate heterogeneity (I2 = 35.2%). Sensitivity analysis was conducted by omitting one study at a time, and after excluding the study by Kekunnaya et al. (21) the heterogeneity decreased significantly (from 35.2%−0). However, the APEs of Holladay 1 and Hoffer Q were still comparable (MD: −0.04; 95% CI: −0.13 to 0.05; Supplementary Table 2). In addition, after excluding the study by Li et al. (32), the APE became significantly smaller with Holladay 1 than with Hoffer Q (MD: −0.15; 95% CI: −0.27 to −0.02; Supplementary Figure 2). The nine studies comparing the Holladay 1 and SRK/T formulas showed no significant difference in APE (MD: −0.01; 95% CI: −0.09 to 0.08; Figure 3C), and no heterogeneity (I2 = 0) was detected for the pooled analysis. For Holladay 1 and SRK II, seven studies were analyzed, and the APEs of the groups were found to be similar (MD: −0.07; 95% CI: −0.40 to 0.27; Figure 3D) with high heterogeneity (I2 = 89.4%). Nevertheless, when the study by Kekunnaya et al. (21) was excluded, the heterogeneity decreased from 89.4 to 58.1% and the pooled results indicated a significantly smaller APE with Holladay 1 than with SRK II (MD: −0.23; 95% CI: −0.43 to −0.04; Supplementary Figure 2).


[image: Figure 3]
FIGURE 3. Forest plot of the mean difference (MD) of absolute prediction error (APE) of the different formulas. (A) Holladay 1 vs. Holladay 2; (B) Holladay 1 vs. Hoffer Q; (C) Holladay 1 vs. SRK/T; (D) Holladay 1 vs. SRK II; (E) Holladay 2 vs. Hoffer Q; (F) Holladay 2 vs. SRK/T; (G) Hoffer Q vs. SRK/T; (H) Hoffer Q vs. SRK II; (I) SRK/T vs. SRK II.


Four studies compared the predictability levels of Holladay 2 and Hoffer Q. No significant difference was found in the groups' APEs (MD: −0.08; 95% CI: −0.33 to 0.18; Figure 3E) with moderate heterogeneity (I2 = 53.8%). The sensitivity analysis suggested that the study by Chang et al. (31) was the source of heterogeneity. The heterogeneity decreased to 0 when the study by Chang et al. (31) was excluded (MD: −0.18; 95% CI: −0.38 to 0.01; Supplementary Table 2). The four studies comparing the Holladay 2 and SRK/T formulas showed no significant difference in APE (MD: 0.13; 95% CI: −0.13 to 0.39; Figure 3F), and moderate heterogeneity (I2 = 55.0%) was detected. Ten studies were included to compare the APEs with Hoffer Q and with SRK/T, and no significant difference was found (MD: 0.17; 95% CI: −0.01 to 0.35; Figure 3G). After removing the study by Li et al. (32), the between-study heterogeneity decreased from 79.8% to 69.9%, and the SRK/T formula presented a significantly smaller APE than the Hoffer Q formula (MD: −0.21; 95% CI: −0.39 to −0.04; Supplementary Figure 2). With respect to Hoffer Q and SRK II formulas, eight studies were included in the meta-analysis. No significantly different APE was found (MD: 0.12; 95% CI: −0.24 to 0.48; Figure 3H) with substantial heterogeneity (I2 = 94.4%). The APEs with SRK/T and with SRK II formulas were compared in eight studies and were not significantly different (MD: −0.09; 95% CI: −0.30 to 0.13; Figure 3I). Substantial between-study heterogeneity was detected (I2 = 84.0%).



Subgroup Analyses

Subgroup analyses were performed based on different ranges of age and AL. As shown in Table 3, three studies compared the PEs of Holladay 2 and Hoffer Q in patients with an AL smaller than 22 mm. The pooled results indicated a significantly smaller PE with Holladay 2 than with Hoffer Q (MD: −0.37; 95% CI: −0.65 to −0.10), with no between-study heterogeneity. In addition, for the patients with an AL of 22–24.5 mm, a significantly larger PE was found with Hoffer Q than with SRK/T (MD: 0.25; 95% CI: 0.06 to 0.44).


Table 3. Mean difference of prediction error (PE) between groups stratified by age and axial length.
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The results of the subgroup analyses of APEs based on different ranges of age and AL are presented in Table 4. For the patients younger than 24 months, a significantly smaller APE was found with SRK/T than with Hoffer Q (MD: −0.28; 95% CI: −0.51 to −0.06). For the patients aged between 24 and 60 months, Holladay 1 formula showed a smaller APE than SRK II (MD: −0.30; 95% CI: −0.48 to −0.12). Furthermore, Holladay 2 formula showed a significantly higher APE than Hoffer Q (MD: 0.54; 95% CI: 0.21 to 0.88) and SRK/T (MD: 0.60; 95% CI: 0.26 to 0.93). When stratified by AL, a significantly smaller APE was found with Holladay 1 than with SRK II (MD: −0.39; 95% CI: −0.56 to −0.21) among the patients with an AL smaller than 22 mm. SRK/T exhibited better predictability than SRK II (MD: −0.37; 95% CI: −0.63 to −0.12).


Table 4. Mean difference of absolute prediction error (APE) between groups stratified by age and axial length.
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Publication Bias

The publication bias was tested using Egger's linear regression test and the Begg's rank correlation test (Supplementary Table 3). The results did not show significant bias in any of the comparisons, which was consistent with the funnel plots (Supplementary Figures 3, 4).




DISCUSSION

In summary, the current meta-analysis included 12 studies involving 1,647 eyes with pediatric cataract, providing the most up-to-date and comprehensive evidence of the predictability levels of the different IOL power calculation formulas. Briefly, SRK/T formula exhibited a significantly smaller APE than Hoffer Q among the patients younger than 24 months. Among the patients aged 24–60 months, both SRK/T and Hoffer Q formulas were superior to Holladay 2, and SRK II was outperformed by Holladay 1. For patients with AL <22 mm, SRK/T and Holladay 1 showed a smaller APE than SRK II.

Despite the rapid development of biometrical measurement techniques, the accurate measurement of pediatric parameters remains challenging due to the poor cooperation by the children and their ever-changing eye conditions. Previous studies have indicated that the ALs of the children's eyes grew rapidly within the first 2 years and became relatively stable at the adult's level until the age of 5 (40–42). Other structures including ACD and corneal curvature, which are important parameters in calculating IOL power, also underwent significant changes in the first 42 months (42). Consequently, as previous studies have suggested, age, AL, keratometry, and ACD are the major factors affecting refractive error (21, 31, 32, 34). Indeed, the results of our meta-analysis based on all the included samples were characterized by substantial heterogeneity, which may be attributed to the different eye conditions of the patients included in the meta-analysis.

The postoperative refractive error was largely influenced by the AL measurement, postoperative ACD, and corneal power errors (43, 44). In our subgroup analysis, the AL subgroups were divided into <22 mm and 22–24.5 mm. On the basis of the previous evidence, the use of Holladay 2 and Hoffer Q for adult patients with short eyes has been recommended (11, 45). Our results indicated that among the patients with an AL <22 mm, the fourth-generation of Holladay 2 formula outperformed Hoffer Q. Similarly, in short eyes of adults, Hoffer Q has been reported to have better predictivity than Holladay 2 (11). A previous meta-analysis that focused on short eyes of adults found that Holladay 2, which, unlike other formulas, incorporates patients' additional biometrical data, produced the smallest mean APE (12). Furthermore, in accordance with the previous evidence, SRK II was found to be inferior to Holladay 1 and SRK/T in our meta-analysis (6, 8, 19). The older second-generation formula SRK II was based on a regression model and has been reported to provide the least accuracy (8, 10). For pediatric patients with a longer AL (22–24.5 mm), the third-generation SRK/T formula had a significantly smaller PE than Hoffer Q, with no heterogeneity observed, suggesting the robustness of the results. The results from adults also suggested that SRK/T outperformed Hoffer Q in eyes with a moderate AL (17).

The multiple linear regression analyses from previous studies have demonstrated that age is significantly associated with postoperative refractive error (21, 32, 35, 39). The current meta-analysis included pediatric patients aged 1.1–216 months, which covers the whole period of the eye development pf a child. As a child grows, the refractive status changes significantly due to the elongation of the AL, which mainly occurs in the first 2 years of life (46, 47). Therefore, the age subgroups were divided into younger than 24 months and 24–60 months. In the patients younger than 24 months, SRK/T was more accurate than Hoffer Q. The SRK/T formula is a non-linear theoretical formula empirically optimized for ACD, AL, retinal thickness, and corneal curvature (9). However, as a child ages, the expected significant myopic shift should be taken into account, and it is common to aim for hypermetropia instead of emmetropia, especially for children younger than 2 years old (47, 48). Therefore, the results of this study should be interpreted with caution, and the myopic shift after IOL implantation should be further considered. In the 24–60 months age subgroup, SRK/T and Hoffer Q showed a smaller APE than Holladay 2, and Holladay 1 showed a smaller APE than SRK II. Although no heterogeneity was observed, only two studies were included in each subgroup analysis, which precluded the reaching of a definitive conclusion. Taken together, a conclusion cannot be easily drawn, and age-specific IOL power calculation formulas for pediatric cataract patients should be further considered by the future studies.

Despite the potential errors of the IOL calculation formulas, eye parameters measurement deviation may also be a source of refractive error. For instance, lack of cooperation regarding precise fixation and centration, limited equipment designed for children's eyes, and the errors induced by the small size of pediatric eyes all contribute to the measurement inaccuracies (36, 38). Even under anesthesia, the measurement of keratometry was reported to be inaccurate due to lack of fixation (46). Therefore, more advanced measurement equipment designed specifically for pediatric patients are needed to achieve better accuracy.

Our meta-analysis evaluated and compared the predictability levels of the commonly applied IOL power calculation formulas in pediatric cataract patients. Nevertheless, the study was subject to several limitations. First, the pooled results were mainly based on retrospective cohort studies, which are subject to inevitable selection bias and confounding. We therefore assessed the risk of bias with QUADAS-2 and did not detect a significant risk of bias in the included studies. Second, there were moderate to substantial heterogeneity observed in some analyses. However, the sensitivity analyses indicated the study by Kekunnaya et al. (21) is the source of heterogeneity, and confirmed the stability of the results. Kekunnaya et al. (21) included data only from children younger than 24 months, which may partially explain the heterogeneity. Third, due to the significant variability of the study sample, we failed to reach a definitive conclusion for the whole study sample. However, the subgroup analyses based on age and AL have provided significant and meaningful results.

In summary, the present meta-analysis demonstrated high variability of refractive status among pediatric patients. Among the various IOL power calculation formulas currently available, SRK/T presented a relatively smaller postoperative refractive error under certain conditions. In real clinical practice, the clinical judgment should be based on the characteristics of the patient, the features of the formulas used, and the surgeon's experience. For pediatric cataract patients, more evidence-based and age-specific publications are needed to provide clinical guidelines for formula selection and accurate IOL power calculation.
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Purpose: To evaluate the conjunctival and fundus retinal vessel density in patients with systemic lupus erythematosus (SLE) with optical coherence tomography angiography (OCTA), and to investigate the relationship between vessel density and clinical indicators.

Methods: Twelve patients with SLE (24 eyes) and 12 healthy controls (24 eyes) were recruited. OCTA was used to examine the superficial retina layer (SRL) and deep retina layer (DRL) in the macular retina and conjunctival capillary plexus of each eye. We calculated the density of the temporal conjunctival vessels, fundus microvascular (MIR), macrovascular (MAR) and total MIR(TMI) and compared the results in both groups. We used annular partitioning (C1–C6), hemispheric quadrants, and Early Treatment Diabetic Retinopathy Study partitioning (ETDRS) to analyze changes in the retinal vascular density. Correlation analysis was used to investigate the association between blood capillary density and clinical indicators.

Results: OCTA results showed significant differences in the conjunctival microvascular density (p < 0.001). There was no significant difference in MIR, TMI, and MAR in the superficial layers between the SLE and healthy group (p > 0.05). The DRL and DTMI (Deeper TMI) densities were decreased in the macular regions of SLE patients (p < 0.05). In the hemispheric segmentation analysis, the superficial MIR was significantly decreased in the IL (inferior left) region of the SLE patients (p < 0.05), and the deep MIR in the IR (inferior right) region was significantly reduced (p < 0.05). In the ETDRS partitioning analysis, the superficial MIR in the inferior, right, and left subdivisions was significantly decreased in the SLE patients (p < 0.05). In the circular segmentation analysis, the deep MIR in the C1 and C3 regions was significantly reduced in SLE patients (p < 0.05), while the superficial MIR density was decreased only in the C3 region (p < 0.05). The conjunctival vascular density was negatively correlated with the STMI (Superficial TMI) (r = −0.5107; p = 0.0108) and DTMI (r = −0.9418, p < 0.0001). There was no significant correlation between vascular density and SLEDAI-2k (Systemic Lupus Erythematosus Disease Activity Index−2000) (P > 0.05).

Conclusion: Clinically, patients with SLE and patients suspected of SLE should receive OCTA examination in a comprehensive eye examination to detect changes in ocular microcirculation at an early stage.

Keywords: systemic lupus erythematosus, optical coherence tomography angiography, vessel density, conjunctival microvascular density, clinical indicators


INTRODUCTION

Systemic lupus erythematosus (SLE) is a chronic autoimmune disease that can cause changes in the whole body, including skin, joints, kidneys, and eyeballs. Approximately 33–35% of SLE patients have ocular disease (1). The incidence of ocular fundus lesions in SLE patients is about 15%. Previous studies have confirmed that visual impairment caused by SLE is often caused by retinal and optic neuropathy (2). Retinopathy can manifest as small intravascular hemorrhages, cotton wool spots, small arterial stenosis with capillary and venous expansion, and vascular curvature (3). SLE can lead to serious visual impairment or even blindness if left untreated. In some cases, the occurrence of ocular manifestations precedes the diagnosis of SLE, and if detected in time, a correct diagnosis of SLE is possible at early stages (4). A number of studies have suggested that SLE patients should receive eye examinations (5). Eye lesions are an important part of SLE disease activity and have become one of the important indicators of lupus activity according to the British Isles Lupus Assessment Group [BILAG (6)]. As a vascular disease, fundus examination and fundus fluorescence angiography (FFA) are the standard methods for posterior pathway evaluation of SLE patients. However, due to overlapping of superficial and deep capillary images, FFA lacks the ability to show differences in the major capillary networks, and traditional angiographic techniques cannot directly identify neovascularization and capture the entire retinal capillary system, leading to clinical misdiagnosis and missed diagnoses. In addition, some patients also suffer from adverse reactions such as allergy, vomiting, and nausea due to the contrast agent.

Optical coherence tomography angiography (OCTA) is a new imaging technique that has opened a new chapter in the diagnosis and treatment of fundus vascular disease. With high-resolution images, OCTA can reveal the supporting band capillary beds and their subtle changes that are not detected with fluorescence angiography (FA). OCTA uses motion contrast imaging combined with high-resolution volumetric blood flow information to create vascular images. A 3D vascular OCTA image is obtained by decoherence of the B-scan signal in two consecutive cross-sections, which divides the vessels into different layers for the purpose of blood flow detection. It is widely used in clinical practice and provides a non-invasive alternative for observing microvascular details (7–9). OCTA has been used in patients with Alzheimer's disease (AD) and it was found that the macular area thickness and central sulcus retinal thickness were decreased in both eyes in the AD group compared to normal controls (10). Fechut et al. (11) used OCTA in patients with multiple sclerosis (MS) and found significantly decreased retinal vascular density compared to healthy controls. The volume of the inner retinal structures and the superficial and deep vascular plexus densities were positively correlated. They suggested that alterations in choroidal vascularity may be related to disease activity in MS. Patients with coronary artery disease were found to have decreased overall and paracentral recess blood density in the deep retina of the macula using OCTA (12). No relevant studies have been conducted to study conjunctival and retinal vascular density in patients with SLE. The purpose of this study was to examine the retinal microvascular density and conjunctival density of SLE patients using OCTA and correlate the results with the clinical parameters of the patients.



MATERIALS AND METHODS


Research Subjects

We recruited 12 SLE patients (24 eyes) at different stages of the disease and 12 healthy controls (24 eyes) for this study. All subjects were evaluated by retinal experts from the First Affiliated Hospital of Nanchang University between May 2020 and January 2021. We used the Systemic Lupus Erythematosus Disease Activity Index 2000 (SLEDAI-2 K) to assess disease activity. A score of 0–4 means basically no activity, a score of 5–9 means light activity, a score of 10–14 means moderate activity, and ≥15 means heavy activity (13). The Systemic Lupus Erythematosus International Cooperative Clinic (SLICC)/American College of Rheumatology (ACR) Injury Index (SDI) can be used to evaluate organ damage in SLE patients after a diagnosis of SLE (13). The control group consisted of healthy subjects, and an ophthalmologist from the medical center evaluated the absence of abnormalities in the eyes of these subjects through clinical examination and OCTA imaging. As shown in Table 1, non-experimental factors such as age, gender, and ESR were analyzed.


Table 1. Demographic characteristics and clinical findings of patients with SLE and HCs.
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Recruitment Criteria

All patients underwent clinical and ophthalmological evaluations at the first and last visits. Visual acuity and intraocular pressure were measured and all patients received corneal assessment and a fundus examination. The initial intraocular pressure range was 14–21 mmHg. The SLEDAI-2K was used to assess disease activity in SLE patients. Table 1 summarizes the general characteristics of the patients and the SLEDAI-2K scores of SLE patients.



Exclusion Conditions

Smokers were excluded from the study. Except for the presence of SLE, patients with symptoms such as bleeding, vasculitis soft exudate, papilledema, or retinal detachment were excluded. Patients with hemorrhage and inflammation of the corneal conjunctiva of both eyes or eye diseases were excluded. Patients with systemic vascular diseases including diabetes, rheumatoid arthritis, polychondritis, and systemic hypertension were excluded. Pregnant or breastfeeding patients were excluded. Patients who were receiving long-term treatment for depression or anxiety were excluded. Patients with dilated pupils, intolerance of local anesthetic treatment within 6 months, or contraindications for eye surgery were excluded.



Ethical Considerations

This study confirmed to the Declaration of Helsinki and had formal approval from the Medical Ethics Committee of the First Affiliated Hospital of Nanchang University. All the volunteers signed the informed consent forms and were given the opportunity to ask questions after learning about the purpose, content, and potential risks of this research.



OCTA Imaging

All OCTA examinations were completed by the same examiner using the Angio OCT optvue RTVue XR Avanti system. The scan speed was set to 70,000 A scans per second, the center wavelength was 840 nm, the bandwidth was 45 nm, the axial resolution was 5 mm, and the horizontal resolution rate was 22 μm. A B-scan (along the x-axis) in a 3 × 3-mm scan pattern with five repetitions of angiography was used to image at 216 raster positions (along the y-axis), focusing on the fovea, and the acquisition time was 3.9 s. We captured a 1080b scan (216y position × 5 position) at 270 frames per second (14). We obtained a 3 × 3 mm OCTA image through a series of four volume scans using two horizontal and two vertical rasters (933120a scans in total). The retinal capillary bed is artificially divided into two different physiological layers: the superficial retinal layer (SRL; the layer between the vitreous retinal interface and the front boundary of the ganglion cell layer) (Figures 1A–D,I–L) and the deep retinal layer (DRL; the inner plexiform layer, the layer between the inner boundary and the outer boundary of the outer plexiform layer) (Figures 1E–H,M,P). In the two stratifications, we analyzed the macrovascular (MAR) (Figures 1C,G), microvascular (MIR) (Figures 1D,H), and total microvascular (TMI; Figures 1B,F). Vessel density is defined as the ratio of the area of the perfused vessel to the measured area. In order to calculate the vessel density, a threshold algorithm was used to create a two-dimensional image of the SRL or DRL face. A value was determined for the image block and it was assigned to each pixel 1 (perfusion) or 0 (background). A similar length-based metric was used as a measure of blood vessel density. By taking the average of the skeletonized slab in the region of interest and considering the pixel distance (512 pixels per 3 mm), scaling results were used to calculate the density of blood vessels from the center of the macula to the edge of detection of the 3*3 mm image of the brightness gradient (14, 15). Then a series of customized segmentation algorithms were used to process the image, including inversion, balance, and removal of background noise and non-vascular structures, to generate a binary image. The skeleton image of a single capillary vessel with a diameter of >25 mm was obtained by removing small blood vessels. By convention, all subjects used the right eye. The data of the left eye were flipped to obtain a mirror image of the right eye. These figures were averaged and analyzed together with the right eye data.


[image: Figure 1]
FIGURE 1. The 3 × 3-mm OCTA image of the retina and three division methods. (A) Superficial retinal vessel density map; (B) STMI, Superficial total microvascular; (C) SMAR, Superficial macrovascular; (D) SMIR, Superficial microvascular; (E) Deep retinal vessel density map; (F) DTMI, Deeper total microvascular; (G) DMAR, Deeper macrovascular; (H) DMIR, Deep microvascular; (I) Superficial retinal vessel density map; (J) Central annuli segmentation method in superficial retina layer; (K) Hemisphere segmentation method in superficial retina layer; (L) Early treatment of diabetic retinopathy study (ETDRS) method in superficial retina layer; (M) Deep retinal vessel density map; (N) Central annuli segmentation method in deep retina layer; (O) Hemisphere segmentation method in deep retina layer; (P) Early treatment of diabetic retinopathy study (ETDRS) method in deep retina layer. L, left; R, right; S, superior; I, inferior; IL, inferior left; IR, inferior right; SL, superior left; SR, superior right.


Conjunctival microvascular images were acquired with the same parameters as used previously, with the lens adapter set at 2–4 cm from the subject's corneal surface for pre-ventilated contact between the adapter lens and the eye, and with manual focal adjustment and focus until the images were sharp (Figure 2).


[image: Figure 2]
FIGURE 2. The OCTA image of the temporal conjunctiva. The microvascular network was extract in a field of 3 × 3-mm and analysis by the software. (A) Images of the patient's temporal conjunctiva. (B) OCTA scan of the temporal conjunctiva with microvascular density. (C) Microvascular density of 3 × 3 mm2 in region of interest.




Macular Retinal Segmentation Method

The central annuli segmentation method included the following: After removing the avascular area (foveal diameter 0.6-mm), a circular area with a diameter of 0.6–2.5 mm was defined as an annular area with a bandwidth of 0.95 mm. The ring area was divided into six thin rings with a bandwidth of 0.16 mm each, named C1–C6. The hemisphere segmentation method included the following: The image was divided into four quadrants according to the horizontal and vertical diagonal lines, which were SR, SL, IL, and IR. The Early Treatment Diabetic Retinopathy Study (EDTRS) segmentation method included the following: The image was divided into four quadrants according to the diagonal of the two quadrants, R, S, L, and I in sequence. L = left; R = right; S = superior; I = inferior; IL = inferior left; IR = inferior right; SL = superior left; and SR = superior right (Figures 1D–F).

All scans were performed on all patients during the same time period from 12:00 to 2:00 to avoid possible diurnal variations.



Statistical Analysis

The data were analyzed with statistical software (Statistica, Ver 7.1, StatSoft, Inc, Tulsa, OK and MedCalc software version 10, MedCalc Software, Mariakerke, Belgium). Data were presented as the mean ± SD. A p-value of <0.05 showed statistical significance. The receiver operating characteristic (ROC) curve was used to show the micro-vessel density of the superficial and deep retinal layers between the two groups.




RESULTS


Macular and Conjunctival Vascular Density

Macular vessel densities of the MIR, MAR, and TMI in the superficial (Figure 3) and deep (Figure 4) layers were compared. We observed no significant changes in SMIR, STMI, and SMAR in the superficial layers of SLE patients compared to the normal group (P > 0.05; Figure 3A). The DTMI density was significantly lower in SLE patients (P < 0.05; Figure 4A). Using the hemispheric segmentation method, we found that the IL region of superficial retinal vessels (P < 0.05; Figure 3B) and the IR region of deep retinal capillaries were significantly lower compared with healthy controls (P < 0.05; Figure 4B). In the ETDRS segmentation method, SMIR was significantly lower in the I.R.L region compared with healthy controls (P < 0.05; Figure 3C), while DMIR density showed no significant change in the quadrant (P > 0.05; Figure 4C). By comparing the micro-vessel density with the ring segmentation method, we found a significant decrease in vessel density in the superficial C1 and C3 regions (P < 0.05; Figure 3D). For the deep retinal layers, a significant decrease in micro-vessel density occurred in the C3 region (P < 0.05; Figure 4D). Other subdivisions also showed a decreasing trend, but the difference was not statistically significant (P > 0.05, Figures 3, 4).
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FIGURE 3. The OCTA images and vessel density analysis of superficial retinal layer of control and SLE groups. (A) Superficial retinal vessel density map. (B) Results of superficial retinal vascular density in different regions of normal group and SLE group (MD ± SD); (C–F) Results of superficial retinal vascular density analysis in normal and SLE groups. STMI, Superficial total microvascular; SMAR, Superficial macrovascular; SMIR, superficial microvascular; SLE, Systemic lupus erythematosus; L, left; R, right; S, superior; I, inferior; IL, inferior left; IR, inferior right; SL, superior left; SR, superior right. *P < 0.05; **P < 0.01; ***P < 0.001.
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FIGURE 4. The OCTA images and vessel density analysis of deep retinal layer of control and SLE groups. (A) Deep retinal vessel density map. (B) Results of deep retinal vascular density in different regions of normal group and SLE group (MD ± SD); (C–F) Results of deep retinal vascular density analysis in normal and SLE groups. STMI, Superficial total microvascular; SMAR, Superficial macrovascular; SMIR, superficial microvascular; SLE, Systemic lupus erythematosus; L, left; R, right; S, superior; I, inferior; IL, inferior left; IR, inferior right; SL, superior left; SR, superior right. *P < 0.05; **P < 0.01; ***P < 0.001.


OCTA was used to measure the blood vessel density of the temporal conjunctiva in the normal control group and the SLE group (Figure 6). The results showed that the density of the temporal conjunctiva of the SLE group was significantly higher than that of the normal control group (t = −8.089; P = 0.001; Figure 6).



ROC Analysis of Superficial and Deep Retinal Vessel Densities

OCTA showed the specificity and sensitivity of retinal vessel densities to differentiate the SLE group from the healthy controls (Figure 5). In the superficial retinal layer, the IL, I, R, L, and C3 regions showed a significant difference in the SLE group (P < 0.05). Among them, the areas under the ROC curve of the R region of the superficial retinal density were 0.995 [95% confidence interval (CI) = 0.982–1], which indicated they had higher SLE diagnostic sensitivity for the superficial retinal density (Figure 5A). Meanwhile, the SLE group had the highest positive likelihood ratio for DTMI, with an area under the ROC curve of 0.832 (95% CI 0.708–0.956), and the lowest negative likelihood ratio for deep C1 retinal density. The area under the ROC curve was 0.779 (95% CI 0.633–0.925; Figure 5).


[image: Figure 5]
FIGURE 5. ROC curve analysis of sectorial, quadrantal and annular microvascular densities of retinal layer. (A) The ROC curve analysis of superficial retinal layer; (B) The ROC curve analysis of deep retinal layer. I, inferior; IL, inferior left; IR, inferior right; L, left; R, right; DTMI, Deeper total microvascular.


The ROC analysis of the conjunctival vessel density between the two groups showed that there was a significant difference in the conjunctival vessel density between the two groups. The area under the ROC curve was 0.957 [95% confidence interval (CI) = 0.902–1; Figure 6B].


[image: Figure 6]
FIGURE 6. The conjunctival microvascular density analysis of control and SLE groups. (A) Statistic analysis of conjunctival microvascular in two groups; (B) The ROC curve analysis of conjunctival microvascular density. ***P < 0.001.




Relationship Between Macular Vascular Density and Conjunctival Vascular Density

We investigated the relationship between retinal vascular density and conjunctival vascular density. In the superficial retina of the SLE group, the correlation coefficient between the STMI area and temporal conjunctival vessel density was −0.5107 (p < 0.05; Figure 7A). Similarly, in the deep retinal layers, the correlation coefficient was −0.9418 (p < 0.0001; Figure 7B). In the normal controls, both retinal STMI and DTMI regions were significantly negatively correlated with conjunctival vessel density, with correlation coefficients of −0.8383 (p < 0.0001) and −0.4474 (p < 0.05), respectively (Figure 7).


[image: Figure 7]
FIGURE 7. The correlation between conjunctiva microvascular density and retinal microvascular density in control and SLE patients. (A) In the superficial retinal layer; (B) In the deep retinal layer. *P < 0.05, ***P < 0.001.





DISCUSSION

As an immune system disease that affects the entire body, SLE can cause a variety of ocular complications, including keratoconjunctivitis, uveitis, retinal vascular abnormalities, and optic nerve and orbital damage (16). Typical retinal abnormalities of SLE include hemorrhage, cotton wool spots, twisted and expanded capillaries and veins, and stenosis and occlusion of arterial lumen (4). However, in SLE patients with early retinal lesions, subjective perception is not strong because the loss of vision is not obvious. By the time the loss of vision is obvious, the retinal lesions already worsened with the development of SLE lesions and treatment became relatively difficult. OCTA is used as a non-invasive, time-saving measure that provides detailed information on the perfusion of the ocular vascular network (17). It shows the microvascular condition without the use of a dye and is a safer screening test for patients. This study assessed the differences in retinal vascular density between SLE and health controls using OCTA. The results showed that, in the superficial capillaries of SLE patients, IL, I, R, L, and C3 regions had significantly lower densities compared to the healthy control group (p < 0.05), and in the deep retina layer, the DMTI, IR, C1, and C3 regions had significantly lower microvascular densities than healthy controls (p < 0.05; Figures 3, 4).

The pathological basis of SLE retinopathy is vasculitis (18). According to the data of previous animal experiments, the retinopathy of SLE patients is mainly caused by an abnormal retinal microvascular that supplies the nerve fiber layer (19). There are inflammatory cells, immunoglobulins, and complement deposited in the blood vessels of the retina, which is related to retinal vascular hypoperfusion (20). Early retinal vasculopathy may present with mucinous edema, and as the disease progresses, fibrin-like degeneration, necrosis, and thrombosis of small and medium-sized vascular connective tissue occur, resulting in hemorrhage and local ischemia and hypoxia (20). It has been suggested that severe vascular occlusion retinopathy is characterized by small artery occlusion and diffuse capillary non-perfusion (21). Our research found that the decrease in the density of IL, I, R, L, C3 in the superficial retina may be a precursor to obstructive vascular disease. From an anatomical point of view, the superficial retina and deep capillaries belong to two different topographical tissue structures (22). Birol et al. (23) found that, under normal conditions, the retinal circulation provides 15% of the oxygen supply to the inner retina during dark adaptation and only a small amount during light adaptation. In contrast, the outer retinal layer has relatively high circulatory requirements, and the DRL, which is critical for providing the metabolic needs of highly differentiated photoreceptors in the outer plexiform layer, may have a watershed area of supply that is vulnerable to ischemic damage in the retina, resulting in disruption of deep retinal structures (24–26). And previous studies have described that DRL is more prone to progressive obstruction than SRL and is attributed to hemodynamic dysfunction or impaired interactions between neurons, glial cells, and vascular cells (27). This is consistent with our finding that deep retinal microvessel density was significantly abnormal in SLE patients compared to the normal group (P < 0.05). The retinal vasculature is one of the vessels that can be directly observed in SLE patients, and its performance often reflects the degree of systemic vascular damage as well. SLE disease activity index is considered a strong predictor of damage and necrosis in this disease (28). Shaimaa et al. (29) found a negative correlation between SLICC and patients' deep capillary densities, while a direct correlation between SLICC and SLEDAI-2K and patients' vascular densities was not found in this study.

The conjunctival microcirculation is superficial, with clear images and easy to observe, thus the examination of bulbar conjunctival microcirculation has become a window to observe the microcirculation of systemic diseases. The conjunctival microcirculation is a component of the ocular microcirculation, which makes it even more relevant for the observation of ocular diseases. Currently, conjunctival microcirculation has been used to evaluate a variety of systemic diseases such as sickle cell disease (30), Alzheimer's disease (31), cardiopulmonary resuscitation (32), and cerebral perfusion (33). Conjunctival microcirculation has been associated with a variety of ophthalmology-related diseases such as hypertension-related eye disease, diabetes-related eye disease, and dry eye disease (34, 35). In this study, we found abnormal conjunctival vascular circulation in SLE patients. As a result of vascular inflammation and immune-mediated stimulation in SLE patients, the number or function of conjunctival cupped cells may be reduced, resulting in a decrease in mucin secretion (36). Acute inflammation is often accompanied by increased tear reflexes and blinking, while chronic inflammation may result in decreased conjunctival perception and reflex activity, and compensatory vasodilation leading to increased blood flow density (36). Previous studies have examined the ocular hemodynamic characteristics of patients with SLE using Color Doppler Flow Imaging (CDFI). The results of the study showed that the central retinal artery and posterior ciliary artery peak flow velocity during systole and the end diastolic flow velocities were significantly slower in the SLE group compared with the control group (37). The entire eye is supplied by the central retinal artery, except for the inner retina and part of the optic nerve. The rest of the eye is supplied by the posterior ciliary artery (38). The short posterior ciliary artery supplies the outer four layers of the retina, the macula, and the optic disc, which is consistent with our findings of decreased DTMI density. Pichi et al. (39) found increased blood flow in the iris vessels of SLE patients using OCTA when they examined SLE patients without ocular disease. In our study, we found a significant increase in conjunctival vascular density in patients with SLE, and we calculated a negative correlation between deep retinal DTMI and conjunctival vascular densities in patients with SLE (−0.9418; p < 0.0001). The iris and some of the conjunctival nutritional needs are supplied by branches of the anterior ciliary artery. Therefore, we speculated that the increased vascular density in the patient's conjunctiva may be caused by a compensatory increase in perfusion of the anterior ciliary artery.

There are some limitations in this study. The sample size of SLE patients was relatively small, however, with the small sample size, macular microvascular density and conjunctival density were significantly altered in SLE patients compared to the normal group (p < 0.05). These observations may lead to further development of more sensitive blood flow markers to detect retinal and conjunctival blood flow changes in early patients. And in the present study we found no correlation between retinal and conjunctival vascular density and SLEDAI-2K and other clinical indicators in SLE patients. This may require further large-scale studies.



CONCLUSION

The results of this OCTA study suggested that patients with SLE have reduced macular MIR density, which may lead to a compensatory increase in conjunctival vascular density. A comprehensive ophthalmologic examination should be performed clinically in patients with SLE and those suspected of having SLE. OCTA provides a non-invasive quantitative assessment of retinal vascular density in SLE and can be used for early detection of retinal circulation changes. This may prevent the development of severe ocular pathology or even loss of vision.
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Purpose: To evaluate the feasibility of in-vivo imaging of the retina and choroid using spectral domain optical coherence tomography (OCT) in guinea pigs.

Methods: The study included 19 pigmented guinea pigs (age: 3–4 weeks) which underwent sonographic axial length measurements and OCT imaging. At study end, the animals were sacrificed and histomorphometric examinations of the retina and choroid were performed. We assessed the reproducibility of the OCT measurements and compared in-vivo measurements to histomorphometric data.

Results: The mean thickness of the retina and choroid near the optic nerve head was 175.6 ± 25.8 and 63.4 ± 16.5 μm, respectively, and mean Bruch's membrane opening (BMO) diameter was 831 ± 121 μm. The intra-observer comparison of measurements of retinal thickness (intraclass correlation coefficient (ICC) = 0.92, 95% CI: 0.86–0.96; P < 0.001), choroidal thickness (ICC = 0.92, 95% CI: 0.86–0.96; P < 0.001), and BMO diameter (ICC = 0.92, 95% CI: 0.86–0.96; P < 0.001) showed a high correlation. A high agreement was present also for the inter-observer reproducibility of the measurements of retinal thickness (Pearson correlation coefficient (R) = 0.98; P < 0.001), choroidal thickness (R = 0.96; P < 0.001), and BMO diameter (R = 0.98; P < 0.001). The Bland-Altman plots showed that 2.6% (1/38), 5.3% (2/38), and 7.9% (3/38) of the measurement points of retinal thickness, choroidal thickness and BMO diameter, respectively, were located outside of the 95% limits of agreement. The OCT-based thickness measurements of retina and choroid were significantly higher than those measured by histomorphometry (both P-values <0.01).

Conclusion: OCT-based in-vivo morphometric imaging of the retina and choroid in guinea pigs is feasible with an acceptable intra-observer repeatability and inter-observer reproducibility.

Keywords: in vivo imaging, OCT, retina, repeatability, reproducibility


INTRODUCTION

Myopia has emerged as a common cause of vision loss as well as a major public health issue throughout the world, particularly in East Asia (1). It has been estimated that approximately half of the world population might be myopic by the year 2050, and 19.7% of the myopic individuals might be highly myopic (2). In a similar manner, a recent meta-analysis estimated that the prevalence of myopia in children and students aged 3–19 years in China might be higher than 80% by the year 2050 (3).

Axial myopia is characterized by the elongation of the ocular axial length. Previous studies have evaluated the morphometric changes of the sclera and choroid in axially elongated, myopic eyes of humans and animals (4–6). These investigations revealed that the thickness of the sclera and choroid progressively decreased with axial elongation, while the thickness of the retina in the macular region was independent of axial length (7–9). In some of the experimental studies, the measurements in animals were based on post-mortem histopathological examinations with the potential influence of confounding factors such as a post mortem swelling until the tissue was fixed by the fixative, and tissue shrinkage due to the processing of the histologic specimen. In addition, the histological method allowed the measurements taken only at one time point of the study, i.e., at the study end. It would therefore be advantageous to have the ability to measure the intraocular tissues in a non-invasive manner in-vivo by imaging techniques to monitor the morphometric changes during experimental studies addressing diseases such as myopia and glaucoma.

Spectral-domain optical coherence tomography (OCT) is a non-invasive imaging technique to visualize the posterior segment of the eye in humans and has markedly improved the clinical diagnosis of ocular diseases (10). OCT has also been used for rodent eyes to visualize the suprachoroidal space (11), assess corneal scarring (12), and detect vitreoretinopathy (13), to mention only few examples. Since the OCT technology allows the repeated intravital non-invasive imaging of the retina, retinal pigment epithelium (RPE), choroid and parts of, or the whole sclera, it has profound advantages as compared with the post mortem histomorphometric examinations of animals in experimental studies. Although numerous studies have addressed the repeatability and the inter-observer and intra-observer variation of the OCT measurements in humans, only few studies have assessed these parameters in animals included in experimental studies. It also holds true for investigations assessing the validity of the intravital OCT measurements by comparing the OCT figures with measurements obtained by histomorphometry. As an additional point, previous experimental investigations often used mice and rats or chicken while only recently, guinea pigs were increasingly used in studies, in particular in investigations examining the development and etiology of axial myopia (14–16). Guinea pigs as compared to chicken, mice and rats have the advantage of a larger eye size and an ocular anatomy relative similar to the human eye's anatomy (17). By the same token, most of the previous experimental studies were focused on the choroidal thickness, while the thickness of the retina was often not measured. Jnawali et al. (18) measured in guinea pigs the thickness of the retina as a whole and differentiated the retina into six retinal layers; the number of animals included in the study was however relatively low. We therefore performed the present study to further evaluate the feasibility of OCT imaging, with respect to its inter-observer and intra-observer variability and validity, for the non-invasive in-vivo measurement of the retina and choroid in normal young guinea pigs.



METHODS

The study included nineteen male pigmented Hartley Guinea Pigs (Cavia porcellus) with an age of 3–4 weeks and a mean body weight of 160.5 ± 10.5 g. All animals were obtained from the Fang Yuan-yuan farm, Beijing, China. The Ethics Committee of the Beijing Tongren Hospital approved this study. The ARVO Statement and ARRIVE Guidelines for the use of animals in ophthalmic and vision research were taken into account. All guinea pigs were kept in a quiet room with a constant temperature of 26°C. The light/dark cycle was 12h/12h with a light intensity of 500 Lux. All eyes included into the study were control animals and had not undergone any invasive procedure or lens-induced myopization.

Before the OCT examination, all animals were anesthetized with an intraperitoneal injection of 1% pentobarbital sodium (Catalog Number: 4579, R&D Systems, Bio-Techne Co., Minnesota, USA) with a dose of 4 mg pentobarbital/100 g body weight. The pupils of both eyes were dilated by mydriatic eye drops [2.5% tropicamide eye drops (Bauch and Lomb, NY, USA)]. A custom bracket was used to fix the animals and a custom lid speculum was applied to keep the eyelids open. Artificial tear eye drops (Hycosan, Ursapharm Arzneimittel GmbH, Saarbrücken, Germany) were topically applied to keep the cornea moist.

We measured the axial length of both eyes in each animal by ocular sonographic biometry (A/B-mode scan; oscillator frequency: 11 MHz; Quantel Co., Les Ulis, France) under topical anesthesia (oxybuprocaine hydrochloride eye drops; Santen Co., Osaka, Japan). The sound conducting velocity was set to be 1,557, 1,723 and 1,540 m/s for the measurement of the anterior chamber, lens and vitreous chamber, respectively (4). Ten measurements were taken for each eye, and the mean values were used for further statistical analysis. The standard deviation of the measurements had to be lower than 0.1 mm.

Each animal underwent OCT imaging of the retina and choroid (Spectralis, Wavelength: 870 nm; Heidelberg Engineering Co., Heidelberg, Germany) applying the enhanced depth imaging modality. Seven OCT sections, each comprising 100 averaged scans, were obtained with a scanned are a spanning 5° × 30°, which was centered on the optic nerve head. The horizontal section running through the center of the optic nerve head was selected for further analysis (Figure 1). The measurements of the OCT images were performed using the Heidelberg Eye Explorer software (version 5.3.3.0; Heidelberg Engineering Co.), as described previously (19). Both eyes of each animal were examined. If the quality of the scans was not sufficient, the OCT imaging was repeated. The different tissue layers in the OCT images were differentiated by their signal of reflection (Figure 2). The layers of the retina and choroid were defined and labeled as described in previous studies (18). The retina was stratified into the internal limiting membrane, ganglion cell/retinal nerve fiber layer, inner plexiform layer, inner nuclear layer, outer plexiform layer, outer nuclear layer, and RPE layer/ Bruch's membrane. The thickness of the choroid was measured as the distance from the hyperreflective line of the outer surface of the retina (i.e., the RPE line) to the hyperreflective line of the inner surface of the sclera. At the optic disc, the two end points of Bruch's membrane were manually marked. The distance between these two points were defined as the diameter of Bruch's membrane opening (BMO). In the horizontal sections running through the center of the optic nerve head, the region for the measurement of the retinal and choroidal thickness was located in a distance of one optic disc diameter temporal to the optic disc.


[image: Figure 1]
FIGURE 1. Unscaled image of an optical coherence tomographic image (enhanced depth imaging mode) through the optic nerve head of a guinea pig. Yellow lines: measurements of the thickness of retina and choroid, and of the diameter of Bruch's membrane opening.



[image: Figure 2]
FIGURE 2. Segmentations of optical coherence tomographic image (enhanced depth imaging mode) showing the internal limiting membrane (ILM), ganglion cell/retinal nerve fiber layer (GC/RNFL), inner plexiform layer (IPL), inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer (ONL), retinal pigment epithelial/Bruch's membrane (RPE/BM), choroid, and sclera.


To assess the inter-observer variability, the scans were taken by one physician (YFL) and the images were measured in a masked manner by two trained ophthalmologists (LD, XJ). For the evaluation of the intra-observer variability, each image was measured twice at two different occasions by the same ophthalmologist (LD). To assess the inter-ocular differences, all measurements were calculated and compared between both eyes of each guinea pig.

At the end of the study, all animals were sacrificed by an intraperitoneal injection of an overdose of pentobarbital sodium (Catalog Number: 4579, R&D Systems, Bio-Techne Co., Minnesota, USA), followed by enucleation of both eyes. A total of ten eyes of ten animals were randomly selected for histopathological examination. The orbital fascia tissues were removed and the temporal position of the globe was marked. After fixation in a solution of 4% formaldehyde solution for 48 h, we prepared paraffin-embedded sections with a thickness of 8 μm and stained them with hematoxylin and eosin. Upon light microscopy, the sections containing the optic disc were selected for further histomorphometric assessment. The layers labeled in the OCT corresponded to the layers in the histopathological sections and the region for the measurement in both techniques was located at a distance of one optic disc diameter temporal to the optic disc. Using a digital image analysis software (Image-Pro Plus; Media Cybernetics Inc., Rockville, MD, USA), we measured the thickness of the choroid, the various layers of the retina, and the BMO diameter.

The statistical analysis was performed using a commercially available software program (SPSS 25.0; IBM Corp., Armonk, NY, USA). We calculated the mean ± standard deviation for continuous variables including body weight, axial length and tissue thickness measurements. Linear regression models were applied to analyze the associations of axial length and various in-vivo tissue thickness measurements. The intraclass correlation coefficient (ICC) with the 95% confidence interval (CI) was calculated for the intra-observer variability. A Bland-Altman analysis was performed for the assessment of the intra-observer consistency. The Pearson correlation coefficient (R) was calculated for the assessments of the inter-observer and inter-ocular measurements. Scatterplots were created to show the correlation between the measurements by two observers. The Student's t-test for paired samples was applied for the comparison of the in-vivo measurements and the histopathological measurements. A two-sided P-value < 0.05 was considered to be statistically significant.



RESULTS

Nineteen pigmented guinea pigs (38 eyes) were included into the study. The mean axial length was 8.12 ± 0.07 mm. In the region of interest, the mean thickness of the choroid and retina were 63.4 ± 16.5 and 175.6 ± 25.8 μm, respectively. The mean BMO diameter measured 831 ± 121 μm.

The mean inter-eye difference in the measurements of the thickness of the choroid and retina (right eyes minus left eyes) was −4.05 μm (95% CI: −11.51, 3.41), and −22.76 μm (95% CI: −34.35, −11.18), respectively (Table 1). The mean inter-eye difference in BMO diameter (right eyes minus left eyes) was −51.99 μm (95% CI: −104.61, 0.64). Overall, the BMO diameter and the thickness of choroid and retina were highly significantly correlated between the right eyes and left eyes (all R > 0.50, all P-values < 0.05).


Table 1. Interocular analysis showing the difference of measurements between the right eyes and left eyes in guinea pigs.
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The intra-observer variability in the measurements was assessed by the same observer at two occasions (Table 2), with an ICC of 0.92 (95% CI: 0.84–0.96; P < 0.001) for the choroidal thickness measurements, an ICC of 0.92 (95% CI: 0.86–0.96; P < 0.001) for the retinal thickness determinations, and an ICC of 0.94 (95% CI: 0.89–0.97; P < 0.001) for the measurements of the BMO diameter.


Table 2. Intra-observer analysis showing the repeatability of measurements performed by the same observer in two different occasions.
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The assessment of the inter-observer reproducibility revealed a high agreement between both examiners for the measurement of retinal thickness (R = 0.98; P < 0.001), choroidal thickness (R = 0.96; P < 0.001), and the BMO diameter (R = 0.98; P < 0.001) (Table 3; Figure 3). The Bland-Altman plots showed the percentage of measurement points located outside of the 95% limits of agreement was 2.6% (1/38), 5.3% (2/38), and 7.9% (3/38) for the measurement of retinal thickness, choroidal thickness, and BMO diameter, respectively (Figure 4).


Table 3. Inter-observer analysis showing the reproducibility of measurements performed by two observers independently.
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[image: Figure 3]
FIGURE 3. Scatter plots showing the correlation between the measurements of retinal thickness (A), choroidal thickness (B), and Bruch's membrane opening (BMO) diameter (C) measured on optical coherence tomographic images (enhanced depth imaging mode) by two independent observers.



[image: Figure 4]
FIGURE 4. Bland-Altman analysis showing the inter-observer repeatability for measurements of the retinal thickness (A), choroidal thickness (B), and Bruch's membrane opening (BMO) diameter (C). Red dotted line: mean bias, thick dotted lines: upper and lower limit of agreement, thin dotted line: baseline (zero).


Comparing the intravital OCT-based measurements with the histomorphometric determinations revealed higher values for the thickness of the choroid and retina as measured on the OCT images as compared to the values determined by histomorphometry (choroidal thickness: 69.00 ± 21.92 μm vs. 46.40 ± 15.09 μm, P = 0.002; retinal thickness: 175.05 ± 27.66 μm vs. 138.87 ± 7.10 μm, P = 0.001) (Table 4; Figure 5). The correlation between both the values obtained by the two measurement techniques was moderate (choroidal thickness measurements: R = 0.56, P = 0.09; retinal thickness measurements: R = 0.65, P = 0.04). Although the various retinal layers as seen on the OCT images corresponded to the retinal layers as detected on the histological slides, the tissue in the histologic slides showed an artificial tissue distortion and the retinas were often artificially detached from the RPE.


Table 4. Comparison of measurements performed by OCT and histomorphometry in 10 eyes of guinea pigs.
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[image: Figure 5]
FIGURE 5. Optical coherence tomographic image (enhanced depth imaging mode) (A) showing various tissue layers with corresponding layers in the histological section (B). BMO, Bruch's membrane opening.


The mean thickness of the retina or choroid were not significantly correlated with axial length (both R < 0.30, both P-values > 0.05). In a similar manner, there was no significant relationship between body weight and the mean thickness of retina and choroid (both R < 0.40, both P-values > 0.10), nor between the BMO diameter and axial length or animal weight (both R < 0.20, both P-values > 0.40).



DISCUSSION

Assessing the feasibility of determining the thickness of the various retinal layers and of the choroid in guinea pigs in-vivo on OCT images showed that these measurements can be carried out with a relatively high intra-observer repeatability and inter-observer reproducibility. The examination of the validity of these OCT-based measurements by comparing the values with measurements obtained on histologic sections of the same eyes was markedly limited by artifacts in the histologic sections and artifacts inherent to any histologic preparation including the pre-fixation ischemic tissue swelling and the fixation-induced shrinkage of the tissue.

The stratification of the retina into eight layers as performed in our study what was similar to the differentiation of six retinal layers in a previous investigation by Jnawali et al. (18). In both studies, the point of measurement was located close to the posterior pole. The retinal thickness of 175.6 ± 25.8 μm as found in our study population was comparable to the retinal thickness measurements obtained in previous investigations also applying the OCT technique, with retinal thickness values of 142.2 ± 10.5 μm (measured at a distance of 3 mm from the optic nerve head) (20), 129 ± 1.3 μm (unspecified location) (21), and 151.2 ± 8.2 μm (total) (18). The choroidal thickness measurements assessed in the present study (63.4 ± 16.5 μm) were thinner than those obtained in previous studies with values of 120.9 ± 3.6 μm (20) and 134.2 ± 16.2 μm (21), while it was comparable with the results reported in the study by Jnawali et al. (69.8 ± 6.4 μm) (18). The differences in the choroidal thickness measurements may have been due to differences in the location of measurement.

The thickness of the retina and choroid as measured on the OCT images was higher than the histomorphometric determinations. It agrees with previous reports of studies on humans and animals. Jiao et al. (22) found that the tissue shrinkage due to the histologic processing differed between the retina and choroid. The choroidal thickness as measured in the paraffin-embedded histological sections was about half of that in OCT images (ratio in the present study: 0.67), while the histological retinal thickness was about 80% of that measured on the OCT images (ratio in the present study: 0.79). A similar result was obtained in an investigation on monkeys, and the concept of a “non-linear tissue shrinkage” was proposed (23). The basis for the histologic processing-associated non-linear tissue shrinkage as difference between the retinal tissue shrinkage and the choroidal tissue shrinkage may be due to differences in the composition of the tissues. Histopathological studies have shown that the shrinkage in the intercellular space is less marked than that in the intracellular compartment, with the intracellular shrinkage occurring mainly in the cytoplasm rather than in the cell nucleus (24). The shrinkage of compact tissue such as the retina with a relatively high nucleus-to-cytoplasm ratio may thus be less marked than the shrinkage of the choroid consisting predominantly of loose connective tissue with higher fluid content. An additional factor may be the loss of choroidal blood during and shortly after enucleation, before the enucleated globes were fixed.

The study conditions differed between Jnawali's study (18) and our study, with both investigator groups applying the same OCT device. Jnawali and colleagues used corneal contact lenses with a 3.5 mm central thickness on the cornea while we did not apply such lenses. This methodological difference might have led to differences in the optical system and differences in tissue thickness measurements. In addition, both studies varied in the age of the guinea pigs. Other investigators used different OCT devices. Lu et al. (21) assessed the eyes of guinea pig with lens-induced myopia with the Stratus OCT3 device (Carl Zeiss Co. Jena, Germany). Liba and associates (25) used the Optovue speckle-modulating OCT device (wavelength: 900 nm) to compare the cornea and retina between mice and human. Zhang et al. (16) applied an angio-OCT (Spectralis HRA + OCT; Heidelberg Engineering, Heidelberg, Germany) to detect changes in choroidal thickness and choroidal blood perfusion in myopic guinea pigs.

The thickness of the choroid was not related to axial length in our study population, although previous studies in humans and in guinea pigs showed an inverse correlation (7, 9, 26–28). The reasons for the discrepancy between the studies may be the small sample size in our study and that all animals of our study were healthy controls with major interindividual differences in axial length.

When the results of our study discussed, its limitations should be taken into account. First, the study might have been more valuable if the whole sclera could have been visualized and measured by OCT. However, we failed to reliably detect the outer border of sclera in the OCT examination so that the OCT-based thickness measurements of the sclera could not be taken for further analysis. Second, although the results showed a high intra-observer repeatability and inter-observer reproducibility in measuring the retinal and choroidal tissue thickness, the measurements need to be confirmed in a larger sample and by different examiners under routine working conditions. Third, anesthesia might have influenced the choroidal blood perfusion and thus the choroidal thickness. Fourth, only male guinea pigs were included into the study and the measurements were performed at only one time point (i.e., at an age of the guinea pigs of 3–4 weeks). Future studies may include also female animals and may carry out longitudinal examinations. Fifth, the study would have been strengthened if refractometry had been performed.



CONCLUSION

In conclusion, our study shows the feasibility of OCT for in-vivo imaging of the retina and choroid in guinea pigs with acceptable intra-observer repeatability and inter-observer reproducibility. This technique provides a convenient and direct approach for repeated, non-invasive, and in-vivo imaging of the retina and choroid in guinea pigs and may be helpful for detecting retinal and choroidal changes due to disorders such as myopia in experimental studies with guinea pigs.
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Background: Artificial intelligence (AI) has great potential to detect fungal keratitis using in vivo confocal microscopy images, but its clinical value remains unclarified. A major limitation of its clinical utility is the lack of explainability and interpretability.

Methods: An explainable AI (XAI) system based on Gradient-weighted Class Activation Mapping (Grad-CAM) and Guided Grad-CAM was established. In this randomized controlled trial, nine ophthalmologists (three expert ophthalmologists, three competent ophthalmologists, and three novice ophthalmologists) read images in each of the conditions: unassisted, AI-assisted, or XAI-assisted. In unassisted condition, only the original IVCM images were shown to the readers. AI assistance comprised a histogram of model prediction probability. For XAI assistance, explanatory maps were additionally shown. The accuracy, sensitivity, and specificity were calculated against an adjudicated reference standard. Moreover, the time spent was measured.

Results: Both forms of algorithmic assistance increased the accuracy and sensitivity of competent and novice ophthalmologists significantly without reducing specificity. The improvement was more pronounced in XAI-assisted condition than that in AI-assisted condition. Time spent with XAI assistance was not significantly different from that without assistance.

Conclusion: AI has shown great promise in improving the accuracy of ophthalmologists. The inexperienced readers are more likely to benefit from the XAI system. With better interpretability and explainability, XAI-assistance can boost ophthalmologist performance beyond what is achievable by the reader alone or with black-box AI assistance.

Keywords: fungal keratitis, in vivo confocal microscopy, deep learning, artificial intelligence, explainability


INTRODUCTION

Fungal keratitis (FK) is one of the most common causes of cornea-derived blindness (1) but the diagnosis and treatment of this disease remain difficult (2, 3). Corneal smears and cultures are the gold standard for diagnosing FK (4). However, culture routinely takes several days before the results are available. In vivo confocal microscopy (IVCM) is a useful method for the diagnosis of FK, which allows non-invasive and in vivo detection of even subtle changes in the living cornea (5, 6). IVCM shows a variety of cellular changes in cornea suffering from FK (7) and foremost among these is the presence of hyphae, which is considered the specific manifestation of filamentous fungi infection (8, 9). Correct and prompt monitoring of the fungal hyphae in IVCM images contributes to make a diagnosis of FK as early as possible and optimize the appropriate management of patients (10). Manual analysis of the IVCM images, however, is extremely labor-intensive, time consuming, and is heavily dependent on observer experience (11).

Recent advances in deep learning (DL) promise to improve diagnostic accuracy, thereby improving the quality of patient care. In our previous study, DL-based models were successfully developed to detect FK in IVCM images with high accuracy (12, 13). However, the impact of these methods in clinical settings remains unclarified. A major shortcoming in the application of the DL technology to artificial intelligence (AI)-assisted medical care is the inability to interpret the model decision. From a clinical perspective, interpretability and explainability is essential for gaining clinicians' trust, for establishing a robust decision-making system, and to help overcome regulatory issues. However, DL models conceal the rationale for their conclusions, and therefore lack an understandable medical explanation to support their decision-making process, which seriously restricts its clinical application.

Explainable AI (XAI) is an important title and an active research direction in the field of medical AI research (14). A straightforward and effective strategy is to generate meaningful heatmaps that visualizes which pixel regions of an input image are important for the decision made by the DL model. Toward this objective, many approaches have been proposed for the explainable analysis of medical images, including dimension reduction, feature importance, attention mechanism, knowledge distillation and surrogate representations (15–22). Among these methods, Class Activation Mapping (CAM) offers a valid approach by performing global average pooling on the convolutional feature maps and mapping back the weights of the classification output to the convolutional layer (23). However, CAM requires altering the network architecture and re-training the network, which limits its application in different kinds of networks. Gradient-weighted Class Activation Mapping (Grad-CAM) is a generalization of CAM (24). Grad-CAM computes the neuron importance weights by performing global average pooling on gradients via backpropagation, enables the creation of class-discriminative visual explanations from much more complex networks. Inspired by this, researches have been proposed to build XAI modules to determine the most predictive lesion areas in computed tomography images (25). However, XAI approaches have not been validated in the analysis of IVCM images.

In this study, we developed an XAI-based system to diagnose FK using IVCM images and provided visual explanations based on Grad-CAM and Guided Grad-CAM methods to highlight the relevance for the decision of individual pixel regions in the input image. We compared the performance of ophthalmologists with the assistance of the black-box AI model and the explainable system, and investigated the potential of the XAI-assisted strategy to help ophthalmologists identify the causative agent of corneal infection.



MATERIALS AND METHODS


Study Design and Datasets

A total of 1,089 IVCM images collected from Guangxi Zhuang Autonomous Region People's Hospital were finally included in the testing set in this randomized controlled trial. The images were obtained from eyes diagnosed with fungal keratitis or bacterial keratitis in the Department of Ophthalmology between June 2020 and July 2021. All the infections were confirmed by culture or biopsy. Of the 1,089 images, 522 were collected from 17 eyes with fungal keratitis and were identified as hyphae-positive, and 567 were collected from 18 eyes with bacterial keratitis and were identified as hyphae-negative. The images were acquired following a standard operating procedure with IVCM (HRT III/RCM Heidelberg Engineering, Germany). All images were screened and the poor-quality images were excluded. This study was conducted in compliance with the Declaration of Helsinki and approved by the ethics committee of The People's Hospital of Guangxi Zhuang Autonomous Region. Informed consent was waived because of the retrospective nature of the study and anonymized usage of images.

All images were independently adjudicated by three corneal specialists with over 15 years of experience. Each image was classified as hyphae-positive or hyphae-negative. A reference standard for each image was generated when consistent diagnostic outcomes were achieved by the three specialists. None of the adjudicators were included as readers in this study.



Classification Model and Visual Explanation

The development of the DL-based diagnostic model used in this study is described in detail in our previous study (12). Briefly, the model was trained using the Residual Learning network-101 convolutional neural network architecture. The training set consisted of 2,088 IVCM images that had reference standard labels agreed by a panel of corneal experts. The image was input with the dimensions of 384 × 384. The classification model was trained to output the prediction probability of negative and positive classes.

We used Grad-CAM and Guided Grad-CAM to generate explanation maps (Figure 1). Grad-CAM (23) produced heatmap that highlighted the important regions in the input image for predicting the hyphae. In this study, the last convolutional layers which offered the best trade-off between high-level semantics and spatial information of the input images were used to compute the weights. Let yp be the gradient of the score for class “hyphae-positive”, and Ak the feature map k of the last convolutional layer. The gradient of yp with respect to Ak was computed and averaged by performing global-average-pooled over the total number of elements (indexed by width i and height j) to produce a weight [image: image], as shown in Formula (1). The weight [image: image] represents the importance of the feature map k for the positive class.

[image: image]

Next, a weighted combination was performed to sum the feature maps. Consequently, the Grad-CAM heatmap was generated by applying the ReLU (rectified linear unit) function to only highlight pixel regions that positively contribute to the positive decision. The formulae are described below as Formula (2).

[image: image]

Although Grad-CAM localized class-discriminative image regions, no fine-grained pixel-space details were available in the heatmaps. Therefore, we used Guided Grad-CAM to further highlight the stripes on the hyphae, which provided pixel-level explanation and help readers to quickly identify the pathogen. Guided Grad-CAM is a combination of Grad-CAM and Guided Backpropagation techniques (20). Guided Backpropagation visualizes the positive gradients by suppressing the negative gradients using ReLU layers. [image: image] is unsampled to the input image resolution and element-wise multiplication is performed to fuse Grad-CAM and Guided Backpropagation, thus generating high-resolution Guided Grad-CAM maps. The network architecture is shown in Figure 2.


[image: Figure 1]
FIGURE 1. Examples of IVCM images and the corresponding explanatory maps. Original images (left), Grad-CAM (middle), and Guided Grad-CAM (right).



[image: Figure 2]
FIGURE 2. The network architecture of Grad-CAM and Guided Grad-CAM. The weight [image: image] represents the importance of the feature map k for the positive class. A weighted combination and ReLU (rectified linear unit) function were performed to generate Grad-CAM. Finally, element-wise multiplication was performed to fuse Grad-CAM and Guided Backpropagation, thus generating high-resolution Guided Grad-CAM maps.




Ophthalmologist Evaluation

All IVCM images were assessed by nine ophthalmologist readers of varying expertise as follows. The expert ophthalmologist group consisted of three professors with over 10 years of experience in diagnosing corneal diseases. The competent ophthalmologist group comprised three senior ophthalmologists who had over five years of experience in ophthalmology department. The novice ophthalmologist group was composed of three junior ophthalmologists who were in the third year of standardized training for residents of ophthalmology and had been formally trained in IVCM analysis.

Each image was assessed by each reader exactly once, in one of the three conditions: unassisted, AI-assisted, and XAI-assisted. For each reader, the images were equally assigned to each condition so that the same number of images were reviewed for each condition. The assignment of image to reading condition was counter-balanced across groups to make sure that each image was randomly read by one reader in each group in the same condition, thus the reading distributed evenly across reader groups and reading conditions.

The images were displayed in a random order. The AI classification results were displayed for both AI-assisted and XAI-assisted conditions, in the form of histograms showing the model prediction probabilities of positive and negative classes. The XAI-assisted conditions included explanatory Grad-CAM and Guided Grad-CAM maps side by side, in addition to the classification histogram. A screenshot of each condition is shown in Figure 3. The participants were first presented with the original images, and then they had to click on the “AI diagnosis” region to access the classification histograms and explanatory maps.


[image: Figure 3]
FIGURE 3. A screenshot of unassisted, AI-assisted, and XAI-assisted conditions. The AI classification results were displayed for both AI-assisted and XAI-assisted conditions, in the form of histograms showing the model prediction probabilities of positive and negative classes. The XAI-assisted conditions included explanatory Grad-CAM heatmap and Guided Grad-CAM maps side by side, in addition to the classification histogram.


Readers were masked to the etiology confirmation and reference standard before the reading process. Detailed instructions and guidelines were given to the readers prior to the reading trail. Readers were asked to make a judgment for each image (“Are there fungal hyphae?”). They were told that classification histograms represented the probability of AI prediction, and that the Grad-CAM and Guided Grad-CAM highlighted class-discriminative regions in the images.

Confusion matrices were recorded and the accuracy, sensitivity, and specificity were calculated accordingly. The time required for diagnosis was measured for each reader, but the readers were not informed that the reading time was being recorded.



Statistical Analysis

Data were analyzed using SPSS (SPSS Version 11.0, IBM-SPSS Inc., Chicago, IL, USA). The AUC of the DL-based model was calculated and compared with the chance level (AUC = 0.5). The statistical significance P < 0.05 was considered statistically significant. Comparisons were made using repeated measures analyses of variance (ANOVAs). The Bonferroni post-hoc test was used to correct for multiple comparisons. The significance was set at 0.05/N, where N is the number of tests used.




RESULTS


Model Performance

The receiver-operating characteristic (ROC) curve of the DL-based model is shown in Figure 4. The model achieved an area under the ROC curve (AUC) of 0.983 (P < 0.001) and accuracy, sensitivity, and specificity of 0.965, 0.936, and 0.982, respectively. Visually, Grad-CAM and Guided Grad-CAM localized roughly the same image regions where hyphae aggregated. With the gradients flowing back, the Grad-CAM yielded a rough visualization result. On the contrary, through Guided Backpropagation, we made full use of the pixel-level information of the input image and obtained finer visualization.


[image: Figure 4]
FIGURE 4. The performance of the model alone and readers in different reading conditions. The receiver-operating characteristic (ROC) curve of the DL-based model is depicted as black line, showing the overall performance of the model alone. The performance of readers is distinguished by different shapes and colors. The shapes represent different groups of reader (Round: expert ophthalmologists; triangle: competent ophthalmologists; square: competent ophthalmologists; pentagram: an average of all ophthalmologists). Filled colors represent different reading conditions (blue: unassisted; red: AI-assisted; green: XAI-assisted).




Accuracy Evaluation

The results in accuracy, sensitivity, and specificity are shown in Table 1. The average accuracy for all readers without assistance was 0.894 (95% confidence interval (CI) 0.888–0.899), which was improved to 0.933 (95% CI 0.927–0.939) with AI assistance (p < 0.001) and 0.942 (95% CI 0.933–0.951) with XAI assistance (p < 0.001). The changes in accuracy across reading conditions are displayed in Figure 5. For the expert ophthalmologists, the accuracy was 0.966 (95% CI 0.955–0.977) in unassisted condition, which was not statistically different when compared with that in AI-assisted (0.969, 95% CI 0.958–0.979) and XAI-assisted conditions (0.971, 95% CI 0.946–0.996). For the competent ophthalmologists, the accuracy improved from 0.910 (95% CI 0.901–0.919) to 0.941 (95% CI 0.925–0.956) with AI assistance (p = 0·032) and to 0.948 (95% CI 0.934–0.961) with XAI assistance (p = 0.006). For the novice ophthalmologists, the accuracy improved from 0.807 (95% CI 0.783–0.831) to 0.890 (95% CI 0.866–0.914) with AI assistance (p = 0.041) and to 0.907 (95% CI 0.869–0.944) with XAI assistance (p = 0.009).


Table 1. The accuracy, sensitivity and specificity of readers in unassisted, AI-assisted, and XAI-assisted reading conditionsa.
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FIGURE 5. The accuracy, sensitivity, and specificity of model alone and readers in different reading conditions.


An overview of sensitivity (True positive rate) and specificity (1-False positive rate) is shown in Figure 4. In general, performance in XAI-assisted condition was better than that in AI-assisted condition, and both better than that without assistance. The influence of reading conditions was more prominent on sensitivity than on specificity (shown in Figure 5). For the expert ophthalmologist group, there was no statistical difference in sensitivity among the reading conditions. For the competent and novice group, the sensitivity for both forms of assistance exceeded that of unassisted reads (competent ophthalmologist 0.887, 95% CI 0.852–0.922; novice ophthalmologist 0.764, 95% CI 0.736–0.793), with the XAI-assisted sensitivity (competent ophthalmologist 0.927, 95% CI 0.891–0.964, p <0.001; novice ophthalmologist 0.891, 95% CI 0.849–0.933, p = 0.002) being slightly higher than AI-assisted sensitivity (competent ophthalmologist 0.916, 95% CI 0.894–0.937, p = 0.036; novice ophthalmologist 0.885, 95% CI 0.847–0.923, p = 0.007). The improvement of sensitivity was more evident in the novice ophthalmologist group than in the competent ophthalmologist group. The specificity with XAI assistance was significantly higher than that without assistance in the competent (unassisted 0.930, 95% CI 910–0.950; XAI-assisted 0.966, 95% CI 0.959–0.974; p = 0.022) and novice ophthalmologist groups (unassisted 0.847, 95% CI 0.812–0.881; XAI-assisted 0.921, 95% CI 0.885–0.956; p = 0.035), while no statistically significant difference existed between AI-assisted and unassisted conditions.



Efficiency Evaluation

On average, novice ophthalmologists spent more time per image with AI assistance than without assistance (P = 0.040). For novice ophthalmologists, the time spent with XAI assistance was significantly less than with AI assistance (P = 0.045). Although the time spent with XAI assistance tended to be higher than that without assistance, the difference was not statistically significant (P = 0.092). The same trends were observed for competent and expert ophthalmologists but the differences were statistically insignificant (shown in Figure 6).


[image: Figure 6]
FIGURE 6. The average time that readers spent on each image in different reading conditions.





DISCUSSION

This study evaluated the impact of visually explainable AI on IVCM image analysis. The results showed that AI and XAI helped improve reading accuracy, and the effect was more pronounced for inexperienced ophthalmologists compared to experienced ophthalmologists. The assistance of AI increased sensitivity, but not at the expense of specificity. The addition of explanatory maps further amplified the positive effect. Although AI assistance prolonged the average time per image, the application of explanatory maps reduced the prolongation.

We noted that reading without assistance was generally high in specificity but low in sensitivity, which implied that readers might tend to judge an image as “negative”, rather than “positive”, in cases of ambiguous images. The missed diagnosis might happen easily under the situations. The assistance of AI reduced the number of false negative samples by helping readers correctly recognize the true positives, without increasing corresponding false-positive errors. The possible reason is that a positive model prediction might arise the attention of readers to identify occult lesions that otherwise would be easily overlooked.

Explanatory maps contributed to improving both sensitivity and specificity. For the true positive samples that were correctly predicted by the model (TP), the explanatory maps highlighted the morphology and location of fungal hyphae, providing an interpretable and explainable basis of AI decision-making, thus improving the user's trust in the model's prediction. For the true negative samples that were incorrectly predicted by the model (FP), the explanatory maps displayed meaningless spatial information, which helped the user to identify the model misdiagnosis and therefore avoided the possible interference caused by model errors.

In the present study, Grad-CAM and Guided Grad-CAM help ophthalmologists determine whether the model results are credible by highlighting the important regions that lead to model decision. Recent studies have proposed uncertainty measurement as an efficient method for the evaluation of model confidence (26). Uncertainty measurement provides an estimation of pixel-wise uncertainties for image segmentation results, which enables an easy decision to accept or reject the model outcome based on a certain uncertainty level. This provides new ideas for the research of XAI and we are going to explore this approach in IVCM image analysis in our future research.

The impact of AI and XAI on the accuracy was noted to vary according to the degree of clinical experience. The inexperienced readers may be more likely to profit from the XAI system. With the assistance of XAI, the accuracy of novice ophthalmologist was increased to approximately competent level, and the accuracy of competent ophthalmologists reached close to that of expert. Although IVCM is greatly helpful for the diagnosis of corneal diseases, it is far from universal in many locations. One of the reasons is the scarcity of reading ophthalmologists. The explainable system is appropriate for teaching IVCM analysis skills. The validated model can provide timely monitoring and feedback to inexperienced readers, and the explanatory maps can help quickly identify the important features as a basis for judgment, thus help reduce study time and corresponding costs.

While AI assistance prolonged the mean reading time per image, it was within acceptable ranges considering the contribution of AI to the accuracy improvement. This can be easily understood because the classification histograms and explanatory maps were shown after the original images, and it took more time to reflect on divergent results. The addition of explanatory maps visualized the AI diagnostic basis, thus reduced the hesitation time. It should be mentioned that the readers were not instructed to complete the reading task as fast as possible, and were not informed that the reading time would be used as an auxiliary evaluation index, which might influence the results. Interestingly, although mean time per image increased, AI still has high potential for improving efficiency in the clinical setting given that AI may help to rapidly screen out hyphae-positive images from hundreds of images consecutively collected from each eye. The effect of AI on reading efficiency deserves a further study.

The proposed algorithm framework is general, which can be extended to other pathogens such as Acanthamoeba and Candida. IVCM images show Acanthamoeba cysts and trophozoites in Acanthamoeba keratitis (27), and show spore and pseudohyphae in Candida keratitis (28). A deep learning model can learn either these features or novel features to predict Acanthamoeba and Candida keratitis.

There were several limitations existed in this study. First, this is a single-center study performed in a limited number of readers, selection bias was inevitable. A multicenter study with more participants is needed in the future to generate more robust results. Second, we included a balanced number of positives vs. negatives with a ratio of approximately 1:1, thus the percentage of positivity in this study differed from that in a real-world setting. The diverse prevalence might significantly a?ect the sensitivity and specificity between datasets, thereby reducing the generalizability of our findings. Third, IVCM images were presented in random order in this study, but instead in order of scanning in actual clinical settings. Randomization of order excluded contextual information of adjacent images and so the performance of ophthalmologists could be underestimated. Therefore, additional studies are required to validate the role of AI in the analysis of image sequences. Finally, this study failed to compare the sensitivity between microbiological tests and IVCM. In this study, the microbiological tests were used as the gold standard. All positive images were collected from eye with positive smear/culture of filamentous fungi and were adjudicated by corneal specialists that hyphal structures were present in the observation field. All negative images were collected from eye with negative smear/culture of filamentous fungi and were ensured that no hyphae were included in the images. Therefore, cases with negative fungal smear/culture and positive hyphae fundings in IVCM were not included in the study, and the question of whether patients with negative microbiological tests could benefit from IVCM with DL was not addressed in this study. Despite this, the study provides an important framework for the future researches. Further studies will incorporate hyphae-positive images with negative microbiological results to assess the evaluation of AI-assisted IVCM as a means to complement microbiological tests.



CONCLUSION

AI has shown great promise in improving the accuracy of ophthalmologists in terms of FK detection using IVCM images. The inexperienced readers are more likely to benefit from the XAI system. With better interpretability and explainability, XAI-assistance can boost ophthalmologist performance beyond what is achievable by the reader alone or with black-box AI assistance. The present study extends our understanding of the role of AI in medical image analysis.
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Development and Evaluation of the Prognostic Nomogram to Predict Refractive Error in Patients With Primary Angle-Closure Glaucoma Who Underwent Cataract Surgery Combined With Goniosynechialysis
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Objective: To evaluate the accuracy of different intraocular lens (IOL) power calculation formulas and develop prognostic nomograms to predict the risk of postoperative refractive error in primary angle-closure glaucoma (PACG) patients.

Methods: A total of 111 eyes with PACG underwent goniosynechialysis combined with phacoemulsification and IOL implantation were included. SRK/T, Barrett II, Hoffer Q, and Kane formulas were used to predict postoperative refraction. Prediction error (PE) and absolute predictive error (APE) produced by the four formulas were calculated and compared. An APE >0.50 D was defined as the event. Binary logistic regression analysis and prognostic nomogram models were conducted to investigate reliable predictors associated with postoperative refraction.

Results: The Kane (−0.06 D) and Barrett II (−0.07 D) formulas had mean prediction error close to zero (p = 0.44, p = 0.41, respectively). The Hoffer Q and SRK/T produced significantly myopic outcomes (p = 0.003, p = 0.013, respectively). The percentage of eyes within ± 0.5 D was 49.5% (55/111), 44.1% (49/111), 43.2% (48/111), and 49.5% (54/111), for the Kane, Barrett II, Hoffer Q, and SRK/T formula, respectively. Nomogram showed that AL had the greatest impact on the refractive outcomes, indicating a shorter preoperative AL is associated with a greater probability of refractive error event. The area under the receiver operator curve (AUC) of the nomogram for the Kane, Barrett II, Hoffer Q, and SRK/T was 0.690, 0.701, 0.708, and 0.676, respectively.

Conclusions: The Kane and Barrett II formulas were comparable, and they outperformed Hoffer Q and SRK/T in the total eyes with PACG receiving cataract surgery combined with goniosynechialysis. The developed nomogram models can effectively predict the occurrence of postoperative refractive error events.

Keywords: primary angle closure, refractive error, intraocular lens, nomogram, cataract surgery


INTRODUCTION

Primary angle-closure glaucoma (PACG) is one of the leading causes of irreversible blindness, disproportionally affecting Asians (1). It has been estimated to affect more than 20 million people worldwide by 2020 (2). PACG is characterized by progressively peripheral anterior synechiae which leads to closure of the anterior chamber drainage angle with subsequently elevated intraocular pressure (IOP). It has been reported that compared with trabeculectomy, goniosynechialysis (GSL) combined with phacoemulsification and intraocular lens (IOL) implantation (phaco-IOL-GSL) could reduce peripheral anterior synechiae, remove pupillary block, and also relieve the crowded anterior chamber, which has become an effective and safe treatment option for patients with PACG with coexisting cataract (3, 4).

However, the inaccurate IOL power prediction in patients with PACG can be a significant problem resulting in unsatisfying postoperative refractive outcomes. A previous study has found that the difference between predicted and actual residual refraction was significantly larger for the PACG group than the normal control group (p = 0.012). Furthermore, a greater proportion of eyes with PACG presented refractive error >0.5 D compared with the normal controls, which was demonstrated in this work (5). Inappropriately chosen IOL power calculation formula (6), corneal edema which affects the accuracy of biometry measurement, ocular anatomy change, and capsular apparatus shifting after the cataract surgery maybe the reasons for the inaccurate IOL power prediction in patients with PACG (7, 8). Recently, more and more biological and clinical variables of patients with PACG have been found to be the potential risk factors associated with unsatisfying refractive outcomes (9, 10). However, few works have investigated the performance of different IOL formulas in eyes with PACG.

Therefore, this work aims to investigate the accuracy of IOL power calculation formulas in patients with PACG who underwent phaco-IOL-GSL. Secondly, we tried to assess risk factors associated with postoperative refractive error. As the nomogram is wildly used as predictive model in medicine, which can generate a particular individual probability of a clinical event by diverse variables and thereby helping clinical decision making (11), we further constructed and evaluated the prognostic nomogram models for different IOL power calculation formulas.



METHODS

This work was a retrospective study which was approved by the Ethics Committee for Human Medical Research at the Joint Shantou International Eye Center of Shantou University and the Chinese University of Hong Kong (No. 2021JSIEC07015), and all procedures were designed to conform to the tenets of the Declaration of Helsinki.


Participants

Patients diagnosed with PACG who underwent phaco-IOL-GSL from July 2018 to September 2020 were consecutively collected and reviewed. The inclusion criteria were: (1) IOL implantation using 920H and 970C IOL model form Rayner Intraocular Lenses Ltd (They are the mostly used lenses in our center, share the same material and IOL design, and were considered the same in this study); (2) cases with complete follow-up medical records; and (3) eyes with postoperative corrected distance visual acuity (CDVA) of 6/20 or more within 1–3-months. Patients with complicated cataract surgery, previous antiglaucoma surgery (such as trabeculectomy and laser peripheral iridectomy), previous corneal or vitreous surgery, acquired retinal diseases, and pathology affecting the accuracy of biometry measurement (such as pterygium, severe corneal or vitreous opacity, macular degeneration, and retinal detachment) were excluded. Only one eye of each participant was included, and the eye with better CDVA was selected if both eyes met the inclusion criteria for a particular individual. Flowchart of inclusion and exclusion of patients is available in Figure 1. All participants underwent complete ophthalmic examinations, including subjective optometry, slit-lamp biomicroscopy examination, and non-dilated indirect ophthalmoscopy examination. Ocular biometric parameters including axial length (AL), keratometry (K), anterior chamber depth (ACD), lens thickness (LT), central corneal thickness (CCT), and white-to-white (WTW) were measured by OA 2000 (Tomey Corporation, Japan) and IOL Master 700 (Carl Zeiss Meditec, Jena, Germany). All operations of selected eyes were performed by Dr. Huang, the chief of glaucoma center.


[image: Figure 1]
FIGURE 1. Flowchart of inclusion and exclusion of patients.




Data Extraction

For OA2000, we used a python script which was provided by an engineer to crawl data stored in the micro-SD card of the device; for IOL master700, data can be downloaded directly from the device. Biology measurement data from different devices were pooled together for statistical analysis and modeling. Clinical data was extracted from the electronic medical record system by the help of information department of the eye center. Data was further matched and joined by patient ID and left/ right eye using R software.



Definition of Events

SRK/T, Barrett Universal II (Barrett II), Hoffer Q, and Kane formulas were used to calculate the IOL power and predict postoperative refraction. Lens constants were from the User Group for Laser Interference Biometry (ULIB)1 for all formulas. The refractive prediction error (PE) was calculated by subtracting the formula-predicted postoperative refraction from the actual postoperative refraction, and the absolute predictive error (APE) was defined as the absolute value of PE. Actual postoperative refraction was defined as spherical equivalent refraction of 1–3 months after cataract surgery. Since accurate IOL power prediction was defined as APE within 0.50 diopters (D), the refractive error event was defined as APE > 0.50 D in the present work. The percentages of eyes with PE within ± 0.50, ± 0.75, and ± 1.00 D of the targeted refraction were also calculated for each formula.



Nomogram Construction and Evaluation

The following data was collected as potential independent variables: (1) demographic characteristics including age and gender; and (2) biometric measurements including AL, K, CCT, ACD, LT, and WTW. Univariate logistic regression model was conducted to evaluate the crude relationship between refractive error events with independent variables, and then all variables underwent multivariate logistic regression analysis. Based on these analyses, a prognostic nomogram model was constructed for each formula. The performance of each model was evaluated from two perspectives: the Discrimination ability of the model was depicted by area under the receiver operator curve (AUC); accuracy of the model was depicted using Hosmer-Lemeshow goodness-of-fit test. The model was internally validated using the bootstrapping method. The source code for logistic regression analysis and nomogram construction was detailed, as described in the Supplementary Material 1.



Statistical Analyses

Statistical analyses were performed by commercially available software (R version 4.0.2, R Foundation; Boston, MA and IBM SPSS Statistics 21; SPSS Inc., Chicago, IL). Shapiro–Wilk test was used to evaluate the normality of the continuous variable. One-sample T-test was used to assess whether the PE for each formula was significantly different from zero. The Friedman test was performed to assess the differences in the absolute errors among formulas, followed by the Wilcoxon signed-rank test with Bonferroni correction to assess whether there was a significant difference between formulas. The Fisher's exact test was employed to evaluate the percentage of PE within ± 0.50 D and ± 0.75 D between the formulas. R packages “regplot,” “rmda,” “rms” were used to construct the nomogram and assess the performance of the predictive model. Mean (mean ± standard deviation) values and relative risks (odds ratios with 95% confidence interval) were presented. The value p < 0.05 was defined as statistically significant.




RESULTS

A total of 111 eyes from 111 participants with a mean age of 64.21 ± 8.06 were included in is work. There were 33 (29.73%) men and 78 (70.27%) women, as well as 63 (56.76%) right eyes and 48 (40.54%) left eyes. Demographic and biometric data of the study population are summarized in Table 1.


Table 1. Clinical characteristics of the study population (N = 111).
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Comparison of IOL Power Calculation Formulas

The predictive outcomes of the four formulas for all eyes are displayed in Table 2 and Figure 2. The Kane (−0.06 D) and Barrett II (−0.07 D) formulas had mean prediction error close to zero, which showed no significant difference from zero (p = 0.44, p = 0.41, respectively). The other two formulas, Hoffer Q and SRK/T produced significantly myopic outcomes (p = 0.003, p = 0.013, respectively). The MedAEs predicted by the Kane, Barrett II, Hoffer Q, and SRK/T formulas showed no significant difference (0.49 D, 0.56 D, 0.57 D, 0.51 D, respectively, P = 0.148). Figure 3 shows the percentages of eyes with PE within ± 0.50 D, ± 0.75 D, and ± 1.00 D of the targeted refraction with four formulas. The percentage of eyes with PE within ± 0.50 D was only slightly higher using the Kane formula (50.45%, 56/111) when compared with the other three formulas (p = 0.688, Fisher's exact test). As for the eyes within ± 0.75 D of the targeted refractive error, the percentage of the Kane and Barrett II formula was equal (65.77%, 73/111) and was higher than the 63.96% (71/111) of SRK/T and 60.36% (67/111) of Hoffer Q formula, but without significance (p = 0.831, Fisher's exact test).


Table 2. Refractive prediction error, mean absolute error and median absolute error produced by each formula.
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FIGURE 2. Scatter plot of prediction error of Kane (A), Barrett II (B), Hoffer Q (C), and SRK/T (D) formula, respectively.
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FIGURE 3. The percentage of eyes with a prediction error within ± 0.5, ± 0.75 and ± 1.00 D for each formula.




Nomogram Development for Investigating Risk Factors

There were 57 (51.4%), 62 (55.9%), 63 (56.8%), and 56 (50.5%) eyes with refractive error events for the SRK/T, Barrett II, Hoffer Q, and Kane formula, respectively. Age, gender, and the ocular biometric parameters (including AL, K, ACD, LT, CCT, and WTW) were assessed in the univariate and multivariate logistic regression analysis to identify the factors that influence PE and further construct the prognostic nomogram. Univariate binary logistic regression analysis of the risk factors for refractive error event showed that AL was significantly associated with postoperative refractive error for all the four formulas (all p < 0.05, Table 3). There was no significant correlation with age, sex, mean K, ACD, LT, CCT, and WTW for all the formulas. Multivariate binary logistic regression analysis revealed that a female sex was significantly associated with the refractive error event when using the Barrett II formula (odds ratio, OR = 0.37, p = 0.043). But for the Kane and Hoffer Q formula, only a shorter AL was significantly associated with the event, and the OR of postoperative refractive error >0.50 D in shorter AL eyes were higher than their counterparts (OR = 0.41, P = 0.016 for the Kane, OR = 0.37, P = 0.009 for the Hoffer Q, respectively). In addition, no preoperative biometric factors closely associated with the refractive outcomes were found for the SRK/T formula in this work. The ORs for all variables in each formula are presented in Table 3.


Table 3. Logistic regression analysis for the refractive error event risk factors.
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Based on the results of multivariate logistic regression analysis, we constructed four nomograms to predict refractive errors using different IOL power calculation formulas (Figure 4). All potential risk factors were included in the nomogram, and the effect-quantity of each factor was presented. The effect-quantity was used to show the impact of a potential risk factor on the event and then predict the probability of the event. The greatest effect-quantity in AL was displayed in almost all models, indicating its pivotal role in probability prediction. The AUC of these nomogram models was 0.690 (0.591, 0.789) for Kane, 0.701 (0.603, 0.799) for Barrett II, 0.708 (0.608, 0.808) for Hoffer Q, and 0.676 (0.575, 0.777) for SRKT formula, respectively. Hosmer–Lemeshow goodness-of-fit test showed that there was no significant difference between the actual and the predicted probability of refractive error events in each formula (p-value was 0.358 in the Kane, 0.724 in the Barrett II, 0.326 in the Hoffer Q, and 0.286 in the SRK/T, respectively), indicating a good predictive value.


[image: Figure 4]
FIGURE 4. Nomogram models for the Kane (A), Barrett II (B), Hoffer Q (C), and SRK/T (D) formula, respectively.





DISCUSSION

To the best of our knowledge, this is the first work to evaluate the accuracy of new and traditional IOL calculation formulas and further use prognostic nomogram model to predict the refractive errors in eyes with PACG that underwent phaco-IOL-GSL. The results showed that the Kane and Barrett II formulas were comparable and outperformed the SRK/T and Hoffer Q in the total eyes with PACG. We also demonstrated that all four nomogram models had effective and reliable predictive power. We found that the AL had the greatest impact on the refractive outcomes, thus becoming a useful predictor to predict the risk of postoperative refractive error >0.50 D for patients with PACG.

Several investigations have similar results that phaco-IOL-GSL could effectively decline the peripheral anterior synechia (PAS) and IOP in patients with PACG, thus the cataract surgery could achieve ideal results with better visual acuity (4, 12). Among the emerging modern formulas, there is no consensus on which formula has the most excellent prediction in shallow anterior chamber eyes. The present work mainly focused on the patients with PACG who received phaco-IOL-GSL to control their IOP and evaluated the accuracy of IOL power calculation formulas. No significant difference was detected in the four formulas according to their absolute errors. However, Rhiu et al. (10) found that the SRK/T formula had lower MAE of 0.16 D compared with Hoffer Q and Holladay 2 formula. Gokce et al. (13) reported that Barrett II was more accurate with a smaller MedAE of 0.24 D than that of Hoffer Q, Haigis, and Olsen formulas in shallow anterior chamber eyes. Hipolito-Fernandes et al. (14) demonstrated that Kane formula had the lowest MedAE of 0.277 D and the highest percentage of eyes within ± 0.5 D among the six formulas including Barrett II, Hoffer Q, Haigis, SRK/T, Kane, and RBF 2.0 for the eyes with ACD <3.0 mm. The different results might be due to the inclusion disparity between previous studies and ours because patients who received antiglaucoma surgery previously were excluded in this work. Further investigations are needed to assess whether the operational treatment goniosynechialysis can significantly affect the IOL prediction. In our work, although without significance, the Kane formula produced the lowest MedAE of 0.49 D and the highest percentage of eyes within ± 0.50 D and ± 0.75 D, which was in accordance with the result of Hou et al. (15).

A primary angle-closure eye is characterized with a shorter AL, a smaller ACD, a smaller ACD/AL ratio, a thicker lens, and anterior rotation of ciliary processes (16), thereby leading to the inaccuracy of IOL power prediction. Hyperopic shift is commonly seen when an implanted IOL deviated from the planned position to a more posterior plane due to the deepening of the anterior chamber and a decrease of the AL (8, 17). However, significant myopic shift was noticed in this study when using the SRK/T and Hoffer Q formula, which was similar to the result of Kang et al. (5). The authors thought the instability of the implanted IOL due to the large capsular volume and loosened lens zonules in eyes with PACG contributed to this postoperative myopic shift (18). Taking the current evidence together, a certain anatomical change after cataract surgery makes this discrepancy in IOL power prediction. Comprehensively, Kane was indicated to be excellent in predicting the IOL power in eyes that underwent phaco-IOL-GSL, followed by the Barrett II. In addition, we found that the Hoffer Q was not as accurate as previous studies have reported (6, 19).

The prognostic factors incorporated in our nomograms were clinically accessible and economical. Our nomograms showed that the AL value played a pivotal role in the refractive error prediction, which was to say a shorter AL would lead to a larger risk of having postoperative refractive error >0.50 D. A previous study has reported that decreased AL could result in hyperopic shift in eyes with PACG after cataract extraction, which was in accordance with our results (17). In another study, Kang et al. (5) did not find any significant association between the extents of inaccuracy of IOL power calculation and preoperative anterior segment biometry such as ACD, AL, and LT. But they confirmed that hyperopic and myopic shifting was becoming more and more common in patients with PACG after cataract surgery, and appropriate management should be conducted in such patients. Several studies have showed that age might impact IOL prediction error of the SRK/T formula after cataract surgery (20, 21). It has been reported that older age was associated with greater postoperative refractive error. One possible reason is that the lens becomes more opaque and thicker when getting older, thus increasing the risk of glaucoma and affecting preoperative measurement of ocular biometrics. Moreover, age has been reported to affect the morphology of the Schlemm's canal (SC) and trabecular meshwork (TM) as well as the anterior chamber depth measurement, especially in patients with PACG (22, 23). However, age showed little effect-quantity and was not indicated as a significant predictor in the final nomogram models.

It should be noted that this study has several limitations. Firstly, the nomogram may have limited predictive power because of the relatively small sample size, but the AUC value and Hosmer–Lemeshow goodness-of-fit test have revealed good performance of our prognostic nomogram. Secondly, it is difficult to control the selection bias produced in this retrospective study, and the results may not be as persuasive as prospective studies. We have tried to control the bias through strict inclusion and exclusion criteria in a single race (24). Thirdly, some critical predictive factors, such as choroidal thickness and exact IOP data, were unavailable in our dataset, since maybe we have missed some of the important variables. However, the AL and CCT are thought to be related to the change of IOP, and studying only the ocular biometric variables could avoid the problem of collinearity (25, 26). Finally, the model accuracy has not been estimated with external validation based on other populations, and the AUC value of our nomograms were not relatively high.

In summary, the Kane and Barrett II formulas provided comparable outcomes, which achieved satisfying performance in the eyes with PACG that underwent phaco-IOL-GSL. Myopic outcomes could be seen in the Hoffer Q and SRK/T formulas in this kind of patients. Nomogram models indicated that the preoperative biometric parameter AL is a useful predictor to predict the probability of refractive error exceeding 0.50 D.
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Retinal Microvasculature Changes in Patients With Coronary Total Occlusion on Optical Coherence Tomography Angiography
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Background: Retinal microvasculature has been associated with coronary artery disease (CAD), but the exact contributory role in coronary total occlusion (CTO) is unclear. We aimed to investigate whether retinal vasculature is associated with CTO and could provide incremental value in the assessment of CTO.

Methods: A total of 218 CAD patients including 102 CTO and 116 non-CTO were enrolled. Retinal vasculature was measured by optical coherence tomography angiography (OCTA) for all patients. Receiver operating characteristic (ROC) curve was used to assess the performance of retinal vasculature in differentiating CTO from non-CTO patients.

Results: In non-CTO CAD patients, vessel density (VD) of mean superficial capillary plexus (SCP) and parafovea SCP were 49.85 and 52.56%, respectively; in CTO patients, VD of mean SCP and parafovea SCP were 47.77, and 49.58%, respectively. After multiple adjustment, VD in the SCP was significantly lower in CTO patients compared to non-CTO patients. VD of superior hemi in the parafovea SCP combined with the clinical variates showed the best ability to predict CTO from CAD with an area under the curve (AUC) of 0.812 (specificity of 89.0% and sensitivity of 65.9%).

Conclusions: In CTO patients, retinal VD was significantly decreased, and microvascular damage might specifically target to arterioles than capillaries. Retinal vasculature could thus be a surrogate for detecting the microvascular damage and assist in the assessment of CTO patients. OCTA examination could be suggested to monitor the process of coronary arteries lesions.

Keywords: coronary artery disease, coronary total occlusion, optical coherence tomography angiography, retinal microvasculature, prediction


INTRODUCTION

Coronary artery disease (CAD) is the leading cause of mortality in the world. It places an remarkable burden on the families and society (1). One of the most intractable situations of CAD is the development of chronic total occlusions (CTOs). CTO is a subgroup of coronary lesions, representing complete occlusions of coronary arteries with a thrombolysis in myocardial infarction (TIMI) flow of zero and an estimated duration of at least 3 months (2). The diagnosis of CTO is made based on coronary angiography (CAG). Besides, regardless of the continuous efforts and improvements of technology in interventional cardiology (3), the treatment outcome and prognosis of CTO remain unsatisfying with low success rate, high recurrence rate and mortality (4).

Many retinal indications have been demonstrated the usefulness in many specialties. For example, a previous study has illustrated the postoperative changes of retinal nerve fiber layer (RNFL) thickness appeared to be transient among the patients with open-angle glaucoma (5). Besides, the most profound toxic effects of ophthalmic complications have been presented in the cornea and retina in the patients with hyperglycemia or diabetes (6). Vasculature of the retina and the heart share many common properties in morphology and physiology (7). Because the retinal vessels can be observed directly, they may potentially represent a clinical method for non-invasively assessing systemic microcirculation (7). A number of studies have proved that the structural and functional changes of retinal vasculature, such as arteriolar narrowing, venular dilating, arteriovenous nipping, and vessel tortuosity, were associated with cardiovascular disorders (8–10). Furthermore, the value of retinal vasculature signs were also suggested to be predictive of a cardiovascular prognosis (10). Recently, retinal vessel density (VD) as measured by optical coherence tomography angiography (OCTA) has been explored for any associations with CAD (11, 12). OCTA is an ophthalmologic technique used to non-invasively visualize and accurately quantify the retinal vasculature. However, the quantitative analysis of retinal vasculature in CTO is poorly documented. Since CTO is not unusual at our clinic as a major cardiovascular institute in South China and many CAD patients are referred to here, we are quite interested in exploring the retinal vasculature changes in CTO patients.

In this study, OCTA was used to quantitatively measure retinal vasculature among CTO and non-CTO CAD patients. The present study was undertaken to explore the changes of retinal vasculature in CTO patients. We aimed to assess whether retinal vasculature could be a surrogate to reflect the microvasculature status and provide any value to assist in the assessment of CTO.



METHODS


Design and Population of Study

This cross-sectional study was conducted in the Department of Cardiology of Guangdong Provincial People's Hospital (GDPH) from November 2018 to July 2019. All the CTO patients were hospitalized for percutaneous coronary intervention after being regularly assessed by primary cardiologists. The CTO patients were angiographically enrolled with ≥ 1 CTO in a main coronary artery. Besides, we also consecutively recruited non-CTO CAD patients angiographically confirmed with ≥ 50% stenosis in at least one major coronary artery. Overall, a total of 218 CAD patients including 102 CTO patients and 116 non-CTO patients were enrolled. All included patients successfully received an OCTA examination with interpretable data 1 day before CAG.

The exclusion criteria were (1) coexisting hemodynamic instability (hypertension or hypotension along with changes in heart rate); (2) pre-existing hypertensive or diabetic retinopathy (HR or DR, respectively) based on the medical history provided and the clinical examination results of slit-lamp biomicroscopy, indirect ophthalmoscopy, two 45-degree mydriatic color fundus photographs, and OCTA; (3) disability to cooperate with ophthalmic examinations; or (4) moderate or high refractive error (≥±3 diopters). We also excluded patients with prior revascularization. During the OCTA examination, a cardiologist was asked to monitor the patients' hemodynamic status.

The study was approved by the Research Ethics Committee of the hospital [No. GDREC2019554H(R1)] and was performed according to the Declaration of Helsinki. Patient consent was obtained.



Data Extraction and Processing

Data were extracted from the hospital registration system and clinical records by trained research assistants. Cardiac data were documented in the forms of demographic, clinical and imaging. Prior to the OCTA and CAG procedure, a structural interview was performed to collect the baseline on the presence of cardiovascular risk factors in the patients, where in particular, significant cardiovascular risk factors such as age, sex, body mass index (BMI), history of hypertension and diabetes mellitus (DM), and baseline cholesterol values were documented. We also collected other cardiac data with high-sensitivity troponin T (hs-TnT), N terminal pro-brain natriuretic peptide (NT-proBNP) and left ventricular ejection fraction (LVEF). All laboratory analyses were done via routine blood tests within 3 days before the OCTA examination. The LVEF was measured by ultrasonography within the 24 h after admission.



Retinal Images Assessment

OCTA (RTVue-XR Avanti; Optovue, Fremont, CA, USA) is a fully automated and fast (<1 min per eye) ophthalmic examination (13). The OCTA instrument is an 840-nm wavelength spectral-domain OCT, and it generates 304 × 304 scans in 2.9 s at a speed of 70 kHz (14, 15). The device uses a split-spectrum amplitude-decorrelation angiography (SSADA) algorithm (16).

The high-definition modes of optic disc (4.5 × 4.5 mm2) and macula (6 × 6 mm2) within the OCTA scans were performed for all included patients. The microvasculature parameters in the optic disc included the VD and RNFL thickness of the radial peripapillary capillary (RPC); the microvasculature parameters in the macula included the VD of the superficial capillary plexus (SCP), deep capillary plexus (DCP), and FD (foveal density) 300. In the disk area, RPC is a slab extending from the internal limiting membrane (ILM) to the RNFL that fits a circle (2 mm in diameter) centered on the optic disc. The peripapillary region is defined as a 1–2 mm round annulus around the optic disc, while the capillary density was measured with automatic remove of larger vessels (diameter ≥ 33 μm). In the macular region, SCP refers to a slab extending from the ILM to 10 μm above the inner plexiform layer (IPL), while the DCP slab extends from 10 μm above the IPL to 10 μm below the outer plexiform layer (OPL). Parafovea refers to the area between the 1–3 mm concentric ring center of the fovea. FD300 is a parameter demonstrating the capillary density from ILM to OPL in a 300-μm wide region around the foveal avascular zone (FAZ) (17).

Both eyes of the participants were examined by OCTA, but data from only one eye were used. For analysis, we used right eye data for participants born in even-numbered years and left eye data for those born in odd-numbered years. If the scan was uninterpretable for the selected eye, data from the other eye were included. Only images with a quality index ≥ 6/10 were retained.



Coronary Arteries Lesions Assessment

All patients approached for this study were already internally and externally referred and consented to the invasive CAG procedure. Routine diagnostic CAG was performed via radial or femoral approach using a catheter of 6-Fr dimension. Two orthogonal views were examined in end-diastole to maximize contrast enhancement and vessel diameter for each major coronary artery. The image with the most severe stenosis was selected for each evaluated segment of the coronary arteries. All angiograms were analyzed by two trained cardiologists blinded to the results of adjunctive investigation and retinal assessment. In this study, the Gensini score was used to quantify the severity of CAD and the score calculation was done by two cardiologists using angiograms. The Gensini score has been previously described in detail (18).



Statistical Analysis

SPSS software package version 20 (SPSS. Inc., Chicago, IL, USA) was used for statistical analysis. Means ± standard deviation (SD) were used for presenting quantitative variables with normal distribution, medians (interquartile range, IQR) for abnormal distribution. Numbers (percentages) were used for categorical variables. For comparisons of continuous data, an independent two-tailed Student's t-test or Mann-Whitney test was used, and for comparisons of categorical data, a χ2 test or Fischer's exact test was used.

In comparisons of OCTA parameters between non-CTO and CTO groups, baseline characteristics were adjusted. Confounding risk factors were assessed using Framingham risk factors included age, sex, total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), history of blood pressure (BP) grade, DM, and smoking. Besides, other potentially confounding risk factors were also adjusted: LVEF, hs-TnT, NT-proBNP, and Gensini score.

To figure out the performance of retinal vasculature in the discrimination of CTO from CAD, we conducted a several-steps analysis of the relationship between the presence of CTO and the risk factors. Receiver operating characteristic (ROC) analysis was carried out and area under the curve (AUC) was calculated. Odds ratio (OR), confidence interval (CI) stated at 95% and p value were expressed as outcomes. p < 0.05 was considered statistically significant.




RESULTS

Overall, the mean age of 57 years and males of 94 (81.0%) were for the non-CTO group, and the mean age of 58 years and males of 97 (95.1%) were for CTO group. Table 1 shows the clinical characteristics among the whole group.


Table 1. Demographic and clinical characteristics of included CAD patients (n = 218).
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The Difference of Retinal Vasculature Between the Two Groups

After multiple adjustment of age, sex, TC, HDL-C, history of BP grade, DM, and smoke, LVEF, hs-TnT, NT-proBNP and Gensini score, there was no significant difference in the RNFL thickness, VD of the RPC and capillary RPC between the comparisons of non-CTO and CTO groups.

In the macular VD, the significant difference only showed in the SCP between the comparison of non-CTO and CTO groups. In the non-CTO patients, VD of mean SCP and parafovea SCP were 49.85 and 52.56%, respectively; in CTO patients, VD of mean SCP and parafovea SCP were 47.77 and 49.58%, respectively. The VD in the SCP was significantly lower in in CTO group compared to non-CTO group (all p < 0.05) (see Table 2).


Table 2. The comparisons of retinal vasculature parameters in the study groups (n = 218).
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Multivariate Regression Analysis and ROC Analysis

We sought to study the potential value of retinal vasculature parameters in discriminating CTO from non-CTO group. Multivariate regression analysis in Table 3 exhibits a positive relationship between the presence of CTO with clinical variates: sex (male, OR, 5.609; 95% CI, 1.181–26.641; p = 0.003), LVEF (OR, 0.916; 95% CI, 0.880–0.954; p < 0.001). Besides, multivariate regression analysis also exhibited a positive relationship between the presence of CTO with VD of superior hemi in the parafovea SCP (OR, 0.772; 95% CI, 0.685–0.870; p < 0.001).


Table 3. Risk factors for CTO using logistic regression analysis.

[image: Table 3]

Based on the results of multivariate regression analysis, ROC curves were generated to show the prediction of CTO using the variates. The ROC curve of VD of superior hemi in the parafovea SCP showed the ability to predict CTO from CAD with an AUC of 0.722 (specificity of 53.9% and sensitivity of 86.2%). When VD of superior hemi parafovea SCP was combined with the selected clinical variates (sex and LVEF), the AUC increased to 0.812 (specificity of 89.0% and sensitivity of 65.9%) (see Figure 1). Figure 2 shows the OCTA images of SCP in non-CTO and CTO groups.


[image: Figure 1]
FIGURE 1. ROC curves of retinal vasculature and clinical variates in differentiating CTO from CAD. ROC, receiver operating characteristic; VD, vessel density; CTO, chronic total occlusion; CAD, coronary artery disease; AUC, area under the curve. Clinical variates refer to sex, left ventricular ejection fraction (LVEF).
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FIGURE 2. Example OCT angiograms of DCP in the non-CTO and CTO eyes. Typical 6 × 6 mm high-definition OCT angiograms in the SCP: (A) a non-CTO CAD eye with higher retinal VD (VD of mean, parafovea, superior hemi parafovea and inferior hemi parafovea in the SCP: 55.63, 61.45, 62.13, and 60.77%, respectively). (B) a CTO eye with lower retinal VD (VD of mean, parafovea, superior hemi parafovea and inferior hemi parafovea in the SCP: 36.55, 36.50, 38.37, and 34.62%, respectively). CTO, coronary total occlusion; SCP, superficial capillary plexus; VD, vessel density.





DISCUSSION

Our study demonstrated the significant difference of retinal vasculature differences in CTO patients when compared to non-CTO CAD patients. Our findings highlighted two important discoveries: one was the link of the retinal microvascular changes and CTO, and the other was that a surrogate of retinal vasculature can provide incremental value as damage of microvasculature and assist in the assessment of CTO.

CAD patients were found to present with narrowing retinal arterioles (8, 10) and decreased VD in the SCP and DCP (11). An early hypothesis had declared that retinal arterioles could reflect the microvascular circulation status (19). The narrowing retinal arterioles might result from microvascular damage, such as the process of aging, hypertension, and from the intimal thickening, medial hyperplasia, hyalinization and sclerosis (20, 21). Another hypothesis might be related to the endothelial dysfunction coexisted in CAD patients. Importantly, the process of atherosclerosis begins early in life, and endothelial dysfunction contributes to atherogenesis (22). Endothelial dysfunction is a systemic condition and has been detected in the coronary epicardial as well as in peripheral arteries (23), in which peripheral endothelial function was found to be associated with coronary artery endothelial function (24). Since subtle changes in the retinal vasculature might mirror preclinical information useful for predicting clinical cardiovascular events (20, 25), retinal microvasculature could thus offer a readily accessible window to assess the microcirculation.

In this study, SCP were found to be significantly decreased in the CTO patients when compared to non-CTO CAD patients. SCP is a network with both large and small vessels directly connected to the retinal arteries and veins, and supplies all the other vascular plexuses (17). The end-artery system of the retina lacks autonomic nerve supply, and blood flow into the capillary beds is tightly regulated in response to the metabolic needs of the retinal parenchyma (26). This autoregulation is achieved mostly by smooth muscle cells (SMCs) in the retinal arteries and arterioles, which are located in the SCP. SMCs are highly sensitive to endothelial-generated vasodilators and vasoconstrictors, helping maintain a constant retinal blood supply (27). Impairment of autoregulatory function in CAD patients has been stated associated with the severity of coronary arteries occlusion (28). Therefore, CTO patients might suffer from much severer impairment of autoregulatory function in retinal vessel SMCs, which leads to lower VD in the SCP.

Decreased cardiac output could be another possible reason contributed to the lower VD of SCP in CTO patients. In multivariate regression, LVEF was shown to be a positive risk factor in predicting CTO. A previous study has also shown decreased VD in the SCP in acute coronary syndrome patients presented with lower LVEF (12). LVEF is one of the most important parameters in the assessment of left ventricular systolic dysfunction (29) and it may be associated with retinal arterial caliber in left ventricular remodeling (30). Moreover, perfusion of the ophthalmic artery may be decreased when cardiac output is compromised (31). Further studies are still needed to confirm the association between the impaired retinal VD and hemodynamic parameters to reflect cardiac output.

There was no significant difference of VD in the DCP between CTO and non-CTO patients. DCP contains capillaries of uniform size, without larger vessels that interconnect the plexuses (17). Each capillary unit consists of a continuous endothelium surrounded by pericytes (26). Retinal endothelial cells and pericytes possess autoregulation properties and help maintain a stable blood flow through the capillaries in hypoperfusion of the retinal arterioles (32). A possible explanation might be that the association between retinal circulation and incident CTO might be a vascular process that more specifically targets to arterioles than capillaries.

Our study generated several ROC curves to evaluate the performance of retinal vasculature in discriminating CTO from non-CTO CAD. The ROC curve showed a satisfying result of AUC with both considerable sensitivity and specificity when combining the most predictive retinal vasculature parameter and clinical variates. The result indicated the parameter of superior hemi in the parafovea SCP possessed a good characteristic to differentiate CTO from non-CTO CAD patients. As previously documented (33), arteriolar narrowing was correlated with gravity inversion. Besides, arteriolar diameter changes were thought to be a compensatory response to microgravity, where in intravascular and extravascular body fluids shift under the absence of the hydrostatic gradient (34). Therefore, we speculated that vessels on the superior macular area might be much more sensitive to this mechanism and present with narrower arteriolar caliber (35) and lower retinal VD.

The finding of a significant link of the decreased retinal VD in the CTO patients had potential implications, particularly for those CAD patients with risks to develop CTO. In fact, CTO is a condition frequently encountered in the catheterization operating theater with a prevalence up to 20% among patients clinically indicated for CAG (36). The retina provides a non-invasive window to detect the development and progression of coronary arteries disease. Our results suggested that the changes of retinal VD were typically characterized in the SCP rather than DCP in CTO patients, the surrogate of the VD in the SCP could be an indicative of microvascular damage for CTO. Since the diagnosis of CTO is still made based on CAG, our study might offer a convenient and non-invasive method for CAD patients to assess the process of coronary artery lesions based on OCTA. In such cases, OCTA might work as a screening tool in the detection of CTO, and it could improve the patient selection before compromising a diagnosis.

Strengths of this study included the non-invasive, quantified retinal vasculature measurement and direct CAG assessment. We acknowledged several limitations in our research. This was a cross-sectional study, and a follow-up survey might be more helpful in assessing the retinal vascular changes. Besides, there might be not-everywhere availability of OCTA. In addition, the number of patients seemed small, and a large sample would be preferable.

It remains to be confirmed whether OCTA or retinal vasculature could add incremental predictive value beyond the traditional cardiac characteristics in a practical manner. Our study is a pilot study to evaluate the retinal microvasculature in CTO patients. Further study is still ongoing to explore the clinical practicability of retinal vasculature in helping with assessing the long-term cardiovascular outcomes in CTO patients.



CONCLUSIONS

Our study results indicated that retinal VD was significantly decreased in CTO patients, and the microvascular damage might specifically target to arterioles than capillaries in CTO. Retinal vasculature could thus be a surrogate for detecting the microvascular damage and assist in the assessment of CTO. The independent associations observed between the retinal VD and the CTO supported the view that retinal vasculature signs might reflect the lifetime cumulative effects of the vascular process on the microvasculature (19).
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Estimation of corneal refractive power (CRP) is of crucial importance to refractive and cataract surgery. The ratio of posterior to anterior curvature radii of the cornea (P/A ratio) is one of the key factors to determine the actual CRP (True-K). While the traditional method to calculate the CRP (Sim-K) is based on a constant P/A ratio (0.82), it is suggested that the P/A ratio varies in different people and exhibits a distribution pattern, which may have an impact on the accuracy of CRP estimation and postoperative refractive outcome. In this multicenter study, we aimed to investigate the distribution pattern of the P/A ratio in a large number of myopic patients, and further explore the relationship between P/A ratio and ΔK (the difference between True-K and Sim-K). We found that distribution of the P/A ratio ranged from 0.72 to 0.86 with an average value of 0.82 ± 0.01. The compensation effect of the refractive power of the posterior on the anterior surface of the cornea decreased with the increase of P/A ratio. There was a significant correlation between P/A ratio and ΔK in all eyes (r = 0.9764, P < 0.0001). A change of 0.1 in P/A ratio could cause a change of 0.75 D in ΔK. Our study suggests that the actual P/A ratio should be taken into consideration in refractive and cataract surgery when calculating the CRP and power of the intraocular lens in eyes with significantly deviated P/A ratios.

Keywords: P/A ratio, corneal refractive power, refractive and cataract surgery, myopia, IOL power


INTRODUCTION

The corneal refractive power (CRP) accounts for 2/3 of the total refractive power of human eyes and it is essential in refractive and cataract surgery. A small change in the CRP can lead to a significantly alteration of the refractive state. Accurate estimation of the CRP is important for achieving satisfactory postoperative visual acuity after refractive and cataract surgery. According to recent studies, errors in calculation of the intraocular lens (IOL) power mainly stem from inaccurate measurement of the axial length, anterior chamber depth and CRP (1, 2). In another study, 3.69% of the refractive errors after cataract surgery are caused by the wrong P/A ratio (3).

In the past, keratometers and corneal topographers could only analyze the anterior surface of the cornea (4). Therefore, the traditional method used to calculate CRP is based on measurement of the anterior cornea, ignoring the importance of the posterior corneal surface. In this method, using a fixed P/A ratio of 0.82, a corneal thickness of 500 μm, and a corneal refractive index of 1.3375, the simulated corneal curvature (Sim-K) is calculated based on the radius of curvature of the anterior corneal surface. Currently, the anterior segment imaging system such as Pentacam and Galilei can simultaneously obtain information on the anterior and posterior surfaces of the cornea as well as the thickness of cornea, making it possible to analyze the P/A ratio distribution pattern among people and also the actual CRP (True-K) which is directly derived from the anterior and posterior corneal radii of curvature (5, 6).

Previous studies have shown that there are some discrepancies between the Sim-K and True-K. A difference of about 0.6 D is found when comparing the True-K obtained by Pentacam and Sim-K provided by keratometer (7–9). Similarly, the True-K measured by Galilei is about 0.4 D lower than the keratometric Sim-K (10, 11). True-K has been proved to improve the accuracy of intraocular lens power calculation (12). Especially, in eyes with previous corneal refractive surgery and posterior keratoconus, the thickness and curvature of cornea has been changed and the True-K is much more accurate to the IOL power calculation than the Sim-K (13–16). In addition, the difference between True-K and Sim-K (ΔK) could be significantly dependent on the P/A ratio. Thus, a systematical investigation based on a large dataset can shed light on the P/A ratio distribution pattern and its relationship with ΔK.

So far there is little information of the P/A ratio distribution pattern in Chinese myopic adults, which is the largest group of refractive surgery candidates in the world. In this study, we collected data from five ophthalmic centers to investigate the distribution pattern of corneal P/A ratio and reveal the relationship between P/A ratio and ΔK in Chinese myopic patients. Our results could be of clinical significance and implications in myopic refractive and cataract surgery.



METHODS


Participants

This retrospective study conformed to the tenets of the Declaration of Helsinki and was approved by the Institutional Review Board (IRB) of Guangzhou Aier Eye Hospital (GZ), Shenyang Aier Eye Hospital (SY), Wuhan Aier Eye Hospital (WH), Chengdu Aier Eye Hospital (CD) and Hankou Aier Eye Hospital (HK). It was only a review of medical records and patients could not be identified from the data, so the IRBs decided to waive the need to obtain informed consent (17, 18). We reviewed the digital medical records of myopic patients who underwent refractive surgery from 2017 to 2020 in the five ophthalmic centers, and eyes meeting inclusion criteria were included consecutively. Inclusion criteria were myopic patients with a spherical equivalent (SE) ≤ −0.50 D and Scheimpflug scans of good quality. In the present analysis, we included the right eye of each patient only. Exclusion criteria were coexisting corneal diseases, keratoconus (such as a significantly asymmetrical bowtie, a posterior elevation value of ≥+15 at the thinnest point with red spot on Belin/Ambrosio Enhanced Ectasia Display) (19), forme fruste keratoconus (such as the follow eye of patients with unilateral keratoconus) (20), severe dry eye, previous ocular trauma or surgery, uveitis, glaucoma, wearing contact lenses within the previous 2 weeks, age younger than 18 years (unstable refraction) or older than 40 years (to reduce the effects of the crystal lens on refraction) (17, 18).



Examinations

All the patients underwent routine preoperative examinations including best-corrected visual acuity (BCVA), intraocular pressure (IOP), cycloplegia and manifest refraction, slit lamp examination of anterior segment, corneal topography and Pentacam measurements. The eyes were divided into four myopia groups according to the manifest SE: low myopia (LM, −3.00 D < SE ≤ −0.50 D), moderate myopia (MM, −6.00 D < SE ≤ −3.00 D) and high myopia (HM, −10.00 D < SE ≤ −6.00 D) and ultra-high myopia (UHM, SE ≤ −10.00 D), or four astigmatism groups according to the manifest astigmatism (MA): slight astigmatism (SMA, MA <0.50 D), low astigmatism (LMA, 0.50 D ≤ MA <1.00 D), moderate astigmatism (MMA, 1.00 D ≤ MA <2.00 D), high astigmatism (HMA, MA ≥ 2.00 D).

Pentacam examinations were performed for the patients by experienced technicians. Pentacam has high reliability in the measurement of corneal parameters, with a repeatability of anterior and posterior corneal curvature of ±0.28 D and ±0.11 D, respectively (21). It uses rotating Scheimpflug imaging technology to collect digital images of the entire anterior segment including the morphology of the anterior and posterior surfaces of the cornea (22). The Pentacam instrument (Pentacam HR, Oculus GmbH, Wetzlar, Germany) was calibrated regularly on a weekly basis. Details and quality control of Pentacam examination were described previously (17, 18).



Data Analysis

Sim-K is the simulated corneal curvature calculated by using the standardized corneal refractive index (1.3375) and the radius of curvature of the anterior surface of the cornea. True-K is the equivalent corneal refractive power which is calculated based on Gaussian optics formula. ΔK is the difference between True-K and Sim-K (True-K minus Sim-K). Formulas to obtain the CRP are shown as follows:
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where n0 is the refractive index of air (=1), n1 is the refractive index of the cornea (=1.376) and n2 is the refractive index of the aqueous humor (=1.336), CCT is the central corneal thickness, Ranterior and Rposterior are the mean anterior and posterior corneal curvature radii, respectively (1, 9, 11).

All analyses were performed using InStat (GraphPad Software, version 8.0.2). Kolmogorov-Smirnov (KS) test was used to evaluate the normality of all variables. Data of P/A ratio, Sim-K, central corneal thickness (CCT), anterior chamber volume (ACV), SE and age were expressed as mean ± standard deviation (SD). Kruskal-Wallis test was used to compare P/A ratio, Sim-K, CCT, ACV, SE, and age among different ophthalmic centers. The correlations between P/A ratio and ΔK, and between P/A ratio or ΔK and other corneal biometrics were analyzed using Spearman's correlation test. Kruskal-Wallis test was used to compare the differences in the distribution of P/A ratio and ΔK in different groups. The level of statistical significance was set at P < 0.05.




RESULTS

A total of 7,893 patients were included (2,340 patients from GZ, 2,255 patients from SY, 1,480 patients from CD, 1,511 patients from WH and 307 patients from HK), consisting of 4,416 males (55.9%) and 3,477 females (44.1%). Mean age of the patients was 25.14 ± 5.41 years. Mean SE of the eyes was −5.13 ± 2.05 D. Age, gender, SE, P/A ratio, Sim-K, CCT, and ACV in the five ophthalmic centers were significantly different (all P < 0.0001). Demographic data of the eyes were shown in Table 1.


Table 1. Demographics of the patients in the five ophthalmic centers.
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P/A ratio distribution was slightly negatively skewed (skewness = −0.140, kurtosis = 0.650, KS P < 0.0001).The average P/A ratio was 0.82 ± 0.01 (95% normal range: 0.79–0.84) with a 95% confidence interval (CI) of 0.8148–0.8154 and a coefficient of variance of 1.66%. Among all eyes, 6.6% have values of P/A ratio ≤ 0.79, 86.8% have values of 0.80 ≤ P/A ratio ≤ 0.83, 6.6% have values of P/A ≥ 0.84 (Figure 1A). With the increase of P/A ratio, the compensation effect of posterior refractive power on anterior refractive power was gradually decreased (Figure 1B). ΔK distribution was also slightly negatively skewed (skewness = −0.265, kurtosis = 0.671, KS P < 0.0001) (Figure 1C). The mean ΔK ranged from −0.33D to 0.21D, and with greater deviation of the P/A ratio from 0.82, the greater the ΔK deviated from 0 (Figure 1D).


[image: Figure 1]
FIGURE 1. (A) Frequency distribution of P/A ratio. (B) The compensation effect of posterior refractive power on anterior refractive power in different P/A ratio groups. (C) Frequency distribution of difference between True-K and Sim-K (ΔK). (D) Difference between True-K and Sim-K (ΔK) in different P/A ratio groups.


The differences in P/A ratio in different myopia and astigmatism groups were almost negligible (Figure 2A). Although mean ΔK seemed to be lower in the UHM and HMA groups compared with other myopia and astigmatism groups, the difference was also minor (Figure 2B). We further analyzed the P/A ratio and ΔK in different age groups as shown in Figure 3. P/A ratio was similar in different age groups, while ΔK showed a slight trend of decrease with the increase of age.


[image: Figure 2]
FIGURE 2. (A) P/A ratio in different myopia and astigmatism groups. (B) Difference between True-K and Sim-K (ΔK) in different myopia and astigmatism groups.
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FIGURE 3. (A) P/A ratio in different age groups. (B) Difference between True-K and Sim-K (ΔK) in different age groups.


There was a significant correlation between P/A ratio and ΔK in all of the eyes as shown in Figure 4 (r = 0.9764, P < 0.0001). A simple linear regression model was applied to analyze the influence of P/A ratio on ΔK. The regression equation is: ΔK = 7.548 × P/A ratio-6.191 (P < 0.0001). Thus, a change of 0.1 in P/A ratio would lead to a change of 0.75 D in ΔK.


[image: Figure 4]
FIGURE 4. Scattergram showing correlation between posterior to anterior corneal radii ratio and ΔK in all of the eyes.


Correlation coefficients between P/A ratio or ΔK and other corneal biometrics were shown in Table 2. P/A ratio was positively correlated with mean posterior corneal radius (r = 0.482), posterior corneal asphericity (r = 0.373), corneal diameter (r = 0.369), anterior chamber depth (ACD, r = 0.215), and ACV (r = 0.302). P/A ratio was negatively correlated with posterior corneal eccentricity (r = −0.363), CCT (r = −0.402), and corneal volume (CV) at 3 mm (r = −0.438), 5 mm (r = −0.512) and 7 mm (r = −0.594) areas. ΔK was positively correlated with mean posterior corneal radius (r = 0.505), posterior corneal asphericity (r = 0.380), ACD (r = 0.314), and ACV (r = 0.383). ΔK was negatively correlated with posterior corneal eccentricity (r = −0.370), CCT (r = −0.410), and CV at 3 mm (r = −0.447), 5 mm (r = −0.524) and 7 mm (r = −0.609) areas.


Table 2. Summary of Spearman's correlation analysis between P/A ratio or ΔK and other corneal biometrics.
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DISCUSSION

In the present study, we demonstrated the distribution pattern of P/A ratio in Chinese myopia patients from multiple ophthalmic centers. Mean P/A ratio in our study was 0.82 ± 0.01 with a range of 0.72–0.86. The results were consistent with previous studies where the range of P/A ratio was 0.81–0.84 in the normal human eye (23–25). The wider range of P/A ratio in our study may be due to the relatively larger sample size participants from multiple centers.

Our study clearly revealed that 6.6% of eyes have values of P/A ratio ≤ 0.79 and 6.6% of eyes have values of P/A ≥ 0.84, resulting in a discrepancy of ≥0.25 D between Sim-K and True-K in 5.29% of eyes, and the ΔK could range from −0.73 to 0.31 D. The ΔK was also found to be correlated with the P/A ratio and a change of 0.1 in P/A ratio could lead to a change of 0.75 D in ΔK. Such effects indicated that it would be important to measure the anterior and posterior curvature radii of the cornea to obtained the true P/A ratio. Sim-K or other CRP formulas neglecting the actual power of the posterior cornea may be not enough to accurately calculate the CRP. Mingue Kim et al. investigated 158 cataract patients and found that the postoperative refractive prediction error within ± 0.50 D improved significantly from 62.7 to 74.7% when using the actual P/A ratio and applying the True-K instead of Sim-K to the Haigis formula to calculate the IOL power. Thus, using CRP formulas based on the actual P/A ratio provides more accurate postoperative refraction than that using Sim-K (12).

It has been suggested that the clinical relevance of using P/A adjusted corneal power may be limited in normal eyes (12), and it is also possible that the measurement error of Pentacam examination may weight out the benefits of P/A adjusted corneal power in normal eyes (21). But for patients with large P/A deviation such as those with previous keratoplasty, keratoconus, or corneal refractive surgery, the P/A adjusted corneal power would be beneficial (12). For such patients with unusual corneas, the IOL power calculation from Sim-K may be imprecise, causing a hyperopic postoperative refractive error, while the True-K that considering both the anterior and posterior corneal curvatures is more accurate for IOL power calculation in these cases. As demonstrated by Tamaoki et al., the corneal power obtained from actual P/A ratio and corneal thickness was applied to the IOL power formula SRK/T in eyes with posterior keratoconus and yielded a better postoperative refractive outcome (15). Results of our study may also provide evidence about the normal range of P/A ratio when deciding what is a deviated P/A value.

CRP calculation is also important in eyes with previous corneal refractive surgery. The P/A ratio is significantly changed after corneal refractive surgery (e.g., SMILE, LASIK, PRK) in which central corneal tissue is ablated to flatten the anterior corneal surface, resulting in the deviation of P/A ratio from 0.82 (26–28). In these special cases, IOL power is usually underestimated if calculated based on the Sim-K (29, 30). Corneal refractive surgery reduces CCT and anterior corneal curvature, thereby lowering the P/A ratio, which renders overestimation of the CRP by Sim-K, leading to a biased IOL power calculation and as a consequence the patients having a risk of postoperative hyperopia (16). Schuster et al. showed that in eyes after laser refractive surgery, the error of IOL power calculation was related to the P/A ratio. Using regression analysis the authors showed that P/A ratio was a significant influencing factor associated with the error of IOL power calculation (the Holladay 1 formula reg β = −8.69, SRK/T formula regβ = −10.81) (31). Previous studies have demonstrated that True-K is significantly different from Sim-K in eyes with previous corneal refractive surgery, and True-K is more accurate for IOL power calculation compare to Sim-K (32, 33). In the present study we found that the difference between Sim-K and True-K was not a constant, but depended on the P/A ratio. Our findings were consistent with a previous study which reported that ΔK was strongly correlated with P/A ratio, and had an impact on the refractive outcome of IOL power calculation (34). Therefore, our results shed light on the importance of determining IOL power using the actual P/A ratio in patients with previous corneal refractive surgery.

P/A ratio and corneal wavefront aberrations are also changed in eyes after keratoplasties (35–37). In normal eyes, the anterior and posterior surfaces of the cornea are parallel, and the posterior surface compensates the high-order aberrations (HOAs) of the anterior surface. However, it's suggested that the normal parallelism breaks down, resulting in degraded modulation transfer functions and increased corneal HOAs including spherical aberration, leading to decreased visual acuity compared to normal subjects (35, 36). Theoretically, change of P/A ratio after keratoplasties can influence spherical aberration leading to refractive outcomes. It has also been shown that P/A had the highest correlation with the change in corneal refractive power and could be used to identify eyes that might be at risk of a greater postoperative hyperopic shift after Descemet membrane endothelial keratoplasty (37). However, which components of the HOA are affected by P/A ratio change still need to be further investigated.

In our study, we found that P/A ratio and ΔK were positively correlated with the mean posterior corneal radius, and the correlation coefficients were 0.482 and 0.505, respectively. Since P/A ratio is defined as the ratio of posterior to anterior curvature radii of the cornea, ΔK is the difference between True-K and Sim-K. Therefore, P/A ratio and ΔK increase as the radius of the posterior corneal surface increases. The P/A ratio and ΔK were negatively correlated with CCT and CV. This means the thinner the cornea, the greater the P/A ratio. The finding is consistent with the results of a previous study which also revealed a similar trend (24). In addition, our research found that P/A ratio and ΔK were positively correlated with ACD, ACV, and posterior corneal asphericity, while negatively correlated with posterior corneal eccentricity. It is possible that shape of the posterior cornea is affected by a higher ACD and ACV, causing a higher P/A ratio. Or it could be the other way around, an elevated posterior corneal surface causes more posterior corneal eccentricity and deepening of the anterior chamber. Researchers have found that ACD is significantly deeper in eyes with keratoconus, a disease that is characterized by continuous protrusion of the posterior cornea at the early stage (38).

A recent study showed that ambient environment can have influence on the CCT and ACV in young adults. People who lived at high latitudes for a long time had thinner CCTs and greater ACVs. And individuals who grew up in warm and wet environments had thicker CCTs and smaller ACV (39). It seemed that CCT and ACV had different directions of change in response to ambient environment alteration. Since the anterior cornea is directly exposed to the ambient environment and its change may be similar with CCT. But the posterior cornea is in direct contact with the aqueous humor and its change may be similar with ACV. Theoretically, environmental factors may also have an impact on the P/A ratio.

A previous study showed that the P/A ratio was negatively correlated with age, i.e., elder participants had lower P/A ratio (40). But a positive correlation was found between the P/A ratio and age in another study (41). With the growth of age, the anterior corneal surface is steepened in the center and flattened toward the periphery, while the posterior corneal radius remains unchanged (23, 42), therefore the P/A ratio of the central cornea seems to be increased with aging. However, in the present study the P/A ratio was not correlated with age. This might be because of a narrow age range in our study (18–40 years).

There are some limitations of our study. Firstly, this study can be biased due to selection of subjects in the candidates for myopic refractive surgery, and our conclusion needs to be validated in older subjects, who are the candidates of cataract surgery. Secondly, this study is retrospective. Future prospective studies are needed to investigate the true impact of P/A ratio on the outcomes of refractive and cataract surgery.

In conclusion, P/A ratio follows a specific distribution pattern in myopic Chinese patients, rather than being a constant of 0.82. The larger the actual P/A ratio is deviated from 0.82, the larger the difference is between True-K and Sim-K (ΔK). In myopic refractive and cataract surgery, it is important to emphasize measurement of the posterior corneal radius of curvature.
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Aims: To investigate the lens biometric parameters in congenital lens deformities, using a novel technique of swept-source anterior segment optical coherence tomography (SS-ASOCT).

Methods: This prospective study included patients with microspherophakia (MSP), coloboma lentis (CL), and posterior lenticonus (PL). For this cohort, 360-degree high-resolution lens images were obtained using the latest SS-ASOCT (CASIA2, Tomey Corp, Nagoya, Japan). The lens biometric parameters were calculated by the CASIA2 built-in software for anterior lens radius (ALR), posterior lens radius (PLR), anteroposterior distance (APD), anterior chamber depth (ACD), equatorial diameter (Eq Dia), rear projection length (RPL), and maximum diameter of the lesion (MDL).

Results: This study included two eyes each with MSP and CL and one eye with PL. The lens of MSP was spherical and posteriorly dislocated, with decreased ALR and PLR, Eq Dia, but increased APD. In patients with CL, the coloboma was isolated, bilateral, inferior, and located toward the maldeveloped ciliary body. High astigmatism was mainly lenticular, and this was calculated by the ALR and PLR. Regarding the site of coloboma, a significant decrease in ALR was observed, while the PLR and APD were not affected. The PL eyes had a cone-shaped protrusion of the posterior lens surface with a subtle cataractous region around the apex. An extremely high posterior surface curvature was observed with a mean PLR of 1.67 mm. The RPL and MDL were about 1.80 and 0.4 mm, respectively, which were homogenous at different sections.

Conclusions: The CASIA2 is a valuable option for in vivo crystalline lens measurement for congenital lens deformities, enabling the accurate diagnosis and providing illuminating insights into the pathogenesis of MSP, CL, and PL

Keywords: microspherophakia, coloboma lentis, posterior lenticonus, CASIA2, lens biometry


INTRODUCTION

The crystalline lens originates from the surface ectoderm overlying the optic vesicle from the 4th week of intrauterine life (1). However, any abnormal condition during embryonic development may lead to the occurrence of the congenital lens deformity, which can result in the anomaly of the crystalline lens shape since or before birth (2). The lens form is modulated by the strength arising from the zonular apparatus due to the applied or released load near the lens equator (3). In microspherophakia (MSP), the growth of the secondary lens fibers gets arrested as the zonules are extensively compromised (4). In contrast, the coloboma lentis (CL) is the notch of lens tissue at the lens equator, caused by the segmental loss of zonules (5). Moreover, the tension of the capsule also contributes to the lens shape (6). The regional weakness of the posterior capsule and subsequent herniation of the cortical lens fibers are the pathogenesis of posterior lenticonus (PL) (7, 8). Due to their scarcity, the progress, diagnosis, and treatment of these conditions are poorly understood. Optical coherence tomography (OCT) is a widely used, fast, and safe examination for providing anterior and posterior segment scans with a high axial and transverse spatial resolution. However, ordinary OCT imaging may be insufficient to image the entire area of the deformed lens due to limited axial range and a relatively low resolution of a posterior lens (9). Therefore, for the diagnosis of congenital lens deformities, a more accurate and efficient biometry measurement device is warranted.

Efforts have been made to image the whole crystalline lens, including the ultra-long scan depth OCT, and complementary metal-oxide-semiconductor-based spectral-domain OCT (10, 11). However, these techniques are generally laboratory-based and still yet to be made accessible for clinical practices. CASIA2 is a new generation swept-source anterior segment optical coherence tomography (SS-ASOCT), offering comprehensive scanning with quantitative measurements of the anterior segment structure. It is able to obtain high-quality images of the posterior lens surface as it measures the tissue with a maximum width of 16 × 16 mm and a maximum depth of 13 mm, by achieving high-resolution images of 10 and 30 μm for the axial and transverse section, respectively (12). Although the CASIA2 scanner enables automatic calculation of anterior and posterior lens curvatures with lens thickness (LT), a few studies have evaluated the lens parameters of congenital lens deformities using CASIA2. Therefore, this study assessed the lens parameters, including MSP, CL, and PL of congenital lens deformities, for investigating the performance of CASIA2 for diagnosing lens diseases.



METHODS


Patient Eligibility and Ethics Statement

Patients with congenital lens deformities receiving lens surgery at the Eye and ENT Hospital of Fudan University, Shanghai, China were recruited from January 2019 onward. MSP was diagnosed if the entire lens equator was observed under complete pupil dilation (13). The absence of tissues in the equatorial region of the lens was diagnosed as CL (5), whereas a cone-shaped protrusion of the posterior lens surface was defined as PL (8). However, the following exclusion criteria were used for this study: (1) lens deformities secondary to eye trauma or intraocular surgery; (2) lens dislocated into the posterior pole; and (3) other ocular co-morbidities such as retinal detachment, retinal pigmentosa, and end-stage glaucoma. All the procedures were carried out after obtaining ethical approval from the Human Research Ethics Committee of the Eye & ENT Hospital of Fudan University (No. 2020126-1). Informed consent was obtained from all participants and guardians in case the participant was under the age of 18. This study was conducted according to the 1964 Declaration of Helsinki and its later amendments.



Ophthalmic Examinations

All enrolled patients were examined using a slit-lamp by the same experienced ophthalmologist (YXJ) under complete pupillary dilation. Afterward, the best corrected distance visual acuity (BCVA) was measured by an experienced optometrist. The axial length (AL), corneal keratometry (K), anterior chamber depth (ACD), and LT were obtained using partial coherence interferometry (IOLMaster 700, Carl Zeiss Meditec AG, Jena, Germany) for all the participants. Intraocular pressure (IOP) was measured by a non-contact tonometer (CT-80, Topcon Medical Systems, Oakland, NJ, USA), while fundus examinations were done with OCT (Spectrialis OCT, Heidelberg Engineering, Heidelberg, Germany), OCT (RTVue OCT, Optovue Inc., Freemont, CA, USA), retinal camera (TRC-NW400, Topcon Medical Systems, Oakland, NJ, USA), and ultra-widefield retinal camera (CLARUS 500, Carl Zeiss Meditec AG, Jena, Germany).

The anterior segment was imaged using the swept-source AS-OCT (CASIA2, Tomey Corp, Nagoya, Japan) by the same ophthalmologist (ZXC). In-built software was used to adjust the refraction distortion at the air corneal interface. All the examinations were carried out under complete pupil dilation by the topical administration of tropicamide (Mydrin-P, Santen Pharmaceutical Co., Ltd., Osaka, Japan). The eyelid was kept open with the assistance of the ophthalmologist during the examination. The lens was scanned under the C-scan mode of “Lens Global Scan,” which has taken 128 cross-sectional images by default.



Genetic Tests and General Examinations

All the participants were screened genetically using panel-based next-generation sequencing (NGS) as reported previously (14). Briefly, genomic DNA was extracted from the peripheral blood samples of the patients. The enriched library was built and sequenced by panel-based NGS generated by Amplicon Gene (Shanghai, China) for the extracted DNA. Sanger sequencing was performed to confirm any candidate mutations of the patients as well as for their family members. All the mutations were classified under the American College of Medical Genetics and genomics guidelines (15).



Statistical Analysis

All the studied lens biometric parameters, including anterior lens radius (ALR), posterior lens radius (PLR), anteroposterior distance (APD), ACD, and equatorial diameter (Eq Dia) (4), were calculated by the CASIA2 built-in software after the manual alignment of the anterior and posterior surface of the lens in all the acquired sections. For the PL, rear projection length (RPL) and maximum diameter of the lesion (MDL) were measured manually and used as defined in a previous study (16). The MDL was defined as the peak distance between the margins of both the sides of the posterior lesion. Meanwhile, the vertical distance from the center of posterior surface of the lens to the focal protrusion apex was defined as the RPL (Supplementary Figure 1). The mean ALR and PLR were calculated using the built-in algorithm. The calculation of lenticular astigmatism was done based on the steep and flat radius, calculated by the built-in software (Supplementary Figure 2). Considering the left eye of CL, for example, the anterior lens astigmatism (Fa) could be obtained as follows (17):

[image: image]

[image: image]

[image: image]

where n1 is the refractive index of the aqueous humor, n2 is the equivalent refractive index of the crystalline lens, Rf is the flat lens radius, Rf is the steep lens radius, Ff is the diopter of the flat meridian, and Fs is the diopter of the steep meridian. The posterior lens astigmatism was calculated in a similar manner. The APD and Eq Dia were measured manually based on the reconstructed outline of the lens. The obtained continuous data were presented as mean ± SD.




RESULTS


Clinical Characteristics

Three patients (n = 5 eyes) were enrolled in this study, where one patient was with bilateral MSP (Patient 1), one patient was with bilateral CL (Patient 2), and one patient was with the unilateral PL (Patient 3).

Patient 1: A 23-year-old male presented with bilateral decreased vision from 1 year. The BCVA was 0.3 LogMAR with −12.75 DS/−5.50 DC × 120° (OD) and 0.1 LogMAR with −13.00 DS/−5.75 DC × 180° (OS) at the time of examination. Meanwhile, the IOP was 16.8 mmHg (OS) and 23.1 mmHg (OD) under the regular administration of AZARGA (Novartis Lid., Basel, Switzerland). The slit-lamp examination revealed a spherically shaped lens in both the eyes, with a mild and supero-temporal subluxation in the right eye (Figures 1A,B); however, neither of the eyes manifested retinal nerve fiber layer thinning (Figures 1C–F). CASIA2 scanning showed a full range anterior segment with thickened and posteriorly dislocated lenses (Figures 1G–J). These morphological changes were more apparent through three-dimensional (3D) reconstructive images (Figures 1K,L). The physical examination did not reveal any systemic abnormality. The ECG result showed a healthy heart with a normal aortic root. However, the patient's and his mother's genetic testing revealed a heterozygous mutation of the FBN1 gene (c.3244G > T) in exon26.


[image: Figure 1]
FIGURE 1. Ocular images of Patient 1 with microspherophakia (MSP). (A) A slit-lamp photograph upon mydriasis showed the spherical lens with a mild dislocation in the right eye. (B) A slit-lamp photograph upon mydriasis showed the spherical lens with a minimal dislocation in the left eye. (C–F) RTVue optical coherence tomography (OCT) of the retinal neural fiber layer showed that no glaucomatous changes were observed in either eyes. (G) Horizontal section images of the right eye acquired by the CASIA2 exhibited a small and spherically shaped crystalline lens. (H) Similar findings were observed in the vertical section. (I) Horizontal section images of the left eye acquired by the CASIA2 exhibited a small and spherically shaped crystalline lens. (J) Similar findings were observed in the vertical section. (K) Three-dimensional (3D) reconstructed images from the cornea to posterior lens showed a spherical lens in the right eye. (L) The left eye had a similar but slightly compromised model due to the eye movement of the patient.


Patient 2: A 19-year-old boy visited the hospital for correcting the refractive error. His BCVAs were 0.0 Log MAR bilaterally at the time of examination. However, high astigmatism was found in both eyes with −12.50 DS/−3.25 DC × 15° (OD) and −13.00 DS/−7.00 × 170° DC (OS). High astigmatism was suspected to be mainly lenticular as corneal astigmatism measured by IOL Master 700 was −1.22D × 13° DC in the right eye and −2.58D × 177° DC in the left eye only. Under mydriasis, no apparent lens dislocation was observed with the equator of the lens being notched in both the eyes, which was suggestive of bilateral lens coloboma at the inferotemporal site (Figures 2A,B). Further, ultrasound biomicroscopy showed multiple ciliary body cysts bilaterally (Figure 2C) and the absent ciliary body toward the coloboma (Figure 2D). Of note, through the ultra-widefield retinal camera, it is revealed that there is no coloboma of either uvea, retina, or optic nerve (Figures 2E,F). The CASIA2 scanner showed wide coverage of the lens (128 sections in total), therefore the edge of the coloboma could be clearly observed. The observed coloboma ranged from 250° to 311° in the right eye, whereas from 222° to 308° in the left eye as measured by CASIA2. Horizontal sections revealed biconvex-shaped but thicker lenses in both the eyes (Figures 2G,J), while the edge of the coloboma was blunt and similar to that of MSP (Figures 2H,K). Moreover, similar changes were discovered by 3D reconstructive imaging (Figures 2I,L). On physical examination except for pigeon breast, no positive evidence of any systemic disease was found. Also, no abnormality was detected by ECG. The genetic test revealed a heterozygous mutation in the FBN1 gene (c.290C > G), inherited from his mother.


[image: Figure 2]
FIGURE 2. Ocular images of Patient 2 with coloboma lentis (CL). (A) A slit-lamp photograph upon mydriasis showed the notching of the lens equator infero-temporally of the right eye. (B) A slit-lamp photograph upon mydriasis showed notching of the lens equator inferiorly of the left eye. (C) Multiple ciliary body cysts (indicated by “*”) were detected by the ultrasound biomicroscopy. (D) The absence of the ciliary body (indicated by “arrow”) was located toward the lens coloboma. (E) No retinochoroidal coloboma was observed in the ultra-field retinal photographs of the right eye. (F) The left eye showed no retinochoroidal coloboma either. (G) Horizontal sections revealed biconvex-shaped but thicker lenses in the right eye. (H) The edge of the coloboma was blunt and flattened in the right eye (indicated by an “arrow”). (J) Horizontal sections revealed biconvex-shaped but thicker lenses in the left eye. (K) The edge of the coloboma was blunt and flattened in the left eye (indicated by an “arrow”). (I) 3D reconstructed images of the anterior segment in the right eye. The coloboma was indicated by an “arrow.” (L) 3D reconstructed images of the left one.


Patient 3: A 6-year-old girl presented with poor vision in her left eye since childhood. The BCVA was 0.0 and 0.5 for the right and left eye at the time of examination. The manifest refraction was +0.25 DS in the right and +0.25 DS/−1.75 DC × 150° in the left eye, indicating that the amblyopia in the left eye was probably due to astigmatism. Upon the slit-lamp biomicroscopic examination, a clear but conical lens in the left eye as compared to the right eye was observed (Figures 3A,B), whereas the fundus examinations revealed no obvious abnormality (Figures 3C–F). High-definition images of the anterior and posterior surface of lenses were obtained by CASIA2, exhibiting a very typical PL with a tiny posterior cataract in OS (Figures 3I,J) with the normal lens in OD (Figures 3G,H). The systematic examinations and genetic testing results were unremarkable.


[image: Figure 3]
FIGURE 3. Ocular images of Patient 3 with posterior lenticonus (PL). (A) A slit-lamp photograph showed a normal lens in the right eye. (B) The light beam showed a cone-shaped protrusion of the posterior lens surface in the left eye with no apparent posterior polar cataract. (C–F) Abnormities of fundi were found in either eyes. (G) Normal lens image obtained by CASIA2. (I) The PL associated with posterior polar cataract (indicated by an “arrow”) of OS was found. (H) 3D reconstructed images showed the normal anterior segment in the right eye. (J) A cone-shaped protrusion of the posterior lens was reconstructed in the left eye.




Ocular and Lens Biometry

Both ocular and lens biometrics measured in this study are summarized in Table 1, together with a comparative analysis of other published relevant studies (16, 18–23). The ALR and PLR were smaller than the normative values for the eyes of MSP and CL; however, a decrease in the ALR was more prominent than that of PLR. For the patient with CL, the mean ALR, PLR, and APD were slightly greater than that of MSP. The lenticular astigmatism was also prominent in the eyes of CL. The steep and flat lens radius measured by CASIA2 demonstrated −1.87DC × 13° astigmatism in the anterior lens and −1.02DC × 15° astigmatism in the posterior lens for the right eye, while −5.88DC × 171° astigmatism in the anterior lens and −4.00DC × 153° astigmatism in the posterior lens for the left eye were observed. The PL eyes had extremely high posterior surface curvatures. Other parameters of the measured eyes were within the normal range. The Eq Dia was smaller in MSP eyes and was comparable to the previously reported studies. The decentration amount (0.13 mm in the right eye and 0.68 mm in the left eye) and tilting angle (8.3° in the right eye and 4.1° in the left eye) of CL eyes as calculated by CASIA2 were in the normal range of 0.41 ± 0.25 mm and 4.8° ± 3.48°, respectively, indicating no lens subluxation.


Table 1. Ocular and lens biometric parameters in this study and existing literature.
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The lens biometrics at all angles were analyzed using the C-scan mode of CASIA2, which offers an opportunity to visualize the globular lens. The ALR, PLR, Eq Dia, and APD were similar in MSP eyes at all the angles, suggestive of homogeneous biometry in lenses of MSP (Figures 4A,B). For CL eyes, the ALP and Eq Dia decreased sharply at the coloboma region, whereas the PLR and APD were barely affected, indicating that the anterior surface of the lens was more susceptible to the coloboma (Figures 4C,D). Besides, the ALP, PLR, Eq Dia, MDL, and RPL were similar at different angles in the PL eye (Figures 4E,F).
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FIGURE 4. Scatterplots demonstrating the trend of lens biometric parameters from various angles. (A) The lens biometric parameters of the right eye of MSP at different angles were plotted and fitted in curves. (B) A similar graph was made on the left one. (C) The lens biometric parameters of the right eye of CL at different angles were plotted and fitted in curves. The coloboma ranged from 250° to 311° (indicated in the blue area). (D) A similar graph was made on the left one. A larger range of coloboma was observed in the left eye (222° to 308°, indicated in the blue area). (E) The ALR, PLR, and APD of the eye with PL. (F) The MDL and RPL of the eye with PL. ACD, anterior chamber depth; ALR, anterior lens radius; APD, anteroposterior distance; CL, coloboma lentis; Eq Dia, equatorial diameter; MDL, maximum diameter of the lesion; MSP, microspherophakia; PL, posterior lenticonus; RPL, rear projection length; PLR, posterior lens radius.





DISCUSSION

As a significant component of the ocular refractive media, the lens has the function of transmitting light and focusing it on the retina. A pair of the normal crystalline lens contributes to a clear binocular vision, a prior condition for human visual development (24). With the advancements in ocular imaging, the biometry of the cornea, anterior chamber, and retina has been extensively characterized. However, when it comes to the lens biometric parameters, still many unexplored domains exist, especially for congenital deformities (25). In the current study, we used CASIA2, a novel swept-source anterior segment OCT, for investigating the morphology as well as the biometric parameters of MSP, CL, and PL in patients. High spatial resolution, deep penetrating, fast scanning, and non-invasive nature of this technique are of immense help for clinicians for arriving at an accurate diagnosis and exploring the pathogenesis of congenital lens deformities.

A precise and accurate measurement of lens parameters is very crucial for early diagnosis and a timely surgical intervention (8, 26). Although MSP is a rare congenital ocular disorder, it is known for its complications such as lens dislocation, high lenticular myopia, with secondary glaucoma (18). Still, an early diagnosis of MSP is a very cumbersome task. The crystalline lens is small and spherical (27), but the estimation of the lens size by the slit-lamp examination may be limited by either limiting pupil dilation associated with Marfan syndrome or poor cooperation of young patients (28). In the current study, due to the mild subluxation, the equators could not be fully visualized. The increased lens curvature, APD, and decreased Eq Dia assessed by CASIA2, facilitated the early diagnosis of MSP in this case. Meanwhile, its non-contact nature and fast capturing speed (0.016 s per cross-section) not only promoted the compliance of the young children but also reduced the risk of associated contact infection, especially during the pandemic of COVID-19. Of note, the eyes of Marfan syndrome often had vitreous liquefaction at the base, and thus the lens of MSP may dislocate posteriorly and eventually into the posterior pole (29). In the current case of MSP, the distance between the anterior surface of the cornea and the posterior surface of the lens was 8.95 and 9.40 mm in the right and left eye, which exceeded the scanning depth of spectral-domain OCT devices. Therefore, by using CASIA2, we could frame all the pellucid structures of the anterior segment in a single image.

The altered lens biometrics can shed light into the potential pathophysiology of lens deformities. The morphology of MSP, CL, and PL has been extensively depicted by the histological studies of the extracted lens or cadaver eyes, yet dehydration and slice making of the lens are important concerns for such examinations (8, 20, 30). Although ultrasound biomicroscopy has the advantage of penetrating the iris and ciliary body, it might induce morphological changes in the eyeball due to its contact nature (31). Therefore, the application of CASIA2 makes it possible to examine and study the lens in vivo. The CL is a rare lens disease, possessing concavity of the lens in the equator due to regional maldeveloped zonules (32). In addition to limited slit-lamp photos in the published case reports, the morphological features of CL largely remain elusive. In the current study, we acquired a 360° view of the lenses of our patient using the CASIA2. During the examination, a continuous and blunt-edged margin of the coloboma was identified for the first time. The edge of CL contained a certain similarity with MSP, suggestive of a severe loss of zonule strength at the site of coloboma. We have also seen a significant decrease of ALR at the notch site, while the PLR and APD were independent of the coloboma. Thus, our findings further indicate that the lens biometrics of an anterior surface are more susceptible to the loss of zonules in comparison with a posterior surface. It is also noteworthy that the ALR was more prone to the accommodation in the healthy lens (23). Collectively, these findings indicate a greater strength imposed by the anterior tines of equatorial zonules than that of the posterior ones. Moreover, “true” coloboma is caused by a defective closure of the embryonal fissure, involving mutilation of the optic disc, retina, choroid, iris, ciliary body, and lens (33). Though the ocular multisegment coloboma has been reported in a Marfan syndrome patient (13). In terms of the patient in our study, the patient's lens coloboma might not be a “true” coloboma as the iris, choroid, and retina were equipped. The “isolated” CL is largely attributed to the maldeveloped ciliary body, as revealed by the ultrasound biomicroscopy. Subsequently, the absence of the force applied by the zonules leads to the notch of the lens. The residual zonules probably carry subclinical defects, inferring from a slightly increased APD. The coexistence of maldeveloped ciliary body and defective zonules makes sense as both of them develop from mesoderm, which is defective in the setting of Marfan syndrome and related fibrillinopathy (34).

For most optical techniques, the posterior surface of the lens imaging is challenging due to the overlap of the real and mirror images from the cornea and lens, where the refraction distorts the images. However, the visualization of the posterior surface is important for diagnosing and understanding the opacity and deformities of the posterior lens. The PL is a rare ectasia of the posterior capsule of the lens, with the clinical appearance of localized, oval, and well-circumscribed protrusion of the posterior lens surface (35). The widely accepted theory elucidating its pathogenesis, states that the PL develops by the herniation of posterior capsule and cortical lens fibers into the vitreous at a region of posterior capsule weakness under increasing intralenticular pressure (8). However, the detection of PL in a clear lens often requires an experienced and a careful observation during the slit-lamp examination. Many studies have used the Scheimpflug imaging system to diagnose PL (16). However, its visible light source limits the penetration and also the resolution of the lens images. A study has reported that the posterior lens could be measured by Scheimpflug imaging, but only in 6% of patients with a mild refractive error or cataract (36). In our study, using CASIA2, we could easily obtain a global view of PL and therefore detected even the subtle posterior polar cataract. Our data revealed that CASIA2 can serve as an ideal tool for an early and accurate diagnosis of PL, leading to early surgical intervention with a better visual prognosis.

A major limitation of the current study was the limited number of enrolled eyes. However, included conditions were extremely rare in clinical practices. Therefore, even in the small number of eyes, we had the opportunity to analyze each deformed lens in detail. Meanwhile, as pupil dilatation is a pre-requisite for lens imaging, the lens biometrics and conclusions of this study are only applicable for the mydriasis state, which might be slightly different from the normal pupil state (23). All in all, high-resolution OCT sections, 3D reconstructed images, and biometrics parameters of this study would provide meaningful information for both ophthalmologists and researchers.

In conclusion, the advancements in SS-ASOCT offer a promising tool for in vivo assessment of lens biometry. The CASIA2-assisted observation in cases of MSP, CL, and PL, and the build-in-software facilitates measuring of the lens biometrics after a proper alignment. Therefore, the CASIA2 could be of great value in assisting ophthalmologists to reach an early diagnosis and further providing illuminating readings for the lens pathophysiology studies.
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Purpose: To evaluate the ocular biometric parameters in patients with constant and intermittent exotropia by the measurement of swept-source optical coherence tomography (SS-OCT) optical biometer OA-2000 and comparing it with the normal control subjects.

Design: Cross-sectional case-control study.

Participants: Fifty-five constant and 24 intermittent patients with exotropia with central fixation and 77 orthotropic normal control participants aged 4–18 years old.

Methods: Non-contact and high-resolution optical biometric OA-2000 measurements were conducted under uniform ambient light conditions. The statistical analysis included intraclass correlation coefficient (ICC), Bland-Altman plot, and independent t-tests.

Main Outcome Measures: Spherical equivalent (SE), ocular biological parameters such as pupil diameter (PD), anterior chamber depth (ACD), lens thickness (LT), and axial lengths (AL). The absolute values of inter-eye differences for SE, PD, ACD, LT, and AL were recorded as AnisoSE, AnisoPD, AnisoACD, AnisoLT, and AnisoAL, respectively.

Results: AnisoSE (0.878 vs. 0.577, P = 0.019), AnisoAL (0.395 vs. 0.208, P = 0.001), AnisoACD (0.060 vs. 0.032, P < 0.001), AnisoLT (0.060 vs. 0.031, P = 0.002), and AnisoPD (0.557 vs. 0.340, P = 0.002) were significantly larger in concomitant patients with exotropia. The SE, AL, ACD, LT, and PD showed excellent binocular correlation with ICC values that ranged from 0.943 to 0.987 in control participants and from 0.767 to 0.955 in concomitant exotropia patients. Bland-Altman plots showed the wider range of agreement in patients with concomitant exotropia than the control participants (SE: 5.0288 vs. 3.3258; AL: 2.2146 vs. 1.3172; ACD:0.3243 vs. 0.1682; PD: 2.4691 vs. 1.9241; and LT:0.3723 vs 0.1858).

Conclusion: Patients with concomitant exotropia showed larger inter-eye differences in SE, ACD, LT, PD, and AL. Advice should be given to suspicious children to avoid or delay the development of concomitant exotropia.

Keywords: concomitant exotropia, ocular biometric parameters, OA-2000, intereye differences, anisometropia


INTRODUCTION

Concomitant exotropia is a manifest divergent strabismus, defined as the deviating angle independent of gaze direction. It affects ~4% of the adult population (1) and could lead to the loss of binocularity and stereopsis. Besides the functional effects, patients with concomitant exotropia experience significant psychological stress, anxiety, and depression (2, 3). Concomitant exotropia often negatively impacts self-esteem, self-confidence, and interpersonal relationships (4, 5). Some patients assume adaptive techniques to hide exotropia, such as placing their hair over the deviating eye (2). Adults with strabismus often have reduced quality of life (6), lower education levels, and fewer career choices (7).

The cause of concomitant exotropia is still controversial. The reported risk factors included maternal smoking during pregnancy (8), premature birth, perinatal morbidity, genetic anomalies (9), family history, anisometropia (10, 11), and myopia (12). Some studies (13, 14) have reported the contributions of rectus extraocular muscles, and revealed the strong relationship between extraocular muscle's pulley position and refraction. Refractive errors, especially myopia and anisometropia, have a strong correlation with ocular biometric parameters, especially in axial length (15–18). Yet, the correlation between ocular biometric parameters and concomitant exotropia remains unclear, and few studies have evaluated the ocular biometric parameters in concomitant exotropia.

Ocular biometric measurements have been widely used in clinical practices such as the calculation of intraocular lens (IOL) power (19), candidate screening for refractive surgery, monitoring of the ametropic progression (20), estimation of the ocular mechanical properties (21), measurement of ocular anatomic changes on different accommodative stimuli (22, 23), or wearing contact lenses (24). As a novel non-contact and high-resolution optical biometric device, OA-2000 (Tomey, Nagoya, Japan) incorporates swept-source optical coherence tomography and a Placido-disc topographer, which could automatically find a measurable point and complete the scans quickly and accurately. It shows high repeatability and reproducibility, and an excellent agreement with other optical biometric devices, such as IOL Master700 (Carl Zeiss Meditec AG, Jena, Germany) and Lenstar-LS900 (Haag Streit AG, Koeniz, Switzerland) (18, 20, 25, 26). In this study, we aimed to evaluate the ocular biometric parameters in patients with constant and intermittent exotropia by OA-2000 and compare this with the normal control subjects to determine the contribution of ocular biometric parameters in concomitant exotropia.



METHODS


Study Subjects

The study protocol conformed to the Declaration of Helsinki and was approved by the Human Medical Research Ethics Committee of Joint Shantou International Eye Center of Shantou University and by the Chinese University of Hong Kong. Informed consent was obtained from the legal representatives of all subjects after a full explanation of the purpose of the study had been fully accomplished. Patients with concomitant exotropia aged 4–18 years old were recruited between July and August 2019. All subjects underwent comprehensive ophthalmic examinations, including the measurements of visual acuity, intraocular pressure, cycloplegic refraction, anterior segment, and fundus examination, corneal light reflex tests, prism alternate cover test (PACT) for ocular alignment measurement, fixation behavior, and OA-2000 for ocular biometric parameter collection. A total of 79 patients, consisting of 55 constant and 24 intermittent concomitant exotropia with central fixation, were recruited. Among the 24 intermittent patients, 10 patients had reduced stereopsis tested by Titmus, 800 arc in six patients, and 400 arc in four patients. All other patients had lost stereopsis. A total of 77 control subjects were recruited with normal ocular motility, stereopsis, and binocular alignment. Subjects with any previous eye surgery, structural ocular anomalies, amblyopia of either eye, ptosis, cataract, and nystagmus were excluded.



Ophthalmic Examinations

Visual acuity was measured using the Snellen chart. Cycloplegia was obtained by using compound tropicamide eye drops in children more than 6 years old, or atropine in 4-6-year-old subjects. Objective and subjective refraction was conducted, and refractive status was recorded as spherical equivalent (SE) [spherical power + (cylindrical power)/2]. Flat keratometry (K1), steep keratometry (K2), central corneal thickness (CCT), white to white distance (WTW), pupil diameter (PD), anterior chamber depth (ACD), lens thickness (LT), and axial lengths (AL) were measured with OA-2000 before the cycloplegia. Every subject had more than eight records taken at one time with a single OA-2000 measurement under uniform ambient light conditions. Only measurements with high accuracy (SD < 0.04 for keratometry, 0.02 for other parameters) and with level A were acceptable; otherwise, re-measurement was conducted. The absolute values of inter-eye differences for SE, PD, ACD, LT, and AL were recorded as AnisoSE, AnisoPD, AnisoACD, AnisoLT, and AnisoAL.



Statistical Analysis

The within-group inter-eye differences were analyzed by the intraclass correlation coefficient (ICC) and Bland-Altman plot. ICCs were classified as excellent with values >0.90, good with values between 0.75 and 0.9, moderate with values between 0.5 and 0.75, and poor with values <0.5. An independent sample t-test was used to compare age, refractive status, ocular biometric measurements, and absolute values of inter-eye differences. Mann-Whitney U-test was used if equal variances were not assumed in Levene's Test. The P < 0.05 was considered as statistically significant.




RESULTS

A total of 156 study subjects, including 79 concomitant exotropia patients (mean age ± SD: 9.92 ± 3.32) and 77 control subjects (mean age ± SD: 8.97 ± 3.11), were recruited with 32 females and 47 males in patients with concomitant exotropia, and 36 females and 41 males in control subjects. AnisoSE (t 2.369, P.019) was significantly larger in concomitant exotropia patients with ICC values of 0.877 in patients with concomitant exotropia and 0.943 in control subjects (Tables 1, 2). No statistically significant difference was found in gender and age.


Table 1. Comparisons of the absolute values of inter-eye differences between concomitant exotropia and control participants.
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Table 2. Correlation coefficients of the ocular biometric parameters between the two eyes within concomitant exotropia and control participants.
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OA-2000 Findings

No significant difference of either the left or the right eye was found in K1, K2, CCT, WTW, PD, ACD, LT, and AL between concomitant exotropia and the control subjects. AnisoAL, AnisoACD, AnisoPD, and AnisoLT were statistically significant in concomitant exotropia patients with unassumed equal variances. Therefore, these parameters were analyzed with a non-parametric Mann-Whitney U-test, finding that concomitant exotropia patients showed larger AnisoAL, AnisoACD, AnisoPD, and AnisoLT (Table 1).

Table 2 demonstrated the correlation coefficients of the ocular biometric parameters between the two eyes within concomitant exotropia and control subjects. AL (ICC = 0.914, r = 0.915), ACD (ICC = 0.955, r = 0.956), PD (ICC = 0.767, r = 0.826), and LT (ICC = 0.924, r = 0.924) showed good to excellent binocular correlation in concomitant exotropia patients. AL (ICC = 0.971, r = 0.972), ACD (ICC = 0.987, r = 0.987), PD (ICC = 0.944, r = 0.945), and LT (ICC = 0.972, r = 0.974) showed excellent binocular correlation in control subjects.



Bland-Altman Plots Findings

Figures 1–5 presented the Bland-Altman plots of the inter-eye differences in SE, AL, ACD, PD, and LT in concomitant exotropia (A,C) and also the normal control participants (B,D) of the left and right eyes. The ranges of agreement of the biometric parameters were listed in Table 3.


[image: Figure 1]
FIGURE 1. Bland-Altman plots (A,B) and scatter plots (C,D) of SE in concomitant exotropia (A,C) and normal control participants (B,D) of the left and right eyes. OS, left eye; OD, right eye; SE, spherical equivalent; LOA, 95% limits of agreement.
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FIGURE 2. Bland-Altman plots (A,B) and scatter plots (C,D) of AL in concomitant exotropia (A,C) and normal control participants (B,D) of the left and right eyes. OS, left eye; OD, right eye; AL, axial length; LOA, 95% limits of agreement.
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FIGURE 3. Bland-Altman plots (A,B) and scatter plots (C,D) of ACD in concomitant exotropia (A,C) and normal control participants (B,D) of the left and right eyes. OS, left eye; OD, right eye; ACD, anterior chamber depth; LOA, 95% limits of agreement.
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FIGURE 4. Bland-Altman plots (A,B) and scatter plots (C,D) of PD in concomitant exotropia (A,C) and normal control participants (B,D) of the left and right eyes. OS, left eye; OD, right eye; PD, pupil diameter; LOA, 95% limits of agreement.
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FIGURE 5. Bland-Altman plots (A,B) and scatter plots (C,D) of LT in concomitant exotropia (A,C) and normal control participants (B,D) of the left and right eyes. OS, left eye; OD, right eye; LT, lens thickness; LOA, 95% limits of agreement.



Table 3. Summary of the inter-ocular agreement of biometric parameters between concomitant exotropia and control participants.
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DISCUSSION

This study, for the first time, evaluated the ocular biometric features in patients with concomitant exotropia. In the present study, AnisoSE, AnisoAL, AnisoACD, AnisoPD, and AnisoLT were significantly larger in patients with concomitant exotropia than in control subjects. SE, AL, ACD, PD, and LT showed good to excellent binocular correlation with high ICC values ranging from 0.767 to 0.955 in concomitant exotropia patients and a range from 0.943 to 0.987 in control participants.


Interpretation of the Results

Larger biometric inter-eye differences in patients with concomitant exotropia could be related to asymmetric binocular accommodative response. Previous studies reported the asymmetric binocular accommodative response with decreased accommodation in the deviating eye (27) and increased accommodative loads for binocular fusion (28) in patients with concomitant exotropia. The decreased accommodation reflected a primary sensory loss over the central retinal region as a result of prolonged, early, and abnormal visual experience that is associated with abnormal interaction between the eyes, as well as the presence of strabismus and/or anisometropia (29).

Anisometropia had been reported to be associated with concomitant exotropia (17, 30–32). On the other hand, early-onset concomitant exotropia could lead to anisometropia due to the disruption of the emmetropization process (11). In our study, anisometropia was significantly larger in concomitant exotropia patients (mean: 0.878) as compared to the control subjects (mean: 0.577). The SE in the control subjects showed excellent binocular correlation (ICC = 0.943, r = 0.944) and narrow range of agreement (Bias: −0.097, 95% limits of agreement: −1.760, 1.566), while the binocular correlation in concomitant exotropia patients was weaker (ICC = 0.877, r = 0.876) with a wider range of agreement (Bias: 0.052, 95% limits of agreement: −2.462, 2.567). Our study confirmed the association between anisometropia and concomitant exotropia.

Other biometric components such as AL, LT, and ACD are important in anisometropia (15), especially AL. AL as an indicator of myopic progression (33), had a strong correlation with anisometropia (15, 34). In our study, AnisoAL was significantly larger (0.395 vs 0.208) with lower ICC (0.914 vs 0.971) in patients with concomitant exotropia.

LT and ACD, as the important factors in anisometropia, contribute to refractive error. During accommodation, the ACD decreases and the LT increases (35). Inter-eye differences in LT and ACD revealed the asymmetric accommodative response between two eyes. In our study, AnisoLT and AnisoACD were significantly larger (0.060 vs 0.031) in concomitant exotropia patients, indicating more inter-eye differences in accommodation. The control subjects had higher intra-class correlation (ICC = 0.972 in LT, ICC = 0.987 in ACD) and narrower range of agreement than patients with concomitant exotropia (ICC = 0.924 in LT, ICC = 0.955 in ACD).

Pupil diameter (PD) decreases with increasing age, retinal illumination, and near response. In our study, OA-2000 measurements were conducted under uniform ambient light conditions. The relationship between PD and concomitant exotropia is less frequently investigated in previous studies. In our study, concomitant exotropia patients showed larger AnisoPD (0.557 vs 0.340). The PD in the control subjects had an excellent binocular correlation (ICC = 0.944, r = 0.945) and had a narrow range of agreement (Bias: −0.061, 95% limits of agreement: −0.023, 0.901). Yet, the binocular correlation in patients with concomitant exotropia was weaker (ICC = 0.767, r = 0.826), with a wider range of agreement (Bias: −0.377, 95% limits of agreement: −1.611, 0.858). Notably, Pearson's correlation was higher than ICC in patients with concomitant exotropia due to the difference in statistical analyses. The data were centered and scaled using a pooled mean and a standard deviation in ICC, but each variable was centered and scaled by its own mean and SD in the Pearson's correlation (36).

In conclusion, larger biometric inter-eye differences may be caused by concomitant exotropia itself, asymmetric binocular accommodation, anisometropia, or the interaction of these factors.




STRENGTHS

Unlike other technologies such as MRI, which has a superior soft-tissue contrast, evaluates both anatomic and physiologic parameters simultaneously, and is particularly useful in rectus extraocular muscle evaluation (14), the optical biometry, such as OA 2000, has been proven to be more accurate and safer for ocular biometric measurements (37, 38). Only one measurement was taken for each subject, which was time-saving due to the high repeatability and reproducibility. By OA 2000 measurements, we revealed larger AnisoSE, AnisoAL, AnisoACD, AnisoLT, and AnisoPD in patients with concomitant exotropia. Subjects with larger AnisoSE, AnisoAL, AnisoACD, AnisoLT, and AnisoPD were prone to develop concomitant exotropia. Advice should be given to the suspicious subjects to avoid or delay the development of concomitant exotropia.



LIMITATIONS

There were several limitations in this study. First, this was a cross-sectional study. Second, the study subjects were not randomly selected. Third, among all parameters measured by OA 2000, the measurements of PD should be adjusted manually by two technicians. Fourth, every subject with central fixation in our study had only one measurement, although more than 8 results were recorded. The measurement biases could not be avoided, even though OA-2000 shows high repeatability and reproducibility.

In summary, our study initially evaluated the ocular biometric features in patients with concomitant exotropia and found that AnisoSE, AnisoPD, AnisoAL, AnisoACD, and AnisoLT could contribute to concomitant exotropia. Our results will contribute to the etiology and management of concomitant exotropia.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Human Medical Research Ethics Committee of Joint Shantou International Eye Center of Shantou University and the Chinese University of Hong Kong. Written informed consent to participate in this study was provided by the participants' legal guardian/next of kin.



AUTHOR CONTRIBUTIONS

WG: study design, data collection, data analysis, and manuscript preparation. HC: data analysis and manuscript preparation. FY, CL, and SL: data collection. GW: study design and manuscript preparation. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by Shantou Science and Technology Project (Grant No. 190629115260318), Guangdong Medical Research Foundation (CN) (Grant No. A2016514), Shantou Municipal Science and Technology Project (Grant No. 190917155269927), and 2020 Li Ka Shing Foundation Cross-Disciplinary Research Grant (Project Number: 2020LKSFG06B).



REFERENCES

 1. Beauchamp GR, Black BC, Coats DK, Enzenauer RW, Hutchinson AK, Saunders RA, et al. The management of strabismus in adults–I. Clinical characteristics and treatment. J AAPOS. (2003) 7:233–40. doi: 10.1016/S1091-8531(03)00112-5

 2. Nelson BA, Gunton KB, Lasker JN, Nelson LB, Drohan LA. The psychosocial aspects of strabismus in teenagers and adults and the impact of surgical correction. J AAPOS. (2008) 12:72–6 e1. doi: 10.1016/j.jaapos.2007.08.006

 3. Durnian JM, Noonan CP, Marsh IB. The psychosocial effects of adult strabismus: a review. Br J Ophthalmol. (2011) 95:450–3. doi: 10.1136/bjo.2010.188425

 4. Paysse EA, Steele EA, McCreery KM, Wilhelmus KR, Coats DK. Age of the emergence of negative attitudes toward strabismus. J AAPOS. (2001) 5:361–6. doi: 10.1067/mpa.2001.119243

 5. Beauchamp GR, Black BC, Coats DK, Enzenauer RW, Hutchinson AK, Saunders RA, et al. The management of strabismus in adults–III. The effects on disability. J AAPOS. (2005) 9:455–59. doi: 10.1016/j.jaapos.2005.04.009

 6. Van de Graaf ES, Borsboom G, van der Sterre GW, Felius J, Simonsz HJ, Kelderman H. Differences in quality-of-life dimensions of adult strabismus quality of life and amblyopia and strabismus questionnaires. Graefes Arch Clin Exp Ophthalmol. (2017) 255:1851–58. doi: 10.1007/s00417-017-3694-x

 7. Menon V, Saha J, Tandon R, Mehta M, Khokhar S. Study of the psychosocial aspects of strabismus. J Pediatr Ophthalmol Strabismus. (2002) 39:203–8. doi: 10.3928/0191-3913-20020701-07

 8. Yang Y, Wang C, Gan Y, Jiang H, Fu W, Cao S, et al. Maternal smoking during pregnancy and the risk of strabismus in offspring: a meta-analysis. Acta Ophthalmol. (2019) 97:353–63. doi: 10.1111/aos.13953

 9. Maconachie GD, Gottlob I, McLean RJ. Risk factors and genetics in common comitant strabismus: a systematic review of the literature. J Am Med Assoc Ophthalmol. (2013) 131:1179–86. doi: 10.1001/jamaophthalmol.2013.4001

 10. Lithander J. Prevalence of amblyopia with anisometropia or strabismus among schoolchildren in the Sultanate of Oman. Acta Ophthalmol Scand. (1998) 76:658–62. doi: 10.1034/j.1600-0420.1998.760604.x

 11. Smith E, Hung L, Arumugam B, Wensveen J, Chino Y, Harwerth R. Observations on the relationship between anisometropia, amblyopia and strabismus. Vision Res. (2017) 134:26–42. doi: 10.1016/j.visres.2017.03.004

 12. Tang SM, Chan RY, Bin Lin S, Rong SS, Lau HH, Lau WW, et al. Refractive errors and concomitant strabismus: a systematic review and meta-analysis. Sci Rep. (2016) 6:35177. doi: 10.1038/srep35177

 13. Thouvenin D, Norbert O. Intraoperative assessment of medial rectus pulley location in strabismus. Eur J Ophthalmol. (2013) 23:13–8. doi: 10.5301/ejo.5000187

 14. Hao R, Suh SY, Le A, Demer JL. Rectus extraocular muscle size and pulley location in concomitant and pattern exotropia. Ophthalmology. (2016) 123:2004–12. doi: 10.1016/j.ophtha.2016.05.053

 15. Hashemi H, Khabazkhoob M, Emamian M, Shariati M, Abdolahi-nia T, Fotouhi A. All biometric components are important in anisometropia, not just axial length. Br J Ophthalmol. (2013) 97:1586–91. doi: 10.1136/bjophthalmol-2013-303939

 16. Tideman JWL, Polling JR, Vingerling JR, Jaddoe VWV, Williams C, Guggenheim JA, et al. Axial length growth and the risk of developing myopia in European children. Acta Ophthalmol. (2018) 96:301–09. doi: 10.1111/aos.13603

 17. Huynh SC, Wang XY, Ip J, Robaei D, Kifley A, Rose KA, et al. Prevalence and associations of anisometropia and aniso-astigmatism in a population based sample of 6 year old children. Br J Ophthalmol. (2006) 90:597–601. doi: 10.1136/bjo.2005.083154

 18. Ferrer-Blasco T, Dominguez-Vicent A, Esteve-Taboada JJ, Aloy MA, Adsuara JE, Montes-Mico R. Evaluation of the repeatability of a swept-source ocular biometer for measuring ocular biometric parameters. Graefes Arch Clin Exp Ophthalmol. (2017) 255:343–9. doi: 10.1007/s00417-016-3555-z

 19. Savini G, Hoffer KJ, Balducci N, Barboni P, Schiano-Lomoriello D. Comparison of formula accuracy for intraocular lens power calculation based on measurements by a swept-source optical coherence tomography optical biometer. J Cataract Refract Surg. (2020) 46:27–33. doi: 10.1016/j.jcrs.2019.08.044

 20. Liao X, Peng Y, Liu B, Tan QQ, Lan CJ. Agreement of ocular biometric measurements in young healthy eyes between IOLMaster 700 and OA-2000. Sci Rep. (2020) 10:3134. doi: 10.1038/s41598-020-59919-y

 21. Aloy MÁ, Adsuara JE, Cerdá-Durán P, Obergaulinger M, Esteve-Taboada JJ, Ferrer-Blasco T, et al. Estimation of the mechanical properties of the eye through the study of its vibrational modes. PLoS ONE. (2017) 9:e0183892. doi: 10.1371/journal.pone.0183892

 22. Esteve-Taboada JJ, Ferrer-Blasco T, Aloy MA, Adsuara JE, Cerda-Duran P, Mimica P, et al. Ocular anatomic changes for different accommodative demands using swept-source optical coherence tomography: a pilot study. Graefes Arch Clin Exp Ophthalmol. (2017) 255:2399–406. doi: 10.1007/s00417-017-3801-z

 23. Ferrer-Blasco T, Esteve-Taboada JJ, Monsalvez-Romin D, Aloy MA, Adsuara JE, Cerda-Duran P, et al. Ocular biometric changes with different accommodative stimuli using swept-source optical coherence tomography. Int Ophthalmol. (2019) 39:303–10. doi: 10.1007/s10792-017-0813-y

 24. Ferrer-Blasco T, Esteve-Taboada JJ, Dominguez-Vicent A, Aloy MA, Adsuara JE, Mimica P, et al. Effect of contact lenses on ocular biometric measurements based on swept-source optical coherence tomography. Arq Bras Oftalmol. (2019) 82:129–35. doi: 10.5935/0004-2749.20190020

 25. Reitblat O, Levy A, Kleinmann G, Assia EI. Accuracy of intraocular lens power calculation using three optical biometry measurement devices: the OA-2000, Lenstar-LS900 and IOLMaster-500. Eye. (2018) 32:1244–52. doi: 10.1038/s41433-018-0063-x

 26. Huang J, Savini G, Hoffer KJ, Chen H, Lu W, Hu Q, et al. Repeatability and interobserver reproducibility of a new optical biometer based on swept-source optical coherence tomography and comparison with IOLMaster. Br J Ophthalmol. (2017) 101:493–98. doi: 10.1136/bjophthalmol-2016-308352

 27. Shen PC, Zhang Y, Liu Y, Jiang J, Xu JJ, Lin HL, et al. Study on the difference of binocular accommodative response between patients with intermittent exotropia under different viewing condition. Zhonghua Yan Ke Za Zhi. (2018) 54:55–61. doi: 10.3760/cma.j.issn.0412-4081.2018.01.010

 28. Ha SG, Jang SM, Cho YA, Kim SH, Song JS, Suh YW. Clinical exhibition of increased accommodative loads for binocular fusion in patients with basic intermittent exotropia. BMC Ophthalmol. (2016) 16:77. doi: 10.1186/s12886-016-0260-y

 29. Ciuffreda KJ, Hokoda SC, Hung GK, Semmlow JL. Accommodative stimulus/response function in human amblyopia. Doc Ophthalmol. (1984) 56:303–26. doi: 10.1007/BF00155676

 30. Multi-ethnic Pediatric Eye Disease Study G. Prevalence of amblyopia and strabismus in African American and Hispanic children ages 6 to 72 months the multi-ethnic pediatric eye disease study. Ophthalmology. (2008) 115:1229–36 e1. doi: 10.1016/j.ophtha.2007.08.001

 31. Yekta A, Hashemi H, Norouzirad R, Ostadimoghaddam H, Nabovati P, Dadbin N, et al. The prevalence of amblyopia, strabismus, and ptosis in schoolchildren of Dezful. Eur J Ophthalmol. (2017) 27:109–12. doi: 10.5301/ejo.5000795

 32. Pan CW, Chen X, Zhu H, Fu Z, Zhong H, Li J, et al. School-based assessment of amblyopia and strabismus among multiethnic children in rural China. Sci Rep. (2017) 7:13410. doi: 10.1038/s41598-017-13926-8

 33. Huang J, Wen D, Wang Q, McAlinden C, Flitcroft I, Chen H, et al. Efficacy comparison of 16 interventions for myopia control in children: a network meta-analysis. Ophthalmology. (2016) 123:697–708. doi: 10.1016/j.ophtha.2015.11.010

 34. Pärssinen O, Kauppinen M. Anisometropia of spherical equivalent and astigmatism among myopes: a 23-year follow-up study of prevalence and changes from childhood to adulthood. Acta ophthalmologica. (2017) 95:518–24. doi: 10.1111/aos.13405

 35. Schachar RA, Mani M, Schachar IH. Image registration reveals central lens thickness minimally increases during accommodation. Clin Ophthalmol. (2017) 11:1625–36. doi: 10.2147/OPTH.S144238

 36. Fang D, Tang FY, Huang H, Cheung CY, Chen H. Repeatability, interocular correlation and agreement of quantitative swept-source optical coherence tomography angiography macular metrics in healthy subjects. Br J Ophthalmol. (2019) 103:415–20. doi: 10.1136/bjophthalmol-2018-311874

 37. Guimaraes de Souza R, Montes de Oca I, Esquenazi I, Al-Mohtaseb Z, Weikert MP. Updates in biometry. Int Ophthalmol Clin. (2017) 57:115–24. doi: 10.1097/IIO.0000000000000175

 38. Savini G, Hoffer KJ, Schiano-Lomoriello D. Agreement between lens thickness measurements by ultrasound immersion biometry and optical biometry. J Cataract Refract Surg. (2018) 44:1463–68. doi: 10.1016/j.jcrs.2018.07.057

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Gong, Chen, Yang, Lin, Li and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 05 January 2022
doi: 10.3389/fmed.2021.796127






[image: image2]

Vitreomacular Interface Abnormalities in Myopic Foveoschisis: Correlation With Morphological Features and Outcome of Vitrectomy

Dong Fang1†, Li Wang2†, Lu Chen1, Jia Liang1, Kunke Li1, Xingxing Mao1, Ting Xie1 and Shaochong Zhang1*


1Shenzhen Eye Hospital, Shenzhen Key Laboratory of Ophthalmology, Jinan University, Shenzhen, China

2Department of Ophthalmology, Chengdu Second People's Hospital, Chengdu, China

Edited by:
Zhenzhen Liu, Sun Yat-sen University, China

Reviewed by:
Qianli Meng, Guangdong Provincial People's Hospital, China
 Lijun Shen, Affiliated Eye Hospital of Wenzhou Medical College, China

*Correspondence: Shaochong Zhang, zhangshaochong@gzzoc.com

†These authors have contributed equally to this work and share first authorship

Specialty section: This article was submitted to Ophthalmology, a section of the journal Frontiers in Medicine

Received: 15 October 2021
 Accepted: 22 November 2021
 Published: 05 January 2022

Citation: Fang D, Wang L, Chen L, Liang J, Li K, Mao X, Xie T and Zhang S (2022) Vitreomacular Interface Abnormalities in Myopic Foveoschisis: Correlation With Morphological Features and Outcome of Vitrectomy. Front. Med. 8:796127. doi: 10.3389/fmed.2021.796127



Purpose: To compare the morphologic characteristics and response to surgery of myopic foveoschisis (MF) with different patterns of vitreomacular interface abnormalities (VMIAs).

Methods: In this observational case series, 158 eyes of 121 MF patients with epiretinal membrane (ERM) or vitreomacular traction (VMT) based on optical coherence tomography (OCT) were enrolled. All the eyes were divided into two groups by the pattern of VMIAs: ERM and VMT group. Sixty-one eyes underwent pars plana vitrectomy (PPV) and were followed up for at least 6 months. The morphologic characteristics based on OCT and the surgical outcome were evaluated.

Outcome: ERM and VMT were found in 47.47 and 52.53% of the cases, respectively. A higher rate of foveal detachment (61.4 vs. 26.7%; p < 0.001) and a higher rate of outer lamellar macular hole (45.8 vs. 21.3%; p = 0.001) were detected in the eyes with VMT compared with those with ERM. In contrast, a lower rate of inner lamellar macular hole (28.9 vs. 60.0%; p = 0.001) was detected in the eyes with VMT compared with those with ERM. The disruption of the external limiting membrane (ELM) was more common in the eyes with VMT than in those with ERM (45.8 vs. 21.3%; p = 0.001). PPV was performed in 61 eyes with a mean follow-up time of 23.55 ± 19.92 months. After surgery, anatomical resolution was achieved in 51 eyes (83.6%). At the final visit, the mean central foveal thickness (CFT) decreased significantly from 547.83 to 118.74 μm, and the mean LogMAR BCVA improved significantly from 0.92 to 0.57. The VMT group was associated with a higher proportion of eyes with visual acuity improvement postoperatively (p = 0.02) and had more a decrease of CFT (P = 0.007) compared with the ERM group.

Conclusion: In the eyes with MF, outer retinal lesions occurred more frequently in the eyes with VMT, whereas inner retinal lesions occurred more frequently in the eyes with ERM. Tangential force generated by ERM may act as a causative factor for the inner retinal lesions in MF, and inward-directed force resulting from VMT may act as a causative factor for outer retinal lesions in MF.

Keywords: myopic foveoschisis, vitreomacular interface abnormalities, pars plana vitrectomy, morphological feature, optical coherence tomography


INTRODUCTION

Myopic foveoschisis (MF) is a common sight-threatening complication in patients with high myopia, which is characterized by intraretinal splitting in the macula region. It is reported that 9.3–31.3% of the highly myopic eyes with posterior staphyloma (PS) have foveal retinoschisis, which is believed to be one of the main causes of full-thickness macular holes (MHs) in highly myopic eyes, along with obvious vision impairment (1, 2).

Although the exact pathogenesis of MF has not been clarified, several factors have been found to play a role in the occurrence of MF, including vitreomacular interface abnormalities (VMIA), retinal arteriolar stiffness, globe ectasia and staphyloma. Among them, VMIAs including epiretinal membrane (ERM) and vitreomacular traction (VMT) are among the independent factors associated with MF (3). Different subtypes of VMIAs, with different tomographic presentations, could lead to different tractional forces on retina. In the eyes with VMT, contraction of the preretinal vitreous could lead to a trampoline-like shallow vitreous detachment, which generates anterior traction on the fovea (4). On the other hand, ERM, presented as a thin and highly reflective epiretinal material in optical coherence tomography (OCT), is proposed to generate tangential forces on the retinal surface (5).

Myopic foveoschisis may exhibit different anatomical configurations, including foveal detachment (FD), outer lamellar macular hole (OLMH), and inner lamellar macular hole (ILMH). It is reported that MF with FD presented poorer visual acuity and foveal sensitivity (6). Due to different directions of tractional forces, subtypes of VMIAs may have clinical implications on the anatomical configuration of MF. However, a clear distinction between the subtypes of VMIAs associated with the morphological and functional features of MF remains difficult.

Pars plana vitrectomy (PPV) has become the mainstay surgical treatment for MF by relieving the tractional forces generated by different VMIAs (7). However, the variation of surgical outcome in MF after PPV suggests that the subtypes of VMIAs might have an impact on the surgical response of MFs. Nevertheless, the relationship between the subtypes of VMIAs and the surgical outcome of MF is rarely described in the literature.

Therefore, in this study, we specifically enrolled MF patients with different subtypes of VMIAs, compared their morphologic characteristics and surgical outcome. By analyzing the anatomical configurations of MF with different subtypes of VMIAs, our goal was to elucidate the potential role of VMIAs in the pathogenesis of MF. The possible interrelationships between them were also analyzed from a mathematical viewpoint in this study.



METHODS

This study was approved by the Institutional Review Board of Shenzhen Eye Hospital (Shenzhen China) and was conducted in accordance with the World Medical Association Declaration of Helsinki. We retrospectively enrolled 158 eyes of 121 consecutive patients from January 2013 to January 2021. Inclusion criteria were: (1) Spherical equivalent (SE) ≤ −6 D or axial length (AL) ≥ 26.5 mm; (2) Diagnosed as foveoschisis by OCT; (3) Diagnosed as ERM or VMT by OCT. Exclusion criteria were: (1) Presence of full-thickness macular hole, (2) history of ocular trauma or vitreoretinal surgery, including vitrectomy and scleral reinforcement, (3) eyes with any associated or concomitant retinopathy that could confound the retinal interpretation of OCT images, (4) to dig out the relationship between the subtypes of VMIAs and MF, we specially enrolled the eyes with VMT alone or ERM alone, and the eyes with both VMIAs were excluded, (5) unclear image of OCT, which was defined as insufficient visualization of the retinal pigment epithelium line in the macular area.


Ocular Examinations

All patients underwent comprehensive ophthalmologic examination, including best-corrected visual acuity (BCVA), slit-lamp microscope, dilated fundus examination, the measurement of refractive error by auto refractometer, AL by IOL master (Zeiss IOL Master; Carl Zeiss AG, Oberkochen, Germany), the presence of PS by Scanning Laser Ophthalmoscope (SLO), and central foveal thickness (CFT) by OCT (3D OCT-1000; Topcon Corporation, Tokyo, Japan or Spectralis OCT; Heidelberg Engineering GmbH, Heidelberg, Germany; Optovue, Inc., Fremont, CA, USA; because of the OCT equipment update in our hospital). All patients were divided into two groups by the pattern of VMIAs based on OCT examination: ERM group and VMT group. VMT is defined as the eyes with detectable retinal anatomic changes that occur on OCT and concurrent perifoveolar posterior vitreous detachment. Furthermore, VMT was divided into focal VMT (the area of attachment is 1,500 μm or less) or broad VMT (the area of attachment is more than 1,500 μm) (8). The BCVA, CFT, SE, AL, and the anatomical configurations of MF in OCT, including the presence of FD, OLMH, ILMH, the integrity of external limiting membrane (ELM), and the ellipsoid zone (EZ) were compared between the two groups (Figure 1). The EZ was classified as either intact or disrupted. The intact EZ had a continuous hyperreflective line over the retinal pigment epithelium. The disrupted EZ instead had a severely attenuated line. The status of ELM was interpreted in the same way. The outer retinoschisis was graded according to the location and the size, as suggested by Shimada et al. (9): no macular retinoschisis (S0); extrafoveal macular retinoschisis (S1); fovea-only macular retinoschisis (S2); foveal but not the entire macular area macular retinoschisis (S3); and entire macular area macular retinoschisis (S4). To control for subjective biases, the OCT examinations were independently interpreted by three different researchers. In case of disagreement in interpretation among the three researchers, the other two researchers reviewed the images in question. The results represent those with the highest unanimous approval from the five researchers.


[image: Figure 1]
FIGURE 1. Different pattern of VMIAs (A,B): Epiretinal membrane (A), Vitreomacular traction (B). The anatomical configurations of myopic foveoschisis (MF) in optical coherence tomography (OCT) (C–E): MF alone (C), inner lamellar macular hole (D, white arrow), outer lamellar macular hole (E, white arrow), foveal detachment (E, white asterisk).




Surgical Subjects and Procedures

Among the whole group, 61 eyes of 56 patients were treated by PPV due to MF-caused vision decline or metamorphopsia, and they completed no <6 months of follow-up postoperatively. All the surgeries were done under retrobulbar anesthesia or general anesthesia by one experienced surgeon (S.Z.). Three-port 23-gage, 25-gauge, or 27-gauge pars plana vitrectomy was performed. After core vitrectomy, manual posterior vitreous detachment was induced. The ILM was stained by 0.1 ml of indocyanine green solution at a concentration of 0.5%. If ERM was present, it was removed first, then the ILM was peeled completely within the vascular arcades. Finally, fluid–air exchanges was performed, followed by 16% perfluoropropane (C3F8) or filtered air tamponade. After surgery, all the patients were required to keep a face-down position for at least 12 h/day for no <2 weeks in patients tamponaded with C3F8 or 1 week with filtered air. At postoperative follow-up, regular ophthalmic examination and OCT were performed. BCVA, CFT, the process of anatomical resolution, and operative complications were recorded.



Statistical Analysis

Anatomical resolution was defined as complete foveal reattachment and the absence of foveoschisis. A postoperative gain or loss of at least two lines of Snellen visual acuity was considered statistical improvement or deterioration, otherwise defined as unchanged vision. Snellen visual acuity values were converted to the logarithm of the minimum angle of resolution (logMAR) for statistical analysis. Parametric data were presented as mean ± SD (standard deviation). SPSS 24.0 statistical software (SPSS Inc, Chicago, IL) was used for statistical analysis, with p < 0.05 considered statistically significant. The statistical comparison of the changes in visual acuity and CFT were analyzed with the independent sample t-tests or the Mann–Whitney test. The chi-square test or Fisher exact probability test was used to compare qualitative variables.




RESULTS


Clinical Characteristics

A total of 213 eyes with MF were founded. Although 48 of the 213 eyes without ERM or VMT were excluded, seven eyes were excluded because of the poor quality of their OCT. Consequently, 158 eyes (121 patients) met the stated criteria and were included in the analysis. There were 51 men and 70 women. The mean age was 53.60 ± 10.63 (22–73) years, the mean refractive error was −13.19 ± 4.41 (−6.00 to −26.00) D, the mean axial length was 29.33 ± 1.59 (25.90–34.32) mm. Average logMAR BCVA was 0.85 ± 0.45 (0–1.85) and CFT was 507.60 ± 187.68 (105.00–1640.50) μm. PS existed in 145 eyes (91.8%), and dome-shaped macula (DSM) existed in three eyes (1.9%). All the eyes presented foveal retinoschisis. None of the eyes exhibited grade S1 outer retinoschisis, 28 eyes (17.7%) displayed retinoschisis limited to the foveal region (grade S2 outer retinoschisis), 50 eyes (31.6%) showed grade S3 outer retinoschisis, and 80 eyes (50.6%) had grade S4 outer retinoschisis.



Vitreoretinal Interface Abnormalities

Epiretinal membrane and VMT were found in 75 eyes (47.47%) and 83 eyes (52.53%), respectively. The baseline characteristics of both groups are summarized in Table 1. There were no significant differences in sex (p = 0.568), age (p = 0.27), AL (p = 0.31), and SE (p = 0.961) between the two groups. The CFT of the VMT group was significantly higher than that of the ERM group (539.23 ± 183.49 vs. 472.59 ± 187.24 μm, p = 0.001). Moreover, the BCVA of the VMT group was significantly worse than that of the ERM group (0.94 ± 0.41 vs. 0.74 ± 0.46, p < 0.001).


Table 1. Comparation of demographics and ocular parameters between eyes with different vitreomacular interface abnormalities.
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The morphological characteristics of MF in the two groups were evaluated by OCT. As shown in Figure 2, the prevalence of foveal detachment was significantly higher in the VMT group compared with the ERM group (61.4 vs. 26.7%; p <0.001), so was the prevalence of OLMH (45.8 vs. 21.3%; p = 0.001). In contrast, a lower rate of ILMH (28.9 vs. 60.0%; p = 0.001) was detected in the eyes with VMT compared with those with ERM. The disruption of the ELM was more common in the eyes with VMT than in those with ERM (45.8 vs. 26.7%; p = 0.001). Similarly, more eyes with EZ disruption were detected in the VMT group than that in the ERM group (47.0 vs. 21.3%; p = 0.001). The distribution of outer retinoschisis grades was also different in the two groups. A higher rate of advanced retinoschisis (S3–S4) was found in the VMT group than that in the ERM group (89.2 VS. 74.7%; p = 0.017). The incidence of ILM detachment was higher in the VMT group compared with the ERM group, but the difference was not significant (p = 0.058). No significant difference was found in the presence of inner retinoschisis (p = 0.31), DSM (p = 1.00), and PS (p = 0.29) between the two groups (Table 2).


[image: Figure 2]
FIGURE 2. The prevalence of different anatomical configuration: (A) ILMH, (B) OLMH, (C) FD, (D) ELM integrity, (E) degree of retinoschisis, (F) ILM detachment. The left side of each figure presented the ERM group, and the right side of each figure presented the VMT group. ERM, epiretinal membrane; VMT, vitreomacular traction; ILMH, inner lamellar macular hole; OLMH, outer lamellar macular hole; FD, foveal detachment; ELM, external limiting membrane; ILM, inner limiting membrane.



Table 2. Comparation of morphological characteristics between eyes with different vitreomacular interface abnormalities.

[image: Table 2]

To better evaluate the impact of VMIAs on the morphological characteristics of MF, subgroup comparison between the eyes with focal VMT (the area of attachment is 1500 μm or less) and broad VMT (the area of attachment is more than 1500 μm) was conducted. Among the 75 eyes with VMT, 32 eyes presented broad VMT and 51 eyes presented focal VMT. There was no significant difference in age, BCVA, AL, and SE between the focal VMT group and the broad VMT group. Similarly, no significant difference was found on the prevalence of foveal detachment, OLMH, and ILMH between the two groups (Supplementary Table S1).



Data of Surgical Objects

A total of 61 eyes underwent vitrectomy. The mean follow-up time was 23.55 ± 19.92 (6–81) months. Both, the improvement of BCVA and the reduction of CFT were statistical after operation (logMAR 0.57 ± 0.40 vs. 0.92 ± 0.44, p = 0.007; CFT 118.74 ± 34.54 μm vs. 547.83 ± 154.50 μm, p = 0.007). Anatomical resolution was found in 51 eyes (83.6%) at final follow-up, 31 eyes of them achieved within 6 months. The mean time of resolution was 7.66 ± 4.55 months. After surgery, inner foveoschisis disappeared in all eyes (47 eyes, 100%) within one month, while the mean resolution time of outer foveoschisis and foveal detachment was 7.57 ± 4.49 months and 8.43 ± 3.57 months, respectively. After surgery, the final BCVA is statistically improved in 43 eyes, kept unchanged in 15 eyes, and deteriorated in three eyes (Table 3).


Table 3. Comparation of demographic and surgical data between eyes with different pattern of vitreomacular interface abnormalities.
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Among the eyes that underwent surgical treatment, ERM and VMT were found in 27 (44.26%) and 34 (55.73%) cases, respectively. Typical surgical cases of both groups are displayed in Figure 3. There was no significant difference neither in the age, refractive error, and AL between the two groups (p = 0.916, p = 0.302, and p = 0.305), nor in the proportion of different tamponade (p = 0.64), gauge (p = 0.86), and the follow-up time (p = 0.094). No significant difference in the rate of anatomical resolution within 6 months postoperatively was found between the two groups (p = 0.886). The CFT reduction was significantly higher in the VMT group than that in ERM group (471.69 ± 177.64 μm vs. 367.21 ± 100.53 μm, p = 0.007). The eyes in VMT group had a higher rate of vision improvement (≥ 2 lines) than the eyes in the ERM group (p = 0.02) (Table 3).


[image: Figure 3]
FIGURE 3. Typical surgical cases. (Left) OCT images of a 51-year-old man. (A) The OCT at baseline shows foveoschisis with the traction of epiretinal membrane (ERM). The axial length was 29.75 mm, and the baseline Logmar best corrected visual acuity (BCVA) was 0.3; (B) six months after vitrectomy, internal limiting membrane and ERM peeling and air tamponade, most of the retinoschisis resolved apart from the perifovea; (C) twelve months after surgery, the retinoschisis completely resolved, the Logmar BCVA was 0.05; (Right) OCT images of a 52-year-old woman. (D) The OCT at baseline shows foveoschisis with vitreoretinal traction (VMT). The ellipsoid zone of the outer retina was disrupted (red arrows). The axial length was 28.10 mm, and the baseline Logmar BCVA was 0.7; (E) six months after vitrectomy, internal limiting membrane peeling and air tamponade, the retinoschisis completely resolved, the ellipsoid zone became intact; (F) twelve months after surgery, the fundus remained stable, and the Logmar BCVA was 0.3.


Three eyes (1.90%) developed a full-thickness macular hole and one eye developed vitreous hemorrhage during the follow-up period. Their clinical data are presented in Table 4.


Table 4. Data of eyes developed postoperative macular hole.
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DISCUSSION

Our results showed that in eyes with MF, the pattern of the VMIAs and the damaged retinal layers were spatially related to each other. Retinal lesions in eyes with VMT predominantly affected the outer retinal area, whereas in eyes with ERM, retinal lesions predominantly affected the inner retinal area. To our best knowledge, this work firstly described the relationship between the subtypes of VMIAs and the morphological characteristics of MF, and connected it with the outcome of PPV. Tangential force in association with ERM may act as a causative factor for the inner retinal lesions in MF, whereas an inward-directed force resulting from VMT may act as a causative factor for the outer retinal lesions in MF. To better understand the force loading status of the retina under the condition of different VMIAs, we also set up a model to simulate the deformation and the forces of the posterior ocular wall.

The natural progression of MF is slow. It can remain stable for years without vision impairment in some cases. Gaucher et al. (10) reported 9 of 29 eyes with MF kept stable in visual acuity and CFT during the follow-up period of 12–59 months, they found that the presence of ERM and VMT may increase the risk of vision loss. From the perspective of mechanics, the tractional forces exerted on retina differs by the pattern of VMIAs. Epiretinal membrane contraction mainly exerts tangential force on retina, (11, 12) and partial posterior vitreous detachment usually results in oblique vitreomacular traction, which can be divided into a tangential and anterior–posterior traction (10, 13, 14). Our data shows that patients with VMT had a higher prevalence of foveal detachment and outer lamellar macular hole than those with ERM. It demonstrates that anterior–posterior traction force may be the leading cause of foveal detachment in MF, and if the force further exacerbated, outer lamellar macular hole may occur. Similarly, Tsai (15) demonstrated that the vertical tractional force results in greater structural changes in idiopathic MHs. PS and subsequent outward stretching play a role in the generation of MF (16–21). Shinohara et al. (21) found that patients with myopic retinoschisis have a significantly higher prevalence of PS (117/136, 86.0%) than those without (365/593, 61.6%), and they think posterior-directed force in association with staphylomas may contribute to the formation of myopic retinoschisis. This may be the reason for high prevalence of foveal detachment and outer lamellar macular hole in MF patients with VMT.

To better understand the force-loading status of the retina under the condition of different VMIAs, we also set up a model to simulate the deformation and the forces of the posterior ocular wall. In our structure model, the eyeball radius is set as 1.2 mm. Note that the retinal thickness is set as 0.34 mm, whereas the central foveal has a thinner thickness, namely 0.27 mm. To simplify the simulation process, only the macula area was used for simulation. We used a commercial finite element modeling (FEM) software (Comsol Multiphysics 5.5) to simulate the stress distribution of the selected part of the retina. In detail, the structural mechanics module with a solid mechanics interface was chosen for our simulation, and the stationary state of the retina deformation under external load was investigated. We note that such external load in real world may come from the traction of the vitreous/epiretinal membrane and the traction direction can be diverse to induce different shape deformation of the retina. The structure model was first built in a 3D mechanical modeling software (Solidworks 2020), which was directly imported into the FEM software Comsol Multiphysics. The retina in the simulation model was considered as a linear elastic material, which is assumed to be isotropic. Therefore, only Young's modulus (0.2985 MPa) and Poisson ratio (0.4) (22, 23) of the retina were used as the input material parameters in the simulation model. In terms of the boundaries setting in the simulation model, fixed constraint was applied on the outer surface of the retina, whereas the boundary load was applied on the inner surface of the retina. In the first case (called “horizontal traction”), we applied one horizontal force (1 mN) toward the left side on the left-half part of the surface of the retina, whereas one horizontal force (1 mN) toward the right side was applied on the right-half part of the retina, as shown in Figure 4A. In the second case (denoted as “vertical traction”), these forces had an upward direction and the total force was summed as 2 mN, as shown in Figure 4B. As regards meshing of the model, we selected a tetrahedral shape as the mesh type, and the mesh size was set as extra fine. With the calculations controlled by the governing equation and boundaries and the following powerful postprocessing in Comsol Multiphysics, stress distribution of the retina under applied load can be obtained and clearly visualized.


[image: Figure 4]
FIGURE 4. Structure model with forces of different directions applied. (A) Structure model with horizontal force applied (corresponding to the condition of epiretinal membrane); (B) Structure model with vertical force applied (corresponding to the condition of vitreoretinal macular traction).


As shown in Figure 5, we note that stress concentration in the horizontal case is evident in the central position of the selected retina part, namely the fovea location. The underlying mechanism is that the foveal part has a thinner thickness (corresponding to a crosssection with smaller area), which is subject to higher stress under the same external load, compared with the inner retina with large-area cross sections. Furthermore, there exists a significant surface curvature variation in the fovea position, which tends to induce a stress concentration at the interface. Therefore, stress concentration occurs under such horizontal external load. Though the yield and crack processes are not considered in the current simulation model, it is reasonable to envision that inner retinal crack may appear under excessive load and more likely, fatigue cracks occur and ultimately lead to the breakage of the inner retina under continuous traction. The situation of the horizontal case agrees well with the ERM case, where ILMH usually occurs under traction by the ERM. Therefore, we would know that such case is likely subject to horizontal traction.


[image: Figure 5]
FIGURE 5. Stress distribution on the retina under forces of different directions applied. The left side shows the horizontal case model, simulating the epiretinal membrane condition. Under such loading condition, the maximum stress position located in the central vitreoretinal interface from the side view (Left a) and the top view (Left b), indicating the inner layer of the retina as the weakest point. The right side shows the vertical case model, simulating the vitreomacular traction condition. Under such a loading condition, a stress concentration at the outer retina was seen from the side view (Right a) and the top view (Right b), indicating the outer layer of the retina as the weakest point.


By applying an upward force on the retina, we learn that the stress distribution is quite different from the horizontal case, as shown in Figure 5. No obvious stress-concentrated positions are observed in the fovea part, whereas there exist evident distributions of large stress in the lower surface of the retina. Such stress distributions may indicate that the fovea is kept from stress-induced failure and cracks generation. In the vertical case, detachment of the retina is more likely to occur, considering the large-stress distribution in the whole outer surface of the retina. Similarly, the situation in the vertical case corresponds well with the condition of VMT, in which external layer damage of the retina is more common. Therefore, we expect a vertical traction by the vitreous in such situation. However, the current model was a possible mechanism behind the pattern of VMIA in MF. Further investigations on MF with VMIAs with long term follow-up are necessary to validate this theory.

Our study confirmed the curative effect of microincisional PPV with ILM peeling and gas tamponade for myopic foveoschsis. In our study, 83.6% (51/61) of the eyes achieved complete anatomical resolution at final follow-up, and postoperative visual acuity improved two lines or more in 60.7% (37/61) of the eyes. The resolution rate of MF reported in literatures ranged from 60 to 100% mainly due to the differences in surgical procedures and follow-up period (4, 24–31). Our data are in line with some studies on the subject. In the study of Wang et al., 33 eyes with MF were treated with PPV with ILM peeling and C3F8 tamponade, and after 6 months of follow-up, 76% (25/33) of eyes obtained complete resolution (29). Smiddy et al. reported that the visual acuity of 63% (10/16) of patients improved two lines or more after vitrectomy (30). Similarly, 64% (9/14) of patients in the study of Yamada et al. obtained a visual acuity improvement of no <2 lines (31).

This study is limited by its retrospective nature. Further prospective study is expected to explore the impact of VMIAs on the morphological features and surgical outcome of MF.

In conclusion, our results showed that in eyes with MF, the pattern of the VMIAs and the damaged retinal layers were spatially related to each other. Retinal lesions in eyes with VMT predominantly affected the outer retinal area, whereas in eyes with ERM, retinal lesions predominantly affected the inner retinal area. To our best knowledge, the present study firstly described the relationship between the subtypes of VMIAs and the morphological characteristics of MF, and connect it with the outcome of PPV. Tangential force in association with ERM may act as a causative factor for the inner retinal lesions in MF, whereas an inward-directed force resulting from VMT may act as causative factor for the outer retinal lesions in MF. Microincisional PPV with complete ILM peeling and gas tamponade is effective in the treatment of MF. By analyzing the distribution of the lesions and the subtypes of VMIAs in eyes with MF, and investigating the possible interplay between them by statistical methods and mathematical modeling, we believe our work will contribute to a better understanding of the mechanism of MF.
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Purpose: To investigate the association between perforating scleral vessel (PSV) and different types of myopic maculopathy (MM) in a highly myopic population.

Methods: In total, 188 highly myopic eyes (117 participants) were enrolled. Each participant underwent detailed history taking and ocular examinations. Based on fundus photographs and optical coherence tomography, patients were subdivided into the non-MM group and MM group. Based on a new classification system (ATN), MM cases were classified as myopic atrophy maculopathy (MAM), myopic tractional maculopathy (MTM), and myopic neovascular maculopathy (MNM). The number of PSV and the macular choroidal thickness (mChT) were measured.

Results: Compared with non-MM group, MM group was characterized by relatively larger age (48.40 vs. 32.34; p < 0.001), longer axial length (AL, 29.72 vs. 27.75, p < 0.001), thinner mChT (52.90 vs. 122.52; p < 0.001), and lower PSV counts (6.73 vs. 9.47, p ≤ 0.001). The non-MM group had higher PSV counts in total area (0–9 mm, 9.47 vs. 6.73, p < 0.001) and perifovea area (3–9 mm, 7.25 vs. 4.71, p < 0.001) compared to the MM group. Univariate and multivariate analyses showed that PSV count had no association with MAM (p = 0.2419) and MTM (p = 0.5678). Total PSV count [odds ratio (OR) 0.78, 95% CI 0.64–0.95, p = 0.0149] and perifovea PSV count (OR 0.80, 95% CI 0.65–0.98, p = 0.0299) were both protective factors for MNM. The stratified analysis revealed that in groups with AL <28 mm, or mChT <50 μm, or mChT ≥100 μm, or eyes with cilioretinal artery, PSV count had no significant association with MNM.

Conclusion: Higher PSV counts in perifovea area (3–9 mm centered fovea) and total area (0–9 mm centered fovea) were protective factors for MNM, whereas PSV count had no association with MAM and MTM. These findings may provide novel insights into the mechanisms of pathologic myopia.

Keywords: myopic maculopathy, perforating scleral vessels, optical coherence tomography, choroidal neovascularization, multivariate analysis


INTRODUCTION

Myopia causes a huge societal burden. Pathological myopia (PM) is especially prevalent in East Asian countries (1, 2). Myopic maculopathy (MM) is the main cause of vision loss in patients with PM (3, 4). In recent years, insights into the pathogenesis of high myopia due to scleral and choroidal levels have emerged. Recent studies show that perforating scleral vessel (PSV) may be anatomically associated with lacquer crack (Lc) (5), myopic choroidal neovascularization (mCNV) (6–9), and patchy atrophy (10). Previous researchers described these phenomena and calculated the probability of PSV occurrence under specific myopic complications. However, the association between PSV and MM has not been analyzed.

Choroidal and scleral thinning are typical characteristics of highly myopic eyes. Indocyanine green angiography showed that PSV was originated from the short posterior ciliary artery (SPCA), which was important to choroidal blood supply (7). Thus, PSV count may be significantly associated to myopic choroidal change and may influence PM progression. A new classification system for MM (ATN) that integrates atrophy (A), traction (T), and neovascular (N) has been recently proposed (11). Based on the ATN classification, we explored the relationship between PSV and MM in detail. Here, we analyzed the characteristics of a highly myopic adult cohort to determine if PSV count is a risk factor for the 3 MM types.



METHODS


Study Design

We observed a series of patients presented at Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology, from August 2020 to March 2021 with high myopia in at least 1 eye. Ethical approval for the study was granted by the medical ethics committee of Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology. The study adhered to the Declaration of Helsinki guidelines. All participants gave written informed consent. The study was registered at http://www.chictr.org.cn (registration number ChiCTR2100043611).



History Taking and Ocular Examinations

All patients underwent a thorough history review and ocular examinations. Treatment history was recorded and classified based on the inclusion and exclusion criteria. Ocular examinations involved assessment of intraocular pressure (IOP) (NT-510, NIDEK CO., LTD., Japan), slit-lamp biomicroscopy (BP900, Haag-Streit International, Swiss), indirect ophthalmoscopy (YZ6H, 66Vision.Tech, China), axial length (AL) (AL-scan, NIDEK CO., LTD, Japan), color fundus photograph (AFC-210, Nidek Co., LTD., Japan), and spectral-domain optical coherence tomography (SD-OCT) (Spectralis OCT, Heidelberg Engineering, Germany). OCT-angiography (Spectralis OCT, Heidelberg Engineering, Germany and SVision Imaging, Henan, China), fluorescence, and indocyanine green angiography (Spectralis OCT, Heidelberg Engineering, Germany) were used to diagnose MNM where necessary.



Inclusion and Exclusion Criteria

Participants with an AL ≥26 mm were included in the study. Exclusion criteria were (1) an IOP >21 mmHg, (2) coexisting or history of severe ocular diseases, such as dense cataract, eye injury, glaucoma, diabetic retinopathy, or macular edema, (3) coexisting or history of severe systemic diseases other than well-controlled diabetes and hypertension, (4) history of pars plana vitrectomy, posterior scleral reinforcement, and laser photocoagulation treatment, (5) evidence of retinal pathology non-related to myopia, and (6) poor-quality images for MM or counting PSV grading.



Definition and Classification of MM

Based on the new classification and grading system for MM (ATN), MM was subdivided into 3 types: myopic atrophy maculopathy (MAM), myopic tractional maculopathy (MTM), and myopic neovascular maculopathy (MNM) (11). A scores were based on 5 levels: A0 (no myopic retinal lesions, A1 (tessellated fundus only), A2 (diffuse chorioretinal atrophy), A3 (patchy chorioretinal atrophy), and A4 (complete macular atrophy). MAM was defined as an A score of ≥2. T score had 6 levels: T0 (no macular schisis), T1 (inner or outer foveoschisis) T2, inner and outer foveoschisis, T3 (foveal retinal detachment), T4 (full-thickness macular hole [MH]), and T5 (MH and retinal detachment), and MTM were defined as T score ≥1. N score was divided into 4 levels (N0, no mCNV, N1 (macular LCs), N2a (active CNV), and N2s (scar or Fuch's spot), and MNM defined as an N score ≥1. The classification and grading of MM were done independently by two well-trained graders (JFS and HL). Disagreements were adjudicated by a retinal specialist (XFS).



Spectral-Domain OCT Imaging and Assessment

Macular-centered structural OCT images were obtained for each eye using enhanced depth imaging with 48 radial scans, a length of 9 mm, and an A-scan repeat time (ART) of 9. Macular choroidal thickness (mChT) was defined as the distance between the Bruch membrane and the choroid-sclera interface in the fovea. PSV was determined by 2 experienced retinal physicians (HMY and JFS) using the marking software (Heidelberg Engineering, Heidelberg, Germany). Based on the study by Giuffrè et al. (8), PSV was defined as (1) linear or wavy morphology in OCT images, (2) hyporeflective appearance, and (3) extension from the sclera through the choroid toward the retina. In OCT B-scan, the PSV mark was taken at the junction of the sclera and choroid, and at the corresponding site in the OCT en face image (Figure 1). The continuous 48 equally spaced radial OCT B-scans and three-dimensional picture were used to avoid duplicated counting by demonstrating how PSV passed through the sclera and entered the choroid (Figure 1). Since our study aimed to explore the maculopathy, PSVs within central 1, 3, and 9 mm diameter circles were counted.


[image: Figure 1]
FIGURE 1. Perforating scleral vessel counting method and macular choroidal thickness assessment using spectral-domain OCT. (a) Structural OCT en face image of one patient. Enhanced depth OCT scanning was centered on the macular with 48 radical scans, a length of 9 mm and an A-scan repeat time of 9. (b) B-scan image corresponding to the scan line of the green arrow in part a. The yellow arrow in parts a and b indicates the corresponding position where PSV entered the choroid from the sclera. (c) Three-dimensional reconstruction picture of B-scan image based on Heidelberg software. (d) Counting of PSV in three different regions, such as 1 diameter circle, 3 diameter circle, and 9 diameter circle. (e) Structural OCT scan through the fovea. Macular choroidal thickness is measured in a 1:1 μm image using Heidelberg software (shown as a yellow line segment of 52 μm). OCT: optical coherence tomography.




Statistical Analysis

We first compared data distribution for each covariate between bilateral eyes, MM, and non-MM groups, among the MAM, MTM, and MNM groups. T-test (normal distribution) or Kruskal-Wallis rank-sum test (non-normal distribution) were used for continuous variables. Chi-square tests were used for categorical data (Tables 1–3). Univariate and multivariate logistic regression models were used to determine if PSV count correlated with MM (Table 4; Supplementary Table S1). Total PSV count was obtained in 3 different regions, separately. Stratified analysis was used to verify the relationships in different sub-groups (Table 5). All analyses were done on R (http://www.R-project.org) and EmpowerStats software (www.empowerstats.com, X&Y solutions, Inc. Boston, MA, USA).


Table 1. General characteristics of participants with and without myopic maculopathy.
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Table 2. Characteristics and comparison between highly myopic eyes and three different types of myopic maculopathy.
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Table 3. PSV count in different regions and comparison among different myopic groups.
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Table 4. Relationship between PSV count and three different types of myopic maculopathy.
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Table 5. Stratified analysis of the association between perforating scleral vessel and myopic neovascular maculopathy.
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RESULTS

No significant differences in bilateral ocular biometrics, such as AL, mChT, and anti-vascular endothelial growth factor (VEGF) history, were revealed by the generalized equation regression models. Therefore, it was unnecessary to adjust for associations between the two eyes. General characteristics among participants with and without MM are shown in Table 1. The dataset was comprised of 188 eyes (117 participants). Mean age, mean AL, mean mChT, and mean PSV number were 43.36 ± 15.27 years, 29.10 ± 2.05 mm, 74.61 ± 52.80 μm, and 7.59 ± 2.95, respectively. Of the eligible eyes, 65 (34.57%) were male, 13 (6.91%) had cilioretinal artery, and 15 (7.98%) had a history of intravitreal anti-VEGF injection. In comparison with the non-MM group, MM group was characterized by older age (48.4 vs. 32.34, p < 0.001), longer AL (29.72 vs. 27.75, p < 0.001), thinner mChT (52.90 vs. 122.52, p < 0.001), and lower PSV count (6.73 vs. 9.47, p < 0.001). Other variables, such as gender, cilioretinal artery, and diabetes mellitus (DM), did not differ significantly between the non-MM group and MM group.

Myopic maculopathy was divided into MAM, MTM, and MNM (Table 2). The 3 groups did not differ significantly with regards to age, AL, mChT, total PSV count, gender, cilioretinal artery, high blood pressure (HBP), DM, and anti-VEGF treatment history. Venn diagram analysis was used to show the number and proportion of eyes in the 3 groups (Figure 2). Among them, the proportion of eyes that combined MAM, MTM, and MNM was the largest (22.87%), and the proportion of eyes that combined MTM and MNM was the least (1.60%). Figure 3 shows a representative left eye that combined 3 kinds of MMs, such as macular atrophy, foveoschisis, CNV, and Fuch's spot, from a patient aged 70–75 years old, with an AL of 29–30 mm. Table 3 describes PSV count in separate regions. In the total cohort, PSV count was 7.59 ± 2.95 in 0–9 mm total area, 0.29 ± 0.51 in 0–1 mm fovea area, 1.80 ± 1.18 in 1–3 mm parafovea area, and 5.51 ± 2.68 in 3–9 mm perifovea area. Among MAM, MTM, and MNM groups, PSV count in different regions had no significant difference. However, the non-MM group had higher PSV counts in total area (0–9 mm, 9.47 vs. 6.73, p < 0.001) and perifovea area (3–9 mm, 7.25 vs. 4.71, p < 0.001) relative to the MM group. Univariate and multivariate regression analyses revealed that there were no significant associations between PSV number in different regions with MAM (total p = 0.2419, fovea p = 0.1175, parafovea p = 0.9871, and perifovea p = 0.1028) and MTM (total p = 0.5678, fovea p = 0.8935, parafovea p = 0.7609, and perifovea p = 0.6267). Total PSV count [odds ratio (OR) 0.78, 95% CI 0.64–0.95, p = 0.0149] and perifovea PSV count (OR 0.80, 95% CI 0.65–0.98, p = 0.0299) were both protective factors for MNM. AL (OR 1.32, 95% CI 1.02–1.71, p = 0.0322) and mChT (OR 0.98, 95% CI 0.97–0.99, p = 0.0014) strongly correlated with MAM (Supplementary Table S1).


[image: Figure 2]
FIGURE 2. Venn diagram of eye count in three different types of myopic maculopathy. MAM, myopic atrophic maculopathy; MTM, myopic tractional maculopathy; MNM, myopic neovascular maculopathy.



[image: Figure 3]
FIGURE 3. Multimode imaging of a patient who combined the three types of myopic maculopathy. Left eye images of a patient aged 70–75 years old, with an axial length of 29–30 mm. (a) Color fundus photograph showed macular atrophy (MAM) and Fuch's spot (MNM). Fluorescence leakage (red arrow) was seen in the early (b) and late (c) stages of fluorescence angiography. (d,e) OCT image demonstrated foveoschisis (MTM, blue arrowhead) and PSV (red arrowhead) beneath the choroidal neovascularization (CNV). (f,g) OCT-angiography showed CNV (MNM) formation. MAM, myopic atrophic maculopathy; MTM, myopic tractional maculopathy; MNM, myopic neovascular maculopathy; OCT, optical coherence tomography.


The stratified analysis demonstrated that regardless of subgroup, PSV count was negatively associated with MNM, with ORs ranging from 0.41 to 0.75 (Table 5). However, in patients with AL <28 mm, mChT <50 μm, mChT ≥100 μm, and eyes with cilioretinal artery, efficacies of PSV count were greatly attenuated (OR = 0.69–1.11, 0.59–1.00, 0.71–1.43, and 0.23–1.31, respectively).



DISCUSSION

To our knowledge, this is the largest study demonstrating an association between PSV and 3 kinds of MMs. The highlight of this study was the quantitative analysis of PSV based on a large number of Chinese patients. We find that in groups with AL ≥28 mm or mChT 50–100 μm, or without cilioretinal artery, the greater number of PSV, the lower probability of MNM. If confirmed, these findings would help to identify individuals who are at high risk of developing MNM and determine the role of sclera and choroid in the pathophysiological mechanisms of myopia from the vascular perspective.

Differences between the non-MM and MM groups were consistent with previous studies. The prevalence of myopia was increased with age, and the progression of macular lesions in highly myopic eyes was correlated with age (2, 12). Other studies also reported higher AL and thinner mChT in PM groups compared to the simple myopia group (13, 14).

In our study, the stratified analysis revealed that clinical relevance between PSV and MNM was significant only in patients without cilioretinal artery, suggesting that cilioretinal arteries may protect from myopic progression, which is consistent with past findings. Zhu et al. (15) observed that adults with cilioretinal arteries had higher macular vessel density compared to those without. Meng et al. (16) found the presence of cilioretinal arteries may correlate with better visual function in myopic eyes.

Past studies reported that PSV may be an anatomical weakness in myopic eyes causing PM complications. PSV influences the formation of Lc and CNV (5–7, 9). In eyes with myopic patchy atrophy, PSV contributes to myopic morphological changes, such as sclera bowing and atrophy progression (10). However, in previous studies, only the probability of PSV occurrence under specific myopic complications was calculated, and factors, such as AL, mChT, gender, cilioretinal artery, illness, and treatment history, were not controlled for in statistical analyses. Hence, we performed a deeper analysis based on large sample size, and our conclusion was valid in certain groups based on stratified analysis.

The study by Giuffrè et al. (8) included PSV number per eye and PSV number per CNV as indicators of the relationship between PSV and CNV and found that the average PSV number per eye was 2.1 ± 1.0 and that PSV often coincided with CNV. However, the sample size of the study was quite small (41 eyes from 39 patients), and the scanning area was not specifically defined. The study by Rothenbuehler et al. (17) counted PSV in 22 emmetropic eyes based on 3D imaging and found the PSV for the central 1 mm diameter and 3 mm diameter to be 0.2 ± 0.5 (range 0–2) and 2.1 ± 1.8 (range 0–7), respectively, which is consistent with our data on highly myopic eyes without MM (0.29 ± 0.49 for central 1 mm diameter, 1.93 ± 1.27 central 3 mm diameter). In contrast, our study described PSV distribution better, using a larger scanning scope (9 mm diameter), and revealed the predictive effect of PSV on MM based on ATN staging.

For the association between PSV and MAM, Xie et al. showed that PSV was associated with sclera bowing and atrophy progression in eyes with patchy atrophy (10). Patchy atrophy, which rarely involved the fovea but always preferentially occurred inferior and temporal to the fovea, is one type of MAM lesion (A3 degree) (10, 18). Comparably, our study focused on the macular circle region for a large area (central 9 mm diameter) and all types of MAM lesions (not only patchy atrophy but also tessellated, diffuse, macular atrophy) were included. Additionally, our multivariate analysis showed that AL (OR 1.32, 95% CI 1.02–1.71, p = 0.0322) and mChT (OR 0.98, 95% CI 0.97–0.99, p = 0.0014) strongly correlated with MAM and attenuated the efficacy of PSV count (Supplementary Table S1).

The protective effect of PSV on MNM could be explained by vascular ischemic theory. AL elongation resulting in stretching and thinning of the choroid and sclera is a commonly accepted mechanism of PM. In high myopic eyes, the area of flow deficit in the choriocapillaris layer was significantly greater than that in emmetropes and mild or moderate myopic eyes (19, 20). Animal models revealed that choroidal thickness and choroidal blood perfusion are decreased in myopic eyes, and hypoxia-signaling is activated in the myopic sclera and these events can be targeted for myopia control (21, 22). PSV was confirmed to be SPCA, which mainly supplies choroid blood flow. Additionally, PSV may be crucial for oxygen diffusion to the sclera. Thus, metabolic insufficiency due to less PSV may cause hypoxia to the choroid and sclera, and trigger MNM.

The strength of our study is in its large sample size and rigorous statistical analyses. However, it has some limitations. First, due to poor penetration using the SD-OCT technique, it was not feasible to count PSVs in eyes with mChT ≥200 μm. Thus, our study population was mainly comprised of patients with thin choroids. Secondly, PSV counting was manual and may be inaccurate even counting was independently done by 2 researchers. Thirdly, we have not experimentally verified this finding, for instance, using animal models to verify differences between signaling pathways in PSV angiogenesis.
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Purpose: To evaluate factors associated with the presence of foveal bulge (FB) in resolved diabetic macular edema (DME) eyes.

Methods: A total of 165 eyes with complete integrity of ellipsoid zone (EZ) at the fovea and resolved DME were divided into two groups according to the presence of FB at 6 months after intravitreal injection of ranibizumab treatment. Best-corrected visual acuity (BCVA), central foveal thickness (CFT), outer nuclear layer (ONL) thickness, height of serous retinal detachment (SRD) and non-SRD, and inner segment (IS) and outer segment (OS) lengths of the two groups were measured and compared at baseline and each follow-up. The correlations between the presence of FB and pre- and post-treatment factors were determined by logistic regression analysis.

Results: At baseline, BCVA was significantly better, and CFT and incidence and height of SRD were significantly lower in the FB (+) group (all P < 0.05). At 6 months, FB was present in 65 (39.39%) eyes. Post-treatment BCVA was significantly better and OS length was significantly longer in the FB (+) group at 6 months (all P < 0.05). Multivariate analysis identified younger age, better BCVA, and lower CFT before treatment as significant predictors of the existence of FB at 6 months (all P < 0.05). At 6 months, better BCVA and longer OS length were significantly correlated with the existence of FB (all P < 0.05).

Conclusions: Factors associated with the presence of FB after the resolution of DME include younger age, better baseline BCVA and lower baseline CFT, and better post-treatment BCVA and longer post-treatment OS length.

Keywords: complication of diabetic retinopathy, diabetic macular edema (DME), foveal bulge, optical coherence tomography (OCT), central foveal thickness (CFT), visual acuity (VA)


INTRODUCTION

Diabetic macular edema (DME), affecting 1.4–12.8% of diabetic patients globally, is one of the primary causes of vision impairment in diabetic patients (1–3). Although different effective treatments are available for DME, the resolution of DME is not always followed by satisfactory visual recovery, and there may be paradoxical responses (4). Several studies have shown that only 18–45% of DME patients with good anatomical responses gained more than 15 letters after 2 years of treatment (5–8). Therefore, it is important to explore anatomical biomarkers of visual recovery in patients with DME. Various optical coherence tomography (OCT) biomarkers, such as disruption in the integrity of ellipsoid zone (EZ) and external limiting membrane (ELM), were proved significantly correlated with visual outcomes of patients with DME (9). However, the visual prognosis is still unsatisfactory in some patients with resolved DME and complete integrity of EZ at the fovea. The same issue also occurred in patients with macular edema secondary to branch retinal vein occlusion (BRVO-ME), DME with serous retinal detachment (SRD-DME), and rhegmatogenous retinal detachment (10–12). In these patients, foveal bulge (FB) can serve as a biomarker of better visual recovery after retinal reattachment or complete edema resolution (10–12). Therefore, we propose that FB has an important impact on the visual recovery after the resolution of DME.

Diabetic macular edema could be classified into 3 types according to the morphologic characteristics on OCT examination, such as SRD, diffused retinal thickening (DRT), and cystoid macular edema (CME) types (9, 13, 14). The pathogenesis of each DME type may differ from each other. For example, SRD mainly involves the disruption of outer blood-retinal barriers (BRB), whereas DRT and CME are caused by the breakdown of inner BRB (9, 15, 16). Therefore, these DME types can be further classified into SRD and non-SRD (i.e., DRT and CME) categories according to their different pathogenesis (17). Our previous study has demonstrated the association between the restoration of FB and severity of SRD in eyes with resolved SRD-DME (12), but the effect of non-SRD on the restoration of FB is still unknown.

Previous studies have shown that the photoreceptor in the fovea could be affected by severe macular edema, resulting in photoreceptor dysfunction and loss of photoreceptor cells (11). Moreover, the photoreceptor damage resulting from severe DME can lead to the absence of FB (11). Another previous study about the variation in FB with age has suggested that FB was more likely to be observed in younger healthy individuals and the height of FB decreased with age (18). Thus, we propose that the existence of FB may be associated with various factors, such as age and severity of DME, in eyes with resolved DME. This study aimed to evaluate factors related to the presence of FB after the resolution of DME.



MATERIALS AND METHODS


Subjects

This retrospective study included 165 eyes (114 patients) with resolved DME in the Department of Ophthalmology at Guangdong Provincial People's Hospital between January 2017 and May 2020. Initially, each eye received best-corrected visual acuity (BCVA) measurement with a decimal chart and clinical examination, such as spectral-domain OCT (SD-OCT) scanning (Spectralis; Heidelberg Engineering, Heidelberg, Germany), intraocular pressure (IOP) measurement, and slit-lamp biomicroscope. At 1, 3, and 6 months after the loading treatment, all included eyes underwent BCVA measurement and SD-OCT scanning. The study was approved by the Institutional Review Board of Guangdong Provincial People's Hospital and was conducted according to the Declaration of Helsinki. Since the study is about the retrospective analysis of outcomes of a standard DME treatment and no individual patient could be identified from the data, formal informed consent was waived.

Eyes with DME affecting the central fovea at baseline and resolved DME with complete integrity of EZ at 6 months were included. We included eyes that were untreated or received previous anti-vascular endothelial growth factor (VEGF) or pan-retinal photocoagulation (PRP) at least 6 months ago and eyes with the central foveal thickness (CFT) over 275 μm and BCVA between 0.3 and 1.0 logarithm of the minimal angle of resolution (LogMAR) (20/200–20/40) at baseline (12, 19). Eyes with macular edema secondary to other causes, such as retinal artery/vein occlusion, age-related macular degeneration, and polypoidal choroidal vasculopathy, eyes with macular ischemia, glaucoma or IOP > 21 mmHg, a history of macular grid photocoagulation or vitrectomy, refractive error over 6 diopters (D), severe cataracts, or previously treated with PRP or intravitreal or periocular injection <6 months were excluded (12, 17). We also excluded eyes with unsatisfactory SD-OCT images resulting from poor patient cooperation or media opacity.



Treatment

All included eyes received a loading dose of 3 monthly consecutive 0.5-mg intravitreal injections of ranibizumab (IVR) treatment. After the loading treatment, patients were followed on monthly basis and received 1 IVR injection if they met any of the following criteria: (A) CFT increases by ≥ 100 μm; (B) BCVA decreases by ≥ 0.1 LogMAR; or (C) the decrease of BCVA attributed to newly formed SRD or intraretinal cyst, based on the surgeons; or (D) the decrease of BCVA due to enlargement of previous SRD or intraretinal cyst, based on the surgeons (9, 12, 17). IVR injection was suspended if either of the following criteria was met: (A) BCVA ≤ 0.0 LogMAR (20/20) observed at the two last consecutive follow-ups; or (B) stable BCVA over three consecutive follow-ups that include the current follow-up evaluation, specifically no improvement of BCVA due to IVR injections at the two last consecutive follow-ups (9, 12, 17).



Measurement and Classification of DME on OCT Images

A set of high-speed SD-OCT scans (Spectralis; Heidelberg Engineering, Heidelberg, Germany) was obtained using a custom 20° × 20° volume acquisition protocol. With this protocol, we can obtain 25 horizontal and central vertical cross-sectional B-scan images, each composed of 512 A-scans (12, 17). According to the morphologic characteristics on OCT examination, DME was classified into three types (i.e., SRD, DRT, and CME). SRD type was defined as an optically clear space between the retinal pigment epithelium (RPE) and retina and a shallow elevation of the retina (9, 12, 14). DRT type was defined as sponge-like retinal swelling of the macula with reduced intraretinal reflectivity (9, 12, 14). CME type was defined as highly reflective septa separating cystoid-like cavities and low reflective intraretinal cystoid spaces in the macular area (9, 12, 14). Three DME types were further classified into two categories: SRD and non-SRD (i.e., DRT and CME) according to their different pathogenesis (17). Two ophthalmologists (QW and BL) exported the horizontal SD-OCT images through the fovea of all the included eyes for independent reading and measurement of CFT, outer nuclear layer (ONL) thickness, height of SRD (SRDH) and non-SRD (NSRDH), and inner segment (IS) and outer segment (OS) length (Figures 1, 2) (12). If there were discordance between the two ophthalmologists, arbitration was performed by a retinal specialist (HY) to generate the final decision.


[image: Figure 1]
FIGURE 1. The definition of foveal bulge (FB) and optical coherence tomography (OCT) measurements. (A) A FB (arrowhead) located at the intact ellipsoid zone line is shown on the OCT image. FB is defined as a dome-shaped structure of the ellipsoid zone (EZ) where the length of the outer segment (OS) located at the central fovea is ≥10 μm longer than the mean OS length located at 250 μm nasal and temporal from the central fovea (arrows). (B) Enlarged view. Central foveal thickness is measured as the vertical distance between the outer border of the retinal pigment epithelium (RPE) and the surface of the internal limiting membrane (ILM) at the central fovea. Outer nuclear layer thickness is measured as the vertical distance between the outer border of the external limiting membrane (ELM) and the outer border of ILM. Inner segment length is measured as the vertical distance between the outer border of EZ and the outer border of ELM. OS length is measured as the vertical distance between the inner border of RPE and the outer border of EZ.



[image: Figure 2]
FIGURE 2. Manual measurement of the height of serous retinal detachment (SRDH) and non-serous retinal detachment (NSRDH) located at the central fovea on the optical coherence tomography image. The SRDH is measured as the vertical distance at the fovea between the signal from the anterior boundary of the retinal pigment epithelium-choriocapillaris region and the top of subretinal fluid. The NSRDH is measured as the vertical distance at the fovea between the top of subretinal fluid and the surface of the internal limiting membrane.


Based on the existence of FB at 6 months after the loading treatment, the included eyes were divided into the FB (+) group and the FB (–) group. As a qualitative OCT parameter, FB was defined as a dome-shaped structure of the EZ where the length of OS located at the central fovea is ≥10 μm longer than the mean OS length located at 250 μm nasal and temporal from the central fovea (Figure 1) (10, 12). SD-OCT images of typical cases of the two groups are shown in Figures 3, 4.


[image: Figure 3]
FIGURE 3. At 6 months after the loading treatment, (A) the spectral-domain optical coherence tomography (SD-OCT) image of a 49-year-old woman with a BCVA of 0.0 LogMAR (20/20) shows a resolution of diabetic macular edema (DME), a long outer segment (OS) length, and the existence of foveal bulge (FB) (arrow). (B) The SD-OCT image of a 43-year-old woman with a BCVA of 0.1 LogMAR (20/25) also shows a resolution of DME, a long OS length, and the existence of FB (arrow).



[image: Figure 4]
FIGURE 4. Spectral-domain optical coherence tomography (SD-OCT) images of a 54-year-old man with diabetic macular edema (DME). (A) Best-corrected visual acuity (BCVA) of this patient was 0.7 LogMAR (20/100) at baseline and the SD-OCT image showed the presence of serous retinal detachment (*) and cystoid macular edema (arrowheads). Disruption of ellipsoid zone (EZ) and external limiting membrane (ELM) could be seen at the central fovea. (B) At 1 month after the loading treatment, BCVA of this patient improved to 0.52 LogMAR (20/63), and the SD-OCT image showed residual subretinal fluid (*) and the absorption of intraretinal cystoid fluid. (C) At 3 months after the loading treatment, BCVA of this patient improved to 0.3 LogMAR (20/40), and the SD-OCT image showed the absorption of subretinal fluid and the presence of intact ELM and EZ within the central fovea. Foveal bulge (FB) could not be detected (arrow). (D) At 6 months after the loading treatment, central foveal thickness further decreased on the SD-OCT image, and BCVA of this patient improved to 0.22 LogMAR (20/32). FB still could not be detected (arrow), while the continuity of EZ could be seen at the central fovea.


The two ophthalmologists manually measured CFT, ONL thickness, SRDH, NSRDH, IS length, and OS length at the central fovea in a masked manner (Figures 1, 2). Mean values of OCT measurements of the two ophthalmologists were used for statistical analysis. CFT was measured as the vertical distance between the outer border of RPE and the surface of the internal limiting membrane (ILM) (10, 12, 17). SRDH was measured as the vertical distance at the fovea between the anterior boundary of the RPE-choriocapillaris region and the top of subretinal fluid, while NSRDH was measured as the vertical distance at the fovea between the top of subretinal fluid and the surface of ILM (12, 17). ONL thickness was measured as the vertical distance between the outer border of ELM and the outer border of ILM (10, 12). IS length was measured as the vertical distance between the outer border of EZ and the outer border of ELM (10, 12). OS length was measured as the vertical distance between the inner border of RPE and the outer border of EZ (10, 12).



Statistical Analysis

Best-corrected visual acuity with a decimal chart was converted to the LogMAR for statistical analyses. All values are presented as mean ± SD. We used the SPSS 20.0 (SPSS. Inc, Chicago, IL, USA) to perform all statistical analyses and calculated intra-class coefficient (ICC) values to assess the reproducibility of OCT measurements between the two ophthalmologists (QW and BL). The mean values and frequency of parameters between the two groups were compared using the unpaired Mann-Whitney test and the chi-square Test, respectively, after confirming the data normality.

Univariate and multinomial logistic regression analyses were performed to identify possible baseline predictors for the presence of FB and to evaluate the correlations between the presence of the FB and post-treatment factors. In the univariate analysis, the association between the detection of the FB and each variable was solely examined. Subsequently, stepwise backward multivariate regression analysis was performed with the following parameters: age, baseline BCVA, baseline CFT, SRDH, detection of SRD and disrupted ELM at baseline, post-treatment BCVA, and post-treatment OS length. The variables significantly associated with the detection of the FB in the univariate analysis or showing statistically significant differences between the two groups in the unpaired Mann-Whitney test and the chi-square Test were introduced as independent variables. The multinomial logistic regression analysis generates an odds ratio (OR) for each category of the dependent variable relative to the reference category. The OR value includes the 95% CI allowing estimating the degree of accuracy. All continuous variables were categorized as the quartile-categorical variables for univariate and multinomial logistic regression analyses. For all the tests and analyses, a value of P < 0.05 was considered statistically significant.




RESULTS


Baseline Demographic Characteristics

This study included 165 eyes with complete integrity of EZ at the central fovea and completely resolved DME. At 6 months, FB was present in 65 (39.39%) eyes. In the FB (+) group, there were 47 eyes (72.31%) received previous anti-VEGF or PRP at least 6 months ago, compared to 79 eyes (79.00%) in the FB (–) group (P = 0.323). There were no significant differences in other baseline characteristics between the FB (+) group and the FB (–) group (Table 1). Moreover, the proportion of eyes from the FB (+) group was not significantly different between eyes with and without prior treatment (37.30% vs. 46.15%, P = 0.323). The interobserver ICC for the measurement of ONL thickness was 0.914, for IS length was 0.855, and for OS length was 0.872, indicating that the OCT measurements between the two ophthalmologists (QW and BL) with good reproducibility.


Table 1. Baseline demographic characteristics.
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Pre-Treatment BCVA and Optical Coherence Tomographic Parameters

At baseline, BCVA was significantly better, and CFT, SRDH, incidence of SRD, and disrupted ELM were significantly lower in the FB (+) group than the FB (–) group. NSRDH has no significant difference between the two groups (Table 2). BCVA of the FB (+) group was 0.38 ± 0.18 LogMAR, and BCVA of the FB (–) group was 0.59 ± 0.19 LogMAR (P < 0.001). CFT of the FB (+) group was 442.65 ± 155.87 μm, and CFT of the FB (–) group was 548.08 ± 169.83 μm (P < 0.001). SRDH of the FB (+) group was 94.54 ± 127.82 μm, and SRDH of the FB (–) group was 161.28 ± 186.71 μm (P = 0.034).


Table 2. Pre- and post-treatment best-corrected visual acuity and optical coherence tomographic parameters.
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Post-Treatment BCVA and Optical Coherence Tomographic Parameters

At 6 months, BCVA was significantly better, and OS length was significantly longer in the FB (+) group than the FB (–) group. CFT, ONL thickness, and IS length at 6 months were not significantly different between the two groups (Table 2). BCVA of the FB (+) group was 0.10 ± 0.16 LogMAR, and BCVA of the FB (–) group was 0.37 ± 0.16 LogMAR (P < 0.001). There were 40 eyes with a BCVA ≤ 0.0 LogMAR, and 33 (82.50%) eyes with FB, compared to 7 (17.50%) eyes without FB (P < 0.001). At 6 months, the OS length of the FB (+) group was 44.09 ± 5.62 μm, and the OS length of the FB (–) group was 32.96 ± 2.99 μm (P < 0.001). At 6 months, FB was present in 25 (31.25%) eyes with SRD at baseline, compared to 40 (47.06%) eyes without SRD at baseline (P = 0.038).



Pre- and Post-Treatment Factors Associated With the Existence of FB

The multivariate regression analysis indicated better baseline BCVA, lower baseline CFT, and younger age as significant predictors of the existence of FB at 6 months (Table 3). Better baseline BCVA has the most important contribution to the existence of FB, with an OR of 0.278 (P < 0.001) for the FB (+) group vs. the FB (–) group. Moreover, patients with lower baseline CFT (OR = 0.616, P = 0.007) and younger age (OR = 0.655, P = 0.020) were also significantly associated with the existence of FB at 6 months. The correlations between the existence of FB and post-treatment factors after the resolution of DME were determined by univariate and multivariate logistic regression analysis. The existence of FB was negatively correlated with the post-treatment BCVA (OR = 0.453, P = 0.005) and positively correlated with post-treatment OS length (OR = 11.314, P < 0.001) in the multivariate regression analysis (Table 3).


Table 3. Univariate and multivariate logistic regression analysis of the effect of pre- and post-treatment factors on the presence of foveal bulge at 6 months.
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DISCUSSION

In this study, BCVA of eyes with complete integrity of EZ at the fovea ranged from −0.08 to 0.7 LogMAR (20/100–20/16), and 75.76% of these eyes with complete integrity of EZ still had a BCVA > 0.0 LogMAR (20/20) after DME resolution. It appeared that the presence of an intact EZ at the fovea might not be the only biomarker of satisfactory visual prognosis after the resolution of DME. At 6 months, the FB was present in 39.39% of eyes with resolved DME, and BCVA was significantly better in eyes of the FB (+) group than the FB (–) group (Table 2). Moreover, a significant correlation between the existence of FB and BCVA at 6 months was determined by logistic regression analysis (Table 3). Results of this study suggested that the presence of FB could be another reliable biomarker of better post-treatment BCVA in eyes with complete integrity of EZ after the resolution of DME. Consistently, previous studies have shown that eyes with FB had better BCVA after successful retinal detachment repair or resolution of macular edema (10, 11).

In our study, the incidence of SRD and SRDH was significantly lower at baseline in the FB (+) group than the FB (–) group (Table 2). More eyes without SRD had a FB at 6 months than eyes with SRD at baseline (31.25% vs. 47.06%, P = 0.038). However, NSRDH was no significant difference at baseline between the two groups. These findings suggested that the presence of FB after the resolution of DME was significantly correlated with the presence and severity of SRD, instead of the severity of non-SRD. Our previous study on the restoration of FB in eyes with resolved SRD-DME also reported similar findings (12).

Serous retinal detachment mainly involves the disruption of outer BRB, whereas non-SRD is caused by the breakdown of inner BRB (13, 15, 16). Since outer BRB is considered to be composed of ELM and the intercellular junction complex of RPE, SRD may be more associated with the photoreceptor damage in DME (16). Consistently, disruption in the photoreceptor integrity is more frequent in patients with SRD, and OS loss is one of the first and major damages resulting from retinal detachment (9, 20, 21). Moreover, Hasegawa et al. have proposed that photoreceptor OS elongation was critical for the presence of FB and the macular edema could cause the absence of FB by damaging the photoreceptors (10, 11). Thus, eyes with SRD seem to undergo more severe OS damage and shortening, which can affect the presence of FB.

Several studies have revealed a significant correlation between the concentrations of interleukin (IL)-6 in the intraocular fluids and serum of patients with DME and the presence of SRD, indicating a significant role of inflammation in the development of SRD (22, 23). Recent studies have shown that the IL-6 signaling pathway plays a prominent role in the pathogenesis of DME by inducing oxidative damage (24, 25). Moreover, as the major cellular source of oxidative stress, photoreceptors are the earliest and primary cellular victims of increased oxidative stress (26). Taken together, inflammation and oxidative stress in eyes with SRD may result in photoreceptor damage and OS loss, further leading to the absence of FB after the resolution of DME (11).

In the present study, several robust predictive biomarkers for the presence of FB in eyes with resolved DME were identified. Baseline BCVA, baseline CFT, and age were significant predictors of the existence of FB at 6 months (Table 3). Patients with better BCVA, lower CFT, and younger age were more likely to have an FB after the resolution of DME. Firstly, better baseline BCVA represented a higher probability for the presence of FB in eyes with resolved DME (OR = 0.278). This result was consistent with previous studies showing a significant correlation between BCVA and OS length before and after anti-VEGF therapy (27, 28). Eyes with better baseline BCVA might experience better photoreceptors regeneration and the restoration of FB after DME resolution. Secondly, higher baseline CFT was a risk factor for the existence of FB in eyes with resolved DME (OR = 0.616). Previous studies had identified baseline CFT as a predictor of anatomic response to anti-VEGF therapy (29, 30). Besides, a lower CFT indicated a less severe macular edema, which might cause less photoreceptor damage, leading to the presence of FB after IVR (11). Thirdly, older age was another risk factor for the existence of FB in eyes with resolved DME (OR = 0.655). This is reasonable since FB is less likely to be observed with increasing age even in normal eyes (18).

There are several limitations to this study. Firstly, this study is a single-site retrospective analysis. Therefore, our findings need to be further validated by prospective multi-center trials. Secondly, the follow-up time was relatively short, and we were unable to perform long-term comparisons between the two groups. Eyes without the presence of FB may experience the restoration of FB and the recovery of BCVA during longer follow-up. Thus, further studies with longer follow-up are needed. Lastly, manual measurement of the OCT parameters by the two ophthalmologists included a subjective process of segment and location, because of no reliable software for automatically measuring the thickness of different retinal layers. However, it should be noted that the ICC suggested a good agreement between the two ophthalmologists.



CONCLUSIONS

In conclusion, the FB could serve as a valuable, easily obtained, and non-invasive biomarker of better visual prognosis after the resolution of DME. The presence of FB after DME resolution was significantly associated with age, baseline BCVA and CFT, and post-treatment BCVA and OS length.
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This study investigates the safety and efficacy of conbercept injection through different routes for neovascular glaucoma (NVG) treatment, in which seventy-four patients (81 eyes) with NVG caused by ischemia retinopathy had participated. Patients were divided into three stages according to the progression of NVG and were randomly assigned to receive intracameral or intravitreal conbercept injection. After conbercept injection, patients experienced improved best-corrected visual acuity (BCVA), good intraocular pressure (IOP) control, and neovascularization of Iris (NVI) regression. In stage III, patients required trabeculectomy with mitomycin C plus pan-retinal photocoagulation (PRP) to achieve complete NVI regression. Compared to the intravitreal group, the intracameral group had significantly lower IOP in 2 days in stage III and 1 day in stages I and II after injection, complete NVI regression before PRP in stages I and II, and better NVI regression in stage III. The rates of hyphema after trabeculectomy and malfunction filtering bleb suffering needle bleb revision were lower in the intracameral group, but only the hyphema rate was significantly different. Injections through different routes are all safe. We recommend intravitreal injections for patients in stages I and II, but for stage III, intracameral injection is better, and trabeculectomy with mitomycin C should be conducted within 2 days after injection to maximally reduce the risk of perioperative hyphema.

Trial Registration: ClinicalTrials.gov, identifier NCT03154892.

Keywords: neovascular glaucoma, pan-retinal photocoagulation, anti-VEGF therapy, anti-glaucoma surgery, glaucoma


INTRODUCTION

Neovascular glaucoma (NVG) is a refractory type of secondary glaucoma and often leads to frustrating treatment and blindness. Conventional anti-glaucoma medicines cannot effectively reduce intraocular pressure (IOP) in NVG, and filtering surgery of anti-glaucoma often fails due to severe inflammation and perioperative hyphema. Cyclodestructive surgery, such as cyclophotocoagulation (CPC) and cyclocryotherapy, can decrease IOP. However, without precise quantification, it often leads to hypotony and phthisis (1).

The progression of NVG can be divided into three stages: I. Rubeosis iridis: Neo-vessel can be seen at the iris (NVI) or anterior chamber angle (NVA). Patients have normal IOP. II. Open-angle glaucoma: Fibrovascular tissue grows over the trabecular meshwork and obstructs aqueous outflow. Patients have increased IOP, but the angle is open in various regions. III. Closed-angle glaucoma: Contraction of fibrovascular membrane produces secondary synechia of the trabecular meshwork and peripheral iris. The angle is closed. Patients suffer from severe pain, abruptly high IOP, and often disastrous vision loss (2).

The common underlying initiating mechanism for NVG is ocular ischemia, which is often secondary to ischemic central retinal vein occlusion (ICRVO), proliferative diabetic retinopathy (PDR), and ocular ischemic syndrome (OIS). Neovascularization is the result of the imbalance between pro- and anti-angiogenic factors. Vascular endothelial growth factor (VEGF) is one of the most important pro-angiogenic factors, and its expression is enhanced from the ischemic retina. Previous literature has described that VEGF levels are significantly higher in aqueous humor and vitreous patients with NVG (3–5).

Currently available anti-VEGF agents are composed of monoclonal IgG antibodies and recombinant fusion proteins. Ranibizumab (Lucentis) and Bevacizumab (Avastin) represent monoclonal IgG antibodies and bind to all VEGF-A isoforms. The recombinant fusion proteins are a new generation of anti-VEGF agents that can block not only all VEGF-A isoforms but also VEGF-B and placenta growth factor (PlGF). The representatives are aflibercept and conbercept. They are similar in structure, consisting of the second Ig domain of VEGFR1 and the third Ig domain of VEGFR2 fused to the Fc portion of human IgG1. Conbercept also has an additional fourth Ig domain of VEGFR2, which stabilizes receptor dimers and locks VEGF to the receptor in a rigid manner, which may have a much higher affinity to VEGF (6). Until now, all four of these medicines have been used in neovascular age-related macular degeneration (wet-AMD, wAMD), and another ocular disease with VEGF that plays an essential role in Its development), and conbercept has demonstrated superiority over the others (7). However, regarding NVG, there is not yet a clinical report about conbercept.

This study aimed to evaluate the safety and efficacy of conbercept injection through different routes for NVG treatment and to optimize the anti-VEGF therapeutic regimen for NVG.



METHODS


Study Design

This single-center study was designed as a prospective, comparative effectiveness study to assess the safety and efficacy of conbercept through different injection routes in patients with NVG. The Medical Ethics Board of the Second Affiliated Hospital of Xi'an Jiaotong University has approved this study. It complied with the Declaration of Helsinki and was registered at clinicaltrials.gov (NCT03154892). Informed consent was signed from all patients before study enrollment.



Patients

Eighty-five patients (90 eyes) were recruited for this study in the ophthalmology department of the Second Affiliated Hospital, Xi'an Jiaotong University. Seventy-four patients (81 eyes) completed at least 6 months of follow-up. The information of the participants is presented in Table 1. We included the patients with NVG whose causes were ischemia retinopathy, such as PDR and ICRVO. Carotid occlusive disease (such as OIS) causing NVG was excluded because these patients require vascular surgical treatment. Patients who had received intraocular administration of anti-VEGF drugs within 60 days in the study of eye or systemic administration within 180 days before Day 1 and patients with any contraindication for anti-VEGF agents were excluded.


Table 1. Demographic data for 81 eyes in this study.
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Ophthalmic Examination

At the initial time, all participants of this study went through the following set of tests: best-corrected visual acuity (BCVA) measured with Snellen chart, IOP by Goldmann applanation tonometer, slit lamp examination for the anterior segment, gonioscopy, detailed fundus examination, and fundus fluorescein angiography (FFA) if the cornea was clear.

After evaluation, patients were divided into three stages according to the progression of NVG. Eligible patients were randomly assigned in a 1:1 ratio to receive either intracameral or intravitreal conbercept injection. Randomization was performed centrally by using a computer-generated random-number sequence and stratified according to the stages (Table 2).


Table 2. The initial statement before conbercept injection.
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Intracameral Conbercept Injection

Under topical anesthesia with 0.5% proparacaine hydrochloride eye drops, the 0.5 mg/0.05 ml injection of conbercept (Chengdu Kanghong Biotech Ltd, Sichuan, China) in the anterior chamber at the cornea limbus was performed using a 30-gauge needle. This procedure was assisted by a surgical microscope and did not need extra anterior chamber paracentesis.



Intravitreal Conbercept Injection

Under topical anesthesia as described above, injection conbercept 0.5 mg/0.05 ml was performed at 4.0 mm posterior to the limbus in phakic eyes or 3.5 mm posterior to the limbus in aphakic or pseudophakic eyes through a 30-gauge needle. Anterior chamber paracentesis was necessary if marked IOP elevation was observed at the end of intravitreal injection in stage III.



Pan-Retinal Photocoagulation

Pan-retinal photocoagulation was conducted under a slit lamp using a LIGHTMED 577 wavelength fundus laser machine. The spot size was 300 μm, and the level II–level III reactions were appropriate for photocoagulation of the retina. PRP was usually completed within 1 week. The setting for total photocoagulation was 1,800–2,400 spots. At the time of follow-up, supplemental photocoagulation based on FFA was necessary in case of NVI recurrence.

For patients with refractive media opacity, the RPR could not be conducted. We first performed the surgery to treat the cloudy media in these cases, such as phacoemulsification for cataract, anti-glaucoma surgery for corneal edema, and pars plana vitrectomy with endolaser photocoagulation for vitreous hemorrhage.



Anti-glaucoma Surgery

Anti-glaucoma surgery was indicated in the case of failed IOP control despite having maximal tolerated topical hypotensive medications or patients who cannot receive PRP due to corneal edema. The surgery used in this study was trabeculectomy with mitomycin C as previously described (8, 9).



Follow-Up

All the patients were observed 1 day, 2 days, and 1 week after conbercept injection. If the patients received trabeculectomy, they were observed on 1 day and 1 week after surgery. They were then followed up every month for at least 6 months after PRP. BCVA, IOP, the presence of NVI, and the complications after trabeculectomy were documented at each visit.



Statistical Analysis

SPSS version 23 (SPSS Inc., Chicago, IL, USA) statistical software was utilized to analyze the data. Student's t-test was used to calculate the differences between two groups in IOP and visual acuity before and after treatment. In contrast, the comparison of NVI regression rate and incidence of complications were calculated using Fisher's exact test, the Pearson chi-squared test, or the continuity correction chi-squared test according to the sample size. Tests were considered significant at p < 0.05.




RESULTS


Visual Acuity

As listed in Table 3, BCVA is improved in 51 (63%) eyes, while it remains unchanged in 30 (37%) eyes. Regarding eyes, in stage I and stage II, BCVA after treatment was not statistically significantly improved compared to the initial statement in either the intracameral group or the intravitreal group. However, the BCVA in stage III was all significantly improved after treatment. The difference between the intracameral and intravitreal groups was not significant. Interestingly, 2 eyes with light perception (LP) at the initial statement had achieved improvements in visual acuity of 0.02 and 0.04 after the whole course of treatment.


Table 3. The best-correct visual acuity (Log MAR) before and after treatment.
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Intraocular Pressure

For stage I, in the intracameral injection group, the IOP before treatment was 17.4 ± 3.3 mmHg, which was decreased to 12.9 ± 2.4 mmHg on the first day after injection, then slightly increased to 13.9 ± 2.5 mmHg on the second day and remained stable for the follow-up period. In the intravitreal injection group, the IOP before treatment was 16.8 ± 2.0 mmHg, slightly increased to 17.9 ± 1.5 mmHg on the first day after injection, which was significantly different from the intracameral injection group (p < 0.01). On the second day, IOP was decreased to 15.0 ± 2.4 mmHg and remained stable for the follow-up period (Figure 1A).


[image: Figure 1]
FIGURE 1. Intraocular pressure profile following conbercept intracameral/intravitreal injection for NVG. *Indicates p < 0.05. NVG, neovascular glaucoma.


For stage II, the pre-treatment IOP was 27.9 ± 3.6 mmHg in the intracameral group and 28.4 ± 2.2 mmHg in the intravitreal group. On the first day after conbercept injection, the IOP was decreased to 16.1 ± 1.6 mmHg in the intracameral group and 26.5 ± 1.9 mmHg in the intravitreal group. The difference in IOP between the two groups was statistically significant (p < 0.001). On the second day, the IOP was increased to 20.9 ± 2.0 mmHg in the intracameral group and decreased to 22.4 ± 2.1 mmHg in the intravitreal group. At this time, we applied topical hypotensive drugs for eyes with IOP > 21 mmHg and completed PRP within 1 week. Through the whole follow-up period, 18 eyes achieved good IOP control, and 1 eye in the intracameral group needed administration of two topical hypotensive drugs. Even with maximal-tolerated topical hypotensive drugs, 1 eye in the intravitreal group at 1 month did not achieve good IOP control until trabeculectomy with mitomycin C was performed (Figure 1B).

For stage III, the pre-treatment IOP was 42.3 ± 3.8 mmHg in the intracameral group and 43.9 ± 3.3 mmHg in the intravitreal group. On the first day after conbercept injection, the IOP was decreased to 18.8 ± 2.6 in the intracameral group and 40.3 ± 3.5 mmHg in the intravitreal group. The difference in IOP between the groups was significant. On the second day, the IOP was increased to 24.8 ± 5.0 mmHg in the intracameral group and remained 42.5 ± 3.3 mmHg in the intravitreal group. Because the IOP tended to increase in the intracameral group and was maintained at a high level in the intravitreal group, we performed trabeculectomy with mitomycin C on this day for all patients. One week later, we started PRP. Because of retinal hemorrhage, 1 eye in the intracameral group could not complete PRP at 1 month. We repeated conbercept intravitreal injection and waited for the hemorrhage to be absorbed to complete PRP. For the four eyes not suitable for PRP due to cataract and/or vitreous hemorrhage, we first performed phacoemulsification and/or vitrectomy and endolaser and then completed PRP. At the end of the follow-up time, the IOP was controlled well in the two groups. Two eyes needed the administration of two topical hypotensive drugs (Figure 1C).



NVI Regression

For stage I, all the NVI was regressed 1 day after conbercept injection. We then started PRP, and there was no recurrence of NVI. For stage II, all the NVI was regressed 1 day after injection in the intracameral group, but in the intravitreal group, 5 eyes had remaining NVI 1 day after injection, and 2 eyes were slightly persisting until 1 week later. After PRP completion, the remaining NVI had disappeared at 1 month.

For stage III, 17 eyes (81%) had complete NVI regression 1 day after intracameral injection and did not recur on the second day. Only 8 eyes (40%) had complete NVI regression in the intravitreal group, and residual NVI was present in 12 eyes (60%) until the second day after injection.

Due to the failure of IOP control in the intravitreal group, all the eyes in stage III had trabeculectomy with mitomycin C on the second day after conbercept injection to avoid the continued damage from high IOP to the optic nerve in this study. Excitingly, the residual NVI of the four eyes in the intracameral group disappeared on the first day after trabeculectomy. The regression rate of NVI in the intravitreal group was increased to 60%, and the IOP was decreased 1 week after trabeculectomy. We completed PRP, and all the NVI had regressed 1 month later. Two eyes in the intracameral group and three eyes in the intravitreal group had a recurrence of NVI at the 3- and 4-months visits, respectively, and extra-PRP was promptly performed. We did not find any NVI recurrence at the end of the follow-up (Table 4).


Table 4. Regression rate (%) of NVI following conbercept injection.
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Complications
 
Hyphema

In stage III, hyphema occurred in three eyes (14.3%) in the intracameral group and 4 eyes (20%) in the intravitreal group in the process of conbercept injection. There was no significant difference between them (p = 0.94). Four of them were obvious and lead to a decrease in visual acuity the next day. We performed anterior chamber irrigation during trabeculectomy, and the visual acuity improved after treatment.

Twelve eyes in the intravitreal group still had NVI residue involving a larger area at the time of trabeculectomy than the intracameral group. Due to the NVI and failure of IOP control, hyphema occurred in five eyes (25%) after the surgery, which had been absorbed several days later. Tiny NVI residue only showed in four eyes in the intracameral group, and none of them experienced hyphema after trabeculectomy. These findings indicated that intracameral injection was a more effective route for stage III patients (p = 0.02).



Malfunction Filtering Bleb

At each follow-up time, the same experienced glaucoma expert evaluated the filtering bleb condition, and the needle bleb revision combined with 5-FU was conducted when a malfunction occurred (10). In total, five eyes (25%) in the intravitreal group and two eyes (9.5%) in the intracameral group required the procedure. Only a few patients needed needle bleb revision, with the difference between the two groups insignificant.





DISCUSSION

Pan-retinal photocoagulation is currently regarded as the gold standard treatment for NVG. By eliminating the ischemic retinal tissue, it permanently stops the stimulus for the production of pro-angiogenic factors and the subsequent neovascularization. However, PRP does not result in rapid regression of NVI/NVA, which usually takes several weeks to occur. During this period, patients suffer cumulative angle closure, elevated IOP, and eventually irreversible optic nerve damage. Based on these complications, some scholars have suggested anti-VEGF agents as substitutes for PRP in patients with NVG (11–13). The neovascularization process secondary to retinal ischemia can also be prevented by VEGF inhibitors (14). Several studies have reported better visual prognosis and IOP control following anti-VEGF injections in NVG (11, 15–17). However, because more than 10 times repetitiously injections are sometimes needed and the huge cost (13), this treatment method is not cost-effective and unaffordable in developing countries.

State Food and Drug Administration (FDA) in the People's Republic of China has approved the conbercept for the treatment of wAMD in 2013 (18). Still, the use of conbercept in treating NVG has not been reported. Because the anti-VEGF agent doses in the treatment of NVG and wAMD are similar to other VEGF inhibitors, we also referred to the treatment protocols of conbercept for wAMD (7). As we expected, the injection of conbercept could achieve increased visual acuity, controlled IOP, and NVI/NVA regression after 6 months of follow-up, which was consistent with reports using Bevacizumab for NVG (16, 19). These findings indicated that conbercept could be a more cost-effective candidate of anti-VEGF agent for NVG.

For the treatment regimen, we injected conbercept as the first step to reduce pro-angiogenic factors directly and rapidly and effectively alleviate disease progression, and we then completed PRP. During the therapeutic process, if cataract or vitreous hemorrhage disturbed PRP, we performed phacoemulsification or vitrectomy; if the high IOP caused corneal edema that disturbed the PRP, we first performed a trabeculectomy. Our study found that, after conbercept injection and prompt PRP, all NVG eyes in stage I and 95% of eyes in stage II had controlled IOP, prevented the damage progression of anterior chamber angle closure, and had no need for anti-glaucoma surgery. However, for the eyes in stage III, although the NVI/NVA could regress after conbercept injection, they required anti-glaucoma surgery, and completion of PRP was the goal.

Neovascular glaucoma is considered a frustrating cause for the failure of anti-glaucoma surgery. It is believed that perioperative hyphema and postoperative scarring are the common complications that relate to higher rates of trabeculectomy failure (20). For this reason, glaucoma drainage devices (e.g., Ahmed glaucoma valve) have been suggested to be the first choice for anti-glaucoma surgery in NVG. However, the use of anti-metabolites (mitomycin C) has improved the success rate of trabeculectomy (8). Similar success rates have been reported for trabeculectomy with mitomycin C compared to the Ahmed glaucoma valve in NVG (21). Trabeculectomy allows the aqueous humor to drain through a subconjunctival bleb to relieve the IOP, but a complete wound healing after surgery will constitute failure. The animal research from Seet et al. (22) showed that angiogenesis is an early response when a wound of filtering bleb is healing. A few clinical observations also confirmed that high VEGF expression and the failed surgery of glaucoma are significantly correlated (23, 24). These studies have suggested that anti-VEGF therapy is potentially useful in increasing the success of glaucoma filtration surgery. However, current literature has failed to ascertain the optimal route, timing of administration, and the full duration of effect.

In NVG treatment, VEGF inhibitors are usually injected through intravitreal routes (19, 25). It is believed that in patients with ischemic retinal diseases, VEGF is produced by a variety of cells, such as retinal pigment epithelial cells, Mueller cells, ganglion cells, retinal capillary pericytes, and endothelial cells (26). Chalam et al. (27) found that human ciliary epithelium was also an important source of the synthesis and secretion of VEGF in NVG, particularly, in eyes that were not responding to PRP. These patients needed repeated injection anti-VEGF drugs to resist VEGF synthesis from the non-pigmented ciliary epithelium. Bhagat et al. (16) reported that in terms of controlling IOP, the intracameral route was found to be most effective. Another study indicated that transient and sustained elevation in IOP, especially in stage III, might be due to the continuous intravitreal anti-VEGF injections (28). Intravitreal injection is easier and does not require the assistance of a surgical microscope. Although the IOP on the first day after injection was higher than with intracameral injection, it did not influence the effect. Thus, for NVG stages I and II, we suggest an intravitreal injection of conbercept. For stage III, the most important task is to create a safe time window for anti-glaucoma surgery. We found better IOP control and NVI regression in the intracameral group on the first day after injection in stage III. The possible explanation is that the agent can reach the iris and angle and act on the neovessels directly through the intracameral injection, and the local concentration of the anti-VEGF agent in the anterior chamber is higher than with intravitreal injection. However, due to the aqueous humor circulation and possible leakage after retracting the syringe, this advantage may soon start to diminish, as the IOP showed an upward trend on the second day. Although the time window is short, it provides us enough time to perform a trabeculectomy with less possibility of hyphema. Moreover, we did not notice any toxicity profile on the corneal endothelium and lens after intracameral injection that is why we recommend intracameral injection in advanced patients, especially in stage III.

With a combination of intravitreal ranibizumab and MMC, Kahook (29) observed more dispersed blebs with a lesser extent of vascularity in trabeculectomy, without using expensive glaucoma drainage devices. We also achieved good IOP control in patients who suffered trabeculectomy with mitomycin C combined with conbercept injection.

Hyphema is a risk factor, and it can cause the failure of trabeculectomy in NVG. A retrospective study showed that the association between preoperative intravitreal injection bevacizumab and postoperative hyphema was insignificant (20). This agrees with our results that hyphema also occurred in 25% of eyes after trabeculectomy in the intravitreal group. Sugimoto et al. (30) suggested that intravitreal injection simply decreases the neovascularization on the surface of the iris but did not entirely remove neovascularization in the iris stroma. However, the regression rate of NVI was much higher in the intracameral group, and no eyes experienced hyphema after trabeculectomy. This was possible because the NVI in iris stroma was likely eliminated but still needs validation from the histopathological examination of the resected iris.

A short-term clinical study described that patients with NVG exhibited a significant reduction in VEGF concentration in the aqueous humor 2 weeks after receiving an intracameral injection of bevacizumab, while this period is the crucial time of filtering bleb wound healing (31, 32). Because of the comprehensive anti-angiogenic effect of conbercept and its higher affinity to bind with VEGF than bevacizumab, we think the effective time should be longer than 2 weeks. During this process, the aqueous humor containing conbercept flows out through the filtering pathway, which would prevent angiogenesis and fibrosis in bleb wound healing and ultimately depress the scar formation of the filtering pathway. Although there was no significant difference in the incidence of malfunction filtering bleb between the two injection routes, we still think patients in stage III can benefit from intracameral injection to achieve a high concentration of the anti-VEGF agent in the aqueous humor.

For the patients in stage III, the anterior chamber angle had already been extensively closed, and the peripheral anterior synechia (PAS) could not be reversed. We found that the IOP remained at a high level after intravitreal injection and started to increase on the second day after intracameral injection. Based on this time window, we suggest performing trabeculectomy with MMC within 2 days after intracameral injection.

Based on our research results, we proposed a therapeutic regimen for different stages of NVG, as shown in Figure 2. As for patients in stages I and II with good IOP control, starts from intravitreal anti-VEGF agent injection and finally complete PRP. For patients in stage III, intracameral instead of Intravitreal injection followed by trabeculectomy within 2 days, and PRP. Also, limitations of this study were a single-institution study, better to expand the sample size and extend follow-up time, etc.


[image: Figure 2]
FIGURE 2. The optimized therapeutic regimen for neovascular glaucoma. Phaco, Phacoemulsification; PPV, Pars plana vitrectomy; EL, Endolaser; PRP, Pan-retinal photocoagulation.



Typical Case

A 55-year-old man with a history of blurred vision for 5 months, and pain for 1 month in the right eye. Five months previously, the patient suffered blurry vision in the right eye and had FFA to diagnose CRVO at another hospital without receiving any treatment. One month ago, the patient had pain in the right eye and received three topical hypotensive eyedrops to control IOP. However, the patient gradually began to experience severe pain and finally came to our department. The ophthalmic examination showed that the visual acuity in the right eye was LP, the IOP was 48 mmHg, the cornea had edema, the pupil was 5 mm with slow light reflex, the iris had pronounced NVI, and the angle was closed more than 270° with obvious NVA and bleeding. Under maximal medication, the IOP was still 43 mmHg.

Regarding the edema in the cornea, the fundus was not clear. At this time, the patient was diagnosed as “NVG (III), CRVO” and enrolled in our research. Initially, 0.5 mg conbercept was injected into the anterior chamber. One day later, the cornea was clear, the IOP was 17 mmHg, and the NVI had disappeared completely. However, while NVI had not recurred on the second day, the IOP had increased to 30 mmHg, and the cornea exhibited slight edema. Trabeculectomy with mitomycin C was performed immediately on this day, and no perioperative hyphema occurred. Three days later, the patient had diffused blebs, clear cornea, an IOP of 10 mmHg, and there was no recurrence of NVI. FFA showed ischemic CRVO. PRP was then completed promptly. Six months later, the visual acuity of the patient was 0.04, the IOP was 15 mmHg, the cornea was clear, and neo-vessels could not be found either on the iris or in the angle (Figure 3).


[image: Figure 3]
FIGURE 3. Ophthalmic examination of a typical case. (A–C) Before treatment, yellow arrows indicate NVI and NVA, a green arrow indicates bleeding at the angle; (D) 1 day after conbercept injection; (E) 2 days after conbercept injection; (F) 3 days after trabeculectomy with mitomycin C, blue arrow indicates filtering bleb; (G) 6 months after conbercept injection; (H) the completion of extra-PRP. PRP, Pan-retinal photocoagulation; NVI, neovascularization of Iris; NVA, neo-vessel at the anterior chamber angle.
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Purpose: To predict the prognosis of craniopharyngioma in children by optical coherence tomography angiography (OCTA).

Methods: We evaluated if the relationship between preoperative OCTA of the choroidal capillary density (CCD) and visual outcome continued over long-term visual recovery in 38 patients undergoing craniopharyngioma resection. Patients were evaluated 3 times: 1 week before surgery (Visit1), followed-up at 6–10 weeks (Visit2), and 9–15 months (Visit3) after surgery.

Results: In total 38 patients (70 eyes) with craniopharyngiomas, which included 20 (52.6%) boys and 18 (47.4%)girls, the mean age was 11.8 ± 2.7 years (range: 6–18 years). The age (p = 0.71), gender (p = 1.00), mean refractive error (p = 0.55), and axial length (p = 0.23) of 38 normal volunteers (76 eyes) were matched. After surgery, the cross-compression of patients was relieved. The average visual acuity change in the normal CCD group was 0.07 ± 0.02; the average visual acuity change in the low CCD group was 0.01 ± 0.01, p < 0.001. Preoperative CCD value is related to the preoperative BCVA (p < 0.001), and the visual function after the long-term follow-up (9–15 months) (p < 0.001). The prognosis of CCD has the same trend as the BCVA. Further correlation analysis shows that CCD and BCVA are significantly correlated (r = 0.878; p < 0.001). CCD has a weak but significant correlation both with MD (r = 0.19; p < 0.001) and PSD (r = −0.21; p <0.001). A natural cutoff of CCD is approximately 38%. With the normal CCD group the maximum improvement of BCVA exceeds 0.3 post-operatively, compared to eyes in the low CCD group that improve by <0.03, and worse after surgery.

Conclusions: Long-term vision recovery after surgical decompression of craniopharyngiomas in children can be predicted by preoperative by OCTA. Patients with normal CCD before surgery showed a tendency to improve vision; this trend of improvement persisted in subsequent follow-ups. The CCD baseline natural cutoff value for predicting visual prognosis before and after surgery is about 38%.

Keywords: craniopharyngioma, prognosis evaluation, optical coherence tomography angiography, children, quantifying choroidal capillaries


INTRODUCTION

Craniopharyngioma, which develops from the remnant epithelial cells of the craniopharyngeal duct formed by the primitive ectoderm during the embryonic period, is the most common intracranial congenital tumor and has the second-highest incidence of all tumors in the sella area (1). It is known that 70% of craniopharyngioma occurs in children and adolescents under 15 years of age, and the annual population incidence rate is (0.5–2) per 1 million (1–3). The overwhelming majority of craniopharyngiomas affect visual acuity, and the prognosis of visual acuity after surgery is unpredictable. Besides, for patients with visually impaired craniopharyngioma, timely and effective surgical resection can restore vision in some patients, but there are still some patients with visual impairment (4). So there is an urgent need for accurate and feasible visual predictive quantitative indicators to determine the prognosis of patients' visual function before surgery, to assist the selection of surgical timing and strategies.

Researchers are committed to determining preoperative characteristic indicators to predict vision recovery for craniopharyngioma. Risk factors including age, duration of symptoms, tumor size and volume, preoperative visual acuity (VA) or visual field impairment (VF), optic nerve atrophy, and electroretinogram have all been studied, but none of them can accurately and consistently predict postoperative visual function for the limitations of subjectivity and difficulty in cooperation (5).

Recently, optical coherence tomography angiography (OCTA), as a new imaging technology using coherent light interference imaging, can non-invasively observe the blood vessel structure and blood perfusion in vivo in a short time (6). The instrument has been widely used in the ophthalmology field, and takes only 2–3 min to obtain anatomical tomographic images of the choroidal microstructure and perfusion quantitative indicator—choroidal capillary density (CCD)— which can comprehensively reflect the changes in visual acuity, and which has a good potential prognostic value may overcome the deficiencies in previous examinations to predicts visual outcome for craniopharyngioma in children (7–10).

In the pre-experimental study of case analysis, we found that in patients with cross-compressed craniopharyngioma, preoperative OCTA can predict postoperative visual acuity (VA) and visual field (VF) recovery. This study establishes a new quantitative indicator with OCTA to predict visual outcomes for craniopharyngioma in children by a prospective cohort study.



MATERIALS AND METHODS


Participant Selection

Prospectively recruited patients diagnosed with craniopharyngioma from Yuquan Hospital of Tsinghua University from September 1, 2018, to January 1, 2021. This study follows the principles of the Declaration of Helsinki. The informed consent form was signed, and the study was approved by the ethics committee. Each patient is confirmed by MRI with cross-compression signs (may affect vision).

Inclusion criteria: for the experimental group, MRI confirmed that the patient's sellar area occupied space, and was independently clinically diagnosed as craniopharyngioma by two experienced neurosurgeons; the oppressed optic nerve will be treated by surgery; and receive postoperative follow-up. For the control group: volunteers with normal eyes with matching age, gender, and refractive state. All patients with craniopharyngioma need to undergo preoperative evaluation 1 week before surgery (Visit1), including VA, mydriatic fundus examination, visual field analyzer (Humphrey Field analyzer II; Carl Zeiss Meditec, Jena, Thuringia, Germany) and OCTA [(AngioVue®, Optovue Inc)., Fremont, California, USA)]. Follow-up examinations are performed 6 to 10 weeks (Visit2), and 9 to 15 months (Visit3) after surgery. The endpoint of the study is the finish of the second follow-up (Visit-3).

Exclusion criteria: anterior segment and posterior segment optic nerve diseases (except for compressive optic neuropathy), including glaucoma, cup-to-disk ratio asymmetry >0.2, focal optic disc notch, or optic nerve hemorrhage. Patients whose preoperative or postoperative VF test is unreliable (defined as 25% false positive, false negative, or fixed loss rate). Patients with high refractive errors [myopic or hyperopic refractive power (D) >5.0 D, astigmatism >2.0 D].

Thirty-eight patients (70 eyes) and 38 volunteers (76 eyes) were recruited. Six eyes were excluded based on the inclusion criteria, two patients had cup-to-disk ratio asymmetry >0.2; one eye preoperative VF test was unreliable; and three eyes had high refractive errors. All 38 operations were performed by the same surgeon (ZYQ). All patients underwent transcranial surgery to treat tumors. For the predictive follow-up analysis part, the patients were divided into two groups according to the ocular condition. One group is people with a normal average CCD (normal capillary perfusion), which is defined as the fifth percentile or higher of the age-matched standard value; the other group is people with a low average CCD, which is defined as below the fifth percentile of the age-matched standard value.



Ophthalmic Examinations

The ophthalmic examination included measurement of best-corrected visual acuity (BCVA), slit lamp assisted biomicroscopy of the anterior segment of the eye, biometry applying optical low-coherence reflectometry (Lensstar 900® Optical Biometer, Haag-Streit, 3098 Koeniz, Switzerland), and fundus photographs (non-stereoscopic photograph of 45° of the central fundus; fundus camera type CR6-45NM, Canon Inc. U.S.A.). Automatic refractometry (Auto Refractometer AR-610, Nidek Ltd, Tokyo, Japan) was performed on all the participants. If uncorrected visual acuity was 1.0 (i.e., 5/5), subjective refractometry was also performed. All the participants with undilated pupils were imaged with an OCTA (AngioVue®, Optovue Inc., Fremont, California, USA) with the instrument positioned close enough to the eye to produce a high-quality image. Using the Humphrey perimeter, the probability of pattern deviation image was used to record the mean deviation (MD) and standard deviation (PSD) of the model before and after the operation (Visit1, Visit2, Visit3). MD reflects the decrease in average visual acuity caused by various factors, which can come from damage to the optic nerve or even from the refractive interstitial opacity, which is around 0 dB in normal people; while PSD can filter out those decreased visual acuity caused by the refractive interstitium. The large absolute value of the two indices represents the loss of overall or partial vision, respectively.



Brain Imaging

Patients underwent MRI neuroimaging before surgery (Visit1), 6–10 weeks after surgery (Visit2), and 9–15 months after surgery (Visit3). The scale designed by Fujimoto et al. was used to analyze the coronal position T1-weighted imaging to score optic chiasm decompression (11). Grade 0: The tumor has no contact with the optic nerve. Grade 1: The tumor is in contact with the optic chiasm but there is no notch or deformation on the cross surface. Grade 2: The tumor compresses the optic chiasm and causes deformation but the superior optic chiasm is visible. Grade 3: The tumor compresses the optic chiasm. Deformation is not visible in the suprachiasmatic cistern. Grade 4: The tumor causes severe optic chiasm compression and brain malformations. The size of the tumor was measured before surgery, and the decompression grade assessed after surgery.



Measurement of CCD

OCTA is used to follow-up and analyze the distribution of choroidal capillaries in patients of craniopharyngioma. An image with a size of 3 × 3 mm centered on the macular arch was collected, and the CCD was quantitatively measured by OCTA vascular quantification 2.0 software (ReVue XR, version 2017.200.0.35; Optovue Inc). The choroidal capillary layer is from the reference plane of the retinal pigment epithelium (30 μm) to the reference plane of the large and medium choroidal blood vessels (6). CCD is defined as the area of the choroidal capillary blood flow pixel (yellow) in the 3 × 3 mm mode and the total area of the layer (9 mm2) × 100% (Figure 1). All operations were completed by the same experienced examiner (QSQ), and all OCTA images with poor imaging quality were excluded. The image feature analysis and quantitative measurement of all images were independently completed by three experienced ophthalmologists.


[image: Figure 1]
FIGURE 1. CCD measurement figures: select the choroidal capillary layer, use OCTA vascular quantification 2.0 software to measure the density of the choroidal capillary layer in 3 × 3 mm mode, that is, the total area of blood flow divided by the total area of the layer (9 mm2) ×100%. (1A) shows the defined measurement level, between the parallel lines is the choroidal capillary layer, the vertical line is the macular fovea position calibration line, (1B) shows the en-face image, and (1C) shows the blood flow signal acquisition image. (1D) shows the blood flow pixel image.




Statistical Analyses

SPSS statistical software package for statistical analysis (SPSS for Windows, version 22.0. SPSS, Chicago, IL, USA). All measurement data are presented as the mean ± standard deviation. The eyes were grouped into low CCD and normal CCD groups based on their choroidal blood perfusion. Grouping is used as an independent factor in the analysis. Independent sample t-test to analyze the significant difference of variables in baseline (Visit1) and changes of short-term (Visit2–Visit1) and long-term (Visit3–Visit1) between the low CCD and normal CCD groups. Regression analysis evaluates the correlation between postoperative CCD and BCVA/VF. Comparison of the magnitude of BCVA change from pre-operative to post-operative assessment among eyes in the low and normal CCD group and evaluate a natural cutoff point by extreme value method. All P-values are < 0.05 using a two-sided test.




RESULTS


Preoperative Baseline Data

In total there were 38 patients (70 eyes) with craniopharyngiomas, which included 20 (52.6%) boys and 18 (47.4%) girls, the mean age was 11.8 ± 2.7 years (range: 6–18 years). The age and gender of 38 volunteers (76 eyes) normal volunteers were matched (p all >0.05), which the mean age was 11.6 ± 2.8 years old (p = 0.71) (range: 6–18 years) (Table 1). There was no significant statistical differences in the mean refractive error (p = 0.55) and axial length (p = 0.23) in the craniopharyngioma and control group. However, the mean BCVA of patients (0.55 ± 0.34) was supposedly worse than normal volunteers (1.01 ± 0.19, p < 0.001).


Table 1. Comparison of general clinical data between craniopharyngioma group and normal control group ([image: image] ± s).

[image: Table 1]



Postoperative Changes in Visual Function

The preoperative craniopharyngioma size was 3.5 ± 1.2 cm in the normal CCD group, and showed no statistical difference compared to the low CCD group (3.4 ± 1.4 cm, p = 0.742). After surgery, the cross-compression of patients was relieved, and 84.2% (32 cases) had MRI scores of Grade 0, 10.5% (4 cases) of Grade 1, and 5.2% (2 cases) of Grade 2. The low CCD group, defined as below the fifth percentile of the age-matched standard value, included 29 (41.4%) eyes; the normal CCD group, defined as the fifth percentile or higher of the age-matched standard value, involved 41 eyes (58.6%). Among the eyes of the low CCD group, 75.9% (22 eyes) were Grade 0 patients, 13.8% (4 eyes) were Grade 1 patients, and 10.3% (3 eyes) were Grade 2 patients. Whereas, 90.2% (37 eyes) with normal CCD were Grade 0 patients, 4.9% (2 eyes) were Grade 1 patients, and 4.9% (2 eyes) were Grade 2 patients. There is no statistical difference in grading between the two groups (p = 0.672) (Table 2).


Table 2. Comparison of the visual prognosis of the low CCD group and the normal CCD group after decompression.

[image: Table 2]

Further comparison of the visual prognosis of the low CCD group and the normal CCD group was carriad out after decompression. For the short-term visual acuity after the operation (2–6 weeks, Visit2), the normal CCD group and the low CCD group had no significant changes (p = 0.642); but for the long-term visual acuity after the operation (9–15 months, Visit3), the normal CCD group improved significantly more than the low CCD group (p = 0.036). The short-term (2–6 weeks, Visit2) and long-term (9–15 months, Visit3) visual field (MD and PSD) after operation were significantly reduced in the normal CCD group and the low CCD group (p all < 0.05). In the short-term postoperative (2–6 weeks, Visit2), there was no significant change in CCD of the normal and low CCD groups (p = 0.792); but postoperative long-term (9–15 months, Visit3), the normal CCD group improved significantly than the low CCD group (p < 0.001) (Table 2).

The prognosis of CCD has the same trend as the BCVA. Further correlation analysis shows that CCD and BCVA are significantly correlated (Figure 2; y = 0.0167 * x + −0.1667, r = 0.878; p < 0.001). Besides, CCD has a weak but significant correlation both with MD (r = 0.19; p < 0.001) and PSD (r = −0.21; p < 0.001).


[image: Figure 2]
FIGURE 2. Linear regression image comparing the prognosis changes of CCD and BCVA. y = 0.0167* x + −0.1667, r = 0.878; p < 0.001.


The preoperative (Visit1) and long-term (Visit3) visual acuity differences between the normal and low CCD groups were significant and parallel to CCD. We further analyzed the long-term visual acuity recovery (BCVA of Visit3–Visit1) and the CCD baseline before and after different groups of operations. The average visual acuity change was 0.07 ± 0.02 in the normal CCD group; and 0.01 ± 0.01 in the low CCD group (p < 0.001).

Figure 3 shows the natural cutoff of CCD is ~38%. With the normal CCD group the maximum improvement of BCVA exceeds 0.3 post-operatively, compared to eyes in the low CCD group that improved by <0.03, even became worse after surgery than they were before.


[image: Figure 3]
FIGURE 3. Comparison of the BCVA changes from pre-operative to post-operative assessment among eyes in the low and normal CCD group.





DISCUSSION

As the most common symptom in patients with craniopharyngioma, especially in children, the prognosis of visual function is always an important focus (12). In previous clinical practice, subjective examinations such as visual acuity and visual field were mostly used, which have a learning curve, but the need to repeat the measurement many times (13, 14). Objective examinations such as electroretinogram and optic nerve atrophy images are comprehensive indicators of the entire eye, and mainly target nerve tissue. These do not reflect the early damage of the cross-compression area and do not consider the very early microcirculation changes caused by blood supply disorders, and so are difficult to use as a quantitative indicator of visual prognosis (5, 6, 14). In addition, the above-mentioned examinations are difficult to operate, with long examination times and high coordination requirements. It is difficult for patients to complete the examination in the early postoperative period, especially for children (12).

This study found that long-term vision recovery after surgical decompression of craniopharyngiomas in children can be predicted by preoperative OCTA, which is expected to become a new prognostic indicator of visual acuity (7–10). The new CCD index established in this study reflects choroidal microcirculation in real-time. Patients with a severe reduction in CCD indicate blood supply disorder of the ocular visual center before surgery (15). The results show that although most patients have an improvement to a certain extent of visual function (BCVA, MD, PSD) after surgery. However, patients with low CCD have relatively poor visual acuity and visual field recovery. The average visual acuity change in the normal CCD group was 0.07 ± 0.02; the average visual acuity change in the low CCD group was 0.01 ± 0.01, p < 0.001. Otherwise, it reveals that preoperative CCD value is not only related to the preoperative BCVA but also associated with the visual function after the long-term follow-up (9–15 months) (p all < 0.05).

Many studies (16–19) can explain the above results. Previous research has found that in patients with sellar tumors that cause compression of the optic nerve, the reasons for the visual impairment may be divided into the following three types. First, the space-occupying tumor physically compresses the optic nerve and causes nerve deformation and mechanical damage to an excessive extent (1, 4, 5). MRI-based imaging studies revealed that the severity of visual acuity and visual field damage is related to the volume and location of the tumor, and also the degree of compression of the optic nerve (5). However, some patients with insignificant nerve compression will still have severe visual impairment after the compression is released in time (2). Therefore, the pure mechanical injury hypothesis cannot support the evaluation of visual prognosis; but confirms the results of the recent study. Even if most of the mechanical compression is completely relieved, which in the 84.2% with Fujimoto Grade 0 and 1 after the operation in our research it was, the visual prognosis may be improved, the same, or worse. Second, microcirculation ischemia of the ocular visual center by the decrease in blood supply. If the ischemia causes damage to the visual cells, even if the mechanical pressure is quickly removed, the visual function cannot be improved (20). This similarly confirms the results of the recent study. The visual prognosis of patients without choroidal microcirculation disorder (Normal CCD group) before surgery is significantly better than that of the ischemic group (Low CCD group). Third, it is a combination of the two factors, which was the widely accepted hypothesis. In summary, for patients with craniopharyngioma, the evaluation of the visual prognosis requires comprehensive analysis. Previous brain imaging indicators such as MRI can be used to assess the degree of mechanical damage before surgery, while CCD may become the new index of microcirculation disorder in early prediction.

Furthermore, the results show that the natural cutoff of CCD is ~38%, which indicates that children with optic chiasm compression craniopharyngioma whose preoperative CCD is lower than 38 have poor visual prognosis after surgery; and in children with a preoperative CCD >38, visual acuity may be significantly improved after surgery. Besides, the improvement is parallel to preoperative CCD.

This is similar to a study about the recovery of visual acuity of patients with pituitary tumors, which revealed that better preoperative visual acuity was associated with visual function improvement (5). Similar to our results, it showed the improvement of BCVA and visual field is not obvious in the early postoperative period, and even some patients will get worse; but long-term follow-up can find significant recovery (21). This may be due to the ischemia-reperfusion injury or optic nerve injury due to decreased intracranial pressure after removal of the tumor (22, 23). Overall, the long-term prognosis is the appropriate time point for visual acuity assessed by CCD before surgery.

Potential limitations should be mentioned. First, differences between participants and non-participants may have led to a selection artifact with a hospital-based study. Second, CCD does not represent the recovery of the patient's visual field, which may indicate that CCD only represents the visual acuity of the fovea and cannot represent the peripheral visual function. Third, due to the impact of the COVID-19 epidemic, timely follow-up was affected. Although the sample size is sufficient but still small, the sample size needs to be further increased in future study to clarify the predictive value of the CCD for peripheral vision function. Third, because the scanning rate, laser wavelength, and algorithm could be different between various OCTA devices, the cutoff point in different OCTA devices may be different. The consistency of detection of different types of instruments should be further studied in the future.

In conclusion, long-term vision recovery after surgical decompression of craniopharyngiomas in children can be predicted by preoperative by OCTA. Patients with normal CCD before surgery showed a tendency to improve vision; this trend of improvement persisted in subsequent follow-ups. The long-term and short-term vision recovery of patients with preoperative low CCD is not obvious, and the vision will be temporarily reduced in the short term (2–6 weeks) after the operation. The long-term vision prognosis may be similar to that before the operation, and there is no significant improvement. This study found that the CCD baseline natural cutoff value for predicting visual prognosis before and after surgery is about 38%. That is, in children with a preoperative CCD >38%, visual acuity may be significantly improved after surgery, and the degree of postoperative improvement parallel to the CCD before surgery.
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Objective: To investigate the association between foveal outer nuclear layer (ONL) thickness and the natural course of central serous chorioretinopathy (CSC), as well as the thickness change after photodynamic therapy (PDT), exploring the PDT timing for CSC.

Methods: This retrospective consecutive case series included 358 CSC patients between January 2014 and December 2019. All patients were divided into four groups depending on disease duration: Group A: ≤1 month; Group B: >1 and ≤3 months; Group C: >3 and≤6 months and Group D: >6 months. Foveal ONL thickness of the CSC eye and the clinically healthy fellow eye were measured and compared in all patients. Fifty-six patients were successfully treated with half-dose of PDT, showing complete subretinal fluid absorption, were followed up for more than 6 months and further investigated. The recovery of foveal ONL thickness was analyzed in the affected eyes of patients with different disease duration.

Results: No significant reduction was found in CSC foveal ONL thickness (μm) compared to the fellow eye in patients with disease duration less than 1 week (112.3 ± 12.2 vs. 116.7 ± 15.3, P = 0.268). Patients with longer disease duration had varying degrees of ONL thinning compared to the contralateral eye (all P < 0.05) and this difference was more pronounced in patients with disease duration greater than 6 months (75.8 ± 12.9 vs. 113.0 ± 11.5, P < 0.001). At 6-month follow-up after PDT, foveal ONL thickness of patients with <1 month disease duration recovered significantly from onset (97.3 ± 18.2 to 113.6 ± 8.7, P < 0.001) and became similar to that of the healthy fellow eye. Foveal ONL thickness of patients with duration>1 and≤3 months recovered significantly (88.5 ± 11.5 to 95.8 ± 11.3, P = 0.012) but remained thinner than that of the healthy fellow eye. Foveal ONL thickness did not improve significantly in cases with disease duration longer than 3 months (P > 0.05).

Conclusion: Foveal ONL thinning was positively associated with disease duration prior to treatment suggesting that longer disease duration limits scope for foveal ONL recovery. CSC patients should be treated with PDT as soon as possible to prevent disease development and reduced visual function.

Keywords: central serous chorioretinopathy, outer nuclear layer, photodynamic therapy, disease duration, OCT


INTRODUCTION

Albert V Graefe reported central serous chorioretinopathy (CSC) in 1866, describing serous detachment of the macula and serous pigment epithelial detachment (1, 2). The condition primarily affects emotionally stressed men aged 20 to 45 years old (2, 3) and is a severe hazard to vision in middle-aged men. Visual distortion, micropsia, and impaired vision may be their main complaint (3). Increased glucocorticoid levels, A-type personality, hypertension, peptic ulcer, Helicobacter pylori infection, and sleep apnea syndrome are all believed to be related to CSC (4–6). Acute CSC is thought to be self-limiting to some extent, with neurosensory detachment healing without intervention in months (4, 7). However, in almost half of CSC cases, healing does not occur unaided, so effective therapy is critical (8). Photodynamic therapy (PDT), risk factor intervention, micro-pulse laser therapy, choroidal salt corticoid receptor antagonist, and even anti- vascular endothelial growth factor (VEGF) medication therapy are some of the current treatment options (9–12). In terms of subretinal fluid absorption rate and final visual acuity improvement, PDT is considered superior to other therapies (13).

CSC is classified into three forms based on the clinical presentation and course of the disease: acute CSC, chronic CSC, and bullous retinal detachment. Acute CSC is characterized by a period of symptoms and/or retinal detachment, as well as monofocal or multifocal retinal pigment epithelium leakage on fundus fluorescein angiography (FFA). Chronic CSC may present with multifocal or diffuse retinal pigment epithelium depigmentation with a serous retinal detachment and can be followed by neovascularization (14). Microstructural changes in optical coherence tomography (OCT) of CSC patients are closely associated with the disease courses. For example, Ozgur et al. found that photoreceptor cell layer atrophy occurs around 4 months after the onset of symptoms (15). Ozdemir et al. discovered that photoreceptor loss could start within the first 3 months of CSC, and that the thickness of outer nuclear layer (ONL, photoreceptor as primary structure) was negatively correlated with the duration of symptoms (16). Although macular microstructural changes have been linked to the course of CSC, other microstructural changes in the macula of CSC patients in relation to the disease course have been studied less thoroughly.

The retinal outer nuclear layer (ONL) comprises the nuclei of the photoreceptor cells (12) and is the most essential component in the central macular fovea. According to recent studies, CSC belongs to the patchy choroidal hypertrophy spectrum of disease, while the thickness of the fovea ONL is decreased (17–19) perhaps due to photoreceptor cell death (16, 20, 21). Matsumoto et al. confirmed that ONL thickness was inversely connected with best corrected visual acuity (BCVA, logMAR) and that the ONL was a robust predictor of visual prognosis (19). According to Masayuki Hata, ONL thinning continues while subretinal fluid (SRF) is present (21). Despite the above studies, no systematic studies have linked changes in the ONL thickness to the course of CSC disease.

In CSC patients, changes in the ONL are also linked to recovery. CSC patients usually recover well after undergoing PDT. Previous studies have shown a gradual increase in ONL thickness after CSC remission, with simultaneous improvement in visual acuity. This is consistent with suggestions that the ONL can be repaired and visual function restored (19, 22). Moreover, despite ONL thickness being significantly linked to CSC, no systematic studies have investigated the ONL response to PDT in patients with different disease courses. In addition, although PDT has been shown to be safe and effective in the treatment of CSC, some ophthalmologists still believe that treatment may be delayed while CSC patients can be observed first (4). As a result, the timing of PDT treatment remains controversial. An understanding of the correlation between ONL recovery and PDT timing will provide evidence for the latter in CSC treatment.

To improve understanding of the above issues we conducted this retrospective consecutive case series reviewing foveal ONL changes of CSC disease duration in 358 patients. Fifty-six patients in whom, treated successfully with half-dose of PDT, showing complete subretinal fluid absorption and followed up for more than 6 months, were further investigated. The link between foveal ONL thickness recovery disease duration was investigated.



MATERIALS AND METHODS

We retrospectively analyzed 358 patients diagnosed with CSC between January 2014 and December 2019 in the department of ophthalmology, Peking University People's Hospital. The diagnosis was made using multimode imaging [spectral domain OCT (SD-OCT), FFA and indocyanine green angiography (ICGA)]. Patients with primary, monocular onset CSC, their fellow eye unaffected, were eligible to participate. Patients with other primary retinal disorders, such as epi-retinal membrane, rhegmatogenous retinal detachment, uveitis, age-related macular degeneration, polypoid choroidal vasculopathy, high myopia fundus changes and tumors, were excluded. Patients with a history of PDT or other laser photocoagulation, as well as anti-VEGF treatment, were also excluded. Patients who were treated with half-dose PDT and had complete subretinal fluid absorption with follow up for more than 6 months were analyzed as a subgroup.

Each patient underwent a thorough eye examination and medical history inquiry, including details of the period since symptom onset (duration), best-corrected visual acuity (BCVA), anterior segment examination with slit lamp, posterior segment examination and SD-OCT (Carl Zeiss Meditec, Inc., Dublin, CA), FFA (Carl Zeiss Meditec, Inc., Dublin, CA), and ICGA (Heidelberg Engineering, Heidelberg, Germany). At least two retinal experts had assessed and measured foveal ONL thickness both horizontally and vertically and the average of their results was recorded as fovea ONL thickness. On SD-OCT of fovea, the inner line was defined as the internal boundary of the internal limiting membrane (ILM), and the outer line was defined as the external boundary of the external limiting membrane (ELM). The distance between ILM and ELM at the fovea was used to calculate the foveal ONL thickness (23) (Figure 1). The measurements were completed using the OCT software's measuring tool. Snellen BCVA was converted to logMAR for statistical purposes.


[image: Figure 1]
FIGURE 1. Outer nuclear layer (ONL) thickness was calculated as the distance between internal limiting membrane (ILM), and external limiting membrane (ELM) at the fovea. The red bar shows the measurement of foveal ONL thickness (defined as the distance from ILM to ELM). Optical coherence tomography (OCT) shows SRF at fovea and thinner ONL (a) than that of the fellow healthy eye (b) at the time of the initial consultation.


Patients received PDT which was administered using 50% dose of verteporfin according to previously stated (24–26) (Visudyne, Novartis AG, Bulach, Switzerland). Infusion of verteporfin was performed for >10 min, followed by laser delivery at 15 min from the start of infusion. A total light energy of 50 J/cm2 was delivered for 83 seconds to the area of choroidal hyperperfusion, as observed on ICGA.

The data were statistically analyzed using the SPSS statistics software version 24.0 (SPSS Inc, Chicago, IL, USA). In order to compare the changes of ONL between different courses of disease, the ONL thickness of the affected eye and the fellow eye were compared using a paired t-test in each group. Similarly, in order to compare the ONL changes of the same patients after PDT treatment, the ONL thickness change was also compared using paired t-tests for pre- and after PDT. We also analyzed whether factors other than disease duration influenced the change in ONL after PDT treatment. For the categorical variable, a homogeneity of variance was first tested. If there is a homogeneity of variance, the t-test was chosen, or else the rank sum test was performed. For continuous variables, a spearman correlation analysis was performed. The statistical significance level was set at P < 0.05.

The study was designed in accordance with the Declaration of Helsinki, and the protocol was approved by Peking University People's Hospital's Clinical Research Ethics Committee.



RESULTS

This study enrolled 358 patients, 251 of whom were men (70.1%) and 107 were women (29.9%) with a mean age overall of 43.5 ± 10.1years.For analysis, patients were categorized into four groups according to their duration (period since onset of symptoms): Group A (duration ≤1 month); Group B (duration>1 and ≤3 months); Group C (>3 and ≤6 months); Group D (duration >6 months). The patients' demographic information is displayed in Table 1.


Table 1. Demographic information of patients in groups A, B, C and D.

[image: Table 1]


Changes in Foveal ONL Thickness With the Progression of CSC

At baseline, OCT measures showed mean foveal ONL thickness of the affected eye were 97.2 ± 17.7 μm, 88.0 ± 8.7 μm, 86.6 ± 10.3 μm, and 75.8 ± 12.9 μm in Groups A, B, C, and D respectively. In all four groups, the foveal ONL thickness of the clinically healthy follow eye was 116.8 ± 16.3 μm, 112.6 ± 13.7 μm, 115.1 ± 14.5 μm, and 113.0 ± 11.5 μm, respectively. In each of these groups the ONL was significantly thinner in the affected eye than the fellow eye (paired t test, P = 0.004, P < 0.001, P < 0.001 and P < 0.001, respectively, Figure 2).


[image: Figure 2]
FIGURE 2. Comparison of foveal outer nuclear layer (ONL) thickness between affected and healthy eyes with different disease courses. The foveal ONL thickness of the affected eye is significantly thinner in all groups (paired t-test, P = 0.004, P < 0.001, P < 0.001, P < 0.001). (* indicates statistical significance). CSC, central serous chorioretinopathy.


The patients in group A were also subdivided and investigated further. Patients with a disease duration ≤1week had no significant thinning of the ONL thickness compared to the healthy eye (112.3 ± 12.2 μm vs. 116.7 ± 15.3 μm, P = 0.286), but significant ONL thinning compared to the contralateral eye was found in patients in the following groups: duration>1 and ≤2 weeks (97.5 ± 15.8 μm vs. 115.6 ± 13.2 μm, P = 0.009), duration>2 and ≤3 weeks (88.9 ± 11.1 μm vs. 118.1 ± 16.5 μm, P < 0.001), and duration >3 weeks and ≤4 weeks (90.8 ± 12.9 μm vs. 116.0 ± 10.2 μm, P < 0.001) (Figure 3).


[image: Figure 3]
FIGURE 3. Comparison of foveal ONL thickness between the affected and healthy eye at durations of disease within 1 month. In a subgroup analysis of Group A, ONL thickness was similar in the affected and fellow eyes of patients with central serous chorioretinopathy (CSC) disease duration of ≤1week (P = 0.286), but was significantly thinner in the affected than fellow eye in patients in the following groups: (14 weeks; (P = 0.009, P < 0.001, and P < 0.001 respectively). (* indicates statistical significance).




Changes in Foveal ONL Thickness After PDT

To learn more about how foveal ONL changed after patients were treated with PDT, we chose 56 patients who had complete subretinal fluid absorption with 6-month follow-up after PDT. We compared the thickness of ONL pre- and 6 months post-PDT, if there is a statistically significant difference, a significant recovery of ONL was defined. We discovered that the recovery of the ONL after PDT was dependent on the duration of the disease. At 6 months follow up after PDT, significant thickness improvement after PDT was found in patients with duration ≤1 month (97.3 ± 18.2 μm vs. 113.6 ± 8.7 μm, P < 0.001) and duration >1 and ≤3 months (88.5 ± 11.5 μm vs. 95.8 ± 11.3 μm, P = 0.012). However, no significant change in ONL was found in patients with duration >3 and ≤6 months (86.2 ± 12.9 μm vs. 88.4 ± 10.9 μm, P = 0.291) and duration >6 months (76.1 ± 13.2 μm vs. 75.2 ± 14.1 μm, P = 0.738). Patients with a disease duration of less than 1 month had the best fovea ONL recovery, followed by those with a disease duration of 1 to 3 months. Even if the subretinal fluid was totally absorbed, ONL could not be retrieved in patients with a disease duration of more than 3 months (Figure 4).


[image: Figure 4]
FIGURE 4. Comparison of foveal ONL thickness pre- and 6 months post-PDT. Patients with a disease duration of less than 1 month had the best ONL recovery, followed by those with a disease duration of 1 to 3 months. Even if the subretinal fluid was totally absorbed, ONL could not be retrieved in patients with a disease duration of more than 3 months (* indicates statistical significance).


It is worth noting that, after 6 months of PDT, the ONL in patients with duration ≤1 month eventually recovered to a level comparable to that of the contralateral healthy eye (113.6 ± 8.7 μm vs. 116.8 ± 16.3 μm, P = 0.380), while the ONL of patients duration>1 and ≤3 months remained thinner than that of the contralateral healthy eye (95.8 ± 11.3 μm vs. 112.6 ± 13.7 μm, P < 0.001), despite the significantly recovery from the pre-treatment level (88.5 ± 11.5 vs. 95.8 ± 11.3, P = 0.012).

For patients whose duration>3 and ≤6 months and duration >6 months, the foveal ONL showed no recovery compared to the pre-treatment and remained significantly thinner than their fellow healthy eye (88.4 ± 10.9 vs. 115.1 ± 14.5, P < 0.001) and (75.2 ± 14.1 vs. 113.0 ± 11.5, P < 0.001) (Figure 5).


[image: Figure 5]
FIGURE 5. Comparison of foveal ONL thickness in the affected and fellow healthy eye 6 months after PDT treatment. At 6 months follow up after PDT, the foveal ONL thickness in patients with disease duration ≤1 month eventually recovered to a level comparable to that of the contralateral healthy eye. In patients with disease duration over 1 month, ONL was not restored to this level (* indicates statistical significance).


We also analyzed other factors that may affect the ONL thickness change according to previous references (22, 27), include sex, age, height of retinal detachment, width of subretinal space, ratio of width and height, and BCVA. None of those factors had an effect on ONL thickness changes (Supplementary Table S1).



Changes in BCVA After PDT

All patients had some degree of visual acuity recovery after PDT. BCVA (logMAR) for patients with duration <1 month, duration>1 and ≤3 months, duration>3 and ≤6 months and duration >6 months was 0.24, 0.35, 0.55, and 0.56 respectively at baseline (before PDT). Visual acuity improved to 0.21 (P = 0.573), 0.24 (P = 0.136), 0.28 (P = 0.0003), and 0.33 (P = 0.002) respectively at the 6-month follow-up after PDT. Visual acuity recovery was not significant at disease durations 3 months or lower, and was significant at durations longer than 3 months (Figure 6).


[image: Figure 6]
FIGURE 6. Comparison of BCVA pre- and 6 months post-PDT. At 6 months follow up after photodynamic therapy (PDT), the best corrected visual acuity (BCVA) of patients with disease duration longer than 3 months was significantly better than BCVA pre-PDT. However, BCVA was similar pre- and post-PDT for patients with disease duration of 3 months or less (* indicates statistical significance).




Typical Cases
 
Case 1

A 26-year-old man presented with a three-day history of blurred vision in the right eye. The physical examination showed that the BCVA in his right eye was 20/20. SD-OCT showed serous retinal detachment at the macula and the foveal ONL thickness was 102 μm. He was diagnosed with CSC in the right eye and chose to be treated with half-dose PDT immediately. One month after PDT, ONL thickness was 103 μm. At 6th month follow-up, fovea ONL thickness was 102 μm while his left eye showed fovea ONL thickness of 101 μm. This case illustrates that timely PDT treatment soon after onset could prevent damage to foveal ONL (Figure 7).


[image: Figure 7]
FIGURE 7. OCT of diseased eye before PDT (a). 1 month after PDT (b). 6 months after PDT (c) and of the fellow healthy eye (d).




Case 2

A 34-year-old man presented with a five-month history of blurred vision in the left eye. The physical examination showed that the BCVA in his left eye was 20/50. SD-OCT showed serous retinal detachment at the macula and the foveal ONL thickness was 69 μm. He was treated with half-dose PDT. One month after PDT, foveal ONL thickness was 70 μm though the subretinal fluid had been absorbed. Six months later, the fovea ONL remained at 72 μm in the left eye while ONL of the right eye was 108 μm, indicating no significant recovery. This case demonstrates that in patients with longer disease duration, even after successful treatment, structural damage to the ONL remains irreversible (Figure 8).


[image: Figure 8]
FIGURE 8. Optical coherence tomography (OCT) of the diseased eye before PDT (a). 1 month after PDT (b). 6 months after PDT (c). and of the fellow healthy eye (d).




Case 3

A 37-year-old woman presented with a two-months history of blurred vision in the left eye. The physical examination showed that the BCVA in her left eye was 20/40. SD-OCT showed serous retinal detachment at the macula and the foveal ONL thickness was 79 μm. She was treated with half-dose PDT. One month after PDT, foveal ONL thickness was 81 μm as the subretinal fluid had been absorbed. Six months later, the foveal ONL regained to 101 μm in the left eye and ONL of the right eye was 110 μm, with an obvious recovery. This case demonstrates that in patients with duration>1 and ≤3 months, ONL thickness could still recover after PDT (Figure 9).


[image: Figure 9]
FIGURE 9. Optical coherence tomography (OCT) of the diseased eye before PDT (a). 1 month after PDT (b). 6 months after PDT (c). and of the fellow healthy eye (d).






DISCUSSION

Our findings revealed that foveal ONL is thinner with longer pre-treatment duration of CSC. ONL thickness was substantially improved after treatment with PDT, but recovery was again related to disease duration prior to PDT.

The microstructure of the macular area in CSC patients, particularly the structure of the ONL, was essential with increasing concern. Previous investigations have documented considerably decreased ONL thickness in patients with visual loss (28, 29) with some claiming that CSC patients' vision loss was caused by photoreceptor apoptosis (30, 31). Similarly, our findings indicated gradual thinning of ONL with the progression of the disease, and with SRF persistence. Ozgur et al. found that photoreceptor cell layer atrophy occurs around 4 months after the onset of CSC symptoms (15), while Ozdemir et al. found that photoreceptor loss may begin within the first 3 months of CSC onset and that ONL thickness (photoreceptor as primary structure) was negatively correlated with symptom duration (16). Our findings indicate that foveal ONL thickness is a more sensitive indicator with variable degrees of ONL destruction happening as early as 1 week after the onset of the disease.

Foveal ONL thickness is not only associated with disease duration prior to therapy, it is also a powerful predictor of the patient's prognosis after treatment (19).In line with prior research, our findings showed that after PDT, ONL thickness gradually recovered along with CSC remission. The degree of recovery, however, differed between patients with different disease durations despite SRF having been completely absorbed after PDT. SRF-induced retinal stretch, according to Jia Yu et al., contributes significantly to the reduction in foveal ONL thickness (22). However, our findings imply that removal of SRF would not result in instant thickening of the ONL, and this is consistent with our previous research indicating that the effect of the subretinal fluid stretching can be ignored (data not shown). After SRF absorption, anatomical modification of the ONL structure appeared to be more relevant.

Fortunately, the ONL thickness of patients with a disease duration of less than 3 months recovered significantly at 6 months follow-up after PDT compared to pre-treatment. In addition, the ONL thickness in the affected eye was not substantially different from that in the healthy eye in individuals with a disease duration of less than 1 month. However, in those with disease duration over 3 months ONL thickness was not restored even after complete absorption of subretinal fluid, indicating that the ONL anatomy is not easily restored when SRF has been present for longer than 3 months. So far, there is no definite explanation to the recovery of ONL thickness after PDT for CSC patients. One possible explanation for restoration after shorter disease duration is that the ONL anatomy undergoes total remodeling if duration is less than 1 month. The ONL thickness showed partial remodeling after duration of 1 to 3 months, implying that the layer had been partially destroyed. Another explanation, according to Matsumoto et al., is that a recovery phagocytic cycle by RPE could be the cause of photoreceptor recovery in CSC. After PDT, the RPE may re-establish the photoreceptor phagocytic cycle, allowing the ONL to recover after the SRF is resolved (20). Even if SRF is absorbed, however, severe structural deterioration of the ONL occurs when symptoms have been present for 3 months. This indicates that if therapy is postponed, ONL damage may become permanent as the disease advances.

The question of whether CSC should be treated as soon as feasible is currently proving controversial. Previous studies have demonstrated that observation is the first-line treatment for patients with disease duration of less than 3 months (4). The neurosensory retina would be reattached in 3 months for most patients, according to Yannuzzi et al. (32). If the SRF has not been absorbed after 4 months, or if the other eye has had an incident with a poor visual prognosis, intervention is required (33). However, Loo et al. found that the persistence and recurrence of SRF could lead to vision loss below 20/40 in the long term (34). This is consistent with the present findings that persistence of SRF for long time result in poor vision and difficulty in recovery of ONL. While PDT is not frequently employed, clinicians may be obliged to observe the patient and alleviate any systemic factors that may impair CSC. Even though CSC is a self-limiting condition, about half of cases do not heal without treatment. Approximately 20–30% of patients will have one or more recurrence, with 5% developing chronic CSC, with permanent loss of vision (35). Previous investigations have found that the rate of anatomical response and VA improvement cloud to be almost 75 and 96% after PDT, respectively (10, 36, 37). PDT has been shown to be safe and effective in the treatment of CSC and our findings demonstrate that early PDT (within a month of the onset of the disease) can restore ONL to normal levels. According to our research, ONL is not thinned or significantly damaged within 1 week of disease onset, and patients treated promptly at this time have a better prognosis (see Typical Case 1). In summary, due to its effect on visual function and based on the facts presented above, we suggest that PDT should be started as soon as possible after CSC onset.

After PDT, all patients had some degree of visual acuity recovery, which was consistent with ONL thickness recovery. Interestingly, significant BCVA improvement was found in individuals with disease duration greater than 3 months, but not in those with duration less than 3 months. One possible explanation is that visual impairment was less severe in patients with recent onset disease. For patients with disease duration less than 3 months, not severe damage to BCVA has even occurred. As a result, the recovery of BCVA was not significant. Patients with duration shorter than 3 months, on the other hand, still had better final visual acuity than those with duration longer than 3 months. It was established that without spontaneous remission of the CSC, visual acuity will deteriorate over time. However, with PDT, vision can recover even if the condition lasts longer than 3 or 6 months. This also implies that, even if therapy is postponed, it is worthwhile.

This research has some limitations. Firstly, this is a retrospective study. Secondly, despite the sample size of 358 patients, we only looked at the foveal ONL and BCVA changes following PDT on 56 individuals. These were individuals with completely restored subretinal fluid and 6 months of follow up. Some patients declined to continue with the follow-up after the subretinal fluid was completely absorbed, while others underwent a second PDT and thus were removed from further participation. Thirdly, the follow up period was insufficient. Future research should include a larger sample followed up for a longer period to understand the long-term changes in foveal ONL after PDT.



CONCLUSION

In summary, longer disease duration before treatment results in a thinner foveal ONL and lower likelihood of recovery after PDT. We suggest that CSC patients should be treated with PDT as soon as possible to prevent disease development and visual function loss.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Medical Ethics Committee of Peking University People's Hospital. The patients/participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



AUTHOR CONTRIBUTIONS

MZ, YS, and XS: performing the screening and diagnosis of CSC. KD, YG, ZL, and YC: collection and assembly of data. KD and YG: data analysis and interpretation. All authors contributed to the study conception and design, manuscript writing, and final approval of manuscript.



FUNDING

This work was supported by the National Natural Science Foundation of China Grant (82171060, 81970815); National key research and development program (2020YFC2008203); Beijing Residency Training Quality Improvement Project (No. Zhupei2021043).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmed.2021.824239/full#supplementary-material



REFERENCES

 1. Gupta A, Tripathy K. Central Serous Chorioretinopathy. StatPearls. Treasure Island (FL): StatPearls Publishing Copyright © 2020, StatPearls Publishing LLC. (2020).

 2. Liu B, Deng T, Zhang J. Risk factors for central serous chorioretinopathy: a systematic review and meta-analysis. Retina. (2016) 36:9–19. doi: 10.1097/IAE.0000000000000837

 3. Baran NV, Gürlü VP, Esgin H. Long-term macular function in eyes with central serous chorioretinopathy. Clin Experiment Ophthalmol. (2005) 33:369–72. doi: 10.1111/j.1442-9071.2005.01027.x

 4. Daruich A, Matet A, Dirani A, Bousquet E, Zhao M, Farman N, et al. Central serous chorioretinopathy: Recent findings and new physiopathology hypothesis. Prog Retin Eye Res. (2015) 48:82–118. doi: 10.1016/j.preteyeres.2015.05.003

 5. Spitznas M. Pathogenesis of central serous retinopathy: a new working hypothesis. Graefe's Arch Clin Exper Ophthalmol. (1986) 224:321–4. doi: 10.1007/BF02150023

 6. Behar-Cohen F, Zhao M. Corticosteroids and the retina: a role for the mineralocorticoid receptor. Curr Opin Neurol. (2016) 29:49–54. doi: 10.1097/WCO.0000000000000284

 7. Liegl R, Ulbig MW. Central serous chorioretinopathy. Ophthalmologica. (2014) 232:65–76. doi: 10.1159/000360014

 8. Chan WM, Lai TY, Lai RY, Liu DT, Lam DS. Half-dose verteporfin photodynamic therapy for acute central serous chorioretinopathy: one-year results of a randomized controlled trial. Ophthalmology. (2008) 115:1756–65. doi: 10.1016/j.ophtha.2008.04.014

 9. Chan WM, Lam DSC, Lai TYY, Tam BSM, Liu DTL, Chan CKM. Choroidal vascular remodelling in central serous chorioretinopathy after indocyanine green guided photodynamic therapy with verteporfin: a novel treatment at the primary disease level. Br J Ophthalmol. (2003) 87:1453–8. doi: 10.1136/bjo.87.12.1453

 10. Shin JY, Woo SJ Yu HG, Park KH. Comparison of efficacy and safety between half-fluence and full-fluence photodynamic therapy for chronic central serous chorioretinopathy. Retina. (2011) 31:119–26. doi: 10.1097/IAE.0b013e3181e378f2

 11. Herold TR, Rist K, Priglinger SG, Ulbig MW, Wolf A. Long-term results and recurrence rates after spironolactone treatment in non-resolving central serous chorio-retinopathy (CSCR). Graefe's Arch Clin Exper Ophthalmol. (2017) 255:221–9. doi: 10.1007/s00417-016-3436-5

 12. Lee JH, Lee SC, Kim H, Lee CS. Comparison of short-term efficacy between oral spironolactone treatment and photodynamic therapy for the treatment of nonresolving central serous chorioretinopathy. Retina. (2019) 39:127–33. doi: 10.1097/IAE.0000000000001913

 13. van Dijk EHC, Fauser S, Breukink MB, Blanco-Garavito R, Groenewoud JMM, Keunen JEE, et al. Half-dose photodynamic therapy versus high-density subthreshold micropulse laser treatment in patients with chronic central serous chorioretinopathy: the PLACE trial. Ophthalmology. (2018) 125:1547–55. doi: 10.1016/j.ophtha.2018.04.021

 14. Wang M, Munch IC, Hasler PW, Prunte C, Larsen M. Central serous chorioretinopathy. Acta Ophthalmol. (2008) 86:126–45. doi: 10.1111/j.1600-0420.2007.00889.x

 15. Yalcinbayir O, Gelisken O, Akova-Budak B, Ozkaya G, Gorkem Cevik S, Yucel AA. Correlation of spectral domain optical coherence tomography findings and visual acuity in central serous chorioretinopathy. Retina. (2014) 34:705–12. doi: 10.1097/IAE.0000000000000001

 16. Ozdemir I, Eren A, Ersöz G. Outer nuclear layer thickness at the central fovea relation with symptom duration in central serous chorioretinopathy. Int Ophthalmol. (2019) 39:1323–8. doi: 10.1007/s10792-018-0950-y

 17. Ellabban AA, Tsujikawa A, Ooto S, Yamashiro K, Oishi A, Nakata I, et al. Focal choroidal excavation in eyes with central serous chorioretinopathy. Am J Ophthalmol. (2013) 156:673–83. doi: 10.1016/j.ajo.2013.05.010

 18. Goktas A. Correlation of subretinal fluid volume with choroidal thickness and macular volume in acute central serous chorioretinopathy. Eye. (2014) 28:1431–6. doi: 10.1038/eye.2014.219

 19. Matsumoto H, Sato T, Kishi S. Outer nuclear layer thickness at the fovea determines visual outcomes in resolved central serous chorioretinopathy. Am J Ophthalmol. (2009) 148:105–10. doi: 10.1016/j.ajo.2009.01.018

 20. Matsumoto H, Kishi S, Otani T, Sato T. Elongation of photoreceptor outer segment in central serous chorioretinopathy. Am J Ophthalmol. (2008) 145:162–8. doi: 10.1016/j.ajo.2007.08.024

 21. Hata M, Oishi A, Shimozono M, Mandai M, Nishida A, Kurimoto Y. Early changes in foveal thickness in eyes with central serous chorioretinopathy. Retina. (2013) 33:296–301. doi: 10.1097/IAE.0b013e31826710a0

 22. Yu J, Lei Y, Chang Q, Xu G, Ye X, Li L, et al. The relationship between foveal outer nuclear layer thickness in the active and resolved phases of central serous chorioretinopathy treated with half-dose photodynamic therapy. BMC Ophthalmol. (2019) 19:84. doi: 10.1186/s12886-019-1089-y

 23. Fard MA, Golizadeh A, Yadegari S, Ghahvehchian H, Subramanian P, Ritch R. Photoreceptor outer nuclear layer thickness changes in optic neuritis follow up. Mult Scler Relat Disord. (2019) 39:101905. doi: 10.1016/j.msard.2019.101905

 24. Hu J, Qu J, Li M, Sun G, Piao Z, Liang Z, et al. Optical coherence tomography angiography-guided photodynamic therapy for acute central serous chorioretinopathy. Retina. (2021) 41:189–98. doi: 10.1097/IAE.0000000000002795

 25. Zhao M, Zhang F, Chen Y, Dai H, Qu J, Dong C, et al. A 50% vs. 30% dose of verteporfin (photodynamic therapy) for acute central serous chorioretinopathy: one-year results of a randomized clinical trial. JAMA Ophthalmol. (2015) 133:333–40. doi: 10.1001/jamaophthalmol.2014.5312

 26. Liang Z, Qu J, Huang L, Linghu D, Hu J, Jin E, et al. Comparison of the outcomes of photodynamic therapy for central serous chorioretinopathy with or without subfoveal fibrin. Eye. (2021) 35:418–24. doi: 10.1038/s41433-020-0858-4

 27. Yu J, Li L, Jiang C, Chang Q, Zhao Q. Inter- and intra-individual variations in foveal outer nuclear layer thickness and their associations with clinical characteristics in a healthy chinese population. J Ophthalmol. (2020) 2020:7967393. doi: 10.1155/2020/7967393

 28. Hasegawa T, Okamoto M, Masuda N, Ueda T, Ogata N. Relationship between foveal microstructures and visual outcomes in eyes with resolved central serous chorioretinopathy. Graefes Arch Clin Exp Ophthalmol. (2015) 253:343–50. doi: 10.1007/s00417-014-2695-2

 29. Ojima Y, Tsujikawa A, Yamashiro K, Ooto S, Tamura H, Yoshimura N. Restoration of outer segments of foveal photoreceptors after resolution of central serous chorioretinopathy. Jpn J Ophthalmol. (2010) 54:55–60. doi: 10.1007/s10384-009-0766-4

 30. Cook B, Lewis GP, Fisher SK, Adler R. Apoptotic photoreceptor degeneration in experimental retinal detachment. Invest Ophthalmol Vis Sci. (1995) 36:990–6.

 31. Hisatomi T, Sakamoto T, Goto Y, Yamanaka I, Oshima Y, Hata Y, et al. Critical role of photoreceptor apoptosis in functional damage after retinal detachment. Curr Eye Res. (2002) 24:161–72. doi: 10.1076/ceyr.24.3.161.8305

 32. Yannuzzi LA. Central serous chorioretinopathy: a personal perspective. Am J Ophthalmol. (2010) 149:361–3. doi: 10.1016/j.ajo.2009.11.017

 33. Nicholson B, Noble J, Forooghian F, Meyerle C. Central serous chorioretinopathy: update on pathophysiology and treatment. Surv Ophthalmol. (2013) 58:103–26. doi: 10.1016/j.survophthal.2012.07.004

 34. Loo RH, Scott IU, Flynn HW, Gass JD, Murray TG, Lewis ML, et al. Factors associated with reduced visual acuity during long-term follow-up of patients with idiopathic central serous chorioretinopathy. Retina. (2002) 22:19–24. doi: 10.1097/00006982-200202000-00004

 35. Semeraro F, Morescalchi F, Russo A, Gambicorti E, Pilotto A, Parmeggiani F, et al. Central serous chorioretinopathy: pathogenesis and management. Clin Ophthalmol. (2019) 13:2341–52. doi: 10.2147/OPTH.S220845

 36. Ruiz-Moreno JM, Lugo FL, Armadá F, Silva R, Montero JA, Arevalo JF, et al. Photodynamic therapy for chronic central serous chorioretinopathy. Acta Ophthalmol. (2010) 88:371–6. doi: 10.1111/j.1755-3768.2008.01408.x

 37. Chan W-M, Lai TYY, Lai RYK, Tang EWH, Liu DTL, Lam DSC. Safety enhanced photodynamic therapy for chronic central serous chorioretinopathy: one-year results of a prospective study. Retina. (2008) 28:85–93. doi: 10.1097/IAE.0b013e318156777f

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Deng, Gui, Cai, Liang, Shi, Sun and Zhao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 14 January 2022
doi: 10.3389/fmed.2021.738745






[image: image2]
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Purpose: To evaluate the clinical characteristics and ocular features of patients with acute secondary angle closure, associated with lens subluxation (ASAC-LS).

Methods: We performed a retrospective study at the EENT Hospital of Fudan University, Shanghai, China. A total of 41 affected eyes from 41 patients were enrolled in this study. Furthermore, 20 affected eyes were part of the ASAC-LS cohort and 21 affected eyes were included in the acute primary angle closure (APAC) cohort. The best-corrected visual acuity (BCVA), intraocular pressure (IOP), axial length (AL), minimum corneal curvature (K1), maximum corneal curvature (K2), and anterior chamber depth (ACD) were measured and compared between the 2 cohorts. In addition, inter-eye (intraindividual) comparison was performed.

Results: The ASAC-LS cohort exhibited younger ages, more frequent trauma history (35%), lower IOP (27.43 ± 13.86 mmHg vs. 41.27 ± 10.36 mmHg), longer AL (23.96 ± 2.60 vs. 22.49 ± 0.77 mm), shallower ACD (1.28 ± 0.38 vs. 1.58 ± 0.23 mm), and bigger ACD differences (0.99 ± 0.52 vs. 0.15 ± 0.19 mm), as compared with the APAC cohort (all p < 0.05). Moreover, eyes from the lens subluxation cohort experienced worse BCVA, higher IOP, and shallower ACD than their matched unaffected eyes (all p < 0.05). Although longer AL, shallower ACD, and bigger ACD differences were strongly correlated with lens subluxation in a univariate logistic regression analysis, only the ACD difference remained significant in the multivariate model (p = 0.004, OR = 1,510.50). Additionally, according to the receiver operating characteristic (ROC) curve analysis, both ACD and ACD differences had greater value in the differential diagnosis of ASAC-LS and APAC, with a cut-off value of 1.4 and 0.63 mm, respectively.

Conclusions: Shallower ACD and larger ACD differences provide the promising diagnostic potential for patients with ASAC-LS.

Keywords: acute angle closure, lens subluxation, anterior chamber depth, inter-eye ACD difference, glaucoma


INTRODUCTION

Lens subluxation has multi-factorial etiology, including congenital or developmental conditions (such as Marfan syndrome, Weill–Marchesani syndrome, and homocystinuria), comorbidities of eye diseases, associated with zonular disease (such as high myopia, retinitis pigmentosa, pseudoexfoliation syndrome, and uveitis), and a history of ocular blunt trauma or previous intraocular surgery (1–7). This condition can sometimes induce acute secondary angle closure (ASAC) that presents with non-specific signs and symptoms, similar to acute primary angle closure (APAC), such as blurred vision, elevated intraocular pressure (IOP), shallow anterior chamber, severe ocular pain, headache, nausea, and vomiting. According to earlier studies, about 4.1–21% of ASAC cases, associated with lens subluxation (ASAC-LS) were misdiagnosed as APAC (8–11). Due to a wide range of causes for angle closure, the management and operation protocols for these patients can be vastly different. For instance, in patients with APAC, pupil size must be regulated using a miotic agent to remove the pupillary block. However, in patients with ASAC-LS, a mydriatic agent must be used instead to enlarge the anterior chamber and open the angle. Therefore, it is important to differentiate the cause of angle closure during a clinical examination. In this study, we delineated the clinical and ocular characteristics of patients with ASAC-LS and APAC, which may benefit the future diagnosis and differential diagnosis of these patients.



METHODS

A retrospective study was conducted at the Eye and ENT Hospital of Fudan University, Shanghai, China. This study was approved by the Human Research Ethics Committee of the Eye and ENT Hospital of Fudan University (no. 2020103) and was performed with adherence to the tenets of the Declaration of Helsinki. Written informed consent was obtained from all patients.

The medical records of patients, with ASAC-LS and APAC diagnoses, between June 2016 and July 2019, were reviewed. The criteria for ASAC-LS, used in this study, were as follows: (1) decreased vision, sudden pain in the eye, nausea, and vomiting; (2) silt-lamp microscope revealing shallower ACD and/or uneven ACD among the quadrants, iridodonesis and/or phacodonesis, decentration of the nucleus with or without vitreous in the anterior chamber; (3) ultrasound biomicroscopy (UBM) showing shallow central and peripheral anterior chamber depth (ACD), asymmetrical ACD in the same eye, tilting of the lens, and/or asymmetrical iris configuration. Lens subluxation was reconfirmed during the subsequent surgery. APAC was diagnosed with the following symptoms: (1) presence of at least one of the following symptoms: ocular or periocular pain, headache, nausea and/or vomiting, an antecedent history of intermittent blurring of vision and haloes; (2) elevated IOP, closed angle; (3) slit-lamp microscope finding of at least three of the followings: ciliary injection or mixed injection, corneal edema, mid-dilated pupil, presence of glaucoma flecks, and shallow peripheral anterior chamber depth. Patients with a history of corneal disease, glaucoma, uveitis, corneal surgery, and intraocular surgery were excluded from the study.

The patients' standard demographic and clinical characteristics of both eyes were retrieved from their medical records, namely, age, gender, laterality of affected eye, cause of lens subluxation, antiglaucoma surgery [laser peripheral iridectomy (LPI) or LPI and Argon laser peripheral iridoplasty (ALPI)], best-corrected visual acuity (BCVA), and intraocular pressure (IOP). In addition, data from the IOLMaster (Cal Zeiss Meditec, Jena, Germany), such as axial length (AL), minimum corneal curvature (K1), and maximum corneal curvature (K2) were collected. The anterior chamber depth (ACD), chamber angle, and zonular status were detected using UBM (MD-300L, MEDA, Tianjin, China). Snellen visual acuity measurements were converted to logarithm of the minimum angle of resolution (logMAR) equivalents for data analysis. Finally, the ACD difference was calculated by ACD in the contralateral eye minus ACD in the affected eye.

All data analyses were performed with SPSS version 18 (IBM Corp., Armonk, NY, USA). Continuous variables are presented as mean ± SD. Categorical variables were compared with the chi-square test or Fisher's exact test. Continuous variables were compared with independent-sample t-test or Mann–Whitney U-test, depending on data distribution. Logistic regression analysis was used to identify the factors associated with ASAC-LS. For diagnostic assessment, the values of ACD in the affected eye and the inter-eye ACD difference were calculated from the area under the receiver operating characteristic (AUROC) curves and were used to delineate between the ASAC-LS and APAC cohorts. A p < 0.05 was considered a significant difference.



RESULTS

A total of 41 affected eyes (from 41 participants) were included in this study; 20 of the affected eyes belonged to the ASAC-LS cohort and 21 affected eyes belonged to the APAC cohort. Generally, the patients with lens subluxation were younger than the patients with APAC, with a mean age of 61.05 ± 11.28 and 66.71 ± 9.72 years, respectively (p = 0.04). Despite a female preponderance in each group, the difference in sex ratio between the groups was not statistically significant (p = 0.655). Among the lens subluxation cohort, 7 cases (35%) had a history of eye or head trauma, which was significantly high compared with the control cohort (p = 0.01). The demographic and past medical histories of the ASAC-LS and APAC cohorts are summarized in Table 1. Only 3 patients (15%) in the study group had lens subluxation in both eyes. Among them, 1 was associated with retinitis pigmentosa (RP), 1 with familial lens subluxation, and 1 with spontaneous lens subluxation. These patients were excluded from the ACD difference analysis.


Table 1. The demographic and past histories of the ASAC-LS and APAC cohorts.

[image: Table 1]

Table 2 presents the ocular biometric data from both eyes of the ASAC-LS and APAC cohorts. The IOP, AL, and ACD in the affected eye along with the BCVA, AL, and ACD in the contralateral eye and the ACD difference between the affected and contralateral eyes were remarkably different between the two cohorts. The IOP of APAC was 41.27 ± 10.36 mmHg, whereas that of the ASAC-LS cohort was 27.43 ± 13.86 mmHg (p = 0.001). The AL of the affected and unaffected eyes within the study groups were significantly longer than those of the control group (p = 0.001 and p < 0.001, respectively). Only 2 patients exhibited AL ≥ 30 mm in the lens subluxation cohort, whereas the rest of the patients had AL < 26 mm. ACD was shallower in the affected eyes of the lens subluxation cohort (range: 0.32–2.03 mm; p = 0.004), and deeper in the contralateral eyes of the same study group (range: 1.03–4.31 mm; p < 0.001). In addition, the ACD difference was bigger in the ASAC-LS cohort than those in the APAC cohort (p < 0.001). The BCVA in the unaffected eye of the lens subluxation cohort was better than the APAC cohort (p = 0.032). In addition, the BCVA, K1, and K2 in the affected eye, and the IOP, K1, and K2 in the unaffected eye showed no statistically significant difference between the two cohorts.


Table 2. The ocular biometric data from both eyes of the ASAC-LS and APAC cohorts.
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Table 3 illustrates inter-eye comparisons between the affected eyes and their corresponding unaffected eyes of the ASAC-LS and APAC cohorts. The BCVA of the affected eyes was worse than the unaffected eyes in both cohorts (all p < 0.01), and the IOP of the affected eyes was higher than the unaffected eyes in both cohorts (all p < 0.01). In addition, the ACD of the affected eyes was significantly shallower than the unaffected eyes in the lens subluxation cohort (p < 0.001). Figure 1 illustrates a representative case from the ASAC-LS group which exhibited a great difference in ACD in the center of each eye. Moreover, the same tendency was observed in the APAC cohort, however, the result was not statistically significant (p = 0.066). In addition, the inter-eye comparisons revealed no significant differences in the field of AL, K1, and K2 in both cohorts.


Table 3. The intereye comparison of subjects in the acute primary angle closure cohort and acute secondary angle closure cohort, associated with lens subluxation.
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[image: Figure 1]
FIGURE 1. A representative case of acute secondary angle closure associated with the lens subluxation (ASAC-LS) group. A 52-year-old woman had a history of acute angle closure attack in her left eye. The ultrasound biomicroscopy (UBM) images prior to surgery revealed an obvious shallow central anterior chamber depth in her left eye [(B), 1.40 mm), compared with the right eye [(A), 2.68 mm]. (C) Illustrates that the angle was open in the right eye. (D) Depicts that the angle was closed in the left eye, the zonule was sparse in each quadrant, and the lens moved forward slightly.


Table 4 summarizes the results of the logistic regression analysis that identified the risk factors for lens subluxation. According to the univariate model, AL, ACD, and ACD differences exhibited a notable correlation with lens subluxation (all p < 0.05). However, only the ACD difference remained significant in the multivariate model. In fact, a 1 mm increase in ACD difference was associated with 1,510.50 times greater risk of lens subluxation.


Table 4. Univariate and multivariate logistic regression analysis for the identification of risk factors of acute secondary angle closure, associated with lens subluxation.
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The receiver operating characteristic (ROC) curve was used to determine the potential diagnostic value of ACD and ACD difference between the lens subluxation and APAC cohorts, as shown in Figure 2. The AUROC for ACD was 0.763 and the ACD difference was 0.966. The value of ACD at 1.4 mm was found to be the optimal cut-off point for the ASAC-LS and APAC cohorts, with a sensitivity of 70.0% and a specificity of 81.0% (p < 0.001). Moreover, the ACD difference at 0.63 mm had a specificity of 100.0% and a sensitivity of 82.4% (p < 0.001).


[image: Figure 2]
FIGURE 2. The receiver operating characteristic (ROC) curve for ACD and ACD difference, in relation to the diagnosis of ASAC-LS. ROC, Receiver operating characteristic; ACD, anterior chamber depth; ASAC-LS, acute secondary angle closure associated with lens subluxation.




DISCUSSION

Lens subluxation is a multifactorial condition that involves a common malpositioning of the lens, likely due to the partial zonular dehiscence or zonular laxity/weakness (12). Among the 20 lens subluxation cases examined in this study, 7 were caused by trauma, 2 cases by high myopia, 1 case by RP, 1 case had familial lens subluxation, 1 case had spontaneous lens subluxation, and the remaining cases had unknown causes. Determining the etiology of this disease can aid in the accurate diagnosis and proper management of personalized therapy. So, it is crucial to obtain a detailed medical history and examine patients thoroughly to significantly improve the diagnostic accuracy rate of lens subluxation.

The common manifestations of lens subluxation are progressive refractive modifications (myopia and astigmatism) with decreased vision (amblyopia in children), glaucoma (through different mechanisms), and in some cases retinal detachment (13). The ocular signs of lens subluxation include abnormal ACD (shallower ACD, deeper ACD, uneven ACD among the quadrants, and great difference in ACD in the center of each eye), iridodonesis, phacodonesis, anterior displacement of the iris lens diaphragm, decentration of the nucleus, visible lens equator margin through the dilated pupil, and vitreous in the anterior chamber (8, 10).

With the development of technology, multiple anterior segment imaging instruments can be used to objectively and accurately visualize and evaluate anterior segment parameters, such as the Scheimpflug imaging-based system (Pentacam), anterior segment optical coherence tomography (AS-OCT), and UBM (14). Although Pentacam and AS-OCT can acquire images and data relatively quickly and without corneal contact, they are still affected by the size of the pupil and the clarity of the refractive media. UBM is a high-frequency, high-resolution imaging technique that offers cross-sectional images of the anterior segment to a depth of 5 mm (15). It can image and evaluate the morphological structure of the anterior segment of the eye, even the structure beyond the iris covering, such as the ciliary body, zonule, and peripheral and posterior lens without mydriasis (10). Moreover, UBM demonstrates high sensitivity, specificity, and accuracy for the detection of lens dislocation (15, 16).

In this study, patients with ASAC-LS presented with similar clinical characteristics and ocular features as observed in patients with APAC, namely female preponderance, worse BCVA, higher IOP, and shallower ACD than the unaffected eye. Moreover, in multiple studies involving the clinical and ocular features of APAC, the risk factors for APAC included old age, female sex, hyperopia, shallow ACD, thick and anterior placed lens, short AL, and ciliary body configurations (17–19). In this study, we demonstrated the same risk factors for patients with APAC. However, the patients with ASAC-LS had younger age, shallower ACD, and longer AL, compared with the patients with APAC. In addition, the tendency of ACD and AL in the ASAC-LS cohort was consistent with previous studies (8, 9).

An earlier study discovered that ACD is positively correlated with AL, in an aged population in South China (20). In the present study, however, the AL of both eyes within the ASAC-LS cohort was significantly longer than the APAC cohort. Moreover, the ACD of the unaffected eye of the ASAC-LS cohort was deeper than the APAC cohort, but ACD in the affected eye of the study groups was shallower than the control group. This discordance between the ACD and AL indirectly confirms that the lens position moves forward in the lens subluxation cohort, which may directly contribute to the shallower ACD in the ASAC-LS cohort, relative to the APAC cohort. Moreover, Kwon validated that the lens moves forward in the zonular instability patients, using indirect symptomology, such as less hyperopic spherical equivalent (SE), shallower ACD, and higher lens vault (LV) in the affected eyes (8).

The alteration of the lens position may be due to several pathological and/or physiological mechanisms. The zonular architecture is composed of three distinct regions. The anterior fibers can be traced from the anterior face of the lens, along with the depth of the valleys between the ciliary process, toward the ora serrata. The posterior fibers within the columns, on the other hand, extend from the posterior surface of the lens, past the ciliary processes near their apices toward the ora serrata. Finally, the intermediate fibers line the equator of the lens and remain between the anterior and posterior fibers in an intermediate position (21). From previous reports, lens subluxation is known to be related to an asymmetrical excessive laxity of the zonular fibers (13). Moreover, anterior zonules run a straight path from the ciliary body to the lens; therefore, any contraction or relaxation of the ciliary body directly reflects on the anterior lens capsule (22). Given these factors, we hypothesized that the weakness or dehiscence of the anterior zonules enables the lens to move forward. In addition, the weakness or dehiscence of the anterior zonules increases the curvature of the anterior lens capsule, thereby creating a shallower ACD, much like when the focusing distance of the accommodation. The anterior displaced lens increases iridolenticular contact, obturates pupil, and precludes the aqueous humor circulation, thus, forming a pupillary block. Consequently, the iris is pushed forward and the anterior chamber depth is decreased (8, 13).

Apart from ACD, we found that the ACD difference in the ASAC-LS cohort was bigger than the APAC cohort. In fact, the ACD difference in the ASAC-LS and APAC cohorts were 0.99 ± 0.52 mm and 0.15 ± 0.19 mm, respectively. Although past researchers reported a great difference in ACD in the center of each eye in patients with ASAC-LS, there were no reports on the exact difference between the two eyes of lens subluxation patients. To determine the risk factors for ASAC-LS, we performed logistic regression analysis and revealed that only the ACD difference was significantly associated with the lens subluxation. Since ACD is widely used for lens subluxation assessment in clinics, we next analyzed the ROC curve to assess the ASAC-LS diagnostic value of ACD and ACD difference. Based on our analysis, ACD < 1.4 mm and ACD difference > 0.63 mm are highly indicative of abnormal lens zonular dehiscence or relaxation. Unlike our study, Xing suggested that ACD < 1.25 mm reflected lens subluxation in their study (12). The difference in our studies may be due to the analysis of small sample sizes. Therefore, future investigations, involving a large cohort, are needed to gain better insight into the cut-off point of ACD and ACD difference in patients with ASAC-LS.

Our findings encountered several limitations. First, our patient population was relatively small. Hence, the conclusions, made in this study, are preliminary and require further confirmation with accumulative cases. Second, due to its retrospective design, participant information was collected via a review of medical records. At times, there was missing relevant information, such as medical history and medication use. Hence, further well designed, large-scale studies, such as measurement of central corneal thickness (CCT), lens thickness, and detailed measurement of the anterior chamber from UBM, are warranted.

In conclusion, in most cases of ASAC-LS, a definite cause can be established. This condition is primarily observed in patients with younger age, more frequent trauma history, lower IOP, longer AL, shallower ACD, and bigger ACD differences, relative to the patients with APAC. Based on our logistic regression analysis, ACD <1.4 mm and inter-eye ACD difference > 0.63 mm are highly indicative of lens subluxation. Our findings may offer new options in the diagnosis and differential diagnosis of ASAC-LS and APAC conditions.
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Quantitative Analysis of Retinal Vasculature in Rhegmatogenous Retinal Detachment Based on Ultra-Widefield Fundus Imaging
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Purpose: To quantitatively analyze retinal vascular morphological features, such as vascular density, caliber, and tortuosity, in rhegmatogenous retinal detachment (RRD).

Methods: A total of 244 patients with RRD and 400 healthy controls (HC) were included. Retinal fundus images were collected using OPTOS PLC Daytona P200T. Retinal images were divided into RRD and non-RRD regions of interest (ROIs). All visible retinal fundus vessels were then extracted mainly based on edge detection within ROI to form the whole-vascular image. Retinal vasculature parameters, such as vascular density, caliber, and tortuosity, were calculated.

Results: For the absolute density, the mean rank (MR) value of normal controls was significantly higher than that in non-RRD (p < 0.001). A consistent tendency of significant vascular density was increased from non-RRD to RRD (p < 0.001). The average and median diameters of normal controls were both significantly larger than RRD (p < 0.001). The average and median diameters were also appeared significantly thinner in non-RRD. Unweighted and width-inversely-weighted vascular tortuosity in RRD and non-RRD comparison exhibited non-significant differences. All types of tortuosity calculated from HC were significantly larger (p < 0.001) in values compared to RRD. All types of tortuosity values of HC were significantly higher than non-RRD. Compared with non-RRD, RRD was significantly larger in area-weighted, length-weighted, and width-weighted vascular tortuosity.

Conclusions: This study showed that RRD affects both the quantity and morphology of retinal vasculature, such as RRD and non-RRD areas. Smaller average and medium vascular diameters and tortuosity values were found in RRD. However, the absolute vascular density, the average and median diameter, and tortuosity values were also reduced in non-RRD although the retina is still attached. This work indicates that RRD may affect the retinal vasculature beyond the detached retina.

Keywords: retinal vasculature, rhegmatogenous retinal detachment, morphology analysis, quantitative analysis, confocal scanning laser ophthalmoscopy (cSLO)


INTRODUCTION

Retinal detachment (RD) is a vision-threatening medical emergency, in which the neurosensory retina is separated from the retinal pigment epithelium (RPE). It often presents with a central or peripheral painless vision loss, flashes, or floaters. Rhegmatogenous retinal detachment (RRD) is the most common category of RD caused by a subretinal fluid due to retinal break, with an annual incidence of 13.3–42 cases per 100,000 inhabitants (1–4). The diagnosis of RRD is based on fundus examination, by which the range of RD, retinal breaks, pigmented cells in the vitreous cavity, and pigmented demarcation line are found (5, 6). The ultra-widefield fundus (UWF) imaging system, Optos confocal scanning laser ophthalmoscopy (cSLO), can image up to 200° or 82% of the retina in one single capture, which is much greater extent than traditional fundus photography, helpful in screening or monitoring the progression of RRD during follow-up (7). Several fluorescein angiography (FA) studies of RRD confirmed the peripheral retinal vascular anomalies, such as blood flow reduction, vascular occlusions, arteriovenous shunts, and permeability alterations, which may be associated with lattice degeneration and retinal breaks (8–10). In addition, optical coherence tomography (OCT)-angiography (OCT-A) can provide non-invasive imaging of real-time retinal and choroidal vasculature blood flow, the vascular density of choroid superficial capillary plexus is lower in the eye with RRD involved in macula than the fellow eye and larger foveal avascular zone is related to worse visual acuity (11). These studies showed that retinal vascular morphology may be changed in RRD, such as the non-RRD area. But the details remain unknown, especially the retinal vessel features in the non-RRD area in RRD. The quantitative analysis of retinal vascular morphological features, such as vascular density, caliber, and tortuosity, can help to develop artificial intelligence screening and understand the pathogenesis of RRD. In this study, we evaluated retinal vasculature parameters in patients with RRD by a cascaded deep-learning system based on the UWF images.



METHODS


Participants

This study was approved by the Medical Ethics Committee of Shenzhen Eye Hospital, Shenzhen, China. A total of 400 healthy control (HC) participants and 244 patients with pre-operative RRD were included. All retinal fundus images were collected using Optos cSLO (OPTOS PLC Daytona P200T) with a field of view of 200°.



Sample Size Calculation

The highest incidence rate of RD was 0.042%, which WAS mentioned in the previous literature (1). We calculated the expected sample size by setting a confidence level as 95%, the margin of error as 5% using the formula below, [image: image]

n represents the expected minimum sample size, z is a score transferred from a confidence level, p is the population proportion, and ε is the margin of error (12).



Regions of Interest (ROIs) for Images

Due to the inference of eyelid and eyelash, we set up a general cover with an oval of about 43% proportion in the image at the geometric center of images. Therefore, ROIs for images from HC participants are selected by this general cover, as shown in Figure 1B. An example of the raw retinal image from the HC group, corresponding extracted vessels, and the visualized computational results for vasculature parameters were shown in Figures 1A,C, and D. For retinal detached patients, their image ROIs would be further selected by specialized covers, as shown in Figures 2A,B. Those covers were produced by doctors in Shenzhen Eye Hospital by drawing boundaries on each image which distinguish the RD region and the rest. Therefore, retinal images of the patients were divided into RRD ROIs and non-RRD ROIs for further analysis. The example of separate personalized classified vessels (Figure 2C for RRD-ROIs and Figure 2D for non-RRD-ROIs) and visualized vasculature parameters on related images (Figure 2E for RRD-ROIs and Figure 2F for non-RRD-ROIs) from one patient were shown in Figure 2.


[image: Figure 1]
FIGURE 1. Image process of HC group with general cover. (A) The raw retinal image of one participant from the HC group. (B) Displayed general cover to get rid of inferences of eyelid and eyelash. (C) Extracted vessels as a binary image to compute vessel density. (D) The calculation for vessel caliber and tortuosity. HC, healthy controls.



[image: Figure 2]
FIGURE 2. Image process of RRD and non-RRD group with personality cover. (A) Personality cover for RRD part from one retinal image. (B) Personality cover for a non-RRD part from the same retinal image. (C,D) Extracted vessels as a binary image to compute vessel density from RRD and non-RRD parts. (E,F) The calculation for vessel caliber and tortuosity from RRD and non-RRD parts. RRD, rhegmatogenous retinal detachment.




Digitization of Images

The digitization process aims at the automatic extraction of vessels from retinal fundus images. Using filters from two-color representation spaces, Hue, Saturation, and Value (HSV) and Red, Green, and Blue (RGB), we managed to extract different aspects of the character from the image. All images were pre-processed by HSV filter, which displayed superiority in sharpening bright area as represented by the optic disk when the value-channel (brightness) information is kept in the grayscale image. RGB filter enhanced the contrast between blood vessels and the background when the red-channel information was removed (red-free), whereas differences between the brightness of arteries and veins are most notable under green-channel (green-only). The red-free and green-only images were converted into the grayscale images, respectively. All visible retinal fundus vessels were then extracted mainly based on edge detection within ROI to form the whole-vascular image.



Calculation of Vasculature Parameters

The statistical analysis of vessels was based on vasculature parameters. They are vascular density, caliber, and tortuosity. Detailed calculation method could be found in Wang et al. (13).



Calculation of Vascular Density-Related Parameters

Absolute density was calculated based on the number of pixels within vessels, divided by corresponding ROIs. For the images of the patients, RRD and non-RRD ROIs were specialized settled for individual image. As for HC images, their ROI areas were the oval in the general cover.



Calculation of Vascular Caliber-Related Parameters

Vascular caliber-related parameters were computed based on segmented vessels and qualification of vascular segments. Criteria about inner segment's area and enclosing rectangle area; length of the long side of segment's minimum enclosing rectangle; and acute angle between this and the line passing through optic disk center; and the distance between nearest neighboring circle and optic disk center were settled to select vessel segments.

The width of each caliber-computable vascular segment's minimum enclosing rectangle was considered the diameter of this vascular segment. Average and median diameters of all caliber-computable vascular segments were then computed as vascular average caliber and median caliber. These two parameters were computed on whole-vascular for all three groups of images, respectively, to acquire 2 vascular caliber-related parameters of each image.



Calculation of Vascular Tortuosity-Related Parameters

The computation of vascular tortuosity-related parameters relied on the identification of tortuosity-computable vascular segments and corresponding adjacent vascular segments. Such criteria were also similar with the qualification of computable caliber segments.

Varies of tortuosity parameters were applied to capture different aspects of vascular tortuosity. They were unweighted, area-weighted, length-weighted, width-weighted, and width-inversely-weighted vascular tortuosity. Area-weighted tortuosity was a parameter combined length and width weighting information. Length-weighted tortuosity was mainly contributed as a calibration for bias due to small and large vessels due to the segmentation process. Width-weighted tortuosity was applied to eliminate different impacts on tortuosity due to the variant of vascular caliber. However, the width-inversely-weighted vascular tortuosity aimed at inversely eliminating the different impacts on tortuosity for the caliber variation compared to the width-weighted tortuosity. Equations for the computation process were mentioned below.

Unweighted vascular tortuosity Tnormal was computed as follows:

[image: image]

θx represents the inter-segment angle of marginal vascular segment x, which is the acute angle between the lines parallel to the long sides of segment x and its unique adjacent segment's minimum enclosing rectangles, respectively. θy represents the inter-segment angle of intermediate vascular segment y, while θy1 and θy2 were acute angles between the line parallel to the long side of segment y's minimum enclosing rectangle and the lines parallel to the long sides of its two adjacent segments y1 and y2's minimum enclosing rectangles, respectively. n was the number of marginal and intermediate vascular segments. θi was the inter-segment angle of vascular segment i.

Area-weighted vascular tortuosity Tarea was computed as follows to compensate for the unevenness of divided vascular segments (see reference 12 for details).

Length-weighted vascular tortuosity Tlength was computed as follows to adjust variance among lengths of vascular segments (see reference 12 for details).

Width-weighted vascular tortuosity Twidth was computed as follows to amplify the tortuosity of thick vessels (see reference 12 for details).

Width-inversely-weighted vascular tortuosity Twidthinv was computed as follows to mainly reveal thin vessels' tortuosity (see reference 12 for details).



Statistical Analysis

Both comparisons of vessel parameters between HC vs. RRD ROIs, HC vs. non-RRD ROIs were performed by the non-parametric independent sample Mann-Whitney U test. On the contrary, comparisons of vessel parameters between RRD vs. non-RRD ROIs were applied by the non-parametric Wilcoxon signed-rank 2-tail test.




RESULTS

The computed sample size was almost equal to 1 due to the relatively small incidence rate. Therefore, the number of cases in the present study largely exceeded the needs. A summary of the statistical result was illustrated below as radar plots (Figure 3). Further details were shown later.


[image: Figure 3]
FIGURE 3. Group comparisons among HC, RRD, and non-RRD groups of all vascular parameters. The three radar plots displayed all vascular parameters from the top with anti-clockwise order, they are density, average diameter, and median diameter to evaluate vascular caliber; unweighted tortuosity, area-weighted tortuosity, length-weighted tortuosity, width-weighted tortuosity, and width-inversely-weighted tortuosity to measure vascular tortuosity. The top panel represented mean rank results from the comparison between HC and RRD groups by the Mann-Whitney test, HC in green and RRD in red. The middle panel showed mean rank results between HC and non-RRD groups by the Mann-Whitney test, HC in green and non-RRD in blue. The bottom panel illustrated results from the Wilcoxon signed-rank 2-tail test between RRD and non-RRD comparison, whereas ranks which RRD larger than non-RRD in red and ranks which RRD smaller than non-RRD in blue. In all three comparisons, nHC = 400, non-RRD = 244, and nnon−RRD = 244. *p < 0.05, **p < 0.01, ***p < 0.001. HC, healthy controls; RRD, rhegmatogenous retinal detachment.



Vascular Density Analysis

As measured by absolute density, the mean rank (MR) value of the HC in our study was 342.60, which was significantly higher than that in non-RRD (MR = 289.55) with Mann-Whitney U scored as 40761.00 (nHC = 400, nnon−RRD = 244, p < 0.001). Meanwhile, we speculated a consistent tendency of significant vascular density increased from non-RRD (MRRD<non−RRD = 117.98) to RRD (MRRD>non−RRD = 125.05) by the Wilcoxon test (n =244, Z = −4.14, p < 0.001).

In summary, non-RRD ranks the smallest in the variation of absolute density among all HC, non-RRD, and RRD.



Vascular Caliber Analysis

Average and median diameters of HC (MRaverage = 373.97, MRmedian = 374.25) were both significantly larger than RRD (MRaverage = 238.13, MRmedian = 237.67) with the Mann-Whitney test (Uaverage = 28212.50, Umedian = 28101.50, nHC = 400, non-RRD = 244, p < 0.001). Unsurprisingly, both caliber measurements, average and median diameters reflected common tendency. Moreover, the average and median diameters were also appeared significantly thinner (Uaverage = 26662.00, Umedian = 28693.00, nHC = 400, nnon−RRD = 244, p < 0.001) in non-RRD (MRaverage = 231.77, MRmedian = 240.09) compared with HC (MRaverage = 377.85, MRmedian = 372.77).

However, no significant difference was found between RRD and non-RRD in vascular caliber-related parameters by the Wilcoxon non-parametric test, only a slightly tendency of increase from non-RRD (MRRD<non−RRD(average) = 121.03, MRRD<non−RRD(median) = 132.07) to RRD (MRRD>non−RRD(average) = 122.59, MRRD>non−RRD(median) = 113.23) was observed in both average and median diameter measures.

Taking together, our findings only suggest that HC led the highest value of vascular caliber among all three groups.



Vascular Tortuosity Analysis

Unweighted and width-inversely-weighted vascular tortuosity in RRD and non-RRD comparison exhibited non-significant differences. All types of tortuosity calculated from HC (MRunweighted = 365.55; MRarea−weighted = 344.62; MRlength−weighted = 346.26; MRwidth−weighted = 342.20; MRwidth−inversely−weighted = 350.32) were always discovered to be significantly larger (Uunweighted = 31580.50; Uarea−weighted = 39950.50; Ulength−weighted = 39296.50; Uwidth−weighted = 40919.50; Uwidth−inversely−weighted = 37674.00, nHC = 400, non-RRD = 244, p < 0.001) in values compared to RRD (MRunweighted = 251.93; MRarea−weighted = 286.23; MRlength−weighted = 283.55; MRwidth−weighted = 290.20; MRwidth−inversely−weighted = 276.90), no matter which weighting method was conducted.

Similar to comparisons mentioned above, we found all types of tortuosity values of HC (MRunweighted = 378.93; MRarea−weighted = 375.98; MRlength−weighted = 374.75; MRwidth−weighted = 368.66; MRwidth−inversely−weighted = 362.62) significantly higher (Uunweighted = 26228.50; Uarea−weighted = 27406.50; Ulength−weighted = 27899.50; Uwidth−weighted = 30337.50; Uwidth−inversely−weighted = 32754.50, nHC = 400, nnon−RRD = 244, p < 0.001) than non-RRD (MRunweighted = 229.99; MRarea−weighted = 234.82; MRlength−weighted = 236.84; MRwidth−weighted = 246.83; MRwidth−inversely−weighted = 256.74), regardless of weighting methods.

Compared with non-RRD, RRD was significantly larger in area-weighted, length-weighted, and width-weighted vascular tortuosity (Zarea−weighted = −3.06, parea−weighted = 0.002; Zlength−weighted = −2.34, plength−weighted = 0.019; Zwidth−weighted = −2.54, pwidth−weighted = 0.011; n = 244). In area-weighted tortuosity, MRRD>non−RRD = 124.61, MRRD<non−RRD = 119.30; whereas in length-weighted tortuosity, MRRD>non−RRD = 124.14, MRRD<non−RRD = 120.18. Last, in width-weighted vascular tortuosity, MRRD>non−RRD = 127.96, MRRD<non−RRD = 115.51.

In conclusion, the vascular tortuosity in HC was the largest among HC, RDD, and non-RDD. In addition, the area-weighted, length-weighted, and width-weighted vascular tortuosity suggested non-RRD group represents the lowest values in such measurement among all three groups.




DISCUSSION

This is the first study to quantitatively analyze retinal vascular morphological features, such as vascular density, caliber, and tortuosity, in RRD. Firstly, reduced average and medium vascular diameter and smaller tortuosity values were found in RRD compared to normal controls. Secondly, the absolute vascular density and some tortuosity values were significantly larger in RRD than non-RRD. Thirdly, the absolute vascular density, the average and median diameters, and tortuosity value were significantly smaller in non-RRD than normal controls.

Vessels are straight or slightly curved, with an appropriate ramification structure transporting blood with high efficiency and low energy (14). Retinal vasculature manifests as branching patterns, which sprout from the optic disk toward the periphery (15, 16). Alterations in the vascular network affect retinal blood flow, which may increase or decrease the risk of ischemia, playing a significant role in the pathogenesis of ocular diseases (17). There are several studies indicating that retinal vascular abnormalities may occur in RRD. A reduction of capillary density with pre-operative RRD was detected compared to the fellow unaffected eyes (11, 18). The circulation time was slower in the detached areas compared to the non-detached areas by video fluorescence angiography (19). Doppler sonography found worse flow parameters of the central retinal artery in pre-operative RRD eyes, influenced by detachment duration (20). In addition, blood flow was reduced in the optic nerve head in patients with RRD (21). These studies indicated that capillary density, morphology, and blood flow were affected in RRD. Except for retinal capillary, we found that the average and medium vascular diameters and tortuosity values of whole retinal vascular density in RRD were also reduced. Our results support that the risk of ischemia may be increased in the whole retina in RRD.

In addition, the absolute vascular density, the average and median diameters, and tortuosity values were significantly reduced in non-RRD compared to normal controls. Several studies showed that inflammatory cytokines were significantly increased in eyes with RRD (22–24). Endothelin-1 (ET-1), a vasoconstrictive peptide causing a vasoconstriction on the retinal microvasculature and a consequent reduction in blood flow, had a high level in subretinal fluid, and plasma after detachment and its receptors were additionally strongly expressed in retinal blood vessels (25–28). Besides, inflammation could active Muller cells in both detached and non-detached retina, which was found to be related with local blood flow alterations in the inner retina and could lead to a secondary reduction in capillary density (29, 30). Therefore, these factors could cause vasoconstriction on the retinal vessel, leading to a reduced vascular density and diameter, such as the vessel in the non-RRD area. Tortuosity is a key parameter indicating the vasculature optimality state and the level of ocular perfusion. In hypoxia conditions, the mediators secreted by vascular endothelial cells may be associated with autoregulating blood flow, increasing vascular tortuosity, and promoting better tissue perfusion (31, 32). The reduced vascular tortuosity in non-RRD may reflect a compensatory mechanism to increase blood flow into the RRD area or its vascular dynamic alteration caused by RRD.

The absolute vascular density and some tortuosity values were significantly larger in RRD than non-RRD. Similarly, earlier studies showed dilatation and hyperpermeability of capillaries in RRD by FA (9, 33). When separated from the RPE, the outer retina becomes ischemic due to the lack of blood supply from the choroid, which may lead to capillary dilatation (34). Sufficient blood flow and capillary network are important for maintaining the normal metabolic activities and integrity of the retina (35). Vascular biomechanical instability due to RD may also result in vascular functional and anatomical changes.

There were several limitations in this study. For UWF images, stereographic projection correction holds an important effect in vascular parameters measurement, which previous research studies observed the difference may be up to 14.8% (36). This problem will be exacerbated in the RD, since the detached retina brings irregular stereographic projection. In addition, a wider field means a lower sensitivity for visualizing smaller capillaries. When the capillary segments with a diameter of 6.1–7.0 μm were all visualized on FA, only 43% of the capillary segments with a diameter of 4.1–4.5 μm could be detected (37). The missing detection of micro-small vessels and capillaries may not well-enough to reflect the vascular injury of RRD. In addition, all participants were Chinese, the vascular status in patients of RRD in other races may differ.



CONCLUSION

This study showed that RRD affects both the quantity and morphology of retinal vasculature, including RRD and non-RRD areas. Smaller, average, and medium vascular diameters and tortuosity values were found in RRD. However, the absolute vascular density, the average and median diameter, and tortuosity values were also reduced in non-RRD although the retina is still attached. This work indicates that RRD may affect the retinal vasculature beyond the detached retina.
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Influence of Ocular Residual Astigmatism and Target-Induced Astigmatism on the Efficacy of the Implantation of a Toric Implantable Collamer Lens With Central Hole for Myopic Astigmatism Correction
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Purpose: To investigate the effects of ocular residual astigmatism (ORA) and target-induced astigmatism (TIA) on the efficacy of toric implantable collamer lens (TICL) with central hole for myopic astigmatism correction.

Methods: Retrospective case series. One hundred and eighteen eyes implanted with a TICL (V4c) from 118 patients were included. Subjective refraction and corneal topography were examined preoperatively, at 1 and 12 months postoperatively. The eyes were divided into the low-ORA ( ≤ 0.5 D) and high-ORA (>0.5 D) groups based on vector analysis, and into the low-TIA (≥0.75D and <2 D) and the high-TIA (≥2 D and ≤ 4 D) groups according to preoperative refractive astigmatism. Correction index (CI) and index of success (IOS) were compared between different groups.

Results: All surgeries were uneventful, and no complications occurred during follow-up. At 1 and 12 months postoperatively, no significant differences were found in CI or IOS values between the high and low ORA groups, while significantly higher CI and lower IOS were detected in the high-TIA group than in the low-TIA group (P < 0.05). No significant difference was found in CI between 1 and 12 months postoperatively in either group (P > 0.05). However, significantly lower IOS was found at 12 months compared with 1 month postoperatively for each group (P < 0.05).

Conclusions: Toric implantable collamer lens (TICL) implantation is effective in correcting myopic astigmatism and is more effective in eyes with high TIA, while ORA has a minor effect.

Keywords: ocular residual astigmatism, target-induced astigmatism, myopic astigmatism, toric implantable collamer lens, corneal tomography


INTRODUCTION

Ocular refractive astigmatism (RA) is a combination of corneal astigmatism (CA) and ocular residual astigmatism (ORA), CA representing the major component (1). However, the role of ORA should not be neglected. ORA can affect ocular astigmatism in different ways: it can partly neutralize CA, thus reducing ocular RA, or be superimposed with CA to aggravate RA (2). Grosvenor (3) reported constant against-the-rule astigmatism contribution from ORA to be close to 0.5 D.

Astigmatism can be corrected by refractive surgery including corneal laser treatment and intraocular lens implantation. Laser treatment has a variety of surgical methods, such as laser-assisted in situ keratomileusis (LASIK), laser-assisted subepithelial keratomileusis (LASEK), photorefractive keratectomy (PRK), and small incision lenticule extraction (SMILE). Laser correction of astigmatism has been mainly based on subjective refractive astigmatism. For eyes in which ORA is the main RA component, laser ablation might induce new astigmatism on the cornea, which is supposed to increase anterior corneal astigmatism to compensate for internal astigmatism. Our team (4–6) has demonstrated that ORA influences the efficacy of LASIK, LASEK, and SMILE in correcting myopic astigmatism when refractive correction is confined to the anterior cornea. Roszkowska (7) evaluated the efficacy, safety, stability, and predictability of PRK in correcting myopic astigmatism, hyperopic astigmatism, and mixed astigmatism, and demonstrated that PRK achieved satisfactory correction of all types of astigmatism with moderate and high cylinder magnitudes after 3 years of follow-up.

Safety, efficacy, and predictability of a toric implantable collamer lens (TICL) on myopic astigmatism correction have been reported (8, 9). Siedleck et al. (8) compared the effect of SMILE and ICL/TICL (V4c) on the correction of myopia or myopic astigmatism, finding that predictability of spherical equivalence (SE), uncorrected distance visual acuity (UDVA), higher-order aberration, and subjective visual quality of eyes implanted with ICL/TICL (V4c) were significantly better than those of patients who underwent SMILE. Wan et al. (9) found a significant difference in the correction index (CI) value between TICL implantation and SMILE for target-induced astigmatism (TIA) <2 D, but no significant differences for TIA ≥2 D.

The influence of ORA and TIA on myopic astigmatism correction by TICL (V4c) has not been specifically studied and remains unclear. In this study, we performed vector analysis to investigate the effects of ORA and TIA on the efficacy of TICL (V4c) for myopic astigmatism correction.



PATIENTS AND METHODS


Patients

This retrospective study included patients who underwent routine preoperative examinations for TICL (V4c) implantation in the refractive surgery center of the Eye and ENT Hospital of Fudan University between August 2018 and June 2019.

Inclusion criteria were: spherical refraction −3 to −18 diopters (D), astigmatism 0.75–4 D, corrected distance visual acuity (CDVA) 20/40 or better, endothelium cell density (ECD) >2,000 cells/mm2, stable refraction for 2 years before surgery, and absence of other pathologic ocular conditions, of history of ocular trauma or surgery, and of systemic diseases.

This study adhered to the tenets of the Declaration of Helsinki, and approval was obtained from the Ethics Committee of the Eye and ENT Hospital of Fudan University. Written informed consent was obtained from each patient after the nature and possible consequences of the study were explained.



TICL Calculation and Surgical Technique

Toric implantable collamer lens (TICL) sizing was based primarily on white-to-white distance and anterior chamber depth measurements, as recommended by the Staar surgical calculator (www.staarvision.com).

All surgeries were performed by two experienced surgeons using the same technique (Zhou and Wang). Standard TICL surgery was performed and a temporal 3-mm corneal incision was made, with the procedure described in our previous report (10). Binocular procedures were conducted successively, and the right eye was operated on first.



Routine Examination

The patients were examined preoperatively and 1 and 12 months postoperatively. Uncorrected distance visual acuity (UDVA), CDVA, subjective refractive error, slit-lamp examination, intraocular pressure (IOP) measured with a tonometer (Canon Full Auto Tonometer TX-F; Canon, Inc., Tokyo, Japan), and ECD measured by non-contact specular microscopy (SP-2000P; Topcon Corporation, Japan) were recorded. Pentacam HR (Oculus Optikgeräte, Wetzlar, Germany) anterior segment examinations were performed by the same experienced examiner. Flat keratometry (Kf), steep keratometry (Ks), and the axis of Ks in central 3-mm diameter of three repeated measurements with “OK” quality were averaged for each result. Astigmatism of the anterior cornea in the central 3-mm ring in the positive-cylinder form is equal to the difference between Ks and Kf, with the same axis as Ks.



Vector Analysis of Astigmatism

The right eyes were selected for analysis. The eyes were divided into the low-ORA (ORA ≤ 0.5 D) and high-ORA (ORA >0.5 D) group according to preoperative ORA values calculated by vector analysis; and into the low-TIA (≥0.75D and <2D) and high-TIA (≥2D and ≤ 4D) groups according to preoperative RA. ORA was determined as the vector difference between preoperative RA (corneal plane) and topographic (simulated keratometry) astigmatism (11, 12). The RA was converted into the corneal plane using a vertex of 12 mm. Because the target postoperative refraction was emmetropia in all the eyes, the magnitude of TIA was equal to that of the preoperative astigmatism and its axis perpendicular to that of the preoperative astigmatism.

Cylinder notation was decomposed into two cross-cylinder components by Fourier transformation (13). This provides J0 and J45 components that can be readily summed to determine corneal and intraocular contributions. The J0 and J45 components are defined as follows: J0 = –(C/2)*cos (2a); J45 = – (C/2)*sin (2a), where C is the cylinder power and a is the axis in radians. The J0 value represents the horizontal/vertical component of astigmatism, while J45 represents astigmatism in the 45° and 135° axes.

Astigmatic correction efficacy was assessed using a method established by Alpins (12). The index of success (IOS) is the ratio of uncorrected astigmatism (postoperative RA) to the initial preoperative RA. Higher IOS indicates higher proportion of preoperative RA uncorrected by TICL implantation. The SIA is the amount and axis of the astigmatic change caused by surgery, calculated as the vector difference between the pre- and postoperative astigmatism determined by corneal topography (12, 14). The CI is the ratio of surgical-induced astigmatism (SIA) to TIA. A CI value >1 (<1) means RA overcorrection (undercorrection).



Statistical Analysis

Statistical analyses were performed using the SPSS 23.0 software (IBM, Armonk, NY, United States). Considering the importance of TIA and ORA, we independently analyzed the two different grouping methods that did not involve comparison between TIA and ORA. First, we examined the difference in sex by chi square test and baseline eye parameters by independent sample t-tests for normalized data or Mann-Whitney U-tests for unnormalized data across the TIA and ORA groups. Second, main effect analysis was performed for postoperative data by repeated measures ANOVA; if interested variables displayed significantly different at baseline, generalized estimation equation (GEE) was applied to adjust baseline value. Simple effect analysis was performed after main effect analysis, in which independent sample t-tests were conducted between the high- and low-ORA groups and between the high- and low-TIA groups, and paired t tests were implemented between postoperative 1- and 12-month for each group. Visual acuity was converted into the corresponding logarithm of the minimum angle of resolution (logMAR) value using standard conversion tables. P-values <0.05 were considered statistically significant.




RESULTS


Preoperative Examinations and TICL Data

No significant differences were found in age, sex, sphere, RA, SE, CDVA, CA, TIA, IOP, and ECD between the high- and low-ORA groups (all P > 0.05). When comparing the low- and high-TIA groups, a significantly larger absolute value of RA, CA, and cylindrical power of TICL was found in the high-TIA group, while no significant differences were found in the other indices (P > 0.05; Table 1).


Table 1. Preoperative data stratified by ORA and TIA, respectively.
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Safety and Efficacy

All the surgeries were uneventful, and no complications occurred during follow-up. At 12 months postoperatively, no significant difference was found in UDVA (−0.07 ± 0.07 vs. −0.08 ± 0.07) or CDVA (−0.10 ± 0.07 vs. −0.1 ± 0.07) between the low- and high-ORA groups, while significant difference in UDVA was found between the low- and high-TIA groups (−0.09 ± 0.07 vs. −0.05 ± 0.06), but there was no clinical significance.

Efficacy indices (postoperative UDVA/preoperative CDVA) were 1.2 ± 0.18 and 1.17 ± 0.19 for the low- and high-ORA groups, respectively, at 12 months postoperatively. All the eyes in both groups had postoperative UDVA ≥20/40, and 95 and 97% of the eyes in the low- and high-ORA groups achieved better than 20/20 (Figure 1A). However, the UDVA in three eyes (5%) declined by one line compared with the preoperative CDVA in the high-ORA group (Figure 1B). In the low- and high-TIA groups, efficacy indices were 1.23 ± 0.19 and 1.15 ± 0.17, respectively. All the eyes in both groups had postoperative UDVA ≥20/40, and 98 and 95% of the eyes in the low- and high-TIA groups, respectively, achieved better than 20/20 (Figure 2A). The UDVA in one eye (2%) and two eyes (3%) declined by one line compared with the preoperative CDVA in the low- and high-TIA groups, respectively (Figure 2B). No significant differences were found in safety or efficacy indices between groups stratified by ORA or TIA (P > 0.05).


[image: Figure 1]
FIGURE 1. Refractive outcomes in the low- and high- ocular residual astigmatism (ORA) groups. (A) Cumulative percentage of eyes attaining specified levels of uncorrected distance visual acuity (UDVA); (B) Postoperative vs. preoperative UDVA; (C) Change in corrected distance visual acuity (CDVA); (D) Target-induced astigmatism plotted vs. surgical-induced astigmatism at the last follow-up; (E) Distribution of postoperative spherical equivalent refraction; (F) Distribution of preoperative and postoperative astigmatism amplitudes.
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FIGURE 2. Refractive outcomes in the low- and high-target-induced astigmatism (TIA) groups. (A) Cumulative percentage of eyes attaining specified levels of UDVA; (B) Postoperative vs. preoperative UDVA; (C) Change in CDVA; (D) TIA plotted vs. surgical-induced astigmatism at the last follow-up; (E) Distribution of postoperative spherical equivalent refraction; (F) Distribution of preoperative and postoperative astigmatism amplitudes.


In the low-ORA group, the safety index (postoperative/preoperative CDVA) was 1.29 ± 0.2. In 16% of the eyes, the preoperative CDVA was maintained, in 84%, it increased by one or more lines, in 50% by two or more, and no CDVA declined. In the high-ORA group, the safety index was 1.26 ± 0.18. In 14% of eyes, the preoperative CDVA was maintained, in 86%, it increased by one or more lines, in 36% by two, and no CDVA declined (Figure 1C). In the low-TIA group, the safety index was 1.26 ± 0.19. In 20% of the eyes, the preoperative CDVA was maintained, in 80%, it increased by one or more lines, in 46% by two, and no CDVA declined. In the high-TIA group, the safety index was 1.26 ± 0.23. In 19% of the eyes, the preoperative CDVA was maintained, in 81%, it increased by one or more lines, in 36% by two or more, and no CDVA declined (Figure 2C).



Predictability

At 12 months postoperatively, 53 eyes (96%) in the low-ORA group achieved within ± 0.5D of the attempted SE, and 78% achieved postoperative astigmatism within 0.25D. All the 63 eyes in the high-ORA group achieved within ± 0.5D of the attempted SE, and 67% achieved postoperative astigmatism within 0.25D; all the eyes had postoperative astigmatism within 0.5D in both groups (Figures 1D–F).

In the low-TIA group, 52 eyes (96%) achieved within ± 0.5D of the attempted SE, and 81% achieved postoperative astigmatism within 0.25D. In the high-TIA group, all 64 eyes achieved within ±0.50 D of the attempted SE, and 64% achieved postoperative astigmatism within 0.25D; all the eyes had postoperative astigmatism within 0.5D in both groups (Figures 2D–F).



Other Ocular Measurements

There was no rotation of TICL in all cases. No significant differences were found in vault, IOP, or ECD at 12 months postoperatively between the groups stratified by ORA or TIA (P > 0.05; Tables 2, 3). Vault decreased by 4.94 ± 7.53, 7.06 ± 9.73, 5.07 ± 7.08, and 7.39 ± 9.95 μm at 12 months postoperatively compared with 1 month postoperatively for the low-ORA, high-ORA, low-TIA, and high-TIA groups, respectively. The ECD value in the corresponding groups at 12 months postoperatively was 2,817.73 ± 317.37, 2,773.14 ± 314.15, 2,762.39 ± 268.3, and 2,820.53 ± 349.64 cells/mm2, respectively, corresponding to a 0.56, 0.58, 0.57, and 0.59% decrease compared with preoperative values.


Table 2. Postoperative comparison of low ORA group and high ORA group.
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Table 3. Postoperative comparison of low and high TIA Group.
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CI and IOS in the Low- and High-ORA Groups

Figure 3 shows the refractive SIA on polar diagrams in the low- and high-ORA groups at 1 and 12 months postoperatively. There were no significant differences in refractive or corneal SIA between the two groups at any postoperative timepoint, or between timepoints in any group (P > 0.05). No significant differences were found in CI or IOS between the low- and high-ORA groups at the same timepoints (P > 0.05), or in the CI between the two postoperative timepoints for either group (P > 0.05). However, a significantly lower IOS was found at 12 months compared with 1 month postoperatively in both groups (P < 0.05; Table 2).


[image: Figure 3]
FIGURE 3. Single-angle polar plots of refractive SIA in the low- and high-ORA groups. ORA, ocular residual astigmatism; SIA, surgical-induced astigmatism.




CI and IOS in the Low- and High-TIA Groups

Figure 4 shows the refractive SIA on polar diagrams in the low- and high-TIA groups at 1 and 12 months postoperatively. Both refractive and corneal SIA values were smaller in the low- than in the high-TIA group at both timepoints (P < 0.05). There were no significant differences in corneal SIA between the two timepoints in either group (P > 0.05). At 1 and 12 months postoperatively, significantly higher CI and lower IOS were found in the high- compared with the low-TIA group (P < 0.05). No significant CI differences were found between the two postoperative timepoints for either group (P > 0.05). However, significantly lower IOS was found at 12 months compared with 1 month postoperatively for both groups (P < 0.05) (Table 3).
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FIGURE 4. Single-angle polar plots of refractive SIA in the low- and high-TIA groups. ORA, ocular residual astigmatism; SIA, surgical-induced astigmatism; TIA, target-induced astigmatism.





DISCUSSION

Astigmatism has always been a concern in refractive surgery. Although an astigmatic residue of 0.5D has no obvious effect on vision, it does affect the visual quality of patients (15). Therefore, accurate correction of astigmatism is of utmost importance for TICL implantation and corneal refractive surgery. Recently, TICL (V4c) implantation has attracted increasing attention because of its reversibility, safety, effectiveness, excellent predictability, and postoperative visual quality (16, 17). However, whether ORA or TIA affects the efficacy of TICL (V4c) in correcting astigmatism has not been reported. We explored this question for the first time in this study.

In this study, the safety and efficacy indices of the operated eyes were within a satisfactory range, in accordance with prior studies on TICL (V4) by Kamiya et al. (18) and on ICL (V4c) by our team (19). In this study, postoperative UDVA in three eyes (2.54%) declined by one line compared with preoperative CDVA, as the target refraction with high myopia was more inclined to a postoperative shift toward myopia. Similar to the report by Garcia-De la Rosa et al. (20), the vault slightly decreased, within the safe range at 12 months postoperatively. The ECD decreased by approximately 0.6% after 1 year, in accordance with physiological loss (21). This study further demonstrated the excellent safety and efficacy of TICL (V4c) implantation for astigmatism correction in myopia. The increased retinal image magnification and reduced spot size with TICL (V4c) in the posterior chamber might account for postoperative visual improvement (22).

Sari et al. (23) reported that the mean cylindrical power was 0.49D 3 years after TICL (V4) implantation. De la Rosa et al. (20) reported a decrease from 2.87D preoperatively to 0.28D 12 months postoperatively, and 78% of the eyes were within 1D. Although the mean astigmatic diopters were similar between the report by De la Rosa and this study, the predictability of cylindrical diopters in this study was better than that reported by De la Rosa et al., possibly because of (1) the maximum astigmatic diopter of eyes (4D in this study vs. 7D in De la Rosa et al.) for the small range of RA of TICL implanted patients during the observation time, and (2) accuracy of the TICL axial placement and difference in its rotation stability.

In this study, the efficacy of astigmatic correction was analyzed by Alpins vector analysis (14). When stratified by ORA, the CI for both the low- and high-ORA groups was <1 at 1 and 12 months postoperatively, indicating astigmatic undercorrection, which was also detected in prior studies on different models of TICLs and corneal refractive surgery (18, 23, 24). For corneal refractive surgery, nomogram adjustment for tissue-saving ablation profile for the correction of high myopia and astigmatism might result in undercorrection. In TICL implantation, astigmatic undercorrection might be related to the fact that the corneal SIA is not taken into consideration in the online calculation formula currently used. Corneal SIA was reported to be 0.59 and 0.45D for femtosecond laser and manual clear corneal incisions, respectively (25). The mean corneal SIA with 3-mm clear corneal incisions was 0.33D at 12 months postoperatively in this study. Therefore, it is necessary to take the corneal SIA into account to achieve accurate astigmatism correction through TICL implantation.

The efficacy of astigmatic correction was compared between the low- and high-ORA groups in this study, and no significant differences were found in refractive SIA, corneal SIA, CI, or IOS. In our previous study on the influence of ORA on the correction of myopic astigmatism by SMILE 6 months postoperatively, there was a significant difference in mean IOS between the two groups (high-ORA: 0.77; low-ORA: 0.46) (4). In another study focused on LASEK, we found the mean IOS to be 0.88 and 0.32 in the high- and low-ORA groups, respectively, 3 months postoperatively (P = 0.04) (6). Our prior studies indicated that corneal refractive surgery was less effective in correcting mainly intraocular myopic astigmatism, and that ORA should be considered in surgical planning in addition to manifest astigmatism. The discrepancy in the effect of ORA on astigmatic correction by TICL and corneal refractive surgery might be due to the fact that TICL implantation does not involve corneal ablation, thus having less influence on the effect of astigmatic correction.

When the eyes were stratified by TIA, our results were in accordance with those of previous studies on the efficacy of astigmatic correction by corneal refractive surgery and TICL implantation. At 12 months postoperatively, the CI was significantly higher, and the IOS was significantly lower in the high- than in the low-TIA group, indicating higher efficacy of TICL (V4c) in correcting high astigmatism compared with low astigmatism. Wan et al. (9) divided the eyes into the <2D and ≥2D groups based on the TICL cylindrical power, finding significantly higher CI and significantly lower IOS in the ≥2D group. Our prior study on the efficacy of SMILE in correcting astigmatism found that with TIA <0.5D, there was no significant difference in RA between pre- and postoperative timepoints (6 months postoperatively vs. preoperatively: 0.37 ± 0.34D vs. 0.34 ± 0.17D) (4). When TIA was between 0.5 and 1D, the postoperative RA was significantly lower than the preoperative value (6 months postoperatively vs. preoperatively: 0.46 ± 0.39D vs. 0.87 ± 0.13D) (4). The results of this study were consistent with previous studies on the correction of astigmatism by TICL (V4c) and SMILE surgery, indicating that in both corneal refractive surgery and intraocular lens implantation, the efficacy of astigmatic correction in eyes with high TIA is better than in those with low TIA. The better sensitivity and accuracy of the axial position, and the large magnitude of astigmatism in optometry might account for this difference.

Whether stratified by ORA or TIA, no significant differences were found in corneal SIA or CI value between 1 and 12 months postoperatively, indicating that the SIA stabilized after 1 month. However, there was a statistically significant difference in RA and IOS values between the two postoperative timepoints in all the groups, with declining trend in absolute values. As the age-related change in astigmatism is known to be <0.25 diopters (D)/10 years (26, 27), the cause needs further investigation. In addition, the mean postoperative RA for all eyes at 1 and 12 months was 0.33 and 0.27 D, respectively. Astigmatism lower than 0.5D has little impact on visual acuity and might not need correction in clinical practice (15). Therefore, we believe that the difference in postoperative astigmatism at 1 and 12 months after surgery had little clinical significance.

Our study has some limitations. First, the follow-up time was relatively short. Second, the range of astigmatic diopters was small. Future studies should include a wider range of astigmatic diopters, such as from 0.5 to 6D, for a longer period using prospective research methods.

In conclusion, TICL (V4c) implantation is effective in correcting myopic astigmatism mainly at the internal optics and is more effective in correcting eyes with high TIA than those with low TIA. In addition, ORA has a minor effect on astigmatism correction through TICL (v4c) implantation.
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Introduction: Uveal melanoma (UM) is the most common intraocular malignancy in adults. Plaque brachytherapy remains the dominant eyeball-conserving therapy for UM. Tumor regression in UM after plaque brachytherapy has been reported as a valuable prognostic factor. The present study aimed to develop an accurate machine-learning model to predict the 4-year risk of metastasis and death in UM based on ocular ultrasound data.

Material and Methods: A total of 454 patients with UM were enrolled in this retrospective, single-center study. All patients were followed up for at least 4 years after plaque brachytherapy and underwent ophthalmologic evaluations before the therapy. B-scan ultrasonography was used to measure the basal diameters and thickness of tumors preoperatively and postoperatively. Random Forest (RF) algorithm was used to construct two prediction models: whether a patient will survive for more than 4 years and whether the tumor will develop metastasis within 4 years after treatment.

Results: Our predictive model achieved an area under the receiver operating characteristic curve (AUC) of 0.708 for predicting death using only a one-time follow-up record. Including the data from two additional follow-ups increased the AUC of the model to 0.883. We attained AUCs of 0.730 and 0.846 with data from one and three-time follow-up, respectively, for predicting metastasis. The model found that the amount of postoperative follow-up data significantly improved death and metastasis prediction accuracy. Furthermore, we divided tumor treatment response into four patterns. The D(decrease)/S(stable) patterns are associated with a significantly better prognosis than the I(increase)/O(other) patterns.

Conclusions: The present study developed an RF model to predict the risk of metastasis and death from UM within 4 years based on ultrasound follow-up records following plaque brachytherapy. We intend to further validate our model in prospective datasets, enabling us to implement timely and efficient treatments.

Keywords: uveal melanoma, machine learning, B-scan ultrasonography, follow-up, plaque brachytherapy


INTRODUCTION

Uveal melanoma (UM) is the most common aggressive ocular tumor in adults. The annual incidence rate per million people is 6 in non-Hispanic whites (1) and 0.3–0.6 in Asians (2–4). Although new techniques such as proton beam therapy have been introduced (5), plaque brachytherapy, mainly using iodine-125, remains the dominant option as an eyeball-conserving treatment for UM. In the United States, the ratio of plaque brachytherapy is increasing each year, which accounts for more than 50% recently (6, 7). The same case was also seen in our eye center. However, patients with UM have high mortality with approximately 50% of patients developing metastatic disease and eventually dying within 5 years (8, 9). Therefore, it is important to predict the metastasis risk and long-time survival accurately.

Several factors have been proven to correlate with patient outcomes. These include tumor size and location, as well as related features such as retinal detachment, extrascleral extension, and retinal invasion (10, 11). The most significant factor for melanoma-specific mortality prediction is dependent on tumor-specific genetic alterations and histopathologic factors including epithelioid cell type, monosomy 3 and 6p gain, and loss of BAP-1 gene (12). Gene expression profiling (GEP) of 15 genes was divided into class 1 and class 2 UM, those with the class 2 GEP have a greater rate of metastasis and mortality compared to class 1 GEP. However, fine-needle aspiration is not available in most cases for patients with UM treated by plaque brachytherapy. Therefore, we wish to construct a prediction model with more readily accessible clinical data.

Ultrasonography, a cost, and time-effective non-invasive examination is the most used application for determining the dimensions of a posterior UM. And it is essential throughout follow-up for tumor measurement (13). Tumor regression has commonly been evaluated as a percentage change from initial tumor thickness measured with B-scan ultrasonography. According to the Collaborative Ocular Melanoma Study, a 15% increase in tumor thickness after brachytherapy should be considered as a failure. Many previous studies have shown that such local treatment failure (14–17) and rapid regression of tumors after plaque brachytherapy (18, 19) predict a lousy prognosis.

Previous models based on clinical and demographic characteristics have been developed to predict individual patient prognosis after UM treatment (20–26). To our knowledge, this is the first report that describes a mathematical model for patients with UM after iodine-125 plaque brachytherapy using postoperative follow-up ultrasound data. The present study investigates the prognostic value of dynamic morphometric parameters to predict 4-year survival and metastasis status (Figure 1).


[image: Figure 1]
FIGURE 1. Workflow of the research. Machine learning was carried out according to the clinical and follow-up data from patients to predict the prognosis. Results of metastasis and survival analysis are based on filtered data.




MATERIALS AND METHODS


Source of Data

This is a retrospective, single-center study conducted in the Beijing Tongren Eye Center. The study population included adult patients that were clinically diagnosed with UM from July 2007 to December 2016. Generally, iodine-125 plaque brachytherapy was used for tumors with a thickness of <10 mm in our center. The standard dose of irradiation was 100 Gy to the apex of the tumor. However, patients who were refractory to other treatments and strongly requested it were also treated by brachytherapy.



Selection of Participants

Patients who were diagnosed with UM at the Beijing Tongren Eye Center and subsequently received brachytherapy were included in this study. The exclusion criteria were: (1) age <18 years, (2) received other therapies, (3) alive and had a follow-up time of fewer than 4 years, (4) the third follow-up time was more than 3 years, (5) filled follow-up time was later than the time of outcome, (6) had metastatic disease at the time of diagnosis. Finally, 454 patients were included to construct the model for predicting death and 424 patients to build the model for predicting metastasis (Figure 2A). Moreover, 177 surviving patients with UM had a follow-up duration ranging from 3 to 4 years. They will be included in the prospective validation of our models in future studies (Figure 2B).


[image: Figure 2]
FIGURE 2. Steps for excluding features and samples to preprocess the input dataset for machine learning. (A) The workflow for excluding some samples. (B) Prospective validation (C) The workflow for excluding some features.




Data Collected

The age, gender, and involved eye were recorded from each patient's record during the initial interview. The presence of subretinal fluid, optic disk involvement, vitreous hemorrhage, ciliary body involvement, tumor thickness, minimum and maximum tumor diameter, tumor shape and position, intraocular pressure and visual acuity, photographs, and ultrasound records were collected from the preoperative medical records. Several strategies, including fundus photography, fluorescein angiography, indocyanine green angiography, standardized echography, and orbital MRI, were conducted to assist diagnosis. Tumors were staged according to the American Joint Committee on Cancer (AJCC) consensus. We excluded duplicate factors and factors that did not differ among groups (Figure 2C).

Ultrasound images were reviewed by two independent radiologists with at least 5 years of experience in interpreting ocular ultrasound images. The radiologists were blinded to the clinical data. When two radiologists failed to reach a consensus through their independent assessment, the image would be reviewed jointly to ultimately achieve agreement. They measured the tumor's thickness from the inner surface of the sclera to the tumor apex and maximum basal diameter. Thickness and the minimum basal diameter were measured from two meridians, along with the maximum basal diameter and perpendicular to it. Representative digitized scans were stored at the time of each diagnostic and follow-up visit.



Missing Value Completion

There were some missing data values due to the loss of clinical data and some missing features. The missforest algorithm (R package missForest) was used to fill in the blank values in the dataset (27). Missforest iteratively filled all features with missing values by predicting missing values from existing values. The order for filling missing values was from features with the fewest missing value to the feature with the most missing values. Moreover, numerical features and nominal features were predicted with Random Forest (RF) regression and classification, respectively. The follow-up information of patients with less than three visits was also filled, and the length of follow-up was less than that of outcome events.



Prediction Model

Machine learning is a powerful tool for mining the hidden relationships in our dataset which included imaging (28–32), genetic (33), clinical (27, 34), multi-modal sensor data (35–37), and other sources (38). RF is a type of ensemble learning method which encapsulates multiple decision trees to vote the classification results. The decision tree is a basic machine learning method that applies tree data structure to recursively split the whole dataset into multiple subsets. Finally, the samples in each leaf node either belong to one class or own more features could be used to be split, namely, the class of each sample can be inferred according to the paths from the root node to leaf nodes in the tree (39–42). In our research, the RF model was used to construct models of whether a patient will survive for more than 4 years and whether the tumor will metastasis within 4 years after plaque brachytherapy. This was done using demographic attributes, clinical features, and follow-up records.

Additionally, all datasets used were imbalanced. Therefore, the most convenient, cost-sensitive method (43) was used to tackle this problem and assist RF in constructing the models. Synthetic Minority Oversampling Technique (SMOTE), the simplest oversampling algorithm, is typically used to enrich the minority in each training set of the internal cohort. Numerical and nominal features are preprocessed differently in terms of measuring the distance of two samples. However, we did not adopt this method because we cannot guarantee the ratio for generating more minority class samples. It will also import some noise into the dataset. The numerical and nominal features were separately oversampled and then merged. The under-sampling method (44) randomly deleted some majority samples in the training set, which was not suitable for our study because the follow-up dataset is precious. We cannot sacrifice the majority class to trade off the minority class. Similar to the multi-objective optimization, the cost-sensitive method (43) leveraged another objective function (cost function) and accuracy function in constructing a machine learning model. The number of trees in RF was primarily set as 500 when experiments were carried out. Four-fold stratified cross-validation was used to evaluate the performance of RF fairly, and the subjects in each fold were independent (a patient owns only one entry of data).



Statistical Analysis

The baseline characteristics of enrolled participants were presented and compared between survivors and non-survivors by applying either Student's t-test, Chi-square test, and Mann-Whitney U-test as appropriate. Continuous variables were characterized as mean (standardized differences [SD]) or median (interquartile range [IQR]), while categorical or ranked data were reported as count and proportion. One-way ANOVA and Kaplan-Meier analysis were used to evaluate tumor regression patterns. All calculations were performed in Statistical Package for the Social Sciences (SPSS) version 26 and GraphPad Prism version 7. Random forest was performed using Python 3.7.3 (Wilmington, DE, United States) and MATLAB R2016a. Accuracy, sensitivity, specificity (32, 45, 46), Receiver Operating Characteristic (ROC) curve, Precision-Recall (PR) curve, and Area under Receiver Operating Characteristic Curve (AUROC) were used to evaluate the performance of models.




RESULTS


Baseline Characteristics

A total of 454 patients with UM treated by plaque brachytherapy were included in the death analysis. 210 (46.3%) were male. UM occurred in 248 right eyes and 206 left eyes. The mean age was 46.3 ± 11.7 years. We used the criteria of the AJCC consensus to determine that there were 41 T1 stage tumors, 213 T2 stage tumors, 137 T3 stage tumors, and 11 T4 stage tumors. In total, 48 of 424 (11.3%) patients developed metastasis during the follow-up period, and 52 of 454 (11.5%) patients died. The baseline characteristics are compared in Supplementary Table 1. The stage, position, ciliary body involvement, subretinal fluid, maximum and minimum basal diameter, and follow-up data were significantly correlated with death and metastasis. The median period was 154 [IQR:124, 251], 402 [IQR:315, 530], 700 [IQR:581, 839] days respectively for the three follow-up visits (Figure 3).


[image: Figure 3]
FIGURE 3. Boxplot of follow-up time. (A) Death analysis. (B) Metastasis analysis.




Evaluation of Model Performance

In our research, we developed a model to predict death 4 years after treatment, (Figures 4A,B) with 70.51% sensitivity, 56.96% specificity, and overall diagnostic accuracy of 58.51% using the first follow-up data. The overall performance of the prediction model was improved when three follow-up records were included. The performance was raised to a sensitivity of 80.45%, a specificity of 83.35%, and overall diagnostic accuracy of 83.02% (Figure 4C, Supplementary Table 2). Due to imbalanced datasets, we used a relatively high cost-sensitive parameter to increase sensitivity. A higher sensitivity means that patients with poor prognoses are more likely to be detected in clinical practice and radical treatments can be undertaken earlier to improve patient outcomes. The maximum basal diameter was the top-ranked preoperative factor related to death within 4 years after surgery (Figure 5). Position, preoperative minimum basal diameter, corrected visual acuity, and intraocular pressure was also clearly correlated with death. In addition, the span of records from the follow-up was remarkably correlated with predicting death. Thus, obtaining data from three follow-ups had the greatest impact on accuracy.


[image: Figure 4]
FIGURE 4. Machine learning result of death and metastasis model. (A) Receiver operating characteristic (ROC) curve. (B) Precision-recall (PR) curve. (C) Boxplot of all metrics for predicting death. (D) Boxplot of all metrics for predicting metastasis.
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FIGURE 5. Relative importance of each factor in the machine learning model.


Moreover, we constructed a model to predict four-year metastasis status (Figures 4A,B), with 66.67% sensitivity, 69.42% specificity, and 69.10% accuracy. We then incorporated additional follow-up information to achieve a sensitivity of 77.08%, a specificity of 79.79%, and overall diagnostic accuracy of 79.48% (Figure 4D, Supplementary Table 2). The model for predicting death did perform better than the one for metastasis. We found that the maximum basal diameter, intraocular pressure, minimum basal diameter were the most critical factors (Figure 5). Similarly, additional follow-up information beyond the first collection was significantly related to successfully predicting metastasis. Tumor thickness recorded in the third follow-up was the most important information.



Regression Pattern

We next investigated investigate the importance of tumor thickness after treatment. We classified the tumor response to brachytherapy into the following four main patterns (47, 48) (Figure 6). Pattern D (decrease) involved at least one follow-up visit, the thickness decreased by at least 15% compared to the preoperative period, and two other visits also showed a decrease in thickness. Pattern S (stable) indicates there was < a 15% change in thickness. Pattern I (increase) is defined by at least one follow-up visit, the thickness increased by at least 15% compared to the preoperative period, and thickness also increased at two other visits. Pattern O (others) indicates an irregular change in thickness. Preoperative tumor sizes of different patterns are listed in Table 1. It was found that the tumor regression rate increased with increasing tumor thickness (P < 0.001) (Figure 7).


[image: Figure 6]
FIGURE 6. Percentage graph of initial tumor thickness vs. duration of follow-up after iodine 125 brachytherapy for patients with uveal melanoma by tumor regression patterns (D vs. S vs. I vs. O).



Table 1. Preoperative tumor size of different patterns.

[image: Table 1]


[image: Figure 7]
FIGURE 7. Boxplot of preoperative maximum thickness of different tumor regression patterns (D vs. S vs. O vs. I). **P ≤ 0.05, ***P < 0.001.


As shown in Figures 8A,B, there is a statistical significance relating metastasis and death (P < 0.001) to different tumor regression patterns. Patterns D/S were associated with a significantly better prognosis than the I/O group. Then, we further categorized the O group into three subtypes: DI (decrease followed by increase), ID (increase followed by decrease), and Z (“zigzag” or alternating measurements). Kaplan-Meier survival analysis revealed that pattern DI was significantly related to a higher death rate (P < 0.001) (Figure 8).


[image: Figure 8]
FIGURE 8. Kaplan-Meier analysis. (A,B) Kaplan-Meier analysis of survival curve (A) and non-metastasis curve (B) for patients with uveal melanoma after iodine 125 plaque brachytherapy by tumor regression patterns (D vs. S vs. I vs. O), expressed in three follow-up visits. (C) Kaplan-Meier analysis of survival curve for patients with uveal melanoma after iodine 125 plaque radiotherapy by tumor regression patterns (DI vs. ID vs. Z), expressed in three follow-up visits.





DISCUSSION

Great changes have taken place in traditional medicine after entry into the era of data. Physiological parameters can be recorded by wearable smart products (such as smart glasses, watches, and bracelets (49, 50), biological parameters can be expressed by gene sequencing (51), and anatomical parameters can be displayed by image data (52). The limits on analysis of such data by humans alone have clearly been exceeded, necessitating an increased reliance on machines. Accordingly, at the same time that there is more dependence than ever on humans to provide healthcare, algorithms are desperately needed to help (53).

Uveal melanoma (UM) is the most common intraocular tumor in adults. Although several treatments are available for patients with UM, more than half of patients end up with distant metastases. Unfortunately, there is currently no effective treatment for the metastatic disease, and the median survival time for metastatic UM is only 12 months (54–56). So risk factors that allow the early prediction of the metastasis and survival time of patients will contribute to the implementation of a more aggressive treatment strategy and improve patient outcomes (57). Additionally, numerous studies have shown that the great majority of patients want to know whether their prognosis is good or bad both before surgery and during follow-up. Although the bad news is particularly upsetting, patients feel a sense of empowerment over their future planning and a reduction in uncertainty and accompanying anxiety (58–60).

Our previous studies, and those of others, have shown that clinical characteristics such as male gender, advanced age, larger tumor size, epithelioid cell type, subretinal fluid, and ciliary body involvement can increase the risk of metastasis and death (10, 11, 61–64). Additionally, the treatment response by tumors can also affect the outcome to some extent. Several studies discovered that local treatment failure, defined by COMS as a 15% increase in tumor thickness after brachytherapy was significantly related to uveal melanoma-related mortality and systemic dissemination (15, 65). Furthermore, Augsburger and Kaiserman (19, 66) found that rapid regression of tumors after plaque brachytherapy indicates an unfavorable prognosis. Also, in other treatment modalities, Christoph et al. (67) reported a non-linear influence of the regression rate of choroidal melanoma as an independent risk factor of metastatic disease after linear accelerator stereotactic fractionated photon radiotherapy. Thus, tumor size change after surgery is significantly correlated with prognosis. In our research, we added this aspect to the construction of the model to determine whether postoperative information could improve model performance for prediction.

Medicine has experienced the recent emergence of artificial intelligence (AI) as a novel tool for analyzing large amounts of data (68). AI has recently achieved high accuracy in recognizing ocular structure. Deep-learning convolutinal neural networks (CNNs) developed by Li Dong et al. (69–71) have shown superior performance in assessing axial length, subfoveal choroidal thickness, and fundus tessellated density with color fundus photographs. In the diagnosis of multiple ocular disorders, AI outperformed human experts with multimodality imaging, including magnetic resonance imaging (MRI), fundus photographs, and fundus fluorescence angiography (FFA). An updated meta-analysis demonstrated that AI-based algorithms are capable of detecting age-related macular degeneration (AMD) in fundus images with a pooled AUC 0.983 (72, 73). Naoya Nezu et al. (74) recently reported that several algorithms predicted the diagnosis of 17 selected intraocular diseases including UM with aqueous humor cytokines, and indicated some new biomarkers facilitating the diagnosis of relevant diseases. In addition, Zhang et al. (75) also justified the effectiveness of deep learning for predicting nBAP1 expression in UM based only on Hematoxylin and eosin (H&E) sections.

Models based on clinical and demographic characteristics are being used to predict the prognosis of individual patients with UM after treatment. Jorge Vaquero-Garcia et al. (24)created an interactive web-based tool for the Prediction of Risk of Metastasis in Uveal Melanoma (PRiMeUM), which provides a tool for assessing the personalized risk for metastasis based on individual and tumor characteristics. The accuracy of the risk prediction was 80% using only chromosomal features, 83% using only clinical features, and 85% using combined clinical and chromosomal information. However, in most eye centers, chromosomal information is not available. Fine-needle aspiration biopsy is an invasive method and may contribute to some related complications such as vision loss, persistent hemorrhage, and even extraocular extension (76). Therefore, most patients being treated by plaque brachytherapy are reluctant to accept this examination.

We previously applied machine learning technology to establish a model to predict whether a patient would die or metastasize within 2 years after initial treatment. This model achieved an overall accuracy of 77.0 and 75.0% with all features (77). Information extracted from B-ultrasound images was additionally applied to machine learning to provide personalized risk prediction. To the best of our knowledge, ours is the first machine learning-based UM prognosis model using follow-up information after surgery. With the increasing availability of follow-up information, the performance of predictive models has improved significantly. The AUC of models increased from 0.708 to 0.883 after two additional follow-up records were added.

Figure 5 shows that follow-up data were remarkably correlated with 4-year survival. This suggests we can provide a more accurate prognostic evaluation for patients by intensive follow-up, which is readily obtained. In our study, tumor treatment response was divided into four patterns. The D pattern of decreasing tumor thickness correlated to the best prognosis, contrary to some previous research (18, 19). It found that early rapid regression of tumors after plaque brachytherapy was associated with an unfavorable outcome for patients with UM. However, a greater regression indicated a better prognosis in our relatively longer postoperative follow-up. In addition, similar to their results, a positive correlation between tumor thickness and regression rate was also found in our research.

Among the patients enrolled for model construction, the 177 surviving patients with UM with follow-up ranging from 3 to 4 years, can validate algorithms in a short time. Additionally, we welcome external datasets, especially with Asian patients, to continue our validation efforts. We hope that a predictive model for Asian patients can be established using factors that are non-invasive and easily available clinically in the future.

Deep learning (DL)-powered ultrasound has begun to be widely used in diagnosing certain diseases and for distinguishing between benign and malignant tumor types (78–80). But it has been used less for determining prognosis. Thus, we have also tried to construct a DL model using B-ultrasound images to predict long-term survival in patients with UM. However, the performance was found to be unsatisfactory. We do plan to undertake additional prospective studies that will incorporate uniform standard ultrasound images and color Doppler flow imaging to gather more prognostic information. In addition, multiple imaging modalities have been used recently with deep learning, including CT and MRI. Using these tools, researchers can attain more specific and informative histology and prognostic information. Compared to ultrasound, MRI provides excellent contrast resolution and multiple tissue-contrasts. Due to the paramagnetic effect, lesions with different melanin contents will present distinct signal intensities in MRI. Furthermore, the use of multiple sequences including dynamic contrast-enhanced (DCE) sequence and diffusion-weighted MR imaging has made it easier to identify intertumor heterogeneity (81, 82). It has been proven that quantitative multiparametric MRI can be used to predict monosomy 3 and UM metastasis (83, 84). Therefore, we propose to adopt DL to automatically extract high-throughput features from multi-modal, multi-channel preoperative MRI to predict the survival time for patients with UM. This will enable us to better develop personalized treatment plans and realize precision medicine.

There are some limitations in our study that should be noted. First, while death is an outcome that can be precisely determined metastasis can only be detected at follow-up visits. Therefore, metastasis may present before the clinical diagnosis, which would affect our model's predictive value for metastasis. Second, due to the retrospective nature of this study, the follow-up interval after surgery in our study was not fixed. This affected the results to some extent. Third, based on the COMS data, post-therapy surveillance relies on decreasing thickness with ultrasound B repeated every 6 months for 2 years and yearly after that (16). But most of our patients can only be checked three times within 3 years. Our results showed that the algorithm's performance could be enhanced with more follow-up visits. Frequent follow-up of patients is advisable, ideally leading to earlier detection of metastasis and timely enrollment into treatment and care. Thus, patients will be strictly followed up in the future to further explore the role of data from follow-up examinations in predicting prognosis.



CONCLUSIONS

In conclusion, the present study developed an RF model to predict the risk of UM metastasis and death within 4 years based on ultrasound follow-up records following plaque brachytherapy. We intend to further validate our model in prospective datasets, which can prompt us to implement timely and efficient treatments.
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Purpose: To develop deep learning classifiers and evaluate their diagnostic performance in detecting the static gonioscopic angle closure and peripheral anterior synechia (PAS) based on swept source optical coherence tomography (SS-OCT) images.

Materials and Methods: Subjects were recruited from the Glaucoma Service at Zhongshan Ophthalmic Center of Sun Yat-sun University, Guangzhou, China. Each subject underwent a complete ocular examination, such as gonioscopy and SS-OCT imaging. Two deep learning classifiers, using convolutional neural networks (CNNs), were developed to diagnose the static gonioscopic angle closure and to differentiate appositional from synechial angle closure based on SS-OCT images. Area under the receiver operating characteristic (ROC) curve (AUC) was used as outcome measure to evaluate the diagnostic performance of two deep learning systems.

Results: A total of 439 eyes of 278 Chinese patients, which contained 175 eyes of positive PAS, were recruited to develop diagnostic models. For the diagnosis of static gonioscopic angle closure, the first deep learning classifier achieved an AUC of 0.963 (95% CI, 0.954–0.972) with a sensitivity of 0.929 and a specificity of 0.877. The AUC of the second deep learning classifier distinguishing appositional from synechial angle closure was 0.873 (95% CI, 0.864–0.882) with a sensitivity of 0.846 and a specificity of 0.764.

Conclusion: Deep learning systems based on SS-OCT images showed good diagnostic performance for gonioscopic angle closure and moderate performance in the detection of PAS.

Keywords: anterior chamber angle, deep learning, primary angle closure disease, artificial intelligence, swept source optical coherence tomography


INTRODUCTION

Glaucoma is the main cause of irreversible blindness (1), affecting an estimated 76 million people worldwide (2). In Asia, the prevalence of primary angle closure disease (PACD) is expected to increase significantly to reach 34 million in 2040 (2). PACD has chronic and acute forms, which may lead to severe eye pain and rapid loss of vision, or irreversible blindness if untreated (3).

Early intervention and treatment of PACD depend on early detection, which requires assessment of the anterior chamber angle (ACA). Gonioscopy is a gold standard for assessing the ACA configuration and detecting PAS in clinics. However, it is a contact examination that should not be used on some patients due to safety concerns.

Swept source optical coherence tomography (SS-OCT) is a non-contact imaging technique providing high resolution images of anterior segment structures. Compared to traditional anterior segment optical coherence tomography (AS-OCT), the laser wavelength of SS-OCT is 1,310 nm, which enables it to scan and store 360-degree images of the anterior chamber in a few seconds with high reproducibility and definition (3). Previous studies have shown that SS-OCT exhibits moderate performance for angle closure detection compared with gonioscopy as the reference standard (4), although not all studies were in agreement (5). A limitation of AS-OCT for angle closure detection is its limited ability to distinguish appositional angle closure and synechial angle closure based on two-dimensional cross-sectional images. However, a previous study by Leung et al. had indicated that it was feasible to discriminate synechial angle closure from the appositional angle closure with dynamic paired dark-light AS-OCT imaging, which showed that synechial closure often exhibited an obtuse configuration while appositional closure assumed an acute configuration (6). This shows the possibility to explore the way of discriminating these two kinds of angle closure based on static SS-OCT imaging.

Deep learning, a branch of machine learning, has been used to detect diabetic retinopathy, age-related macular degeneration, retinopathy of prematurity, glaucoma, and cataract by learning images from fundus photographs, perimetry, fundus OCT, and slit lamp microscopy (7–12). Recent studies have suggested that AS-OCT combined with deep learning has the potential to detect narrow ACAs in at-risk people (13, 14), indicating that it is possible to develop a deep learning system based on SS-OCT images to detect the appositional angle closure.

The purpose of this study was to develop an artificial intelligence system for ACA detection based on SS-OCT images. To achieve this aim, two deep learning classifiers were developed, the first to diagnose static gonioscopic angle closure and the second to distinguish appositional angle closure from synechial angle closure.



MATERIALS AND METHODS

This prospective observational study adhered to the tenets of the Declaration of Helsinki and was approved by the Institutional Review Boards of Zhongshan Ophthalmic Center, Guangzhou, China (2018KYPJ007) and registered at ClinicalTrials.gov (NCT03611387). Informed consent was obtained from all patients.

A total of 278 participants of the Zhongshan Ophthalmic Center were enrolled in this study between August 2018 and August 2020. Patients eligible for inclusion were phakic, over 18 years old, and able to undergo both gonioscopy and SS-OCT examinations. Exclusion criteria included the history of prior intraocular surgery and laser treatment, prior history of APAC, acute ocular inflammation, secondary angle closure, open angle glaucoma, or corneal opacities that disturbed the visualization and imaging of ACA. Both eyes of a single participant were included if they met the above criteria.


Clinical Evaluation

All eyes included in this study underwent a series of standard ophthalmic examinations, such as ACA evaluation by gonioscopy and SS-OCT imaging. Gonioscopy was performed by six glaucoma experts using a 1-mirror gonioscope (Volk Optical Inc, Mentor, OH, USA) and a 1-mm light beam placed off the pupil to avoid pupillary constriction. If the pigmented trabecular meshwork could not be visualized by static examination, dynamic gonioscopy was performed to evaluate the presence of PAS. The gonioscopy result combined static and dynamic examination, and the range of PAS was recorded based on clock position which was also converted into degree position.

Swept source optical coherence tomography (SS-OCT) (CASIA SS-1000, Tomey Corporation, Nagoya, Japan) imaging was performed in a dark room by a trained examiner masked to gonioscopic findings. During the scanning, the upper eyelids were gently retracted to decrease superior eyelid artifacts, while taking care to avoid inadvertent pressure on the globe. Three-dimensional angle analysis mode was used with 512 A-scans per line which takes 128 2-dimensional cross-sectional images per eye.



SS-OCT Images Dataset

The SS-OCT Viewer software (version 4.7; Tomey Corporation, Nagoya, Japan) was used to export 128 cross-sectional images in JPEG format from raw image data per eye. Each SS-OCT cross-sectional image was split into two by a vertical midline with the right-side image flipped horizontally to match the orientation of the left-side image. Images with motion artifacts and incomplete images were excluded from the analysis (Figure 1).


[image: Figure 1]
FIGURE 1. Each swept source optical coherence tomography (SS-OCT) cross-sectional image was split into two anterior chamber angle (ACA) images with the right-side image flipped horizontally.


Each ACA image was classified by two trained observers as an open-angle or static angle closure. In case of disagreement, a senior glaucoma specialist adjudicated. The static angle closure in the SS-OCT ACA image was defined as a substantial iris-angle contact beyond the scleral spur while an open angle in the ACA image was defined as no iridotrabecular contact anterior to the scleral spur. This procedure yielded the first SS-OCT dataset containing ACA images with the open angle and static angle closure images.

The static angle closure ACA images in the first SS-OCT dataset were combined with gonioscopy results to reclassify those ACA images as appositional angle closure or synechial angle closure. Appositional angle closure in the static angle closure ACA images was defined as no PAS recorded on gonioscopy. Synechial angle closure images were defined as PAS recorded on gonioscopy. This procedure yielded the second SS-OCT dataset. ACA images corresponded to within 15 degrees before and after the starting and ending points of PAS were excluded. The image handling process is shown schematically in Figure 2.


[image: Figure 2]
FIGURE 2. Each ACA image was first classified into an open angle or static angle closure. Then ACA images of the static angle closure were combined with gonioscopy to be reclassified into appositional angle closure or synechial angle closure.


Image pixel values were normalized to range between 0 and 1. Images were randomly rotated between 0 and 15 degrees and randomly shifted horizontally and vertically as means of images augmentation (15), to enhance the robustness of the model during classifier training.



Deep Learning System

Two deep learning classifiers were developed in this study using a convolutional neural network (CNN) approach. Both deep learning classifiers were based on the InceptionResnetV2 CNN architecture consisting of 244 convolution layers, 204 batch normalization layers, and four pooling layers. The fully connected layer with a size of 1,024 linked to a dropout layer with a retention rate of 0.5 predicted a binary classification result with a sigmoid activation function and a binary cross-entropy loss function in the final output layer. The adaptive moment estimation optimizer with an initial learning rate of 0.001, beta 1 of 0.9, beta 2 of 0.999, fuzzy coefficient of 1e-7, and learning decay rate of 0 were applied. The thumbnail view of the entire CNN architecture is shown in Figure 3.


[image: Figure 3]
FIGURE 3. The thumbnail view of the entire convolutional neural network (CNN) architecture.


The CNN architecture initialization was performed by the pre-trained model obtained from ImageNet classification (16). Each model was trained up to 500 epochs. After each epoch, the validation loss was evaluated using the validation set and used as a reference for model selection. The training process was stopped if the validation loss did not improve over 120 consecutive epochs. The model with the lowest validation loss was saved as the final model.

All ACA images of eyes included in the first SS-OCT dataset were randomly segregated into three sub-sets, with 70% of images for training, 15% of images for validation, and 15% of images as a test dataset, to develop the first deep learning classifier. Images in each dataset were independent without crossover or overlap between datasets. The second deep learning classifier was developed by randomly allocating ACA images relabeled in the second SS-OCT dataset into three sub-sets, with 80% of images as a training set, 10% of images as a validation set, and 10% of images as a test set.



Test Classifier

At the early stage of this study, a test classifier was developed that included a small sample and several ACA images. To test the accuracy of the classifier in distinguishing different widths of an open angle, we selected two different and independent test sets. Open angle images in the test set 1 were images with wider trabecular iris angle 250 um (TIA250) while open angle images in test set 2 were images with narrower TIA250. Images with TIA250 >25 degrees were selected in the test set 1 while images in the test set 2 were those with TIA250 ranging from 11 to 15 degrees (Figure 4).


[image: Figure 4]
FIGURE 4. TIA250 was marked by an orange angle. (A) The ACA image showed TIA250 between 11 and 15 degrees. (B) The ACA image showed TIA250 >25 degrees.




Statistical Analysis

Model performance was assessed using three critical outcome measures: accuracy, sensitivity, and specificity. A receiver operating characteristic (ROC) curve was used to evaluate the efficacy of deep learning classifiers. The classification threshold was measured by the Youden index (17). Moreover, the area under the ROC curve (AUC) with 95% CI was chosen to evaluate the deep learning models.




RESULT

A total of 77,613 ACA images from 439 eyes were captured that concluded 165 eyes of normal, 99 eyes of primary angle closure suspect (PACS), 85 eyes of primary angle closure (PAC), and 90 eyes of primary angle closure glaucoma (PACG). The participant's demographics are shown in Table 1.


Table 1. Participants demographics.

[image: Table 1]

The first deep learning classifier was developed with 50,650 ACA images as a training set (34,705 open angle images and 15,945 static angle closure images), 11,291 ACA images as a validation set (8,037 open angle and 3,254 static angle closure images), and 10,884 ACA images as a test set (7,860 open angle and 3,024 static angle closure images). To distinguish the static angle closure and open angle based on ACA images, the first deep learning classifier achieved an AUC of 0.990 (95% CI: 0.989–0.992) with a sensitivity of 0.9465 and specificity of 0.9533 (Figure 5).


[image: Figure 5]
FIGURE 5. The test set performance for the detection of static angle closure and open angle achieved an AUC of 0.990 with a sensitivity of 0.9465 and specificity of 0.9533.


The second deep learning classifier contained the training set with 21,924 ACA images (10,140 appositional angle closure images and 11,784 synechial angle closure images), validation set with 2,612 images (1,399 appositional angle closure images and 1,213 synechial angle closure images), and test set with 2,475 images (1,282 appositional angle closure images and 1,193 synechial angle closure images). The performance of the second deep learning classifier for detecting PAS achieved an AUC of 0.888 (95% CI: 0.876–0.900) with 82.7% sensitivity and 80.7% specificity (Figure 6).


[image: Figure 6]
FIGURE 6. The test set performance for the detection of PAS achieved an AUC of 0.888 with 82.7% sensitivity and 80.7% specificity.


The test classifier was developed with 20,382 ACA images (7,798 open angle and 12,785 static angle closure) as the training set, and 4,320 ACA images (2,160 open angle and 2,160 static angle closure) as the validation set. The test set 1 contained 2,866 ACA images with 1,807 open angle and 1,059 static angle closure images; test set 2 contained 3,035 ACA images with 1,218 open angle and 1,817 static angle closure images. The AUCs for the test classifier detection of different widths of open angle were 0.973 (95% CI: 0.972–0.975) in the test set 1 (constructed by images with wider TIA250) and 0.963 (95% CI: 0.960–0.965) in the test set 2 (constructed by images with narrower TIA250). The test set 1 showed a sensitivity of 93.4% and specificity of 94.6% (Figure 7), while the test set 2 showed a sensitivity of 92.9% and specificity of 87.7% (Figure 8).


[image: Figure 7]
FIGURE 7. The performance of test set 1 for the test classifier achieved an AUC of 0.973 with a sensitivity of 93.4% and specificity of 94.6%.



[image: Figure 8]
FIGURE 8. The performance of test set 2 for the test classifier achieved an AUC of 0.963 with a sensitivity of 92.9% and specificity of 87.7%.




DISCUSSION

Medical artificial intelligence has been successfully applied to the breast cancer diagnosis and classification of skin cancer (18, 19). With an impressive learning ability and accuracy in the interpretation of images, natural languages, and speech processing (20), deep learning has been widely used for medical image-based artificial intelligence (AI) research. Glaucoma AI detection mainly utilizes color fundus photographs, fundus OCT, visual field, and AS-OCT alone or together (10, 11). As is well-known, if acute PACG is not treated in a timely fashion, it can rapidly cause irreversible blindness (21). Therefore, the AI detection of PACD should be focused on early detection as a basis for treatment.

In this study, we successfully established a deep learning system to identify the ACA status in terms of open angle, appositional angle closure, and synechial angle closure based on SS-OCT images. In contrast to the previous research on ACA AI detection (13, 14), we focused on high accuracy detection of static angle closure based on SS-COT images.

Previous studies have used AS-OCT for angle closure diagnosis. Fu et al. developed two angle closure detection systems, one of which was a quantitative feature-based support vector machine classifier and another was a deep learning classifier with a VGG-16 network, based on a total of 41,35 Visante AS-OCT images (13). The former achieved an AUC of 0.90 with a sensitivity of 79% and a specificity of 87% while the latter achieved an AUC of 0.96 with a sensitivity of 0.90 and a specificity of 0.92, demonstrating better detection accuracy with deep learning than with the linear support vector machine classifier. Xu et al. tested multiclass convolutional network classifiers to automatically detect the angle closure based on 4036 SS-OCT images (14) and found that three CNN classifiers showed excellent performance with AUC from 0.90 to 0.93. Recently, an Angle Closure Evaluation Challenge provided a dataset containing 4,800 AS-OCT images for several teams to develop AI classifiers (22). Nine teams established different deep learning models for angle closure detection which achieved AUCs from 0.9 to 0.96 with sensitivities between 0.79 and 0.94 and specificities from 0.87 to 0.91.

The InceptionResnetV2 network, which achieved the highest accuracy of image classification in the ImageNet Large Scale Visual Recognition Challenge (16), is a modified InceptionV3 network and develops deeper neural networks by importing the residual connection to obtain better performance. In the present study, a test classifier based on the InceptionResnetV2 network was developed to discriminate different widths of open angle and closed angle. In discrimination between static angle closure and open angle with wider TIA250, this classifier achieved an AUC of 0.973, and a slightly lower AUC of 0.963 was achieved for discrimination between static angle closure detection and open angle with narrower TIA250. This performance indicates that the differentiation between open angle with narrower TIA250 and static angle closure is more difficult than between open with wider TIA250 and closed angles, but both showed that the network does work in different situations. The training dataset was then increased to develop the first deep learning classifier to discern open angle from the static angle closure, the result of which was a very high AUC of 0.990. Therefore, deep learning achieved reliable performance in detecting the static angle closure based on AS-OCT images but requires large sample sizes and deeper training to improve its capability.

Although deep learning systems have helped to reliably detect the static angle closure, it remains difficult to distinguish the appositional angle closure from the synechial angle closure based on static AS-OCT images. Therefore, the second deep learning classifier based on the SS-OCT dataset combined with dynamic gonioscopy as a reference standard was trained to distinguish between the appositional and synechial angle closure and achieved a moderate AUC of 0.888. Recently, another study focused on classifying the appositional and synechial angle closure. Hao et al. developed five traditional machine classifiers and 13 CNN deep learning models based on 8,848 AS-OCT images collected in bright and dark environments (23). In their study, the best result of traditional machine classifiers was an AUC of 0.64, while all CNN deep learning models achieved higher AUCs of up to 0.84. The results of Hao's et al. (23) research and the second deep learning classifier in our study show that deep learning holds potential in measuring PAS based on SS-OCT images. Additional datasets and model training are required to develop a deep learning system to reliably distinguish between the appositional and synechial angle closure. In addition, we found that all heatmaps of these two deep learning classifiers focused on the ACA (as figures showed in Supplementary Materials), which were similar to previous studies and supported that iridocorneal junction provided highly discriminative structure features on the angle closure detection (13, 14). However, we still could not identify the precise features between the appositional angle closure and synechial angle closure from heatmaps. So, further study is needed to learn what enables deep learning classifiers to distinguish the different statuses of ACA.

Our study has some limitations. The performance of the two classifiers was within a research environment and may differ when tested using real world datasets. Another limitation of our study is that it included a Chinese sample, and the results may not apply to the other population settings. Therefore, a multi-center study with larger datasets and multiple devices is needed to evaluate the generalizability and accuracy of the deep learning system for ACA status detection.

In conclusion, we developed two deep learning classifiers based on SS-OCT images, which showed excellent performance in distinguishing gonioscopic angle closure from open angles but moderate performance on the detection of peripheral anterior synechiae. SS-OCT holds potential in the evaluation of precise angle structure status so that it may be used for screening high-risk glaucoma populations in the future.
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Purpose: To investigate the imaging biomarkers of spectral-domain optical coherence tomography (SD-OCT) and their correlations with age and best-corrected visual acuity (BCVA) in patients with X-linked retinoschisis (XLRS).

Methods: OCT images of 72 eyes of 39 patients with confirmed XLRS were obtained to assess imaging biomarkers, including but not limited to the automatic evaluation of foveal thickness, central subfield thickness (CST), macular volume, and the manual measurement of area of macular schisis cavity (AMS). Correlations between age/BCVA and all OCT parameters were computed as well.

Results: In this study, median age was 10.5 (8–12) years old and median BCVA was 0.90 (0.70–1.00) logarithm of the minimum angle of resolution. Macular retinoschisis was found in all affected eyes, with peripheral retinoschisis (PRS) in 34 (47.2%) eyes. Cystic cavities most frequently affected inner nuclear layer (100%) in the macula. Ellipsoid zone (EZ) defects occurred in 53 (73.6%) eyes. As for correlation, BCVA was significantly correlated with several OCT parameters, including CST, AMS, EZ defect, PRS and vitreomacular adhesion, whereas no correlation was found between age and any OCT parameter.

Conclusion: Explicable OCT imaging biomarkers such as CST, AMS, and photoreceptor defects were identified and may serve as reference parameters or potential regions of interest for future observational and interventional research design and result interpretation.

Keywords: X-linked retinoschisis, optical coherence tomography, visual acuity, correlation, biomarker


INTRODUCTION

X-linked retinoschisis (XLRS), an inherited retinal dystrophy caused by RS1 gene mutations, is one of the leading causes of macular degeneration in juvenile males, with an estimated prevalence ranging from 1:30,000 to 1:15,000 (1, 2). Most disease-causing RS1 gene mutations are identified to alter the formation or secretion of an adhesive protein named retinoschisin, resulting in weakened adhesion between each retinal layer and therefore the formation of schisis cavities within the retina (2, 3). Although visual acuity can be substantially compromised by complications such as vitreous hemorrhage (up to 1/3 of patients) and retinal detachment (up to 20% of patients) over the natural history of disease, most XLRS patients only present a mild or moderate visual impairment at an early age, widely varying from 20/20 to 20/600 (4, 5). Therefore, interpretations of the morphological changes and their relationship with visual function in XLRS patients are of great clinical significance. Previous imaging-based investigations have attempted not only to reveal the correlations between retinal structure and function, but also to qualitatively or quantitatively evaluate the structural and functional outcomes of various treatments; however, the built-in measurements of optical coherence tomography (OCT) devices are limited and the correlations found in prior studies showed insufficient consistency (6–11).

In this present study, we investigated the retinal morphological characteristics in XLRS patients by using spectral-domain OCT (SD-OCT). To help better understanding of visual impairment, we further evaluated the correlations between age/best-corrected visual acuity (BCVA) and structural defects to identify convincing imaging biomarkers in OCT. Such findings may provide solid and explicable reference parameters or potential regions of interest for future observational and interventional researches.



MATERIALS AND METHODS

Patients diagnosed with XLRS on SD-OCT and confirmed by the detection of RS1 gene mutations in Zhongshan Ophthalmic Center, Sun Yat-sen University between 2011 and 2014 were evaluated. Exclusion criteria involved (1) poor OCT image quality insufficient to identify retinal structural defects, (2) patients with anterior segment abnormalities found in the slit-lamp examination, or other complications hindering ophthalmic observation, e.g., vitreous hemorrhage and retinal detachment, and (3) patients with history of vitreoretinal surgery or retinal laser photocoagulation. Eventually, a total of 39 male patients and 72 affected eyes were included in this retrospective, observational, single-center case series study. This study was conducted in adherence to the tenets of the Declaration of Helsinki and received approval from the Medical Ethics Committee of Zhongshan Ophthalmic Center, Sun Yat-sen University, Guangzhou, China. Informed consents were obtained from all patients or their legal guardians.

All the patients underwent a series of comprehensive ophthalmic examinations, including autorefraction, BCVA measured by a logarithm of the minimum angle of resolution (logMAR) chart, intraocular pressure, slit-lamp biomicroscopy, dilated funduscopic examination, and SD-OCT scanning. Genomic DNA was also extracted from peripheral blood leukocytes for gene sequencing to confirm genetic diagnosis.

A skilled technician performed SD-OCT (Spectralis, Heidelberg Engineering, Heidelberg, Germany) examination to all XLRS patients. The scanning area was 6 × 6 mm centered at the fovea, generating a set of 25 horizontal and vertical cross-sectional B-scan images. The technician would manually adjust the center to the fovea only when the device had failed, based on the anatomical nature and hyporeflective appearance of the fovea. Images were evaluated by the built-in software of SD-OCT device to measure the foveal thickness (FT), central subfield thickness (CST), and macular volume (MV) (Figure 1). FT was defined as the mean center point thickness of the two horizontal and vertical scans through the fovea. CST was defined as the mean retinal thickness of the central 1-mm diameter circle of the Early Treatment Diabetic Retinopathy Study grid, whereas MV was calculated by the summation of all the volumes obtained in the nine subfields (12, 13). In addition, two retinal specialists independently measured the area of macular schisis cavity (AMS) in horizontal images, with the help of ImageJ software (U. S. National Institutes of Health, Bethesda, Maryland, USA, https://imagej.nih.gov/ij/, Figure 2). Specifically, they manually marked all the dark regions between internal limiting membrane and retinal pigment epithelium (RPE) in each scan, and then eliminated the non-cystic changes as well as those caused by artifacts before summation into total AMS. Each specialist measured twice and the mean value was used for statistical analysis. Ellipsoid zone (EZ) defect, macular retinoschisis (MRS), peripheral retinoschisis (PRS), vitreomacular adhesion (VMA), and macular atrophy (MA) were also independently assessed by the two specialists, using both horizontal and vertical SD-OCT scans. EZ defect was defined as the irregularity or disruption of the EZ layer that was not caused by shadowing throughout the macula, whereas MRS and PRS were designated as the presence of schisis cavity in their respective regions (7, 8). Besides, the definition of VMA was consistent with the anatomical criteria demonstrated by the International Vitreomacular Traction Study Group and the European Eye Epidemiology consortium, whereas the evidence of MA was supported by a hypopigmented lesion within the macula found in fundus photograph, usually characterized as a well-defined, grayish-white or whitish chorioretinal atrophic lesion (9, 14, 15). If there was a disagreement regarding the abovementioned qualitative descriptions, an experienced retinal professor would intervene and make the final judgement.


[image: Figure 1]
FIGURE 1. The computer user interface of the spectral-domain optical coherence tomography. The foveal thickness (FT), central subfield thickness (CST), and macular volume (MV) were automatically measured by the built-in software of the spectral-domain optical coherence tomography device.
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FIGURE 2. Manual measurement of the area of macular schisis cavity (AMS). The macular schisis cavities were marked by yellow lines and the results were computed by ImageJ software.


Statistical analysis was performed by SPSS version 20 (SPSS Inc., Chicago, Illinois, USA). All quantitative variables underwent the Shapiro-Wilk normality test. Data of normal distribution were presented as mean ± standard deviation, whereas those of non-normal distribution as median (interquartile range). Percentage was used to describe qualitative variables. Moreover, partial correlation was performed to evaluate correlations between age/BCVA and OCT parameters while adjusting for the intereye correlation, and corresponding correlation coefficients were designated as rp and rs. A p < 0.05 was considered statistically significant.



RESULTS

A total of 72 eyes of 39 XLRS patients, with median age of 10.5 (8–12) years old, were included consecutively in this study, among which 33 (84.6%) patients were affected bilaterally. Overall, the patients presented with median BCVA of 0.90 (0.70–1.00) logMAR upon visual acuity examination. A representative fundus photograph is shown in Supplementary Figure 1.

Retinal schisis cavities were found in the macula of all (100%) affected eyes, characterized by the typical spoke-like schisis or cystic changes (Figure 3), as well as in the retinal periphery of 34 (47.2%) eyes. Macular schisis affected inner nuclear layer in all 72 (100%) eyes, outer plexiform layer in 32 (44.4%) eyes, inner plexiform layer in 28 (38.9%) eyes, and outer nuclear layer in 13 (18.1%) eyes, with small cystic changes present in ganglion cell layer in 12 (16.7%) eyes. Overall, six (8.3%) eyes had schisis in all the five retinal layers. However, contrary to the abundant findings on MRS and PRS in affected eyes, we observed no MA in this XLRS population. EZ layer was found irregular or disrupted in 53 (73.6%) eyes, whereas VMA was found in 8 eyes (11.1%, Figure 4). With regards to quantitative values, all the variables were non-normally distributed. FT was measured as 460.50 (369.75–670.75) μm and CST as 490.00 (391.00–598.00) μm. MV was computed as 9.00 (7.07–10.13) mm3, and AMS as 0.827 (0.433–1.293) mm2.


[image: Figure 3]
FIGURE 3. Spectral-domain optical coherence tomography image reveals macular schisis cavities in inner nuclear layer (INL), outer plexiform layer (OPL), and outer nuclear layer (ONL). Small cystic cavities were found in the ganglion cell layer (GCL). NFL, nerve fiber layer; IPL, inner plexiform layer; EZ, ellipsoid zone; RPE, retinal pigment epithelium.



[image: Figure 4]
FIGURE 4. Spectral-domain optical coherence tomography image reveals the vitreomacular adhesion (VMA) in the macula (white arrow), with loss of outer retinal layers, and a minimal attenuation of RPE band. But the patient did not have macular atrophy visible in the fundus photograph.


In correlation analysis, no correlation was found between age and any OCT parameter. Contrarily, BCVA was significantly correlated with several OCT parameters, such as CST (rs = 0.739, p < 0.001) and AMS (rs = 0.451, p < 0.001), but not FT (rs = −0.042, p = 0.094) or MV (rs = −0.076, p = 0.532) (Figure 5). BCVA was also correlated with EZ defect (rs = 0.585, p < 0.001), PRS (rs = 0.515, p < 0.001), and VMA (rs = 0.253, p = 0.035).


[image: Figure 5]
FIGURE 5. The scatter plots represent the linear correlations between BCVA and structural properties determined by spectral-domain optical coherence tomography.




DISCUSSION

In this present study, we included 72 eyes from 39 XLRS patients for OCT examination and image quantification. Herein, the median age was 10.5 (8–12) years old with median BCVA of 0.90 (0.70–1.00) logMAR, and 33 (84.6%) patients had bilateral retinoschisis. MRS was found in all eyes with typical spoke-like cystic changes, whereas PRS was found in about half (47.2%) of the affected eyes. Besides, inner nuclear layer was the most affected retinal layer (100%) in MRS, followed by outer (44.4%) and inner (38.9%) plexiform layers. On the contrary, no MA was found in our study. EZ defect was identified in more than two thirds of the eyes (73.6%), with VMA identified in a much smaller amount (11.1%). For quantitative values, FT, CST, MV, and AMS were computed as 460.50 (369.75–670.75) μm, 490.00 (391.00–598.00) μm, 9.00 (7.07–10.13) mm3, and 0.827 (0.433–1.293) mm2, respectively. Correlation analysis revealed that BCVA was significantly correlated with several OCT parameters, including CST, AMS, EZ defect, PRS, and VMA.

Consistent with the general perception, findings of our study demonstrated that XLRS was an early-onset hereditary maculopathy in juvenile males, predominantly with bilateral and mild to moderate visual impairment (2, 4). We also found MRS in all eyes and PRS in 47.2% of them, which agreed with the former findings stating that schisis cavity usually presented in the macula of most, if not all, affected eyes, whereas peripheral retinoschisis roughly presented in half of the cases (3, 5, 8, 16, 17). Besides, similar to findings of previous investigations, such cystic changes were mostly confined within the inner retinal layers, with inner nuclear layer being the most commonly affected one in XLRS; however, there was discordance in the occurrence of defects in other layers (3, 6, 8, 18). Contrary to a previous study reporting MA occurrence of 11% in a 52-patient cohort, no (0%) macular atrophy was noted in our study (8). This difference could be explained by the fact that our patients of interest were relatively younger, aging 5–33 vs. 3–57 years old, since retinal atrophy has been widely demonstrated as an age-related, chronologically progressive manifestation in XLRS, which possibly resulted by the collapsed schisis cavities and RPE atrophy (8, 11, 19).

Nowadays, retinoschisin is commonly perceived as a cell-to-cell adhesive protein to maintain the integrity of the retina, especially the structure of photoreceptor-bipolar synapse. Thus, its depletion and dysfunction should disrupt the retinal photoreceptor microstructures, such as external limiting membrane and EZ (2, 3, 6, 20, 21). Although previous studies showed no specific order in the involvement or preference of these two layers, these defects were found correlated with visual acuity, even though some studies prior to the nomenclature system proposed by the International Nomenclature for Optical Coherence Tomography Panel addressed such defects in a different way (6, 8, 22). In our study, EZ defect presented in 73.6% of all eyes, and was associated with worse visual acuity, suggesting that photoreceptor defects should be responsible for the functional impairment in XLRS patients.

Correlations of age and OCT parameters were evaluated, but no significant result was found, which suggested that these OCT parameters might not be age-related. Such finding actually contradicted some of the results from previous studies, claiming that age was correlated with FT, CST, and AMS, although described in different terms (7, 8, 11). Nevertheless, this discordance could be caused by the differences of age range among study populations, with 7.8–79, 3–57, and 3–68 years of the abovementioned studies and 5–33 years in our study. As a result, our study might have failed to detect the possible tendency of underlying morphological changes in XLRS patients throughout the natural progression of the disease. Similarly, our patients of interest were relatively young so that BCVA would remain rather stable before the emergence of MA, which accounts for no significant correlation found between age and BCVA in our study as well.

Correlations between BCVA and quantitative OCT measurements showed interesting results: BCVA was correlated with CST and AMS but not FT or MV. In former studies, the role of CST remained rather ambiguous as some found it significantly associated with BCVA while others did not (6, 8, 9, 11). In our study, both thicknesses were evaluated, but only CST showed strong, significant positive correlation (rs = 0.717, p < 0.001) with logMAR BCVA. CST, the average thickness within 1-mm diameter circle, contains more spatial information than the point-thickness measurement of FT. Therefore, it is not surprising that CST was inclined to better represent the morphological changes of the distorted macula. Mixed findings also appeared in prior studies with regard to MV and AMS; however in our study, significant correlation was found between BCVA and AMS instead of MV (7, 11, 19). It has been demonstrated that the inaccuracy of MV mainly came from the opposing effect of thickened inner retina and thinned outer retina, which are resulted by large, extensive schisis cavities and RPE atrophy, respectively (19). Such opposing effect caused biased MV measurement and thus inadequate explicability. In this sense, AMS was a better reference parameter as it exclusively regarded the area of schisis cavity as an essential retinal lesion. Therefore, significant correlation found between BCVA and AMS instead of MV provides a novel aspect in image evaluation and interpretation. Future investigations of morphological changes and their correlations with retinal function can rely on CST and AMS as descriptive variables. Hence, CST and AMS should be taken into consideration in subsequent researches on visual loss assessment, which provides a new perspective for discovering underlying physiological and pathological mechanism.

There are several limitations of the study. Firstly, the sample size is small with limited number of patients included in the study. Our findings may need to be validated in future studies with a larger sample size. Since most of the mutations in the present study were scattered in different locations of the RS1 gene, the small sample size was not enough to perform a statistically powerful genotype–phenotype correlation. Secondly, no longitudinal follow-up was performed for the patients, and we could not observe the changes of OCT biomarkers of XLRS and their correlations with BCVA over time. Thirdly, we did not include functional studies such as microperimetry and electroretinography. It would be meaningful to investigate the correlations between OCT biomarkers and retinal functional metrics in patients with XLRS.

In conclusion, we investigated the retinal morphological characteristics and their correlations with age and BCVA in XLRS patients using SD-OCT. As a result, explicable imaging biomarkers such as CST, AMS, and photoreceptor defects were identified and may serve as reference parameters or potential regions of interest for future observational and interventional research design and result interpretation.
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This study aimed to evaluate glare source-induced disk halo size and assess its correlation with higher-order aberrations (HOAs), pupillometry findings, and contrast sensitivity in myopic adults (aged 23.8 ± 4.4 years). In this cross-sectional study, 150 eyes of 150 patients were assessed. All patients underwent routine ophthalmic examinations, wavefront aberrometry, halo size measurement, dynamic pupillometry, and contrast sensitivity tests. Spearman's correlation analysis and independent sample t-tests were performed for data analysis. The mean halo radius was 82.5 ± 21.8 and 236.7 ± 52.2 arc min at 5 and 1 cd/m2 luminance levels, respectively. The values were inversely correlated with internal spherical aberration (SA) (r = −0.175, p = 0.032 and r = −0.241, p = 0.003, respectively), but not correlated with spherical equivalent (SE, both p > 0.05). Positive correlations were observed between halo radius and pupil size, contraction amplitude, and dilation speed during pupillary light reflex. Halo radii at 5 and 1 cd/m2 luminance levels were not significantly correlated with the area under the log contrast sensitivity function (r = −0.093, p = 0.258 and r = −0.149, p = 0.069, respectively). The mean halo radius was not clinically different between myopic and healthy eyes at 5 cd/m2 luminance level and did not differ significantly between the high and low-to-moderate myopia at 5 and 1 cd/m2 luminance levels (all p > 0.05). According to a stepwise linear regression model, the internal SA had a negative effect on the halo radius under low photpic condition; the average pupil diameter, internal SA and corneal HOAs played a large role in determining the halo radius under mesopic condition.

Keywords: halo size, higher-order aberrations, pupillometry, contrast sensitivity, myopia


INTRODUCTION

Intraocular scattering is induced when strong light crosses the media in the eye. As a result, veiling light may be produced over the retina, thereby deteriorating the retinal image and contrast sensitivity. Therefore, glare (1) and halo (2) can occur. They have received much attention from investigators because they have been shown to reduce the safety of night driving (3) and impair general vision of patients who have undergone cataract or refractive surgeries (4–6). However, how glare impairs contrast sensitivity is relatively unknown.

Several studies based on subjective questionnaires have investigated the relationship between patient-reported symptoms and higher-order aberrations (HOAs) and showed that HOAs might be correlated with visual symptom scores (index for the severity of symptoms obtained from the questionnaire) in patients after laser in situ keratomileusis (7, 8). Accumulating evidence has revealed that HOAs and glare are relevant (9, 10). Visual symptoms, such as glare source-induced halo, have been measured quantitatively using a vision monitor device, and the halo size has been established in a normal, non-clinical population (11). A recent study shows that the halo size of low photopic luminance (5 cd/m2) is around 157.4 ± 56.7 arc min from a large number of myopic patients and claims that the size of halo is correlated with both spherical equivalent (SE) and minimum pupil size when pupillary light reflex is mediated (12). However, the halo size was not measured with an optimal correction and was clinically larger than that of healthy eyes of subjects (with uncorrected visual acuity ≥ 20/25 and similar age), and the measured halo size was 88.4 ± 22.1 arcmin using the same device at 5 cd/m2 (Metrovision, Pérenchies, France) (11). Therefore, whether there is a clinical difference in the size of halo (≥30 arc min, which is the interval scale for halo size measurement and it was also statistically significant) between myopic and healthy eyes and between high and low-to-moderate myopic eyes needs to be further investigated.

In addition, both haloes and HOAs can affect visual functions. The intraocular scattering affects the light distribution of the retinal image, and the size of the halo provides an estimate for an angle domain of >1°. However, HOAs mainly degrade the central peak of the point spread function (PSF), causing light to spread ~0.1°. It would be interesting to examine whether there would be a relationship between halo size and HOAs in myopic patients. We examined the halo size in individuals who exhibit different degrees of myopia under low photopic and mesopic luminance levels. We also investigated how disk halo correlated with other factors (e.g., HOAs, pupillometry, and area under the log contrast sensitivity function [AULCSF]).



MATERIALS AND METHODS


Participants

In this cross-sectional study, 150 eyes of 150 myopic patients (aged 23.8 ± 4.4 years, 52 males and 98 females) who underwent preoperative routine examinations at the Eye, Ear, Nose & Throat (EENT) Hospital of Fudan University between July and October 2020 were recruited. The mean spherical equivalent (SE) of the group was −6.01 ± 2.01 diopters (range: −1.00 to −10.38 diopters). This study adhered to the principles of the Declaration of Helsinki, and the study protocol was approved by the EENT Hospital ethics committee (Registration number: ChiCTR1800017594). All patients provided an informed consent before the study.

The inclusion criteria were: myopic patients or those who had myopic astigmatism, aged 18–33 years, and corrected distance visual acuity of ≥20/20; those who had stopped using contact lens for at least 1 week, and those who had stopped using lens that were permeable to rigid gas or orthokeratology lens for at least 3 months before the study; an intact refractive status (annual variation of myopic power ≤ 0.50 diopters); ④ and no disturbance in night vision. The exclusion criteria were: ① patients with any refractive media opacity; ② eyes with active inflammation, trauma or surgical history, or systemic diseases; and ③ the usage of drugs that affect the movement of the iris.

All patients underwent routine ophthalmic examinations, including slit-lamp microscopy, uncorrected distance visual acuity, intraocular pressure, axial length, corneal topography (Pentacam HR, Oculus Optikgeräte, Germany), subjective refraction, and wavefront aberration (OPD-Scan, Nidek, Japan), halo size measurement, pupillometry, contrast sensitivity test (MonPack One, Metrovision, France), and fundoscopy. Patients were divided into high (SE range: −6.25 to −10.38 diopters) and low-to-moderate myopia (SE range: −1.00 to −6.00 diopters) groups for comparisons (13).



Measurements
 
Wavefront Aberration

Wavefront aberrations of the human eye are defined as deviations from the ideal wavefront. OPD-Scan III (Nidek, Gamagori, Japan), which is based on automatic retinoscopy and features 2,520 aberrometry measurements, was used to measure wavefront aberrations of all included eyes (14). This device is designed to provide ocular, corneal, and internal HOAs across various pupil diameters. In this study, we collected data by measuring vertical Zernike coefficients, including ocular, corneal, and internal HOAs, for a 6-mm pupil.



Halo Size

Halo size was measured using a method similar to that reported by Puell et al. (11). A glare-inducing light source with a brightness of 200,000 cd/m2 was installed on both sides of the monitor (Metrovision, Pérenchies, France). The light source positioned to the right of the patient was used for the measurement of the right eye, and that positioned to the left of the patient was used for the measurement of the left eye. In this study, the luminance of the optotypes (arranged in three radial lines of letters presenting from the periphery toward the light source) was set to 5 and 1 cd/m2. The viewing distance was 2.5 m, after 5 min of dark adaptation, the light source was turned on followed by the optotypes presented on the monitor, patients with best-corrected spectacles were asked to read optotypes from the opposite side of the light source. When the observers told us that they were unable to recognize the shown letters, we recorded the visual angles, which were marked as halo radius and calculated in arc min (Supplementary Figure 1). In addition, the light source and vision monitor would be turned off simultaneously. One eye from each patient was randomly selected for the measurements.



Pupillometry

Pupillometry was performed by a skilled technician in the same location as the other tests. To reduce the influence of circadian rhythm on pupillometry, all measurements were completed during the same time period (09:00–11:00). The procedure was similar to that described in previous studies (12, 15, 16). The patient's head was placed on the chin rest, and the patient was asked to gaze at the center of the monitor. The MonPack One® system (Metrovision, Pérenchies, France) with near-infrared illumination (880 nm) and a high-resolution infrared camera was used and allowed automated real-time image processing of pupil parameters with a measurement sensitivity of 0.1 mm.

After the observers underwent 15 min of dark adaptation, their pupillary light reflex was able to be mediated with white-light flashes (stimulation on time 200 ms, stimulation off time 3,300 ms, total luminance 100 cd/m2). We recorded the response using an infrared camera. The valid response was measured at least 10 times in a 90-s period. We calculated it as the dynamic pupillary response of each eye. Twelve parameters, including average response parameters (initial pupil diameter, contraction amplitude, contraction latency, contraction time, contraction speed, dilation latency, dilation time, and dilation speed) and temporal response parameters (maximum pupil diameter, minimum pupil diameter, and average pupil diameter) were recorded for our data analysis (see Figure 1).


[image: Figure 1]
FIGURE 1. Dynamic pupillometry output data determined via the automatic quantitative pupillary vision monitor system (MonPack One, Metrovision, France). At the left, an averaged response is shown, and at the right, a temporal response is shown.




Contrast Sensitivity

As described by Zhao et al. (17), to measure the contrast sensitivity of the observers, we showed a sinusoidal grating at various spatial frequencies (cycles per degree (cpd) under a visual angle of 1°), such as of 0.5, 1.1, 2.2, 3.4, 7.1, and 14.6 cpd. Contrast sensitivity (luminance: 80 cd/m2) was measured using the MonPack One® system at a distance of 2 m. Contrast sensitivity was measured monocularly and recorded sequentially (Supplementary Figure 2).

Contrast = (Lmax – Lmin)/(Lmax + Lmin) where Lmax is the maximum luminance of the grating, and Lmin is the minimum luminance of the grating.

Measures of contrast sensitivity are given in decibels (dB) and are in a logarithmic scale. C (dB) = −10 × log (Contrast). The AULCSF was determined by calculating the area under curve (i.e., integrals) of best-fitted curve of contrast sensitivity as a function of spatial frequency (from 0.5 cpd to 14.6 cpd).




Statistical Analysis

SPSS 24 statistical software (IBM Corp., Armonk, NY, USA) was used for data analysis. Quantitative data are described as mean ± standard deviation in this study. The Kolmogorov–Smirnov test was used to assess whether the data were normally distributed. Spearman correlation was used to analyze the linear correlation between halo radius and refraction, axial length, HOAs, pupillometry parameters, and contrast sensitivity. A stepwise regression analysis was performed to evaluate the contributions of the variables. An independent sample t-test was used to compare the differences between the high myopia and low-to-moderate myopia groups. Bonferroni correction was used to correct the p-values for multiple comparisons. P-values <0.05 were deemed as statistically significant.




RESULTS

A total of 150 subjects (52 men and 98 women) with myopia and myopic astigmatism were enrolled in this study. Of the 150 subjects considered, 75 exhibited high myopia, and 75 had low-to-moderate myopia. Demographic characteristics and the refractive status of the participants are shown in Table 1. With best optical correction, the mean halo radius was 82.53 ± 22.84 and 236.73 ± 52.21 arc min at luminance levels of 5 and 1 cd/m2, respectively.


Table 1. Demographic and refractive data.
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HOAs

Table 2 shows the ocular, corneal, and internal HOA data based on a 6-mm pupil diameter. Independent sample t-tests showed that no significant difference was detected between the high and low-to-moderate myopia groups (αnew = 0.0042). Spearman correlation analysis showed that the halo radius was not significantly related to ocular and corneal HOAs (including total HOAs, coma, trefoil, and spherical aberration [SA]) at luminance levels of 5 and 1 cd/m2 (Supplementary Table 1), but was significantly correlated with internal SA (r = −0.175, p = 0.032 and r = −0.241, p = 0.003, respectively).


Table 2. Participant OPD-scan data (zone: 6 mm, n = 150).
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Linear regression equations between the halo radius and internal SA were: Yhalo = −31XiSA + 88.9 (F = 3.95, R2 = 0.026, p = 0.05) and Yhalo = −95.6XiSA + 256 (F = 6.68, R2 = 0.043, p = 0.01) at a luminance level of 5 and 1 cd/m2, respectively (Figure 2). No correlation was noted between the halo size and other parameters.


[image: Figure 2]
FIGURE 2. Disk halo size as a function of internal spherical aberration in patients with myopia and myopic astigmatism (n = 150). The overlapped dots were characterized by bigger size and different color.




SE and Intergroup Comparisons

For mean halo radius and pupil size comparisons, an independent sample t-test revealed no significant difference between the high and low-to-moderate myopia groups, except with respect to SE (t = −17.225, p = 0.000, Table 3). Moreover, Spearman correlation analysis showed that a significant relationship was not found between SE and halo radii at luminance levels of 5 and 1 cd/m2 (r = 0.026, p = 0.748 and r = 0.082, p = 0.032, respectively).


Table 3. Halo radius and dynamic pupil values in different myopic groups.
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Dynamic Pupillometry

Dynamic pupillometry demonstrated that the mean response parameters, including initial pupil diameter, contraction amplitude, contraction latency, duration of contraction, contraction speed, dilation latency, duration of dilation, and dilation speed, were 4.86 ± 0.57 mm, 1.82 ± 0.24 mm, 2,230.28 ± 38.73 ms, 622.91 ± 57.62 ms, 5.65 ± 0.72 mm/s, 853.19 ± 49.46 ms, 1,638.46 ± 50.95 ms, and 2.07 ± 0.26 mm/s, respectively (Supplementary Table 2). For temporal response parameters, the maximum, minimum, and average pupil diameter were 5.32 ± 0.63, 2.88 ± 0.40, and 4.33 ± 0.49 mm, respectively. Spearman correlation analysis indicated that the average response parameters (including initial pupil diameter and dilation speed) and temporal response parameters (including maximum, minimum, and average pupil diameter) were positively correlated with halo radii at 5 and 1 cd/m2, whereas contraction amplitude was positively correlated with halo radius at 1 cd/m2 (r = 0.167, p = 0.041; Table 4).


Table 4. Correlations between halo radius and dynamic pupillometry in the study population (n = 150).
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Contrast Sensitivity

At spatial frequencies of 0.5, 1.1, 2.2, 3.4, 7.1, and 14.6 cpd, contrast sensitivity was 16.43 ± 2.02, 20.42 ± 1.74, 21.80 ± 1.70, 21.57 ± 1.88, 19.57 ± 2.34, and 11.86 ± 2.34 dB, respectively. Moreover, the calculated AULCSF was 28.44 ± 2.32 dB. Spearman correlation analysis showed that halo radii at 5 and 1 cd/m2 were not significantly correlated with AULCSF (r = −0.093, p = 0.258 and r = −0.149, p = 0.069, respectively).



Multivariate Stepwise Regression Analysis

At 5 cd/m2 luminance level, the internal SA had a negative effect on the halo radius [halo = 88.965 – (31.586 × internal SA)] according to a stepwise linear regression model (F = 4.085, adjusted R2 = 0.020, p = 0.045). At 1 cd/m2 luminance level, the average pupil diameter, internal SA and corneal HOAs had an effect on the halo radius [halo = 116.877 + (25.723 × average pupil diameter) – (93.034 × internal SA) + (14.544 × corneal HOAs)] (F = 7.197, p = 0.000) with an adjusted R2 of 0.111.




DISCUSSION

Glare symptom assessment is often required when visual health is examined. Glare is a common concern for patients and refractive surgeons. In this study, the disk halo size of patients with myopia and myopic astigmatism was evaluated using a vision monitor device (MonPack One, Metrovision, France), and the factors potentially associated with disk halo size were analyzed. The results showed no differences in the mean halo radius between myopic and healthy eyes at 5 cd/m2, nor between high and low-to-moderate myopia at 5 and 1 cd/m2. According to a stepwise linear regression model, the internal SA had a negative effect on the halo radius at 5 cd/m2; the average pupil diameter, internal SA and corneal HOAs played a large role in determining the halo radius at 1 cd/m2.

In this study, we evaluated the disk halo size of myopic patients within −10.0 diopters, and compared the results with the values from age-matched healthy eyes reported by Puell et al. (11). In this previous study, 147 subjects with sphere within ±3.75 diopters or cylinder within ±1.50 diopters were included and stratified into six age groups (range: 20–77 years). The mean halo size for each age group and reliability of the halo measurements were determined by the same device (Metrovision, Pérenchies, France) at 5 cd/m2. There was no correlation between SE and halo size. Also, no significant difference in halo size was found between the high and low-to-moderate myopia groups. The mean halo radius for low photopic luminance (82.5 ± 21.8 arc min) agreed with the normal values of healthy eyes (88.4 ± 22.1 arc min) (11), unoperated eyes (80.8 ± 26.9 arc min) (17), and even younger individuals (77.2 ± 25.0 arc min) (18). Also, we measured the mean halo size (236.7 ± 52.2 arc min) at a mesopic luminance level (1 cd/m2). Since all measurements were obtained with optimal correction, our results could elucidate about myopic and healthy eyes. Another previous study (12) examines the halo size for a large sample of myopic patients under a photopic condition (luminance: 5 cd/m2). However, the measurements were conducted with the subjects' personal spectacles (hence, no optimal correction). Their results (157.4 ± 56.7 arc min) differ from those of other studies (11, 17, 18) under the same luminance condition.

The difference in halo size from said study (12) and other studies could have resulted from several issues. First, said study investigated whether the disk halo size in myopic patients differs from the normal values of healthy eyes. Furthermore, the subjects were asked to put on their personal spectacles (12), which might have been affected by defocus or surface scratch and particles, so that everyday visual experiences could be simulated. This might have caused the halo size to be different from those that were obtained when there was a proper optical correction. In addition, evidence has shown that eyes with higher myopia might exhibit larger objective scattering index values (19), which was positively correlated with the halo radius (18). Consequently, the disk halo size in eyes with ultra-high myopia (−10.0 diopters or over) might be greater than in high myopic eyes (within −10.0 diopters). Therefore, the discrepancy may be partly attributed to the differences in SE distribution between the present and previous studies (range: −10.38 to −1.00 vs. −18.00 to −1.50 diopters) (12). Furthermore, patients showed different baseline values in pupillometry parameters from those of other study (18), thereby potentially affecting the radius of halo.

The innovation of wavefront-sensing techniques has redefined the limitations of the individual optical system by wavefront aberration, including low-order aberrations (defocus, tilt, and astigmatism) and HOAs (e.g., ocular or corneal SA, coma, trefoil, etc.). Therefore, it has enabled us to accurately describe or decompose the optical components (ocular, cornea, and internal) properties of the eye. The HOAs illustrated by corneal refractive surgery are predominantly SA and coma (20–22). In addition, the relationship between patient-reported symptoms and HOAs has been investigated in patients after refractive surgery (7, 9, 10, 23, 24). However, only very weak correlations and clinically irrelevant associations between visual symptom scores and corneal HOAs have been found (9, 10). To date, little is known about the connection between the preoperative SA and disk halo size. The present data shows a weak association between the halo size and internal SA at both low photopic and mesopic luminance levels. In the human eye, there is a compensation mechanism between corneal aberrations and lens aberrations (25). We speculate that the negative (rather than positive) correlation between halo size and internal SA can be attributed to the compensation mechanism originating from internal aberrations.

In this study, Spearman correlation analysis indicated that the halo radius correlated with pupil size (initial, maximum, minimum, and average pupil diameter) and contraction amplitude at 5 cd/m2. These findings differ from those of Zhao et al. (12) and Yao et al. (18), who reported that halo size was only related to minimum pupil diameter under the same condition. Although pupillary responses might not be influenced by refractive errors (26–28), differences in pupil size (initial pupil diameter, pupil maxima, pupil minima, and average pupil diameter) among the three studies could be responsible for the difference. The pupil size, as controlled by the pupillary light reflex, determines both retinal illuminance and image quality (29). Theoretically, the presence of HOAs, such as SA, can push the light eccentricity of the PSF (~0.1°) so much that retinal image quality can deteriorate as a fuction of an increasing pupil size (30). In the present study, the mean halo radius was >1°. Hence, the weak relationship between the internal SA and halo radius might be attributed to their difference in the angle domain.

As for contrast sensitivity, Spearman correlation analysis showed no correlation between the halo radius and AULCSF. This finding was unexpected. The whole curve of contrast sensitivity function (CSF) could be affected by glare if contrast sensitivity was measured under glare. This could be due to the fact that contrast sensitivity was measured without glare in this study.

Our study has some limitations. Although patients without night vision disturbances were enrolled in the study, patients with high myopia over −10 diopters were not included. In addition, due to the common daily-life under-correction, which may have led to bias, a subjective evaluation was not applied. In contrast, the retinal image can be affected by HOAs, light scatter, and diffraction. However, scatter and diffraction were not evaluated in this study; this might be a potential reason for our significant, but low correlations between the variables.

In conclusion, the disk halo size of patients with myopia and myopic astigmatism within −10 diopters and correlated factors were identified. The internal SA had a negative effect on the halo radius at 5 cd/m2; the average pupil diameter, internal SA and corneal HOAs played a large role in determining the halo radius at 1 cd/m2. Our data demonstrated that the mean halo radius was not clinically different between myopic and healthy eyes at 5 cd/m2 luminance level and that it was not significantly different between high and low-to-moderate myopia. These results will be useful in comparing the values of ametropic patients who complain about glare after having a refractive surgery. In future studies, disk halo size in patients after refractive surgery should be investigated.
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Supplementary Figure 1. Metrovision's glare test. A glare-producing light source created a veiling light, which reduced the visibility of nearby optotypes set at a luminance level of 5 cd/m2 (left). Unrecognized letters were treated as halo radius and calculated in arc min.

Supplementary Figure 2. Metrovision's contrast sensitivity test. The contrast sensitivity function curve is demonstrated as a graph in green color connecting the averaged estimation of contrast values measured at each spatial frequency, with normal limits displayed in dark color.

Supplementary Table 1. Dynamic pupillometry data of the participants.

Supplementary Table 2. Contrast sensitivity data of the participants.



REFERENCES

 1. Mainster MA, Turner PL. Glare's causes, consequences, and clinical challenges after a century of ophthalmic study. Am J Ophthalmol. (2012) 153:587–93. doi: 10.1016/j.ajo.2012.01.008

 2. Puell MC, Pérez-Carrasco MJ, Palomo-Alvarez C, Antona B, Barrio A. Relationship between halo size and forward light scatter. Br J Ophthalmol. (2014) 98:1389–92. doi: 10.1136/bjophthalmol-2014-304872

 3. Adrian J, Hue D, Porte S, Le Brun J. Validation of the driver ecological glare test. J Safety Res. (2020) 72:139–43. doi: 10.1016/j.jsr.2019.12.007

 4. Grzybowski A, Kanclerz P, Muzyka-Wozniak M. Methods for evaluating quality of life and vision in patients undergoing lens refractive surgery. Graefes Arch Clin Exp Ophthalmol. (2019) 257:1091–9. doi: 10.1007/s00417-019-04270-w

 5. Puell MC, Perez-Carrasco MJ, Hurtado-Cena FJ, Alvarez-Rementeria L. Disk halo size measured in individuals with monofocal versus diffractive multifocal intraocular lenses. J Cataract Refract Surg. (2015) 41:2417–23. doi: 10.1016/j.jcrs.2015.04.030

 6. Wei R, Li M, Zhang H, Aruma A, Miao H, Wang X, et al. Comparison of objective and subjective visual quality early after implantable collamer lens V4c (ICL V4c) and small incision lenticule extraction (SMILE) for high myopia correction. Acta ophthalmologica. (2020) 98:e943–50. doi: 10.1111/aos.14459

 7. Chalita MR, Chavala S, Xu M, Krueger RR. Wavefront analysis in post-LASIK eyes and its correlation with visual symptoms, refraction, and topography. Ophthalmology. (2004) 111:447–53. doi: 10.1016/j.ophtha.2003.06.022

 8. Sharma M, Wachler BS, Chan CC. Higher order aberrations and relative risk of symptoms after LASIK. J Refract Surg. (2007) 23:252–6. doi: 10.3928/1081-597X-20070301-07

 9. Siedlecki J, Schmelter V, Schworm B, Mayer WJ, Priglinger SG, Dirisamer M, et al. Corneal wavefront aberrations and subjective quality of vision after small incision lenticule extraction. Acta Ophthalmol. (2020) 98:e907–13. doi: 10.1111/aos.14420

 10. Gyldenkerne A, Ivarsen A, Hjortdal J. Optical and visual quality after small-incision lenticule extraction. J Cataract Refract Surg. (2019) 45:54–61. doi: 10.1016/j.jcrs.2018.08.026

 11. Puell MC, Perez-Carrasco MJ, Barrio A, Antona B, Palomo-Alvarez C. Normal values for the size of a halo produced by a glare source. J Refract Surg. (2013) 29:618–22. doi: 10.3928/1081597X-20130819-03

 12. Zhao F, Han T, Chen X, Chen Z, Zheng K, Wang X, et al. Minimum pupil in pupillary response to light and myopia affect disk halo size: a cross-sectional study. BMJ Open. (2018) 8:e019914. doi: 10.1136/bmjopen-2017-019914

 13. Baird PN, Saw SM, Lanca C, Guggenheim JA, Smith Iii EL, Zhou X, et al. Myopia. Nat Rev Dis Primers. (2020) 6:99. doi: 10.1038/s41572-020-00231-4

 14. Cook WH, McKelvie J, Wallace HB, Misra SL. Comparison of higher order wavefront aberrations with four aberrometers. Indian J Ophthalmol. (2019) 67:1030–5. doi: 10.4103/ijo.IJO_1464_18

 15. Tekin K, Sekeroglu MA, Kiziltoprak H, Doguizi S, Inanc M, Yilmazbas P. Static and dynamic pupillometry data of healthy individuals. Clin Exp Optom. (2018) 101:659–65. doi: 10.1111/cxo.12659

 16. Zhu Y, He T, Zhu H, Chen J, Zhou J. Static and dynamic pupillary characteristics in high myopic eyes with two implantable collamer lenses. J Cataract Refract Surg. (2019) 45:946–51. doi: 10.1016/j.jcrs.2019.01.027

 17. Zhao W, Han T, Li M, Sekundo W, Aruma A, Zhou X. Nighttime Symptoms After Monocular SMILE: A Contralateral Eye Study. Ophthalmol Ther. (2021).

 18. Yao L, Xu Y, Han T, Qi L, Shi J, Zou Z, et al. Relationships between haloes and objective visual quality in healthy eyes. Transl Vis Sci Technol. (2020) 9:13. doi: 10.1167/tvst.9.10.13

 19. Miao H, Tian M, He L, Zhao J, Mo X, Zhou X. Objective optical quality and intraocular scattering in myopic adults. Invest Ophthalmol Vis Sci. (2014) 55:5582–7. doi: 10.1167/iovs.14-14362

 20. Fang L, Ma W, Wang Y, Dai Y, Fang Z. Theoretical analysis of wave-front aberrations induced from conventional laser refractive surgery in a biomechanical finite element model. Invest Ophthalmol Vis Sci. (2020) 61:34. doi: 10.1167/iovs.61.5.34

 21. Hamilton DR, Chen AC, Khorrami R, Nutkiewicz M, Nejad M. Comparison of early visual outcomes after low-energy SMILE, high-energy SMILE, and LASIK for myopia and myopic astigmatism in the United States. J Cataract Refract Surg. (2021) 47:18–26. doi: 10.1097/j.jcrs.0000000000000368

 22. Williams D, Yoon GY, Porter J, Guirao A, Hofer H, Cox I. Visual benefit of correcting higher order aberrations of the eye. J Refract Surg. (2000) 16:S554–9. doi: 10.3928/1081-597X-20000901-12

 23. Li M, Zhang L, Song Y, Hao W, Zhao X, Zhang Y, et al. Effect of wavefront aberrations on night vision problems and mesopic contrast threshold after SMILE. J Refract Surg. (2021) 37:446–52. doi: 10.3928/1081597X-20210405-02

 24. Villa C, Gutierrez R, Jimenez JR, Gonzalez-Meijome JM. Night vision disturbances after successful LASIK surgery. Br J Ophthalmol. (2007) 91:1031–7. doi: 10.1136/bjo.2006.110874

 25. Ruan X, Liu Z, Luo L, Liu Y. The structure of the lens and its associations with the visual quality. BMJ Open Ophthalmol. (2020) 5:e000459. doi: 10.1136/bmjophth-2020-000459

 26. Rukmini AV, Chew MC, Finkelstein MT, Atalay E, Baskaran M, Nongpiur ME, et al. Effects of low and moderate refractive errors on chromatic pupillometry. Sci Rep. (2019) 9:4945. doi: 10.1038/s41598-019-41296-w

 27. Mutti DO, Mulvihill SP, Orr DJ, Shorter PD, Hartwick ATE. The effect of refractive error on melanopsin-driven pupillary responses. Invest Ophthalmol Vis Sci. (2020) 61:22. doi: 10.1167/iovs.61.12.22

 28. Chakraborty R, Collins MJ, Kricancic H, Moderiano D, Davis B, Alonso-Caneiro D, Yi F, Baskaran K. The intrinsically photosensitive retinal ganglion cell (ipRGC) mediated pupil response in young adult humans with refractive errors. J. Optom. (2021) S1888-4296(20)30123-0. doi: 10.1016/j.optom.2020.12.001

 29. Orr JB, Seidel D, Day M, Gray LS. Is pupil diameter influenced by refractive error? Optom Vis Sci. (2015) 92:834–40. doi: 10.1097/OPX.0000000000000627

 30. Donnelly WJ, Roorda A. Optimal pupil size in the human eye for axial resolution. J Opt Soc Am A Opt Image Sci Vis. (2003) 20:2010–5. doi: 10.1364/JOSAA.20.002010

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Zhao, Zhao, Han, Li, Wang and Zhou. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 10 February 2022
doi: 10.3389/fmed.2021.814519






[image: image2]

Comparison of a New Optical Biometer That Combines Scheimpflug Imaging With Partial Coherence Interferometry With That of an Optical Biometer Based on Swept-Source Optical Coherence Tomography and Placido-Disk Topography
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Purpose: To evaluate measurement precision and to compare the Pentacam AXL (Oculus Optikgeräte, Wetzlar, German), a new optical biometer based on Scheimpflug imaging and partial coherence interferometry (PCI) with that of the OA-2000 biometer (Tomey, Nagoya, Japan), which combines swept-source optical coherence tomography (SS-OCT) and Placido-disk topography.

Methods: Axial length (AL), central corneal thickness (CCT), anterior chamber depth (ACD), aqueous depth (AQD), mean keratometry (Km), astigmatism vectors J0, J45, and corneal diameter (CD) were measured in triplicate by two technical operators. Within-subject standard deviation (Sw), repeatability and reproducibility (2.77 Sw), coefficient of variation (CoV), and intraclass correlation coefficient (ICC) were used to assess the Pentacam AXL intra-observer repeatability and inter-observer reproducibility. Paired t-test and Bland-Altman plots were used to determine the agreement between the two biometers.

Results: The new optical biometer had high intra-observer repeatability [all parameters evaluated had low CoV (<0.71%) and high ICC (>0.88)]. Inter-observer reproducibility was also excellent, with high ICC (>0.95) and low CoV (<0.52%). The 95% LoA between the new biometer and OA-2000 were insignificant for most of the parameters evaluated, especially for AL. However, the measurement agreement was moderate for CCT.

Conclusions: Intra-observer repeatability and inter-observer reproducibility were excellent for all parameters evaluated using the new optical biometer based on Scheimpflug imaging and PCI. There was a high agreement between the two devices and hence could be clinically interchangeable for the measurement of most ocular parameters.

Keywords: Scheimpflug imaging, swept source optical coherence tomography, repeatability, reproducibility, agreement


INTRODUCTION

Accurate measurements of ocular biometric parameters are crucial for both intraocular lens (IOL) power calculation and refractive surgery (1–3). Over the last 20 years, optical biometry has become the gold standard to measure parameters such as axial length (AL) and chamber depth (ACD) (4–6). Recently, a new optical biometer (Pentacam AXL, Oculus, Germany), which combines Scheimpflug imaging and partial coherence interferometry (PCI) has been introduced into the market. AL measurements using the new biometer is based on PCI, whereas measurement of anterior segment parameters, such as corneal curvature and thickness, relies on a rotating Scheimpflug high-definition camera. Although the Pentacam (without PCI) has been widely used in ophthalmology, the measurement accuracy of the new optical biometer has yet to be determined. Recent studies have demonstrated that the OA-2000 (Tomey, Japan), an optical biometer that combines swept-source optical coherence tomography (SS-OCT) with Placido disc topography, offers good repeatability and reproducibility for measuring biometrical parameters. In addition, OA-2000 has been demonstrated to have a high agreement with other biometers in the market for most of the ocular parameters evaluated (7, 8). However, only a few studies have comprehensively investigated the precision of this new biometer based on the Bland-Altman criterion (9). Our initial aim of this study was to prospectively evaluate the intra-observer repeatability and inter-observer reproducibility of the measurements obtained using the Pentacam AXL. Our second aim was to compare the measurement agreement between these two optical biometers.



MATERIALS AND METHODS


Subjects

This prospective observational study included 133 consecutive subjects from the Eye Hospital of Wenzhou Medical University, Wenzhou, China. Healthy subjects and patients with cataracts were enrolled in this study. All procedures adhered to the Declaration of Helsinki, and the study protocol was reviewed and approved by the Research Review Board of Wenzhou Medical University. The inclusion criteria were as follows: age ≥18 years, good fixation, patients had not worn rigid and soft contact lenses for at least 4 and 2 weeks, respectively. Subjects had intraocular pressure between 10 and 21 mmHg, absence of eye diseases except for refractive errors and cataracts. Subject exclusion criteria were as follows: a history of ocular surgery or trauma, active ocular pathology, and systemic diseases affecting the eyes.



Instruments

The Pentacam AXL (Oculus, Germany) (software version 1.20r134)combines Scheimpflug imaging and PCI. It uses a blue light-emitting diode (LED) with a wavelength of 475 nm as the light source and a rotating Scheimpflug camera (180 degrees) that provides a 3-dimensional scan of the eye. It captures 25 images to obtain 138, 000 true elevation points from the front and back of the cornea surface (10, 11). From these data, curvature and thickness of the cornea are obtained. For this study, several corneal power values obtained from the Scheimpflug camera and mean keratometry (K) calculated using the 1.3375 keratometric index were considered. In addition, the Scheimpflug camera is able to measure the anterior chamber depth (ACD, from epithelium to the lens), aqueous depth (AQD, from the endothelium to the lens) and CD (corneal diameter). AL is measured using PCI which has a laser diode that emits 780 nm near-infrared short-coherent light (coherent length of approximately 160 μm).

The OA-2000 (software version 3C) is based on the principles of SS-OCT and Placido disk topography. The topographer has nine rings with 256 points projecting onto the cornea in a 5.5 mm zone. It is used to measure corneal parameters, such as K over a 2.5 mm and 3.0 mm diameter (the latter was investigated in this study). The SS-OCT was designed for measuring AL, central corneal thickness (CCT), ACD and lens thickness. The SS-OCT light source is a swept-source laser set at a wavelength of 1,060 nm. It can effectively reduce scattering and attenuation from the penetrating tissue (8, 12).



Procedures

For each subject, only one randomly selected eye was measured. Measurements were performed randomly using the two biometers. Each eye was evaluated on the same day using the two biometers. All measurements were performed between 10:00 am to 17:00 pm in order to reduce the effect of diurnal variation, and all measurements were acquired within a time period of 30 min (13, 14).

The subject was asked to sit in front of the biometer, keep both eyes open and focus on a target. The subject was asked to blink before each scan was performed. Two experienced technicians scanned each eye three times using both the biometers. The order of both biometers and experienced technicians were randomized. Scans with a quality specification of “OK” (for the Pentacam AXL) and scans without a red mark (for the OA-2000) were considered for analysis. For intra-observer repeatability, all eyes were scanned using each biometer in triplicate by the same technician. For inter-observer reproducibility, the same measurements were repeated using the same new biometer by the other technician.

AL, ACD, AQD, CCT, mean K over 3.0 mm diameter and corneal diameter (CD) were recorded. Astigmatism was analyzed using the J0 and J45 vectors and calculated according to the following formulas (15).

[image: image]
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(C = cylinder, A = axis).



Statistical Analysis

Statistical analysis was performed using SPSS (version 21.0, IBM Corporation, USA), and results were presented as mean ± standard deviation (SD). A p < 0.05 was considered statistically significant. The Kolmogorov-Smirnov test was used to evaluate normal distribution of data (P > 0.05). To evaluate intra-observer repeatability and inter-observer reproducibility of the Pentacam AXL, the within-subject SD (Sw), test-retest repeatability (TRT), coefficients of variation (CoV) and intraclass correlation coefficient (ICC) were calculated. TRT, defined as 2.77Sw, shows the interval within which 95% of the differences between the measurements are expected to lie (16). The lower the TRT value and CoV, the better is the repeatability. ICC values ranged between 0 and 1. ICC values >0.75 denotes good repeatability, while values >0.9 suggests high repeatability (17). Agreement between the Pentacam AXL and OA-2000 were evaluated using paired t-test and Bland-Altman plots with 95% limits of agreement (LoA), which was defined as the mean difference ± 1.96 SD of difference (18).




RESULTS

This study enrolled 133 eyes of 133 subjects (71 females), including 69 healthy subjects and 64 patients with cataracts, with a mean age of 42.95 ± 19.95 years (range 23–63 years).


Intra-observer Repeatability

The repeatability outcomes of measurements using the biometer based on Scheimpflug imaging and PCI are shown in Table 1. For the first observer, the intra-observer repeatability of the new biometer was high for all parameters, i.e., the CoV of AL, CCT, AQD, ACD, Km (3.0 mm) and CD were lower than 0.71%. For J0, J45, and Km, the TRT was no >0.3 D. The TRT was lower than 10.5 μm for CCT and lower than 0.2 mm for AL, AQD, ACD, and CD. The ICC for all parameters was higher than 0.88. In addition, the intra-observer repeatability was high for the second observer and was even better compared to the first observer. The CoV for all parameters were lower than 0.65%. Taking all the ocular parameters into account, the AL measurements had the best outcomes for both observers.


Table 1. Intraobserver repeatability outcomes for biometric measurements obtained using the new Scheimpflug imager in combination with partial coherence interferometry biometer.
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Inter-observer Reproducibility

The inter-observer reproducibility outcomes of the Scheimpflug/PCI based-biometer are shown in Table 2. The CoV of the ocular parameters were lower than 0.52%. In addition, the TRT of J0 and J45 were lower than 0.12D. The ICC for all the ocular parameters were higher than 0.9. These measurement outcomes demonstrated that inter-observer reproducibility for the above-mentioned parameters was high.


Table 2. Interobserver reproducibility outcomes for biometric measurements obtained using the new Scheimpflug imager in combination with partial coherence interferometry biometer.
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Measurement Agreements Between the Two Biometers

The measurement agreement of the new biometer and the biometer with the combined SS-OCT and Placido-disk topography were excellent (Table 3). There were no statistically significant differences in J0 and J45 measurements (P > 0.05). For the other parameters, the differences were statistically significant (P < 0.001), but not clinically significant. The 95% LoA between the two biometers were narrow for most of the parameters, especially for AL, and were moderate for CCT (95% LoA, 0.18 to 21.41 μm). Bland-Altman plots for each parameter is illustrated in Figures 1–5 and Supplementary Figures 1–3.


Table 3. The mean difference, paired T-test, and 95% limits of agreement (LoA) for differences between the new Scheimpflug imager in combination with partial coherence interferometry biometer and the swept-source optical coherence tomography-based biometer.
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FIGURE 1. Bland-Altman plots showing agreement between the new Scheimpflug imager in combination with partial coherence interferometry biometer and the swept-source optical coherence tomography-based biometer for measuring axial length. Solid lines represent the bias between the two devices and dotted lines represent the 95% confidence interval for the difference.
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FIGURE 2. Bland-Altman plots showing agreement between the new Scheimpflug imager in combination with partial coherence interferometry biometer and the swept-source optical coherence tomography-based biometer for measuring central corneal thickness. Solid lines represent the bias between the two devices and dotted lines represent the 95% confidence interval for the difference.
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FIGURE 3. Bland-Altman plots showing the agreement between the new Scheimpflug imager in combination with partial coherence interferometry biometer and the swept-source optical coherence tomography-based biometer for measuring aqueous depth. Solid lines represent the bias between the two devices and dotted lines represent the 95% confidence interval for the difference.
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FIGURE 4. Bland-Altman plots showing the agreement between the new Scheimpflug imager in combination with partial coherence interferometry biometer and the swept-source optical coherence tomography-based biometer for measuring anterior chamber depth. Solid lines represent the bias between the two devices and dotted lines represent the 95% confidence interval for the difference.
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FIGURE 5. Bland-Altman plots showing the agreement between the new Scheimpflug imager in combination with partial coherence interferometry biometer and the swept-source optical coherence tomography-based biometer for measuring mean keratometry at 3.0 mm. Solid lines represent the bias between the two devices and dotted lines represent the 95% confidence interval for the difference.





DISCUSSION

The new ocular biometer, Pentacam AXL is considered an upgraded version of the Pentacam HR, which is based on Scheimpflug imaging and is commonly used to measure anterior segment parameters. With the corresponding optical biometer, PCI was included for AL measurement. However, only a few studies have investigated its measurement precision. In this study, all measurements using the Pentacam AXL demonstrated high precision. With respect to intra-observer repeatability for AL measurements, the ICC of the two observers were both 0.999 and was similar to the study performed by Saadettin et al. (19) (ICC = 0.995) and Güler et al. (20) (CoV = 0.11%, ICC = 0.998). To our knowledge, the current study was the first to assess interobserver reproducibility of this new biometer. Our results showed high reproducibility for AL measurements (CoV = 0.09%, ICC=1.000), and was similar to the study using another optical biometer performed by Yu et al. (21) (CoV = 0.09%, ICC = 1.000). Agreement between PCI and SS-OCT for AL was high, with a mean difference of only −0.03 ± 0.03 mm, which was not clinically significant. In addition, the 95% LoA was narrow (from −0.09 to 0.02 mm). The mean difference between PCI and SS-OCT in the study performed by Shajari et al. (5) was −0.026 mm with an average LoA of 0.11 mm. Srivannaboonet et. al. (22) compared SS-OCT (IOLMaster 700) and PCI (IOLMaster 500) for AL measurements of cataract eyes and observed high agreement (95% LoA, from −0.03 to 0.06 mm) with no statistically significant differences. Yang et al. (6) demonstrated that the SS-OCT biometer (IOLMaster 700) had a slightly longer AL compared to the PCI biometer (IOLMaster 500), with a mean difference of 0.060 ± 0.144 mm.

Excellent intra-observer CCT repeatability was observed in our study, with a CoV of 0.65% and ICC of 0.986. These results were similar to those reported by Paola et al. (23) (ICC = 0.982) and Crawford et al. (24) (CoV = 0.7%, ICC = 0.979). Previous studies had demonstrated good repeatability of Scheimpflug imaging (22, 25–29). Viswanathan et al. (30) evaluated the inter-observer reproducibility of the rotating Scheimpflug camera in normal and keratoconic eyes and observed excellent results for CCT measurement (ICC = 0.988). We demonstrated a similar ICC (0.986) and a lower CoV (0.65%) in our study using the Scheimpflug/PCI based biometer. Compared to measurements using the rotating Scheimpflug imager (Pentacam HR) with that of another optical biometer based on SS-OCT (IOLMaster 700), moderate CCT agreement was observed (31). The mean difference was 10.99 ± 7.57 μm and the 95% LoA was between −3.85 and 25.83 μm. Pelin et al. (32) demonstrated that the mean difference was −5.05 ±7.67 μm and the 95% LoA was between 9.8 and −19.9 μm. These results showed moderate agreement between Scheimpflug imaging and SS-OCT and were similar to our results.

We found that the optical biometer with the Scheimpflug camera had good intra-observer repeatability (TRT <0.07 mm, ICC > 0.997) and inter-observer reproducibility (TRT <0.04 mm, ICC > 0.998) for ACD measurements, and were in good agreement with results from previous studies. Wang et al. (2) assessed the intra-observer repeatability (TRT <0.08 mm, ICC > 0.986) and inter-observer reproducibility (TRT = 0.06 mm, ICC = 0.992) of the rotating Scheimpflug camera (Pentacam HR). They had excellent results for ACD measurements. The high precision of the dual-Scheimpflug-Placido (Galilei, Ziemer, Port, Switzerland) was also demonstrated by Mehmet et al. (33) and Altiparmak et al. (34). High agreement of ACD measurements between the biometer based on Scheimpflug imaging and the biometer based on SS-OCT was demonstrated in our study (95% LoA between −0.07 and 0.10 mm, mean difference: 0.03 ± 0.04 mm). These results are similar to previous studies comparing the Pentacam AXL and the IOLMaster 700 (5, 19).

Scheimpflug imaging has been demonstrated to have high precision in terms of repeatability and reproducibility for corneal curvature measurements (10, 30, 35, 36). Our data also showed good intra-observer repeatability (CoV <0.24%, ICC > 0.995) and inter-observer reproducibility (CoV <0.14%, ICC > 0.998) for Km measurements using the Pentacam AXL, and were similar to those reported by Ruiz-Mesa et al. (3). Mean K measurements showed a narrow range for 95% LoA (from −0.48 to 0.09 D), demonstrating good agreement between Scheimpflug imaging and Placido disk topography. A similar outcome was also demonstrated in our previous study (37) which compared Placido disk topographer (OphthaTOP, Hummel AG, Germany) and rotating Scheimpflug camera (Pentacam HR). The 95% LoA was between −0.45 and 0.09 D, and the mean difference was −0.18 ± 0.14 D. With respect to J0 and J45 measurements using the Scheimpflug based biometer, excellent intra-observer repeatability (ICCs: J0 > 0.972, J45 > 0.862, TRT: J0 = 0.17 D, J45 = 0.19 D) and inter-observer reproducibility (ICCs: J0 > 0.972, J45 > 0.862, TRT: J0 = 0.12 D, J45 = 0.12 D) were observed and were similar to those of previous studies (30, 38). Good agreement with the optical biometer and the Placido disk were observed with no significant differences and were similar to previous studies (P: J0 = 0.059, J45 = 0.133) (95% LoA: J0: −0.17 to 0.23 D, J45: −0.18 to 0.14 D) (37).

With regards to CD measurements, the Pentacam AXL had a high precision and moderate agreement with that of the SS-OCT biometer (the mean difference was −0.20 ± 0.15 mm, 95% LoA, −0.50 to 0.09 mm). The high precision was similar to those published by Lattimore et al. and Shajari et al. (39). However, Salouti et al. (40) showed poor agreement for CD measurements between the SS-OCT optical biometer (IOLMaster 700) and the same rotating Scheimpflug camera (95% LoA, −0.17 and 0.78 mm). These results suggest that the accuracy of CD measurements depends on the method that each device uses to define the limbus and the quality of the anterior segment images that are generated.

There were several limitations to this study. We only assessed the repeatability, reproducibility, and agreement between normal and cataract eyes and did not evaluate keratoconus, glaucomas, or post-refractive surgery patients. Additional studies are required to assess the repeatability, reproducibility, and agreement in patients with the above-mentioned conditions. Furthermore, we did not evaluate lens thickness measurements, as they require pupil dilation using the optical biometer based on Scheimpflug imaging and PCI.

In summary, the new optical biometer that utilized Scheimpflug imaging in combination with PCI provides repeatable and reproducible measurements of all parameters evaluated in this study. The measurement agreement between the two devices was high for most parameters. This suggests that the two biometers could be clinically interchangeable for the majority of measurements.
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Supplementary Figure 1. Bland-Altman plots showing the agreement between the new Scheimpflug imager in combination with partial coherence interferometry biometer and the swept-source optical coherence tomography-based biometer for measuring J0. Solid lines represent the bias between the two devices and dotted lines represent the 95% confidence interval for the difference.

Supplementary Figure 2. Bland-Altman plots showing the agreement between the new Scheimpflug imager in combination with partial coherence interferometry biometer and the swept-source optical coherence tomography-based biometer for measuring J45. Solid lines represent the bias between the two devices and dotted lines represent the 95% confidence interval for the difference.

Supplementary Figure 3. Bland-Altman plots showing the agreement between the new Scheimpflug imager in combination with partial coherence interferometry biometer and the swept-source optical coherence tomography-based biometer for measuring corneal diameter. Solid lines represent the bias between the two devices and dotted lines represent the 95% confidence interval for the di?erence.
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Purpose: To compare the difference and agreement in central corneal thickness (CCT), keratometry (K), anterior chamber depth (ACD), aqueous depth (AQD), and lens thickness (LT) measured with CASIA 2 and IOLMaster 700 in patients with cataract.

Methods: A total of 81 patients with cataract (81 eyes) scheduled for phacoemulsification were prospectively collected from March to May, 2020 in the cataract department of Zhongshan Ophthalmic Center, Sun Yat-sen University, including 43 males and 38 females with age of 61.5 ± 10.6 years. CCT, anterior Kf, anterior Ks, real Kf, real Ks, ACD, AQD, and LT were measured with CASIA 2 and IOLMaster 700. Paired t-test, intraclass correlation coefficients (ICCs), 95% limit of agreement (95% LoA), and Bland-Altman plots were performed and used to analyze the difference and agreement between the two devices.

Results: There was no statistically significant difference in anterior K measurement with the CASIA 2 (44.3 ± 1.66 mm) and IOLMaster 700 (44.31 ± 1.67 mm, P = 0.483). Differences among the CCT, anterior Kf, real Kf, real Ks, ACD, AQD, and LT measured by the two instruments were statistically significant (P < 0.001). The ICCs of CCT, anterior Kf, anterior Ks, real Kf, real Ks, ACD, AQD, and LT measurements between the two devices were 0.892, 0.991, 0.991, 0.827, 0.817, 0.937, 0.926, and 0.997, respectively. The 95% LoA between CASIA 2 and IOLMaster 700 was −30.06 to 0.43 μm for CCT, −0.3 to 0.48 D for anterior Kf, −0.46 to −0.43 D for anterior Ks, −1.49 to −0.49 D for real Kf, −1.62 to −0.49 D for Real Ks, −0.03 to 0.24 mm for ACD, 0.04 to 0.25 mm for AQD, and −0.06 to 0.09 mm for LT.

Conclusion: Anterior Kf, anterior Ks, ACD, AQD, and LT have excellent agreement between the two devices. CCT, real Kf, and real Ks have moderate agreement between the two devices. It is recommended to use anterior Kf, anterior Ks, ACD, AQD, and LT interchangeably between CASIA 2 and IOLMaster 700.

Keywords: CASIA 2, IOLMaster 700, anterior segment optical coherence tomography, agreement, anterior segment parameters


INTRODUCTION

At present, modern cataract surgery has shifted from restoring vision to refractive surgery. Surgeons need to customize the refractive prediction of different patient to meet their visual expectations. Therefore, the accuracy of intraocular lens (IOL) calculation formula is very important. Olsen T pointed out that keratometry (K) measurement error accounted for 22% of total prediction error, and that ACD measurement error accounted for 42% (1, 2). Therefore, accurate preoperative ocular biometry is very important for patients with cataract to obtain good refractive status.

At present, many methods of measuring anterior segment parameters are used in clinical practice; however, the same parameter measured by different instruments often has systematic deviation. Previous studies have compared the agreement of IOLMaster 700 with IOLMaster 500 (3), Lenstar LS 900 (4), Pentacam AXL (5), OA-2000 (6), Pentacam HR, vs. cirrus HD-OCT (7) in the measurement of ACD, central corneal thickness (CCT) and keratometry. The results show that IOLMaster 700 has good agreement with other instruments. For example, ACD AL, K1, and K2 can be used interchangeably between IOLMaster 700 and IOLMaster 500 in clinical practice. IOL Master has now become the gold standard for clinical measurement of ocular parameters (8–10), and is widely used in preoperative evaluation of patients with cataract.

CASIA 2 (Tomey Corporation, Nagoya, Japan), the second generation of anterior segment OCT has emerged in recent years, combines Fourier domain technology and frequency sweep source OCT technology to further optimize scanning speed (50,000 A-scans/s), scanning depth (16 × 16 × 13 mm), scanning density, and imaging resolution. However, its measurement accuracy remains unclear (11–15). As we all know, if a new device wants to be recognized by clinicians and be widely used in clinical practice, it will be compared with the currently recognized instrument. As far as we know, there are currently few studies comparing CASIA 2 with IOLMaster 700 in anterior segment parameter measurements (16, 17). The sample size of our study (81 eyes of 81 patients) is larger than the previous study comparing CASIA2 and IOLMaster 700 (48 eyes of 48 patients and 47 eyes of 29 patients, respectively).

In this study, we aimed to compare the difference and agreement between CASIA 2 and IOLMaster 700 in anterior segment parameter measurements.



METHODS


Subjects and Settings

Eighty one patients with cataract (81 right eyes) scheduled for phacoemulsification at Zhongshan Ophthalmic Center of Sun Yat-sen University from March 2020 to May 2020 were enrolled in this study, including 43 males and 38 females, aged 61.5 ± 10.6 years. Exclusion criteria were as follows: patients with dry eye, keratitis, pterygium, corneal scar, keratoconus and other ocular surface diseases; glaucoma, uveitis, retinal detachment, and other intraocular diseases, nystagmus leading to failure of fixed vision, and those who had been wearing contact lenses for a long time, and those who had a history of ocular trauma and eye surgery were excluded. This study was in line with the declaration of Helsinki and was approved by the ethics committee of Zhongshan Ophthalmic Center. All the patients signed informed consent.



Anterior Segment Scanning

Anterior segment measurements with CASIA2 and IOLMaster 700 were performed in a same dark room by two examiners. After 30 min of mydriasis with 1% tropicamide, the patients were asked to sit in front of the equipment in the dark room. After a complete blink, the patients should focus on the cursor in the instrument and open their eyes as much as possible to complete a measurement. For CASIA2, the examiners evaluated image quality during inspection and selected the results with acceptable quality for statistical analysis. For IOL Master700, images with high quality evaluated by built-in software were enrolled for analysis. All the parameters involved in this study measured with CASIA2 and IOLMaster 700 were automatically measured with the built-in software. Each participant has one measurement by CASIA2 and IOLMaster 700. The parameters we analyzed in this study include CCT, anterior Kf, anterior Ks, real Kf, real Ks, ACD, AQD, and LT.



Data Analysis

The SPSS statistical software (SPSS Statistics version 22.0; IBM Corp., Armonk, NY, United States) was used to analyze the right eye data of all the patients. All continuous variables were expressed using mean ± standard deviation. Paired t-test was performed to analyze the difference of measurement data that conform to normal distribution, and rank sum test is performed for measurement data that do not conform to normal distribution. Intraclass correlation coefficients (ICCs) and Bland-Altman plots were used to assess the agreement of the two devices. ICCs are a widely used reliability index in reliability and agreement analyses. This index ranges between 0 and 1, with values closer to 1 representing stronger reliability or agreement (18). ICCs were estimated and calculated using SPSS statistical package version 22 (SPSS Inc, Chicago, IL, United States) based on a single measurement, absolute-agreement, two-way random-effects model. Statistical significance was defined as P < 0.05.




RESULTS

A total of 81 patients (81 right eyes) with an average age of 61.5 ± 10.6 years were included in this study. Table 1 summarizes the baseline profile of the patients.


Table 1. Baseline characteristics of the participants.
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The measurement results with CASIA 2 and IOLMaster 700 are shown in Table 2. The normal distribution of all the measured parameters was analyzed, and W test showed that all the parameters were in accordance with normal distribution. The data were analyzed by paired t-test. The average difference in anterior Kf was 0.09 ± 0.2 D; that in anterior Ks was −0.02 ± 0.23 D; that in real Kf was −0.99 ± 0.25 D; that in real Ks was −1.06 ± 0.29 D; that in CCT was −14.81 ± 7.78 mm; that in ACD was 0.13 ± 0.05 mm; and that in AQD was 0.15± 0.05 mm. Except for anterior Ks (P = 0.483 >0.05), differences in the other parameters were statistically significant (P < 0.001).


Table 2. Comparison of anterior segment parameter measurements with CASIA 2 and IOLMaster 700.
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The ICC of CCT, anterior Kf, anterior Ks, real Kf, real Ks, ACD, AQD, and LT were 0.892, 0.991, 0.991, 0.827, 0.817, 0.937, 0.926, and 0.997, respectively. The ICC showed that CASIA 2 had a good agreement with IOLMaster 700 in anterior Kf, anterior Ks, ACD, AQD, and LT. Also, there was a moderate agreement between the two devices in the measurement of CCT, real Kf, and real Ks.

Figures 1, 2 show the Bland Altman plot for each parameter. This study found that the anterior Kf, anterior Ks, ACD, AQD, and LT measurements between CASIA 2 and IOLMaster 700 had a narrow 95% LoA of 0.3 to 0.48 D, −0.46 to 0.43 D, 0.03 to 0.24 mm, 0.04 to 0.25 mm, and −0.06 to 0.09 mm, respectively, indicating a good agreement in those parameters. The CCT, real Kf, and real Ks measurements between the two instruments had a little bit broad 95% LoA of −30.06 to 0.43 μm, −1.49 to −0.49 D, and −1.62 to −0.49 D, respectively, indicating a moderate agreement in those parameters.


[image: Figure 1]
FIGURE 1. Bland-Altman plots of cornea curvature measurement with CASIA2 and IOL-mater700. Kf, flat keratometric power; Ks, steep keratometric power. (A) Anterior Kf, (B) Anterior Ks, (C) Real Kf, and (D) Real Ks. Black dotted lines indicate the bias between both devices and red dotted lines indicate the 95% confidence interval for the difference.
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FIGURE 2. Bland-Altman plots of (A) ACD, (B) AQD, (C) CCT, and (D) LT measurements with CASIA2 and IOL-Master 700. ACD, anterior chamber depth; AQD, aqueous depth; CCT, central cornea thickness; LT, lens thickness.




DISCUSSION

This study analyzed the agreement between CASIA 2 and IOLMaster 700 in anterior Kf, anterior Ks, real Kf, real Ks, CCT, ACD, AQD, and LT. The comprehensive analysis results showed that there was a good agreement in the anterior Kf, anterior Ks, ACD, AQD, and LT measurements and a moderate agreement in the CCT, real Kf and real Ks measurements.

The agreement between the two instruments was high in terms of anterior Kf and anterior KS. The ICC results showed that there were high agreements in the measurements of anterior Kf (ICC:0.991, 95% LoA: −0.30 to 0.48 D), anterior Ks (ICC:0.991, 95% LoA: −0.46 to 0.43 D), ACD (ICC:0.937, 95% LoA:0.03 to 0.24 mm), AQD (ICC: 0.926, 95% LoA: 0.04 to 0.25 mm), and LT (ICC:0.997, 95% LoA: −0.06 to 0.09 mm), and moderate agreements in the measurements of CCT (ICC =0.892, 95% LoA: −30.06 to 0.43 μm), real Kf (ICC:0.827, 95% LoA: −1.49 to −0.49 D), and real Ks (ICC: 0.817, 95% LoA: −1.62 to −0.49 D).

In daily practice, the difference of corneal curvature within 0.5D is clinically acceptable. Among the four kind of corneal curvature parameters, the measurements of anterior Kf and anterior Ks were close between CASIA2 and IOLMaster700, while results of real Kf and real Ks showed significant difference between two machines. So anterior Kf and anterior Ks would be used interchangeably with CASIA2 and IOL Master700. In a previous study, Wylegala et al. compared CCT and anterior corneal curvature measured with CASIA 2, Galilei G6 (Scheimpflug analyzer), and RevoNX (spectral domain OCT) (14). Their results showed good agreement in the measurements of anterior Kf and anterior Ks and moderate agreement in CCT measurements between CASIA2 and Galilei.

Our results show that the difference in real Kf and real KS measured with CASIA 2 and IOLMaster 700 is may be due to the different principles of the two instruments. CASIA 2 takes 32 measuring points from the central 3-mm area of the cornea and connects the two points symmetrically centered on the corneal apex to form 16 straight lines. Among these 16 lines, the line with strongest diopter is Ks, and the radius of curvature in the direction with an angle of 90° with Ks is Kf. Using this principle, CASIA 2 can calculate the anterior and posterior corneal curvatures and the real corneal curvature by paraxial calculation using the Gullstrand model eye refractive index. The IOLMaster 700, based on frequency sweep technology, can only measure the corneal curvature of the anterior surface, and its measurement principle is to obtain eight measuring points from 2.5 mm in the center of the cornea. According to projection images of the eight measuring points, an ellipse is fitted. The short radius of the ellipse is K2, and the radius in the direction of 90° with K2 is considered as K1. Therefore, the difference in measurement principle may be the main reason for the difference in real Kf and real KS measurement results between CASIA 2 and IOLMaster 700. As suggested by previous studies, our results show that the parameters real Kf and real KS of the two instruments should not be used interchangeably.

The agreement in ACD, AQD, and LT measured with CASIA 2 and IOLMaster 700 was high and CCT measurement had a moderate agreement. CASIA 2 has a different agreement with CCT, ACD, AQD, and LT measured by other instruments. Previous study has shown a high correlation of measurements result of ACD, anterior chamber width and other parameter between CASIA2 and time-domain AS-OCT (15), however, there is a constant proportion of deviation in most parameters, so it is not recommended to use the parameters interchangeably. Li et al. evaluated the agreement of CASIA2 and Pentacam, and their results showed good agreement in CCT and ACD measurements (19). Fukuda et al. showed that there was no statistically significant difference in CCT, ACD, AQD, and LT measured with CASIA 2 and CASIA 1 (13).

CASIA 2 is also consistent with IOLMaster 700 in CCT, ACD, AQD, and LT, even if there are acceptable differences. The differences between both instruments in the measurement of CCT, ACD, AQD, and LT were possible due to different technology and different image analysis principles. CASIA 2 utilizes a wavelength of 1,310 nm, and its axial resolution is <10 μm (20), while IOLMaster 700 uses a tunable laser with an average wavelength of 1,055 nm and an axial resolution of 22 μm (4). Therefore, CASIA 2 can penetrate tissues better with longer wavelength and identify the boundary of a single structure with better accuracy. Second, CASIA 2 uses 1,310-nm infrared light and high-speed linear scanning (50,000A-scans/s), and the whole measurement time is 0.3 s, which can minimize the influence of measurement light on pupil movement and shrinkage (21). However, the scanning speed of IOLMaster 700 is 2,000 A-scans/s, so the examination process needs to last 3.5 s (22). The difference between the two may lead to a different coordination degree of subjects. The shortened scanning time can reduce the influence of motion artifacts caused by involuntary eye movement and patient pressure, making it easier for patients to tolerate and cooperate with the examination, thus affecting the agreement of the results of the two instruments (23). Finally, IOLMaster 700 is based on the swept optical biological technology, and CASIA 2 is the second generation of OCT that integrates swept OCT technology and Fourier domain technology. Many studies have found that time domain OCT, Fourier domain OCT, and swept OCT devices have differences in measurement of corneal thickness, nerve fiber layer thickness, and macular thickness (24–27); that is, different OCT measurement principles will also lead to differences in measured values.

In clinical application, CASIA2 is rather an OCT, which is mainly used to measure biological parameters of an ocular anterior segment, such as calculating the size of an ICL. IOLMaster 700 is a biometer, which is mainly used to measure axial length and calculate IOL power. The anterior and posterior of the cornea are crucial to patients who will have an implant of a trifocal lens. The posterior corneal surface curvature with CASIA2 is measured by simulation. The type of IOL Master 700 we used in this study cannot measure posterior corneal surface curvature. The new type of IOL Master, 700 TK, can measure posterior corneal surface curvature directly. Currently, the golden standard in cornea measurement is Pentacam. There are few studies on agreement between CASIA2 and Pentacam that showed the agreement in anterior and posterior corneal curvature is acceptable (28). There is currently no study on agreement of IOLMaster 700 TK and Pentacam in posterior corneal surface curvature.

There are several limitations in this study. In this study, we included only eyes without a history of underlying eye diseases and eye surgery. We believe that the agreement of measurement results is likely to be lower for patients with underlying eye diseases (such as abnormal corneal shape and keratoconus.). Second, only patients with cataract were included in this study. More multicenter clinical trials are needed to verify the validity and reliability of CASIA 2 in different populations. At the same time, both CASIA 2 and IOLMaster 700 are optical imaging OCTs, which will cause geometric optical distortion in the imaging process. The correction methods of different manufacturers may be inconsistent. However, due to the protection of patent law, we cannot know the specific correction scheme.



CONCLUSION

Our study compared CASIA 2 with IOLMaster 700. It is recommended to use anterior Kf, anterior Ks, ACD, AQD, and LT between the instruments interchangeably. In addition, CASIA 2, with high penetrability and high resolution, is more valuable for the diagnosis and treatment of ophthalmic diseases.
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Pterygium is a common ocular surface disease. When pterygium significantly invades the cornea, it limits eye movement and impairs vision, which requires surgery to remove. It is medically recognized that when the width of the pterygium that invades the cornea is >3 mm, the patient can be treated with surgical resection. Owing to this, this study proposes a system for diagnosing and measuring the pathological progress of pterygium using deep learning methods, which aims to assist doctors in designing pterygium surgical treatment strategies. The proposed system only needs to input the anterior segment images of patients to automatically and efficiently measure the width of the pterygium that invades the cornea, and the patient's pterygium symptom status can be obtained. The system consists of three modules, including cornea segmentation module, pterygium segmentation module, and measurement module. Both segmentation modules use convolutional neural networks. In the pterygium segmentation module, to adapt the diversity of the pterygium's shape and size, an improved U-Net++ model by adding an Attention gate before each up-sampling layer is proposed. The Attention gates extract information related to the target, so that the model can pay more attention to the shape and size of the pterygium. The measurement module realizes the measurement of the width and area of the pterygium that invades the cornea and the classification of pterygium symptom status. In this study, the effectiveness of the proposed system is verified using datasets collected from the ocular surface diseases center at the Affiliated Eye Hospital of Nanjing Medical University. The results obtained show that the Dice coefficient of the cornea segmentation module and the pterygium segmentation module are 0.9620 and 0.9020, respectively. The Kappa consistency coefficient between the final measurement results of the system and the doctor's visual inspection results is 0.918, which proves that the system has practical application significance.

Keywords: pterygium, image segmentation, deep learning, chi-square test, computer-aided diagnosis


INTRODUCTION

Pterygium is a general ocular surface and degenerative disease characterized by conjunctival fibrovascular proliferation and invasion of the peripheral cornea (1). It is commonly referred to as a proliferatively disorder because of its growth rate and propensity for recurrence (2). Pterygium is composed of a head, neck, and body that invades the cornea, the superficial limbus, and overlies the sclera, respectively (3). The growth of pterygium in the eye can cause foreign body sensation and dryness, limit eye movement, and impair vision (4). When pterygium involves the visual axis, vision is not decreased by the irregular astigmatic refractive aberrations induced on the corneal topography alone, but also by the direct obscuring of the central visual axis (5). The major treatment for pterygium in recent times is surgical resection (1). According to several reports, the incidence of pterygium in some parts of the world has been reported to be as high as 2.1 per 1,000 persons, where up to 0.8 per 1,000 persons have undergone pterygium excision (6). It is widely known in the medical field that when the width of the pterygium (WP) that invades the cornea is >3 mm, the patient can be treated with surgical resection (7).

Therefore, measuring the pathological progress of pterygium is essential for designing surgical treatment strategies for pterygium.

Using computer image processing technology and medical image diagnosis technology, such as three-dimensional modeling and quantitative analyzing, to conduct early diagnosis of various eye diseases can equip doctors with enough information to diagnose patients, formulate effective treatment plans, and make reasonable preparations before surgery. For ocular surface diseases, such as pterygium, clinicians usually take anterior segment images as the basis of auxiliary diagnosis. However, in the absence of professional tools, it becomes difficult for these clinicians to accurately measure the pathological progress of pterygium which is essential for an accurate diagnosis. In recent years, many scholars have studied the characteristics of pterygium and achieved remarkable research success (1–3). However, there are only a few studies on the application of computer image processing technology for analyzing and processing the anterior segment images of pterygium patients. Moreover, most of the contents of these studies focus on the segmentation of the overall pterygium in the anterior segment image (8, 9), and the segmentation of the cornea in the anterior segment image (10, 11); thus, lacking quantitative analysis of the pathological progress of pterygium. In the study of the pterygium segmentation in anterior segment images, most researchers used traditional image segmentation methods. The Dice coefficient of these methods is usually <90%, which means that there is still room for further improvement in the segmentation accuracy. In addition, traditional image segmentation methods require manual design of the relevant model before segmentation occurs, resulting in an increased uncertainty because of the manual operations.

In view of the abovementioned challenges and considering the significance of clinical application, the goal of this study is to develop an automatic, efficient, and accurate quantitative analysis system to measure the pathological progress of pterygium. Therefore, this study proposes a system using deep learning methods to obtain the WP to measure the pathological progress of pterygium. In this study, according to the value of WP, the patients are divided into three categories: normal, pterygium to be observed (WP is <3 mm), and pterygium requiring surgery (WP is ≥3 mm). In addition, this system also measures the area of pterygium in the cornea to further realize accurate medical diagnosis. The proposed system is composed of three modules: cornea segmentation module, pterygium segmentation module, and measurement module. The main contributions of this study are as follows:

1. This study proposes a system to measure the pathological progress of pterygium. The system can automatically and efficiently process the anterior segment images input by patients and output quantitative analysis results such as the WP, the area of pterygium in the cornea, and the pathological status, to assist doctors to formulate treatment strategies and operation plans.

2. This study develops a cornea segmentation module based on U-Net model to segment the cornea in the anterior segment image. Since the segmentation results have jagged edges, according to a priori condition that the cornea is ellipse, an ellipse fitting algorithm is used to fit the original segmentation results to obtain more complete cornea.

3. This study develops a pterygium segmentation module based on the improved U-Net++ model to segment the pterygium in the cornea image output using the cornea segmentation module. In the pterygium segmentation task, the positive and negative samples are often unbalanced, and the shape and size of pterygium is different in each image. Therefore, this study improves the U-Net++ model by adding Attention gate units before each up-sampling layer, so that the improved U-Net++ model can pay more attention to the location and the shape of pterygium, which improves the performance of U-Net++ in the pterygium segmentation task.

4. This study develops a measurement module to measure the WP and the area of pterygium in the cornea. The shape of the cornea not invaded by pterygium is obtained by performing logical XOR on the outputs of two segmentation module. WP is obtained by measuring the ratio of the minimum Euclidean distance from the center of the ellipse to the edge (MD) to the Euclidean distance of the radius of the transverse axis of the ellipse (RD). The area of pterygium in the cornea is obtained by calculating the ratio of the area of pterygium to the area of the cornea in the image. According to the size of the WP (=0 or >3 mm), the patients are classified as normal, pterygium to be observed, and pterygium requiring surgery.



DATASET DESCRIPTION

The dataset used in this study was collected from the ocular surface diseases center at the Affiliated Eye Hospital of Nanjing Medical University. It consisted of 489 anterior segment images, including 244 normal eyes and 245 eyes with pterygium. All images were taken with a Canon SLR camera (model: Canon EOS 600D), and the slit lamp was illuminated with diffuse illumination, with a magnification of 10x and an image resolution of 5,184 × 3,456, exposure time 1/30 s. Three types of anterior segment images are shown in Figure 1. This study used LabelMe annotation software to label the dataset, including the labels of the cornea and that of the pterygium in the cornea, which were used for training and testing the segmentation models. All labels were labeled under the guidance of professional doctors, and all the segmented labels were checked and confirmed by professional doctors.


[image: Figure 1]
FIGURE 1. Three types of anterior segment images in the dataset.




METHODS

This study aims to develop a system that can automatically, efficiently, and accurately measure the pathological progress of pterygium by quantitatively analyzing patients' anterior segment images, as shown in Figure 2. The system is composed of three modules: a cornea segmentation module, a pterygium segmentation module, and a measurement module. The first two segmentation modules adopt the deep learning networks that have been widely used in the research of medical image segmentation in recent years. These networks segment images in an end-to-end mode, which reduces manual preprocessing and subsequent processing to improve the segmentation accuracy and the automation of the whole system. The measurement module processes the outputs of the first two modules to obtain the shape of the non-invading cornea, and then measures the ratio of MD to RD. The WP is calculated by multiplying [image: image] by the transverse diameter of the cornea. Then the corresponding classification is carried out using the value of WP to measure the pathological progress of pterygium. Finally, the system outputs the pterygium's status, the WP, and the area of pterygium in the cornea to realize an accurate medical diagnosis.


[image: Figure 2]
FIGURE 2. Framework of the system for measuring pathological progress of pterygium.



Cornea Segmentation Module

The cornea is an oval shaped transparent film located in the front of the eyeball. During the growth phase of pterygium, its head is located in the cornea, and its body is located in the iris. It is medically recognized that the pathological progress of pterygium is positively correlated with the WP. When WP is >3 mm, surgical resection is required. Considering this, the first module of the system proposed in this study is the cornea segmentation module, which aims to segment the cornea part of the input anterior segment images, so that the pterygium in the cornea can be segmented separately. The complete shape of the cornea can be obtained for the final measurement module.


Deep Architecture

U-Net is used in the cornea segmentation module. U-Net was first published in the 2015 Medical Image Computing and Computer Assisted Intervention Society conference (MICCAI) and was proposed by Ronneberger et al. (12). The U-Net proposal was inspired by Fully Convolutional Networks (13). It is a segmentation network proposed for medical image segmentation, and it can use a small amount of data to train a model with high edge extraction performance. Over the years, it has become widely used in the field of biomedical image segmentation (14, 15).

The structure of U-Net is shown in Figure 3. Its encoder uses four consecutive down-sampling to obtain the feature map of each input image. Its decoder correspondingly uses four consecutive up-sampling to restore the feature map with high-level semantics obtained by the decoder to a feature map with the resolution of the original image. Then the model outputs the result through a Sigmoid function to complete the semantic segmentation of the original image. While up-sampling, U-Net uses skip connection for each up-sampling layer, instead of directly propagating forward and backward on high-level semantic features, ensuring that the final feature map obtained by decoding integrates multiscale feature information and makes the final segmentation result more accurate.


[image: Figure 3]
FIGURE 3. The structure of U-Net.




Training Details

There are 489 anterior segment images in the dataset, including 244 normal eyes and 245 eyes with pterygium. The dataset is divided into a training set and a test set. The training set has a total of 250 images, including 123 normal eyes and 127 eyes with pterygium. The test set has a total of 239 images, including 121 normal eyes and 118 eyes with pterygium. To better meet the image training standard of convolutional neural networks, this study uses an interpolation method based on regional pixel relations to reduce the resolution of each image to 512 × 512.

In the preprocessing stage, this study uses image contrast stretching and adaptive image equalization methods to enhance the contrast between the cornea and the background in the anterior segment image. To avoid the over-fitting phenomenon during training, enhance the generalization performance of the network, and improve the segmentation accuracy of the network, strategies such as flipping, translation, and rotating are used to augment the training set.

During the training process, we set the Binary Cross Entropy with Logits Loss (BCE With Logits Loss) as the loss function for network training. The BCE With Logits Loss function combines the Sigmoid layer and Binary Cross Entropy Loss (BCE) (16), which means that it automatically performs Sigmoid processing on the output first, then performs binary cross entropy calculation on the output and the ground truth. Assuming there are N batches, xnis the predicted value of the nth batch, yn is the ground truth of the nth batch, and ln is the loss value of the nth batch. The BCE With Logits Loss function is as follows:

[image: image]

σ(xn) is the Sigmoid function, and x can be mapped to the interval (0, 1) ,as shown below:

[image: image]

Setting RMSprop (17) as the optimizer for network training, the initial learning rate was 1e−5, the first and second momentum decay rates were set to 0.9 and 0.99, batch size was set to 4, and the training was adjusted by L2 weight decay with a weight decay rate of 1e−8. The network was trained for 100 epochs, and 10% of the training set is randomly selected as the validation set. The Dice coefficient of the validation set is regarded as the indicator for selecting the optimal segmentation model. The Dice coefficient is usually used to calculate the similarity between two samples. The calculation method for the Dice coefficient (18) is shown below:

[image: image]

X is the predicted result of the image to be segmented, Y is the ground truth of the image to be segmented, and (0, 1) is the value range of Dice coefficient.



Subsequent Processing

When using U-Net for target segmentation, jagged edges in the edge area exist. Therefore, according to the prior knowledge that the physical shape of the cornea is an ellipse, the least squares method is used to fit the ellipse with the smallest algebraic distance between the segmentation boundary points (19) and to realize the smooth fitting of the segmentation results, then the final cornea segmentation results are obtained.

To obtain the training set and test set of the next module, in the training set of this module, the ground truth was used to extract the cornea area in the anterior segment image, and 250 images containing only the cornea are obtained. In the test set, the segmentation results of the test set output by the cornea segmentation module are used to extract the cornea in the anterior segment image of the test set, and 239 images containing only the cornea are obtained.




Pterygium Segmentation Module

The function of the pterygium segmentation module is to segment the pterygium in the cornea image output using the cornea segmentation module. Then input the complete pterygium shape into measurement module.


Deep Architecture

U-Net++ is an improved network of U-Net proposed by Zhou et al. (20) in 2020. On the basis of the original four up-sampling layers of U-Net, U-Net++ adds up-sampling to each down-sampling layer. It uses skip connection to splice the features of each layer, which solves the back propagation problem of U-Net++ at the same time. U-Net++ combines shallow features and deep features better than U-Net by adding multi-layer up-sampling and skip connections to achieve better segmentation performance. In the past years, it has also been widely used in the research of biomedical image segmentation (21, 22).

Since the pterygium only occupies a small area in the cornea image, the positive and negative samples in the pterygium segmentation task were unbalanced, and because of the uncertainty of the growth position of pterygium and the diversity of the shape and size of pterygium, the deep network needs to pay more attention to pterygium area, instead of background. Therefore, this study proposes an improved U-Net++ by adding Attention gates (23) before each up-sampling layer. The structure of the improved U-Net++ is shown in Figure 4.


[image: Figure 4]
FIGURE 4. Structure of the improved U-Net++.


The specific structure of the Attention gate is shown in Figure 5. g is the gating signal and xl is the feature map of the upper layer. g comes from the next layer; hence, the size of g is half of the previous layer, which means that the previous layer needs to be down-sampled. xl and g are input to the attention module to get the weight coefficient a, and then a is multiplied by xl for output. The number or channels of xl and g changes in the attention module from Fg to Fint, and then to 1. In this process, g and xl are multiplied by the weight matrix, respectively. The weight matrix can be learned through back propagation to obtain the importance of each element of g and xl, so the Attention gate can allow the network to learn the importance between each element and the target.


[image: Figure 5]
FIGURE 5. The structure of attention gate.


In the Attention gate of the improved U-Net++, the features of the next level and the same level are used to supervise the features of upper level, and the activation part of the network is concentrated on the area to be segmented, so that the activation value of background is reduced to optimize the segmentation.



Training Details

The training set in this module consists of 250 cornea images, including 123 normal eyes and 127 eyes with pterygium. The test set is derived from the cornea images output by the cornea segmentation module and a total of 239 images, including 121 normal eyes and 118 eyes with pterygium. To speed up the training speed of network, the resolution of all images is reduced to 96 × 96 through the interpolation method based on regional pixel relations.

In the pre-processing stage, the adaptive contrast stretching method is used to pre-process the images of the training set to enhance the contrast between the pterygium and the background. To avoid the over fitting of the network, improve the generalization performance of the network, and enhance the segmentation performance of the network, the images of the training set are augmented by strategies such as rotation, translation, and flipping.

During the training process, we set BCE Dice Loss (24) as the loss function of network training. BCE Dice Loss combines the BCE Loss and the Dice Loss. The Dice Loss (25) uses the Dice coefficient as a measure of loss. The Dice coefficient is usually used to calculate the similarity between two samples. The calculation method for the Dice coefficient is shown in (3). The DiceLoss is calculated as shown in (4), which is usually used in the case of unbalanced samples. The function of the BCE Dice Loss is shown in (5). Then we set Adam as the optimizer of network training, the initial learning rate was 1e−3, the first and second momentum decay rates were set to 0.9 and 0.99, batch size was set to 16, and the process of training was adjusted by L2 weight decay with a weight decay rate of 1e−4. The network was training for 300 epochs. The Mean Intersection Over Union (mIOU) of the validation set is regarded as the indicator for selecting the final segmentation model. The mIOU calculates the ratio of the intersection between the ground truth and the predicted image, as shown in (6). Among them, pij represents the number of samples with true value of i, but predicted to be j. k+1 is the number of categories. pii is the number of samples which are correctly predicted. pji represents the number of samples with true value of j, but predicted to be i.

[image: image]

[image: image]

[image: image]
 

Subsequent Processing

The results of segmentation network usually have jagged edges in the edge area. Therefore, in this module, after the network is trained and output the segmentation results, the edge of segmented pterygium needs to be smoothed.




Measurement Module

The purpose of the measurement module is to quantitatively measure the shape of the intact cornea, calculate the WP and the area of pterygium in the cornea, then the pathological progress of pterygium can be judged by analyzing the WP.

The first step is to obtain 239 complete cornea images output by the cornea segmentation module and 239 pterygium images output by the pterygium segmentation module, then enlarge all images to 512 × 512 to ensure that the shape of the cornea in all images is same. After that, the pixel-by-pixel logical XOR is performed on the output images of two segmentation modules to obtain the cornea images with the pterygium removed.

The second step is to extract the edge of the cornea images output by the cornea segmentation module to obtain the boundary contour of cornea. We obtain the ellipse center coordinates by measuring the intersection of the longest axis in the X and Y direction of the ellipse and obtain the Euclidean distance of the radius at the transverse axis (RD), as shown in Figure 6.


[image: Figure 6]
FIGURE 6. Cornea images not invaded by pterygium.


The third step is to extract the edge of the intact cornea images obtained in the first step, then calculate the minimum Euclidean distance from the center of the ellipse to the edge (MD) using the center coordinates obtained in the second step, as shown in Figure 6.

The final step is to calculate the ratio of MD and RD, then calculate the WP according to the transverse diameter of the cornea, as shown in (7). According to the previous study, there is a variation ranging from 10.7 to 12.58 mm of the transverse diameter of the cornea (26). The actual diameter of the cornea can be measured instrumentally. Because of the lack of actual diameter of cornea, and in order to ease the calculation, this study assumes that the transverse diameter of the cornea is 11.5 mm.

[image: image]

To ensure the accuracy of segmentation and the effectiveness of the system in practical application, this study considers that there may be images of normal eyes in practice, so the dataset also contains the anterior segment images of normal eyes. Therefore, the system proposed in this study divides the input anterior segment images into three categories according to WP size (0 or >3 mm): normal (WP is 0), pterygium to be observed (WP is >0 and <3 mm), pterygium requiring surgery (WP is ≥3 mm).

The measurement module also calculates the ratio of the pixel area of pterygium (AP) to the pixel area of the cornea (AC) and multiplies it by the actual area of the cornea to obtain the actual area of the pterygium in the cornea, as shown in (8). As mentioned above, the diameter of the cornea is ranging from 10.7 mm to 12.58 mm. Because of the lack of actual diameter of cornea, this study assumes that the cornea is a horizontal circle with a diameter of 11.5 mm to calculate the actual area of the cornea.

[image: image]

To sum up, this study proposes a system for measuring the pathological progress of pterygium using deep learning. Using an end-to-end learning method, only the anterior segment image of the patient is required as input to determine what category the patient is in. When the patient is judged to be a patient with pterygium, the actual value of WP and the area of pterygium can also be output, which avoids the situation that WP can only be estimated by doctors' experience because of lack of professional measurement tools; hence, accuracy of diagnosis is significantly increased.




RESULTS

The WP measured in the measurement module can be used to judge the pathological progress of pterygium. Therefore, this study establishes a complete system for measuring pterygium's process by developing a cornea segmentation module, a pterygium segmentation module and a measurement module.


Segmentation Results of the Cornea Segmentation Module

The core of the cornea segmentation module is the U-Net. Two hundred and fifty images are used in the training process, and the performance of the network is tested on 239 images. According to the abovementioned workflow, the U-Net is trained using the training set, and the model with the best Dice coefficient in the validation set is obtained as the segmentation model of the cornea segmentation module. Then we test the performance of the model on the test set to evaluate its performance in practical applications. Figure 7A shows the visual samples of the original anterior segment images. Figure 7B shows the visual samples of the segmentation results of the cornea segmentation module on the test set, including the three categories: normal, pterygium to be observed, and pterygium requiring surgery.


[image: Figure 7]
FIGURE 7. Segmentation results of the cornea segmentation module: (A) Original anterior segment images. (B) Segmentation results of the trained U-Net model. (C) Output results with smooth edge after ellipse fitting. (D) Final cornea images output by the cornea segmentation module.


To quantitatively evaluate the performance of the U-Net model in the cornea segmentation module, the Dice coefficient and the mIOU are calculated using the test set. The function for the Dice coefficient is shown in Equation (3). The function for the mIOU is shown in Equation (6). The Dice coefficient of the final output model on the test set was 0.9620, and the mIOU was 0.9338.

Since the cornea segmentation results directly output by the network have jagged edges, the least squares ellipse fitting is used to smoothly fit the segmentation results to obtain a complete cornea shape, as shown in Figure 7C. To obtain the cornea images required for the next module for pterygium segmentation, the cornea segmentation results are used to extract the cornea in the original anterior segment images, as shown in Figure 7D.



Segmentation Results of the Pterygium Segmentation Module

In the pterygium segmentation module, considering the diversity of the shape and size of pterygium in the pterygium segmentation task, this study improves U-Net++ by adding the Attention gate before each up-sampling layer to extract the information related to pterygium. According to the abovementioned workflow, the improved U-Net++ was trained, and the model with the best mIOU on the validation set was selected as the segmentation model in the pterygium segmentation module. We tested the performance of the model on the test set to evaluate its performance in practical applications. Figure 8A shows the visual samples of the original anterior segmented images. Figure 8B shows the visual samples of the segmentation results of the cornea images output by the cornea segmentation module. Figure 8C shows the visual samples of the segmentation results of the pterygium segmentation module on the test set, including the three categories: normal, pterygium to be observed, and pterygium requiring surgery. Figure 8D shows the obtained cornea shape without the pterygium, which will be output to the next module to measure the WP.


[image: Figure 8]
FIGURE 8. Segmentation results of the pterygium segmentation module: (A) The original anterior segment images. (B) The cornea images output by the cornea segmentation module. (C) The segmentation results output by the improved U-Net++. (D) The cornea not invaded by pterygium.


The improved U-Net++ is used in the pterygium segmentation module, and the Attention gate is added before each up-sampling layer. To quantitatively evaluate the segmentation performance of the improved U-Net++, the Dice coefficient and mIOU of the test set are calculated. To verify the effectiveness of the Attention gate's joining, a comparative experiment is conducted. This section uses the same training set to train the original U-Net++, output the optimal model of mIOU, and verify the performance on the test set. Figure 9 shows the segmentation results of the U-Net++ model and the improved U-Net++ model. It can be seen that the improved U-Net++ model proposed in this study has a better segmentation effect on the edge details of the pterygium and can segment a more complete pterygium shape than the original U-Net++. Table 1 shows the quantitative performance indicators of the two models on the test set. It can be seen that when Accuracy (ACC) are similar, the method proposed in this study is superior to the original U-Net++ in terms of mIOU and Dice coefficient indicators.


[image: Figure 9]
FIGURE 9. Segmentation results of two models: (A) The original anterior segment images. (B) The cornea images output by the cornea segmentation module. (C) Ground truth. (D) The segmentation results of the U-Net++ model. (E) The segmentation results of the improved U-Net++ model.



Table 1. Quantitative performance indicators of two models.

[image: Table 1]



Results of Measurement Module

Table 2 shows the measurement results of the WP of 15 samples of the test set. Zero, 1, and 2 under the CLASS heading represent normal eye, patient with pterygium to be observed, and patient with pterygium requiring surgery, respectively.


Table 2. Measurement result samples.

[image: Table 2]




DISCUSSION


Discussion of Segmentation Results

The performance of the two segmentation modules is qualitatively evaluated by obtaining the segmentation images, and is quantitatively evaluated by the Dice coefficient, the mIOU and the ACC. In the cornea segmentation module, the Dice coefficient and mIOU of the trained U-Net model on the test set are 0.9620 and 0.9338, respectively. Through visual inspection, it is found that the segmentation results directly output by the U-Net model have jagged edges. In the subsequent processing, the least square ellipse fitting is used to obtain a more complete cornea. In the pterygium segmentation module, to verify the effectiveness of the improved U-Net++ model, a comparative experiment is conducted. The obtained Dice coefficient, mIOU, and ACC of the U-Net++ model on the test dataset were 0.9020, 0.8944, and 0.9905, respectively, and the Dice coefficient, mIOU, and ACC of the improved U-Net++ model on the test dataset were 0.8678, 0.8644, and 0.9901, respectively. It can be seen that under the condition that the ACCs are similar, the mIOU and the Dice coefficient of the improved U-Net++ model are 3 and 3.42% higher than that of the original U-Net++ model, respectively, which proves the effectiveness of the improvement.



Discussion of Measurement Results

In the measurement module, the actual WP is calculated using Equation (7) and the area of pterygium in the cornea is calculated using Equation (8). Table 2 shows some samples of measurement results of the measurement module on the test set, including the WP, patient's pterygium pathological status, and the area of pterygium in the cornea.

To verify the accuracy of the final predicted results of the system proposed in this study, we use chi-square test and kappa consistency test to qualitatively compare the difference and consistency between the predicted results of the system proposed in this study and that obtained from a doctor's visual inspection. Chi-square test (27) is a statistical method to test the difference (whether it is related) between two categorical variables. The basic idea of chi-square test is as follows: first propose the null hypothesis H0, that is, the two categorical variables are not correlated; second calculate the chi-square value χ2 based on this premise; third determine the null hypothesis based on the chi-square distribution and degrees of freedom (df) under the circumstances; final the more extreme probability P are obtained. If the P < 0.005, it means that the two variables are strongly correlated, and the null hypothesis is rejected, there is a significant correlation between the two variables. To quantitatively measure the correlation of two variables, that is, the degree of correlation between the system's predicted results and the doctor's visual inspection results, this study introduces the column connection number, C, and its calculation formula is as follows:
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where n is the sample size.

Kappa consistency test (28) is usually used to investigate whether different diagnostic methods have consistency in diagnostic results. The original hypothesis of kappa consistency test is that there is no significant consistency between the two diagnostic results. Based on this premise, kappa consistency coefficient and progressive significance P are calculated. If the P < 0.005, the original hypothesis is rejected, and the two diagnostic results are significantly consistent. The kappa consistency coefficient is a measure of the consistency between two categories, based on linear weighting, the formula is as follows:
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The kappa consistency coefficient is a function of two quantities. Here, pij is the element in row i and column j in the crosstab, and k is the number of categories.

The kappa consistency coefficient is given by,

[image: image]

Table 3 is a cross table of the predicted results and doctor's visual inspection results, where 0, 1, and 2 represent normal eye, patient with pterygium to be observed, and patient with pterygium requiring surgery, respectively. It can be seen that the predicted results are completely consistent with the doctor's visual inspection results when the patient is normal. In the case of patients with pterygium, the predicted results and the doctor's visual inspection results are different for some patients.


Table 3. Crosstab of the predicted results and the doctor's visual inspection results.

[image: Table 3]

We input the content of the crosstab into SPSS for chi-square test and kappa consistency test. The results of the chi-square test are shown in Table 4. χ2 = 386.233, df = 4, P < 0.0001, and the H0 is rejected, that is, the predicted results are correlated with the doctor's visual inspection results. The calculated column connection number is 0.786, and the maximum value of the column connection number in the 3 × 3 column connection table is known to be 0.8165, which means that there is a strong relationship between the predicted results and the doctor's visual inspection results. The results of the kappa consistency test are shown in Table 5. P < 0.0001, which means that the null hypothesis is rejected, that is, the predicted results are significantly consistent with the doctor's visual inspection results. The Kappa consistency coefficient is 0.918, which is >0.8. It can be considered that there is a high consistency between the predicted results and the doctor's visual inspection results.


Table 4. Results of chi-square test.

[image: Table 4]


Table 5. Results of Kappa consistency test.
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It can be seen from Table 3 that when the image of a normal patient is input, the predicted result of the system is completely consistent with the doctor's visual inspection results. But when inputting images of patients with pterygium, the predicted results and the doctor's visual inspection results are different for some patients. To quantitatively analyze the difference, we use the doctor's visual inspection results as the ground truth, and we use Receiver Operating Characteristic (ROC) curve, Area Under ROC Curve (AUC) value, Accuracy, Specificity, Sensitivity, Precision, and F1-score (29) to analyze the binary classification of patients with pterygium. The above indicators are based on four measurement values, namely True Positive (TP), True Negative (TN), False Positive (FP), and False Negative (FN). In this task, Positive stands for “Pterygium requiring surgery,” and Negative stands for “Pterygium to be observed.”

Accuracy reflects the ratio of the number of correctly detected samples to the number of all samples.
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Specificity reflects the proportion of correctly detected negative samples in all relevant samples. In this study, it reflects the consistency between the predicted results and the doctor's visual inspection results for the images of patients with pterygium to be observed.

[image: image]

Sensitivity reflects the proportion of positive samples that are correctly detected in all relevant samples. In this study, it reflects the consistency between the predicted results and the doctor's visual inspection results for the images of patients with pterygium requiring surgery.
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Precision Rate (PR) reflects the probability that the patient detected as a Positive sample is actually a Positive sample.
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F1-score considered both Precision Rate and Recall Rate at the same time, which is expressed as the harmonic average of the two. When the sample is unbalanced, it has a better evaluation effect.
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To compare the prediction performance of the system from different aspects, this study draws the ROC curve based on the Specificity and Sensitivity values corresponding to the different WP classification threshold. The ordinate is Sensitivity, and the abscissa is 1-Specificity. According to the drawn ROC curve, the AUC value can be calculated, which is used to measure the prediction performance of the system.

The confusion matrix between the predicted result and the doctor's visual inspection for images of patients with pterygium is calculated as shown in Figure 10A. The metrics of the binary classification task are as shown in Table 6. Taking the WP as the test variable, and the doctor's visual inspection result as the state variable, the ROC curve obtained is shown in Figure 11, and the AUC obtained is 0.9856.


[image: Figure 10]
FIGURE 10. Confusion Matrix: (A) Confusion matrix of binary classification task with threshold 3mm. (B) Confusion matrix of binary classificat ion task with threshold 3.17mm.



Table 6. Summary of the prediction results.
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[image: Figure 11]
FIGURE 11. Receiver operating characteristic curve.


It can be seen that the Specificity and Sensitivity values are both ~0.9. The AUC value of the ROC curve with the WP as the test variable is 0.9586, which means when the critical threshold of WP is selected as 3 mm, it is not the optimal critical threshold. To find the optimal critical threshold, we calculate the maximum Youden index of the ROC curve, and the corresponding classification threshold is 3.17 mm, that is, the optimal critical threshold of WP is 3.17 mm, which is different from the threshold selected in this study. Then we set the classification threshold to 3.17 mm to obtain new predicted results, and the indicators of the predicted results are shown in Table 6. The confusion matrix with threshold 3.17 mm is calculated as shown in Figure 10B. It can be seen that when the threshold is set to 3.17 mm, the Accuracy, Specificity, PR, and F1-score are higher than the indicators obtained when the threshold is set to 3 mm by 2.54, 5.2, 5.48, and 2.8%, respectively. This is because the default transverse diameter of the cornea when calculating the WP is 11.5 mm in this study, but in real life, the transverse diameter of the cornea of different patients is between 10.7 and 12.58 mm (26). To compensate for this, the system proposed in this study provides options that can be modified, that is, clinicians can input the actual transverse diameter of the cornea to obtain a more accurate WP and predicted results. When calculating the area of the pterygium in the cornea, the average value of the actual vertical diameter and the actual transverse diameter of the cornea can be calculated as the diameter of the circle for calculating the area of the cornea, to obtain a more accurate result.

After observing the samples whose predicted results are inconsistent with the doctor's visual inspection results, we find that when the WP is about 3 mm, the WP cannot be accurately measured manually, which leads to misjudgment of visual inspection results, as shown in Table 7. The doctor's visual inspection result in the first row of is the “Pterygium requiring surgery” category, the WP measured by the system is 2.56 mm, and the system's predicted result is the “Pterygium to be observed” category; The doctor's visual inspection result of the second row is the “Pterygium requiring surgery” category, the WP measured by the system is 2.67 mm, and the system's predicted result is “Pterygium to be observed” category; The doctor's visual inspection result in the third row is “Pterygium to be observed” category, the WP measured by the system is 3.25 mm, and the predicted result of the system is “Pterygium requiring surgery” category.


Table 7. Some samples whose prediction results are inconsistent with the doctor's visual inspection results.
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In the measurement module, the calculated area of pterygium is obtained by estimating the actual area of cornea and multiplying the ratio of AP to AC. However, due to the lack of patients' actual area of cornea, it is difficult to obtain the actual area of pterygium for verification. Considering that in previous studies, some scholars have represented the area of pterygium by the ratio of AP to AC (30), we calculate the ratio of manually labeled AP to manually labeled AC as the ground truth to verify the accuracy of the measured results. Bland-Altman consistency analysis is carried out between the system's output ratio of AP to AC and the ground truth. The purpose of Bland-Altman consistency test is to compare whether the results obtained by different methods are consistent. By taking the average value of the two measurement data as the horizontal axis and the difference (area ratio of ground truth minus area ratio of measurement results) as the vertical axis, the result diagram of Bland-Altman consistency test is obtained. The consistency test result of the area ratio obtained by the two measurement methods in this study is shown in Figure 12. The red dotted line in Figure 12 is the mean value of the difference, and the two black dotted lines are the 95% consistency interval of the mean value of the difference. It can be seen that all the area ratio difference of test on 239 samples is >0, because in the process of pterygium segmentation, the segmentation accuracy is <100%, the area of segmented pterygium is smaller than the area of pterygium label, resulting error with the ground truth. In statistics, if the error is within 95% consistency interval, it means that the error is acceptable. In Figure 12, almost most of the 239 samples are within the 95% consistency interval, and only 9 samples are outside the consistency interval, it means that the results of area measurement method proposed in this study has good consistency with the results of the manual measurement method, so it has practical application value.


[image: Figure 12]
FIGURE 12. The result of the Bland-Altman consistency analysis.





CONCLUSION

Pterygium is an ocular surface disease, characterized by the proliferation of fibrous blood vessels on the conjunctiva. When pterygium significantly invades the cornea or even the pupil, it limits the movement of the eye and impairs vision, which means that the patient would need surgery to remove it. Therefore, measuring the pathological progress of pterygium is very important for designing surgical scheme. Since anterior segment images are usually used to assist the diagnosis in clinic, this study proposes a pterygium pathological progress measuring system using deep learning methods. By inputting the anterior segment image of patient, we can obtain the width of the pterygium which invades the cornea, the area of pterygium in the cornea, and its state (normal eye, pterygium to be observed, pterygium requiring surgery). These are crucial for realizing an accurate medical diagnosis, and it can conveniently assist doctors in the timely detection of a patient's pterygium status and arranging surgery strategies. The dataset used in this study was collected from the ocular surface diseases center at the Affiliated Eye Hospital of Nanjing Medical University. Through the evaluation of the system on the dataset, the effectiveness of the system was determined. The system can also be deployed in grassroots units and remote areas where medical resources are scarce so as to realize remote medical diagnosis.

The limitations of this study are as follows: due to the lack of professional measurement tools, we did not compare the measurement results with the actual width of the pterygium that invades the cornea, which means the measurement results can only be converted into classification results, and to be verified with the doctor' s visual inspection results; the cornea is an ellipse with a curved surface, but due to the lack of means to obtain the angle of the curved surface in this study, we assumed that it is a horizontal circle to calculate its area, which means there is still some error between the obtained area and the actual area.

In future study, we will measure the actual width of pterygium that invades the cornea using professional measurement tools, and compare the measurement results obtained by the system with the actual value to further verify the effectiveness of the system. Since the cornea is an ellipse with a curved surface, we will further study the method of obtaining the angle of the cornea surface to obtain a more accurate area of the cornea, which means we can obtain a more accurate measurement results output by the system.
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Background and Aim: To assess the reproducibility of the novel ultrasound biomicroscopy, Insight 100 and its agreement with a swept-source optical coherence tomography, CASIA2.

Methods: A total of 96 volunteers (96 eyes) were enrolled. The radius of anterior lens curvature (RAL), the radius of posterior lens curvature (RPL), lens thickness (LT), and lens diameter (LD) were measured with Insight 100 and CASIA2. A semiautomated software was used to adjust the measurement of LT (LTS) and LD (LDS) by Insight 100. Intraobserver and interobserver reproducibility of Insight 100 measurements, and the agreement of results from Insight 100 and CASIA2 were assessed with 95% limit of agreement (LoA), intraclass correlation coefficient (ICC), Pearson correlation, and linear regression.

Results: For Insight 100 measurements, the intraobserver ICCs of RAL, RPL, LTS, and LDS measurement were 0.996, 0.973, 0.936, and 0.889, and the interobserver ICCs were 0.987, 0.890, 0.974, and 0.816, respectively. There was an excellent correlation in LT measurements (R = 0.961, P < 0.001) but poor agreements in other parameters between the two devices. The LD measurements tended to be larger (95% CI: 0.768–0.928) in CASIA2 when compared with Insight 100.

Conclusion: Insight 100 could obtain highly repeatable lens biometry in vivo. With better signal penetration, it shows promising potential in future clinical applications.

Keywords: ultrasound biomicroscopy (UBM), anterior segment, OCT, lens biometry, lens curvature, lens thickness, lens diameter


INTRODUCTION

The measurement of lens parameters is of great importance in both research of lens function, and calculation of the intraocular lens (IOL) power (1–5). Currently, the commercially available devices providing in vivo lens parameters measurement include the Scheimpflug photography, anterior segment optical coherence tomography (AS-OCT) and ultrasound biomicroscopy (UBM) (6–10). Among them, the latter two could provide a full set of in-vivo lens biometry.

The new generation swept-source optical coherence tomography (SS-OCT), CASIA2, can provide the automatic noncontact measurement of lens parameters using a built-in program. But since the light source of CASIA2 cannot penetrate the pigmented iris, the detection area is limited (7, 8). The conventional UBM with deeper signal penetration could image the structures behind the iris where the light cannot reach. However, this contact measurement is time-consuming and less convenient (9). The newly developed very high frequency (VHF) UBM, Insight 100 using a disposable eyepiece is less invasive than the conventional UBM. It also has the advantage over the optical device of better signal penetration. With a better view of the peripheral lens behind the iris, the Insight 100 may show more potential in ensuring more accurate measurements of the lens parameters especially for patients with relative contraindications of contact examination or being contraindicated of pupil dilation.

To provide more evidence if this novel UBM device could be a potential tool for in vivo lens biometry, this study investigated the intraobserver and interobserver reproducibility of the Insight 100, and its agreement with the commercially available CASIA2.



MATERIALS AND METHODS


Participants

This study was conducted at the Zhongshan Ophthalmic Center, Sun Yat-sen University, Guangzhou, China. Volunteers were consecutively recruited from the Outpatient Department from January to June 2020. Subjects with any evidence of the following conditions were excluded: 1) ocular disease besides senile cataract and refractive error; 2) history of intraocular surgery; and 3) inability to cooperate with the test, or poor fixation resulting in low image quality. The study was approved by the ethics committee of Zhongshan Ophthalmic Center and was performed following the tenets of the Declaration of Helsinki. Written informed consents were obtained from all participants.



Anterior Segment Scanning

Anterior segment scanning was performed with SS-OCT, CASIA2 (Tomey Corporation, Nagoya, Japan) and the UBM, Insight 100 (ArcScan Incorporation, Morrison, Colorado, USA). These two devices were operated independently by two experienced operators (XT-R and C-L) in random sequence. The operators were masked to results of one another. Neither mydriatic nor miotic drops were applied before the test, to avoid any accommodation stimulus. Scanning by the two devices was performed in the same room and under the same lighting conditions. Fixation target is consistent during measurements in CASIA2 and Insight 100.



CAISA2 Scanning

The CASIA2 uses a swept-source laser with a wavelength of 1,310 nm at a velocity of 50,000 A-scan/s. The axial and transverse resolutions are 10 μm or less and 30 μm or less, respectively. The participants were seated and asked to fixate on the external lights during the examination. Lens biometric parameters including radius of anterior lens surface curvature (RAL), the radius of posterior lens surface curvature (RPL), lens thickness (LT), and lens diameter (LD) were automatically measured by the built-in software (Version 3G.1). The CASIA2 measurements of lens biometry were aligned along the visual axis and performed using the 16-scan “lens biometry” mode. Then the measurement results were automatically generated by the “Lens Analysis” module in “Lens Biometry” mode. After the measurement, the operator can check the clarity and fixation of all images in the preview, after which the qualified measurements were selected for analysis. The 2D analysis results of 0–180 degree in “Len Biometry” mode was used for the comparison with UBM.



Insight 100 Scanning

The Insight 100 examination for lens biometry was performed using the “capsule” mode with a broadband 20–60 MHz VHF ultrasound transducer. This system has a tissue penetration depth of 15 mm. The entire anterior segment is presented in a single image with an axial resolution of 35 μm and lateral resolution of 65 μm. The scan is angular (2 scans/s); the image area is adjustable by the user up to 70 degrees and 22 mm. The ultrasound velocity in this study was set at 1,640 m/s for the lens capsule. The capsular bag was examined on the axial horizontal section (transverse diameter passing through the corneal apex from 9 to 3 o'clock). During UBM scanning, the participants were seated with the chin and forehead placed into a headrest. A soft rimmed eye-cup was placed in the eye to be examined, with a soft membrane separating the eye from the transducer and scanning chamber, which was filled with distilled water. Participants fixated with the fellow eye on a narrow fixation target to ensure that the corneal vertex was coaxial with the infrared camera and the scanning rotation center. The examiner clicked on the video feed of the eye to adjust the system to be centered on the corneal reflex. The automated centration algorithm used information from horizontal and vertical scans to find the corneal vertex. The measurement achieved quality control by built-in software for statistical analysis.

The scenario of the Insight 100 examination is illustrated in Supplementary Figure S1. The acquisition with the qualified fixation was selected for further analysis of crystalline lens biometry.



Manual Measurement Using Insight 100 Images

Two ophthalmologists (XT-R and C-L) independently measured the RAL, RPL, LT, and LD in the images by using the built-in manual caliper tool of UBM. The built-in manual caliper tool can generate a fitting arc through three points. The RAL was determined as follows: the first two points were defined as where the anterior lens capsule intersects with the iris, and the third point was the apex of the anterior lens capsule. The RPL is determined similarly to the above three points. The fitting curve could be adjusted via moving these three points for the best fit. The LT was defined as the distance between apexes of the anterior and posterior lens surfaces. The LD was defined as the distance between the intersections of the anterior and posterior lens surface fitting curves. Each selected scan was measured by one ophthalmologist repeating three times.



Semiautomated Measurement Using Insight 100 Images

After input of the contour line and curvature of the anterior and posterior lens surface, the customized developed software can automatically process further segmentation and fitting based on the input data. After adjustment, more accurate contour lines of the anterior, posterior, left, and right surface of the lens were obtained generating semiautomated measurements of the lens thickness and lens diameter (LDS and LTS). Figure 1 shows the manual measurement and semiautomated measurement of the LDS and LTS in the Insight 100 scan of the same eye.


[image: Figure 1]
FIGURE 1. Manual measurement (A) and semiautomated measurement (B) of the lens diameter (LD) and lens thickness (LT) in the same image obtained by Insight 100.




Statistical Analysis

The sample size was calculated based on the interobserver agreement of Insight 100, which was assessed using intraclass correlation (ICC). A sample of 93 subjects who were each measured 2 times was necessary to estimate the ICC of 0.8 and a two-sided 95% CI with a width of 0.100, using a two-way random-effects ANOVA model. The PASS 16.0 (NCSS, LLC, Kaysville, Utah, USA) was used to calculate the sample size.

With the binocular parameters comparable in subjects, the right eyes were chosen for analysis. All continuous variables were expressed as mean ± SD. The ICCs and the 95% limit of agreement (LoA) were used to assess intraobserver and interobserver reproducibility of the manual measurements of RAL, RPL, and semiautomated measurement of LTS, LDS using Insight 100 scans. The ICC estimates and their 95% CIs were calculated based on an absolute-agreement, two-way random-effects model. For each eye, the comparison was made between the average lens parameters of three repeated Insight 100 scans and the 2D result in a horizontal position from CASIA2. The 95% LoA, the ICC (two-way random model), Pearson correlation analysis, and Bland–Altman plot were used for comparing the agreement between measurements from the Insight 100 and the CASIA2. The linear regression was used to evaluate the conversion of lens biometry between the Insight 100 and the CASIA2. All statistical analyses were performed using SPSS statistical software (SPSS Statistics version 22.0; IBM Corp., Armonk, NY, USA). Statistical significance was defined as P < 0.05.




RESULTS

In this study, 96 eyes from 96 volunteers (40 male and 56 female) were included. The mean age of all participants was 34.42 ± 11.19 years old, ranging from 23 to 74 years old. Baseline characteristics of the participants and the pipeline of the study were demonstrated in Supplementary Figure S2 and Supplementary Table S1. All participants had completed both CASIA2 and UBM tests.

Two examiners performed measurements for all participants using Insight 100 scans. There were excellent intraobserver repeatabilities for manual measurements of RAL, RPL, and semiautomated measurements of LTS and LDS (ICC: 0.996, 0.973, 0.936, and 0.889, respectively). And as shown in Table 1, the interobserver reproducibilities were excellent in measuring RAL and LTS (ICC: 0.987, 0.974, respectively) and good in measuring RPL and LDS (ICC: 0.890, 0.816, respectively).


Table 1. Interobserver reproducibility of lens biometry measurements with Insight 100.
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As for the agreement of Insight 100 and CASIA2, the Pearson correlation coefficient (R) in measuring RAL, RPL, LT, and LD was 0.772 (P < 0.001), 0.604 (P < 0.001), 0.961 (P < 0.001), and 0.577 (P < 0.001), respectively (Figure 2). According to the Bland–Altman analysis shown in Figure 3, the CASIA2 gave larger measures in lens thickness and lens diameter than that from the semiautomated measurements from Insight 100. And these differences tended to be consistent across the measurement ranges. The linear regression equations for measurement conversion were as follows (Y represented measurement using the Insight 100, X represented measurement using the CASIA2):

[image: image]


[image: Figure 2]
FIGURE 2. Pearson correlation coefficient (R) between Insight 100 and CASIA2 in measuring RAL (A), RPL (B), LTS (C), and LDS (D).



[image: Figure 3]
FIGURE 3. Bland–Altman analysis between Insight 100 and CASIA2 in measuring RAL (A), RPL (B), LTS (C), and LDS (D).


Table 2 shows the comparison of lens biometry measured with the CASIA2 and the Insight 100. The 95% LoA between the CASIA2 and the Insight 100 was −3.537 to 1.271 mm (RAL), −0.646 to 1.724 mm (RPL), 0.179–0.575 mm (LT), 0.072–1.623 mm (LD); and the ICCs were 0.622, 0.427, 0.615, and 0.191 for the above-mentioned parameters, respectively.


Table 2. Comparison of lens biometry measured with CASIA2 and Insight 100.
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DISCUSSION

As a less invasive novel VHF UBM, Insight 100 showed excellent intraobserver and interobserver reproducibility in measuring RAL, RPL, LT, and LD, which has not been reported by previous studies. There was an excellent agreement between Insight 100 and CASIA2 in measuring lens thickness, with a relatively poor agreement in the measurement of RAL, RPL, and lens diameter. And measurements of lens thickness and diameters from Insight 100 tended to be smaller when compared with those from CASIA2.

By now, there is no golden standard of the in vivo lens biometry, that comparisons among different devices are still inconclusive if which one would be the most accurate. Several studies have been conducted to investigate the performance of different devices, which are summarized in Table 3. In general, results from CASIA2 were proved to be reproducible, with better performance in younger individuals. The RAL measurements could be interchangeable between CASIA2 and Scheimpflug imaging. While the measurement of the posterior lens was shown to be less stable, which could be affected by mild cataract. Also, the correlation was poor in measuring the posterior lens between CASIA2 and biometry with better penetration, for example, the ultrasound-based Insight 100.


Table 3. Comparison of lens parameters measurement with different devices from the current vs. previous studies.
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Using different imaging principles, the measurements of Insight 100 and CASIA2 would be affected by different factors. The optical CASIA2 requires correction of optical distortion from the cornea and aqueous humor when measuring the anterior lens surface; and measurement of the posterior lens surface would be further affected by the heterogeneity of refractive indices of the lens (9). Insight 100 is an ultrasound device with better signal penetration. The difference in imaging principles and signal penetration may explain the poor agreement in anterior lens surface measurement, and the even poorer agreement in measuring posterior lens surface. On the other hand, while inconsistent reproducibilities in measuring posterior lens surface by CASIA2 have been reported, the Insight 100 showed excellent intraobserver repeatability and good interobserver reproducibility in measuring RPL according to the current study (7, 8).

There have been limited reports on the measurement of lens diameter, which is an important assessment for postoperative IOL stability (3, 11). CASIA2 using infrared light unable to penetrate the iris can only detect the lens limited to the pupil area. And the measurement of lens diameter in CASIA2 is based on a simulated image with sharp peripheral lens angles, which surely does not match with the real shape of the human lens. The Insight 100 can detect the area behind the iris, providing a better view of the peripheral lens. By further processing with the semiautomated software, the adjusted peripheral contour lines present a more accurate ellipsoid-shape lens rather than a spindle-shaped one in CASIA2. This would explain why the measurements of lens diameter in Insight 100 were smaller than those in CASIA2. On the other hand, the semiautomated software showing good reproducibility in measuring lens diameter may be promising in clinical assessment, though further clinical studies are still needed.

While measurement of the lens surface curvature and lens diameter would be affected by the lens periphery, the measurement of lens thickness could be achieved based on the central part of the lens even with limited visualization of the periphery. This could explain the good agreement of Insight 100 with CASIA2. Moreover, high reproducibilities of lens thickness measurement in different devices were also reported previously (7–9). The lens thickness is proved to be correlated with postoperative IOLs rotational stability (4). Therefore, Insight 100 also showed potential in future clinical assessment.

When compared with previous studies, the sample size of our study is relatively large (96 eyes from 96 subjects, larger than that in the study by Liu et al. (6), Shoji et al. (7), and Li et al. (10), but smaller than that in the study by Fukuda et al. (8), with a wide age range (23–74 years old). To the best of our knowledge, this study is the first study to report the reproducibility of the novel UBM, Insight 100 in measurements of lens biometry in vivo. Results suggested that Insight 100 could provide highly repeatable measurements of the lens parameters in vivo. Based on a simulated image that was closer to the real lens shape, stable measurement of lens diameter could be obtained after further processing with semiautomated software. Agreement between Insight 100 and CASIA2 was good in measuring lens thickness, but poor in anterior and posterior lens curvature and lens diameter measurement. With better visualization of the peripheral lens, Insight 100 would be promising as an in vivo biometry in real clinical practice.

The limitation of the Insight 100 should be considered for further clinical application of the device. First, Insight 100 requires a manual caliper while CAISA2 can calculate the result automatically with a built-in program. However, the intraobserver and interobserver reproducibility of Insight 100 were high among all lens parameters, indicating Insight 100 could provide repeatable results. Second, a qualified evaluation of the accommodation during the Insight 100 test was unavailable. In this study, only healthy individuals were included. With higher signal penetration depth superior to the optical device, the UBM would be more preferable in patients with refractive media opacity, for example, corneal scar. Further study including subjects with other ocular diseases (e.g., corneal opacity, cataract of various stages) and subgroup analysis would be investigated to better evaluate the effectiveness and clinical potential of Insight 100.



CONCLUSION

The novel VHF UBM, Insight 100 could provide repeatable full-set in-vivo lens parameter measurements. It showed good agreement with the commercially available SS-OCT in measuring lens thickness, but poor agreement in anterior and posterior lens curvature, and lens diameter. With deeper signal penetration, the Insight 100 has the advantage of providing a more comprehensive analysis of the lens parameter, especially in the posterior and peripheral lens. In general, the Insight 100 could be a promising tool in measuring lens parameters in vivo, with potential roles in preoperative IOLs selection and postoperative assessment.
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Purpose: To compare the visual and morphological effects between intravitreal injection of filtered modified 2 mg triamcinolone acetonide (TA) and 0. 5 mg ranibizumab in patients with pseudophakic cystoid macular edema (PCME).

Methods: A retrospective, interventional study was conducted from January 2015 to February 2020 involving patients with PCME after uneventful cataract surgery. A total of 25 patients (25 eyes) with PCME received an intravitreal injection of 0.22 μm filtered modified 2 mg TA, while 15 patients (15 eyes) received 0.5 mg ranibizumab injection. Central macular thickness (CMT), best-corrected visual acuity (BCVA), intraocular pressure (IOP), times of repeated injections, and other side effects were observed at 2 weeks, 1 month, 3 months, and 6 months after injection; then, the data were compared with preinjection information in each group and between the two groups.

Results: Both the TA and ranibizumab intravitreal injection can achieve improved BCVA and reduced CMT in patients with PCME (P < 0.05), with a trend toward greater improvement in the TA group, but the difference was only significant at 3 months (P < 0.05). IOP was in the normal range without any significant difference (P > 0.05). Thirty-three percent of patients in the ranibizumab group required repeated intravitreal injection compared to 4% in the TA group. Further stratified analysis showed that the better therapeutic effect of the TA group at 3 months after injection only existed in patients with diabetes mellitus (DM), while not in patients without DM. There was no repeat injection in the TA group and 12.5% in the ranibizumab group for patients without DM, while 16.7% in the TA group and 57.1% in the ranibizumab group required repeated injection for patients with DM, which had a significant difference (P < 0.05).

Conclusion: Intravitreal injection of filtered modified 2 mg TA is safe, effective, and an inexpensive alternative to antivascular endothelial growth factor (anti-VEGF) agents for patients with PCME, especially for patients concurrently with DM. A large number of clinical randomized controlled studies along with long-term follow-up observations are needed.

Keywords: triamcinolone acetonide, ranibizumab, pseudophakic eye, cystoid macular edema, intravitreal injection


INTRODUCTION

Pseudophakic cystoid macular edema (PCME), also known as Irvine–Gass syndrome (IGS), remains to be a remarkable cause of compromised vision recovery after cataract surgery. Despite the success of contemporary phacoemulsification, non-steroidal anti-inflammatory drugs and glucocorticoid eye drops significantly reduce the incidence; 0.1–8% of patients still have significant clinical manifestations of PCME (1). Due to the lack of large-scale randomized controlled trials for its treatment, there is still no guideline or generally accepted expert opinion for PCME treatment (2).

Recently, large randomized controlled clinical trials have shown that intravitreous injections of anti-vascular endothelial growth factor (anti-VEGF) agents such as bevacizumab (BVB) (3), ranibizumab (4, 5), and aflibercept (6, 7) were efficient for diabetic macular edema (DME) with improved visual results than laser photocoagulation, which was the previous standard treatment for DME. However, current findings have recommended that these agents may not be as useful for PCME (2).

Triamcinolone acetonide (TA) is a synthetic long-acting glucocorticoid with strong and lasting anti-inflammatory and anti-VEGF effect. Many studies have confirmed that intravitreal injection of TA (IVTA) for PCME is economical and effective, but its side effects of intraocular pressure (IOP) rise cannot be avoided (8, 9). Most studies have used 4 mg/1 ml of IVTA for the treatment of PCME (10–12). Forty to fifty percent of rates rise in IOP have been reported after 4 mg of IVTA (13).

Several researchers (14, 15) have compared the therapeutic effects of anti-VEGF agents and IVTA in DME. But, there was no comparison between their usage in PCME, especially the filtered modified low-dose TA. This study aims to compare the effectiveness and safety of intravitreal injection of filtered modified 2 mg TA and 0.5 mg ranibizumab in PCME, by the index of best-corrected visual acuity (BCVA), central macular thickness (CMT), IOP, times of repeated injections, and complications.



METHODS AND OBJECTIVES


Objectives

This was an interventional, retrospective study of eyes with PCME after uneventful cataract surgery from January 2015 to February 2020. The clinical records of 23 males and 17 females were reviewed, including 13 cases of diabetes mellitus (DM) and the average age was 69.20 ± 10.20 years. Fifteen males (15 eyes) and 10 females (10 eyes) were included in the TA injection group, while eight males (eight eyes) and seven females (seven eyes) were included in the ranibizumab group. PCME occurred at 3 weeks to 5 months after cataract surgery. All the patients have received phacoemulsification combined with posterior chamber intraocular lens (IOL) implantation. The surgery went smoothly without any intraoperative complications. After the operation, tobramycin-dexamethasone and pranoprofen eye drops were used as routine. All the patients were suffering from symptomatic macular edema and local treatment with non-steroidal anti-inflammatory drugs or glucocorticoids had no obvious effect for at least 1 month after treatment. The inclusion criteria of macular edema were: CMT increased by more than 40% after cataract surgery confirmed by optical coherence tomography (OCT) (16). Exclusion criteria were as follows:

• Intraocular pressure >21 mm Hg or history of glaucoma before the operation.

• Patients having previous intraocular surgery.

• Systematic use of anti-VEGF agents previously.

• Patients having a history of laser photocoagulation of retina.

• Intraoperative and postoperative complications of cataract surgery other than PCME such as posterior capsule rupture, vitreous hemorrhage, and retinal detachment.

• History of eye or general injury.

• History of eye disease such as uveitis, retinal vein occlusion, age-related macular degeneration, and epiretinal membrane.

• Diabetic patients, who preoperatively had macular edema and the Early Treatment Diabetic Retinopathy Study (ETDRS) grading of diabetic retinopathy (DR) confirmed.

The hospital ethical committee approved this study and informed consent was taken from all the subjects.



Methods
 
Drug Preparation

Out of the original ampoule (1 ml:40 mg, Zhejiang Xianju Pharmaceutical Corporation Ltd., Taizhou, Zhejiang, China), TA acetate injection was shaken and then extracted 1 ml suspension in a 2.5 ml syringe and connecting the front end of the syringe with a filter membrane with pore diameter in 0.22 μm (Millex-GP, Millipore®, Darmstadt, Germany, UK), after the needle was removed. Along with the suspension passing through the filter, TA particles remained on the filter membrane. The filter was rinsed twice with eye-balanced salt solution (BSS) to remove the excipients to the maximum extent. The front end of the filter is connected with the needle head to extract 2 of 1 ml of BSS through the filter to the syringe to prepare the final TA solution (2 mg/0.05 ml). Transfer the TA solution into 29 G insulin syringe for use (Figure 1).


[image: Figure 1]
FIGURE 1. Preparation of 2 mg/0.05 ml triamcinolone acetonide (TA) injection. (a) Connect a filter with a diameter of 0.22 μm at the front end of the needle, push off the excipients in the suspension, and keep the TA particles on the filter membrane. (b) Draw 2 ml of eye-balanced salt solution to rinse it twice. (c,d) Transfer the 2 mg/0.05 ml TA solution into 29 G insulin syringe for use.




Injection Method

The conjunctival sac was first soaked in 5% povidone-iodine for 90 s. Then, washed thoroughly with normal saline and later sanitized. A 29-G insulin syringe was used to puncture the sclera at 3.5 mm from the infratemporal corneal limbus. 2 mg/0.05 ml TA or 0.5 mg/0.05 ml ranibizumab (Lucentis, Novartis Pharma Stein AG, Schaffhausen, Switzerland, UK) was injected into the vitreous. After pulling out the needle, the injection point was gently pressed with a cotton swab. Subsequently, the light perception was confirmed and IOP was roughly estimated by digital tonometry on cornea. The eye was wrapped with levofloxacin gel and patients were advised to instill one drop of levofloxacin eye drops into the injected eye four times a day for 1 week after the procedure.



Observation Index

BCVA, CMT, IOP, times of repeated injections, and local and systemic complications were observed before injection and at 2 weeks, 1 month, 3 months, and 6 months after TA or ranibizumab injection. The Snellen visual acuity chart was used for visual acuity examination and converted to the logarithm of the minimum angle of resolution (logMAR). The macular images were collected by Heidelberg OCT (HRT-IV, TR-KT-2736, Germany, UK) fellow function. The macular fovea was scanned horizontally and vertically by the same professional. The vertical distance between the inner limiting membrane of the fovea and the inner interface of retinal pigment epithelium (RPE) was measured as CMT and a Goldman tonometer was used for monitoring IOP.



Statistical Analysis

The SPSS software version 22.0 (SPSS Incorporation, Chicago, Illinois, USA) was used and the differences between data of before and different time points after injection were compared by generalized estimating equations for BCVA and CMT and two-way repeated measurement ANOVA for IOP; the difference between the two groups in these three indexes was compared by least significant difference and the injection repetition rates were compared by the Fisher's exact test; median (P25, P75) was used when the measurement data do not meet the parameter test conditions. P < 0.05 was considered as statistically significant.





RESULTS


Best-Corrected Visual Acuity

After intravitreal injection of TA or ranibizumab, BCVA at each time point of follow-up was all significantly improved compared with that of before injection. BCVA of the TA group was significantly better than that of the ranibizumab group at 3 months, not in 2 weeks and 1 month after injection (P < 0.05; Table 1). While one patient in the ranibizumab group still had macular edema at 1 month after injection, repeated injection was needed to get improved BCVA.


Table 1. Effects of intravitreal injection of triamcinolone acetonide (TA) and ranibizumab on best-corrected visual acuity (BCVA), central macular thickness (CMT), and intraocular pressure (IOP) in patients with pseudophakic cystoid macular edema (PCME).

[image: Table 1]

In the TA group, macular edema recurred in 1 patient with DM at 3 months after injection and decreased BCVA was significantly improved with repeated IVTA. In the ranibizumab group, four patients with DM had macular edema relapse at 3 months after injection, who need repeated injection to get improved BCVA. These indicated that DM could be a confounding factor, so we further stratified patients into subgroups, with or without DM. The statistical analysis showed that the significance at 3 months in the TA group only existed in patients with DM (Table 2).


Table 2. Stratified analysis for patients with or without diabetes mellitus (DM) analysis in BCVA, CMT, and IOP.

[image: Table 2]



Central Macular Thickness

In both the TA and ranibizumab groups, mean CMT at each time points after injection was significantly lower than that of before injection (P < 0.05). The mean CMT of the TA group was lower than that of the ranibizumab group from 1 month after injection and there was a significant difference between the two groups at 3 months after injection (P < 0.05; Table 1).

In the TA group, one patient with DM, CMT decreased significantly at 1 month, but increased again at 3 months after injection; fundus fluorescein angiography revealed capillary leakage. Second dose of IVTA was given, followed by fundus laser treatment and CMT remained normally at 6 months after injection. Other 24 patients had stable CMT at 1, 3, and 6 months after injection. Representative OCT image are showed in Figure 2.


[image: Figure 2]
FIGURE 2. Optical coherence tomography (OCT) macular image before and after intravitreal TA treatment of pseudophakic cystoid macular edema (PCME). (a) Before injection, cystoid macular edema, central macular thickness (CMT): 550 μm. (b) Six months after injection, standard macular structure, CMT: 227 μm.


In the ranibizumab group, 1 patient still had macular edema after 1 month of surgery and after repeated intravitreal injection, CMT decreased significantly and remained stable at 3 and 6 months follow-up. In four patients with DM, CMT decreased at 1 month and increased again at 3 months after injection. After repeated intravitreal injection of anti-VEGF, CMT decreased significantly and remained stable during the follow-up period.

Similar to BCVA, the better anesis of CMT in the TA group at 3 months after injection only existed in patients with DM (Table 2).



Intraocular Pressure

Intraocular pressure of all the patients at each time point after the operation was in the normal range (<21 mm Hg). There was not significant difference in IOP between before and after injection, and between the two groups at any follow-up visit (P>0.05; Table 1), so did the stratified analysis for patients with or without DM.



Repeated Injections

Out of 25 eyes in the TA group, only one eye had increased CMT at 3 months follow-up and needed a repeated injection, accounting for 4%. There were 15 eyes in the ranibizumab group and five patients required repeated injection, accounting for 33.3%.

The stratified analysis showed that there was no repeated injection in the TA group and 12.5% in the ranibizumab group for patients without DM, while 16.7% in the TA group and 57.1% in the ranibizumab group required repeated injection for patients with DM, which had a significant difference.



Complications

There was no hemorrhage, endophthalmitis, retinal detachments, and other complications observed during 6 months follow-up.




DISCUSSION

For more than 50 years, PCME has been considered an important cause of compromised vision after cataract surgery. It has a certain degree of self-limitation, but the degree of visual impairment in some patients continues to worsen postoperatively, even if the final macular edema subsided, the macular foveal or parafoveal retinal structure has changed, causing permanent visual impairment. Therefore, we performed active treatment for patients who failed to respond to conservative treatment for 1 month. The pathogenesis of PCME is not clear, but inflammation is considered to be the leading cause.

Triamcinolone acetonide is a synthetic long-acting glucocorticoid that is difficult to dissolve in water and can be absorbed slowly in local applications. It has strong anti-inflammatory and anti-allergic effects and can reduce nonspecific inflammatory reactions such as exudation, edema, and telangiectasia. Subtenon and peribulbar injection of TA for the treatment of PMCE has already been reported (17). In the vitreous cavity pathway, drugs act directly on the retina and, hence, it is a faster and more significant route (12). Previous literature has reported that TA intravitreal injection of 4 mg/0.1 ml can significantly improve vision and macular edema, but 49–53% of patients have increased IOP than baseline preoperative data. It is recommended that long-term monitoring of IOP should be performed at least 6 months after injection (18, 19). Baseline IOP > 16 mm Hg (18), DM (19), and multiple injections are the risk factors of raised IOP. Another study of PCME treatment with TA (4 mg/0.1 ml) in 14 eyes, IOP was significantly increased compared to the baseline after 3 and 6 months follow-up. VA improved during 12 months of follow-up and CMT was significantly decreased after a single dose of injection (12). To determine the optimal dose of IVTA, a study was conducted by using 1, 2, and 4 mg doses of IVTA injection to treat DME. A trend of higher IOP and worsening CMT was seen in the 4 mg group and there was no advantage of using higher doses over the lower 1 and 2 mg doses. To decrease the adverse effects of the higher doses of IVTA, some physicians have started to use lower doses of IVTA to avoid IOP elevation (20).

Storey et al. (21) used 2 mg IVTA suspension (n = 106) in patients with different retinal pathologies. After a single injection of IVTA, 10.4% of patients had IOP rise more than 10 mm Hg. Compared to their baseline of IOP, 13.2% of patients after a median of 1.6 injections had increased IOP with an average peak of 29 mm Hg (21). Incidence of elevated IOP was still higher with 2 mg TA than our findings with filtered modified 2 mg TA. Although a lower dose of TA has been used, unlike this study, TA was original commercial suspension and it was not modified by filter. At present, most of the commercially available TA is a suspension (12, 20, 21). Many components in excipients can cause the decrease or even loss of photoreceptors cells in the retina and it may be related to the dose (22). Some investigators have found that benzyl alcohol present in the commercially available TA suspension could be toxic for intraocular tissues, which can raise IOP (23, 24), Hong et al. (25) reported that patients receiving IVTA injections containing a preservative showed significantly elevated IOP (25.8%) as compared to those who received preservative-free IVTA (9.1%). Garcia-Arumi and his associates (26) explained that filtration techniques by using a 0.22 or 5-μm pore size membrane could reduce the possible toxicity of benzyl alcohol in commercially available TA suspension (Trigon Depot, 40 mg/ml, Bristol-Myers). The membrane pore size inversely influenced the final concentration of TA. We used a 0.22-μm pore size filter membrane to remove the influence of excipients to a greater extent. In addition, the dosage of TA injection was only 2 mg/0.05 ml and half of that reported in the previous literature for PCME. After the procedure, BCVA was improved significantly and macular edema was subsided. Complications such as elevated IOP, hemorrhage, endophthalmitis, and retinal detachments were not observed during 6 months of follow-up. Hence, it is suggested that the intravitreal injection of filtered modified 2 mg TA is safe and more effective for PCME.

Anti-VEGF can inhibit the formation of ocular neovascularization, reduce vascular permeability, leakage, and reduce CME caused by angiogenic ophthalmopathy (2). It has been reported that intravitreal injection of anti-VEGF is effective for PCME and IOP is normal during follow-up (27, 28). Lim et al. (14) found that intravitreal injection of 4 mg TA and 1.25 mg BVB could improve the VA of diabetic patients with macular edema. After 6 months of follow-up, CMT reduction in the TA group was more than the BVB group. The ratio of the patient for requiring repeated injections was significantly lower in the TA group (16.7% in the TA group and 70.6% in the BVB group). It may be related to the fact that TA cannot only resist VEGF, but can also fight against other inflammatory factors. It also reduces the breakdown of the blood-retinal barrier, prevents the production of proinflammatory prostaglandins, and also controls the production of VEGF (29). Our findings also support this because only TA maintained a sustained reduction in CMT over a 6-month period. Although the significant difference was only at 3 months, a trend toward a greater improvement in BCVA and CMT after surgery in the TA group as compared to the ranibizumab group. The rate of retreatment injection was also low in the TA group (4%) compared to the ranibizumab group (33%). For patients with DM, 16.7% in the TA group and 57.1% in the ranibizumab group required repeated injection; it means that IVTA is more effective in patients with PCME with diabetes. There were no side effects of a rise in IOP after IVTA injection because we used filtered modified 2 mg TA.

Ranibizumab is a low molecular mass anti-VEGF agent. It can penetrate deep into the retina, crossing the blood-retinal barrier, and is easy to be absorbed. In this research, BCVA and CMT are still better in the TA group over 6 months follow-up than the ranibizumab group. Also, for patients with PCME with vitreous traction or epiretinal membrane, anti-VEGF agent treatment is ineffective and has the risk of aggravating retinal traction (2). TA has the effect of promoting posterior vitreous detachment and has no interference with the macular epiretinal membrane, making it safer. Anti-VEGF drugs are also expensive, increasing the medical expenses of the patient. Although the risk of raised IOP with anti-VEGF injections is not commonly reported, a recent large pharmacoepidemiologic study reported that seven or more injections of BVB annually increase the risk of requiring glaucoma surgery (30).

Dexamethasone (DEX) vitreous implant (such as Ozurdex) is a new self-degradable glucocorticoid sustained-release system. Previous studies have confirmed that it significantly affects relieving PCME (31, 32). But, the need for monitoring, repeated injections, and its high price limit its clinical application. Furthermore, the risk of high IOP and macular edema recurrence still cannot be avoided. Intravitreal injection of sterile-filtered 4 mg TA and 0.7 mg DEX implant (Ozurdex) is equally effective in increasing BCVA in patients with PCME at a 6-month follow-up. However, it seems that the macular edema responds more rapidly and is significantly superior in the TA group and CMT reduction reached maximum effect only 1 week after injection (33). Our results also confirmed that IVTA achieved increasing BCVA and CMT reduction from 2 weeks after injection, without obvious increase in IOP.



CONCLUSION

In conclusion, our findings have shown that both the TA and ranibizumab intravitreal injection can achieve in improved BCVA and reduced CMT in patients with PCME, with a trend toward greater improvement in the TA group and the difference was significant at 3 months. Further stratified analysis showed that the therapeutic effect of the TA group was significantly better than that of the ranibizumab group at 3 months after injection in patients with DM, while not in patients without DM.

Intravitreal injection of filtered modified 2 mg TA is safe, effective and an inexpensive alternative to anti-VEGF agents for patients with PCME, especially for patients concurrently with DM. However, a large number of clinical randomized controlled studies along with long-term follow-up observations are needed.
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Objective: This study aimed to observe vascular and neuroretinal alterations in people with prediabetes [impaired fasting glucose (IFG) and impaired glucose tolerance (IGT)] and normal glucose metabolism.

Methods: A total of 21 patients with prediabetes (42 eyes) and 20 healthy controls (40 eyes) participated in our study. All patients underwent a complete eye examination [including fundus fluorescein angiography (FFA) and optical coherence tomography (OCT)] and a related general examination (complete biochemical analysis, routine blood tests, and glycosylated hemoglobin).

Results: On FFA, no patients in either group showed any microvascular alterations. The total peripapillary retinal nerve fiber layer (pRNFL) in the prediabetic group was significantly thinner than that in the healthy control group (p < 0.0001). Only the temporal pRNFL thickness was significantly less in patients with prediabetes compared to the normal people. There was no significant difference in the thickness of retina in the range of 1 mm diameter of macular fovea (p = 0.286), but in the prediabetic group, the macular retinal thickness within the diameter of 6 mm in nasal side (p < 0.0001), superior side (p < 0.0001), temporal side (p = 0.008), and inferior side (p = 0.001) were lower than that in the control group.

Conclusion: In the prediabetic group, there was no microvascular alterations, but the total pRNFL and the temporal pRNFL was significantly thinner, and the macular retinal thickness within the diameter of 6 mm in the nasal, temporal, and inferior side were lower than that in the healthy control group. These data confirm neuroretinal alterations in prediabetes prior to microvascular injury.

Keywords: prediabetes, nerve fiber layer, microvascular injury, impaired fasting glucose, impaired glucose tolerance (IGT)


INTRODUCTION

Diabetes presents a heavy medical burden and increasing challenges for clinicians, both at present and in the coming decades. The prevalence of elevated blood glucose levels in populations in both developed and developing countries is rising rapidly, and the absolute number of patients with prediabetes is expected to increase by approximately one-third by the middle of this century (1). Increasing research has indicated that diabetic retinopathy (DR) is a multitissue lesion with neural and vascular interactions. The retina is rich in vascular and neural tissue, with neurons, glial cells, and the vascular system forming a whole interdependent retinal neurovascular unit. Our previous study showed that early diabetes was associated with potential retinal nerve damage (2). Furthermore, it is not clear whether retinal nerve damage and microangiopathy are present in prediabetes.

Prediabetes is a precursor to diabetes, which eventually leads to the development of diabetes in most cases. Prediabetes can be classified as impaired fasting glucose (IFG) or impaired glucose tolerance (IGT). Both IFG and IGT are risk factors for type 2 diabetes. The risk is greater when IFG and IGT occur together (3). The harm associated with the intermediate hyperglycemic state between normoglycemia and diabetes in prediabetes are well established, and the relationship between retinal neuropathy and microvascular damage is our focus of attention.

In our study, we aimed to observe whether there are differences in the retinal microvasculature and retinal nerves between prediabetic and normoglycemic populations and to analyze the correlation between systemic conditions such as BMI and levels of lipids, glycated hemoglobin, uric acid, and urea nitrogen and the observed differences.



MATERIALS AND METHODS


Study Design and Setting

In this prospective study, 21 prediabetic patients and 20 healthy controls were recruited from the Third Affiliated Hospital of Sun Yat-sen University from January 2020 to January 2021. All prediabetes patients were diagnosed in the endocrinology department of the same hospital. This study was approved by the Ethics Committee of the Third Affiliated Hospital of Sun Yat-sen University [Guangzhou, (2018)02-009-01], and written informed consent was obtained from all participants in accordance with the Declaration of Helsinki.



Selection of Participants and Treatment

The inclusion criteria for patients in this study were as follows: all prediabetes patients found to have abnormal glucose regulatory function, including IGT or IFG. IGT was defined as a two-hour oral glucose tolerance test (2 h OGTT) result higher than 7.8 mmol/L and lower than 11.1 mmol/L, and fasting blood glucose lower than 7.0 mmol/L. IFG refers to fasting glucose higher than 6.1 mmol/L and lower than 7.0 mmol/L, and blood glucose load lower than 7.8 mmol/L 2 h afterward. The exclusion criteria for all participants were any other diseases that could cause retinal and neurological damage, such as glaucoma with spherical equivalent more than plus or minus 2 diopters, optic neuropathy, age-related macular degeneration, retinal and choroidal disease, and retinal artery/vein occlusion; individuals with severe refractive media turbidity disease, such as cataracts; and individuals with hypertension, hemopathy, neuropathy, and other systemic diseases.

Prediabetes patients matched in age (p = 0.15), gender (p = 0.99), best corrected visual activity (BCVA, p = 0.09), intraocular pressure (IOP, p = 0.36), spherical equivalent (p = 0.24), and axis length (p = 0.44) served as healthy controls.



Clinical Examinations and Laboratory Analyses

All participants underwent detailed laboratory testing, including fasting blood glucose (FBG), two-hour oral glucose tolerance test (2 h OGTT), routine blood, urine, and stool tests, blood biochemical indexes, and blood gas analysis.

All participants received systematic ophthalmic examinations, including slit lamp, intraocular pressure, wide-field fundus photograph (Optos Daytona200, England) (Figure 1), fundus fluorescein angiography (FFA) (Zeiss VISUCAM524, Oberkochen, Germany) (Figure 2), and optical coherence tomography (OCT) (Topcon, Topcon3D-OCT2000, Tokyo, Japan) (Figures 3, 4). Axial length was calculated through IOL MASTER (Zeiss, Oberkochen, Germany).


[image: Figure 1]
FIGURE 1. The wide-field fundus photograph shows no obvious abnormality in a prediabetes patient.



[image: Figure 2]
FIGURE 2. The fundus fluorescein angiography (FFA) examination of a prediabetes patient shows no obvious abnormality.



[image: Figure 3]
FIGURE 3. The optical coherence tomography (OCT) examination of retinal nerve fiber layer (RNFL) thickness in the optic disc.



[image: Figure 4]
FIGURE 4. The OCT examination of retinal thickness in the macular region.


Image acquisition during OCT was performed by scanning a 6 × 6 mm region around the optic disc and central fovea of the macula. The instrument is spectral domain scanning, and the scanning speed is 54,000/s. Statistical analyses were performed according to the parameters of the upper (s), lower (I), nasal (n), and temporal (T) quadrants. The examination is carried out by professionals. The measurements were done three times and averaged.



Statistical Methods

All statistical analyses were performed using the SPSS 22.0 software (Chicago, IL, USA). Measurement data were analyzed by the Shapiro–Wilk test. Spherical equivalent, urea, and cholesterol values showed skewed distributions, so the data were log transformed to achieve a normal distribution. The results that met or basically conformed to a normal distribution of measurement data are described as the mean± SD. The mean of the measurement data between two groups was compared with a t test, and the F test was applied in comparisons among more than two groups. Normality testing was performed first, followed by Pearson correlation analyses. These tests were used to compare the peripapillary retinal nerve fiber layer (pRNFL) and retina in the macular region and biochemical indexes. Mixed linear models were carried out to identify significant correlations of the pRNFL and macular region values with the final variables obtained in the univariate analysis. Statistics were considered significant at p < 0.05.




RESULTS

This prospective study included 82 eyes in 41 patients (20 women and 21 men), comprising 42 eyes from the prediabetes patient group (10 women and 11 men) and 40 eyes from the healthy control group (10 women and 10 men). The ages of the participants in the healthy control group ranged from 30 to 60 years, with an average age of 46 ± 9.22 years. The ages of the prediabetes patients ranged from 34 to 57 years, with an average age of 44 ± 6.85 years. The mean BCVA (LogMAR) was.02 ± 0.02 and −0.01 ± 0.04 in the healthy control group and prediabetes group, respectively. The mean intraocular pressures (IOPs) were 14.62 ± 3.04 mmHg and 13.07 ± 2.99 mm in the healthy controls and prediabetes patients. The mean diopter values were 1.2 ± 3.18 D and 0.38 ± 1.64 D in the healthy controls and prediabetes patients. The mean axis lengths were 23.22 ± 1.10 mm and 23.07 ± 1.32 mm in the healthy control group and prediabetes group. Prediabetes patients matched in age (p = 0.15), gender (p = 0.99), BCVA (p = 0.09), IOP (p = 0.36), spherical equivalent (p = 0.24), and axis length (p = 0.44) (Table 1) served as healthy controls.


Table 1. Baseline characteristics.

[image: Table 1]


Fundus Flfluorescein Angiography (FFA)

Through FFA examination, all patients found no microaneurysm, capillary dilatation, or capillary leakage in microvessels in early, middle, and late stage.



Analyses of Total PRNFL and Retinal Thickness

The total pRNFL and retina in macular region in the prediabetes group were significantly thinner than those in the control group (p < 0.0001 and p < 0.0001, respectively) (Figures 5, 6). The temporal quadrant of the pRNFL was significantly different between the two groups (p = 0.011). However, there were no significant differences in the nasal (p = 0.934), superior (p = 0.092), or inferior (p = 0.465) quadrants of the pRNFL. The four quadrants of the retina in the macular region 6 mm around the central fovea, namely, nasal (p < 0.0001), superior (p < 0.0001), temporal (p = 0.008), and inferior (p = 0.001), were significantly different between the two groups, although there was no difference in the central fovea (p = 0.286) (Table 2).


[image: Figure 5]
FIGURE 5. Four quadrants of pRNFL thickness changes (μm) between control group and prediabetes group.



[image: Figure 6]
FIGURE 6. Four quadrants of retinal thickness changes (μm) in the macular region between control group and prediabetes group.



Table 2. Thickness (μm) changes of peripapillary retinal nerve fiber layer (pRNFL) and retina in the macular region compared between control and prediabetes.

[image: Table 2]

All data were tested by the Shapiro–Wilk test and were found to be normally distributed. Pearson analysis examined the correlation of the pRNFL and retina in the macular region with various laboratory tests. The Pearson correlation coefficient showed a high correlation between total pRNFL and 2h OGTT (r = −0.58; p < 0.0001) and FBG (r = −0.45; p = 0.0040). The variables with smaller correlations were BMI (r = −0.28; p = 0.0448), HbA1c (r = −0.31; p = 0.0391), urea (r = −0.24; p = 0.0454), and cholesterol (r = −0.23; p = 0.0472). Moreover, the variable that showed a high correlation with the retina in the macular region thickness was FBG (r = −0.43; p = 0.0056). The variables with smaller correlations were the 2 h OGTT (r = −0.38; p = 0.0158) and HbA1c (r = −0.37; p = 0.0222). The variable associated with the temporal quadrant pRNFL was HbA1c (r = −0.44; p = 0.0049), and the variable associated with the nasal quadrant of the retina in the macular region was the 2 h OGTT (r = −0.45; p = 0.0041) (Table 3 and Figure 7).


Table 3. Pearson correlation analysis of pRNFL and retina in the macular region influence factors.
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[image: Figure 7]
FIGURE 7. Heat map of correlation analysis of peripapillary RNFL (pRNFL) and retina in the macular region between control group and prediabetes group.


In the mixed linear analyses, thickness of pRNFL and retina in the macular region were taken as fixed effect variables, while 2 h OGTT and FBG were taken as covariates. Two-hour OGTT and FBG showed powerful predictabilities to the pRNFL, but poor predictabilities to the retina in the macular region (Figures 8A,B). The mean prediction equation: pRNFL thickness = 139.3–3.886*2 hOGTT-4.467*FBG (p < 0.0001), coefficient estimates are shown in the table below (Table 4). It can be inferred that the poor control of 2 h OGTT and FBG causes damage to pRNFL, and that the pRNFL becomes thinner with the increase of 2 h OGTT and FBG.


[image: Figure 8]
FIGURE 8. (A) The multivariable regression analysis of total pRNFL thickness. (B) The multivariable regression analysis of total retinal thickness in the macular region.



Table 4. Results of multivariable regression models-dependent variable.
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DISCUSSION

The main finding of our study was that none of the prediabetic patients had significant abnormalities on microvascular examination compared with normal age- and sex-matched subjects. However, both the pRNFL thickness and nasal macular thickness were reduced in the temporal quadrant, and the correlations between these changes and other systemic indexes were further analyzed.

Prediabetes is defined as an abnormal state of glucose homeostasis in which blood glucose levels are higher than normal but not as high as those required for a diagnosis of diabetes and is an intermediate state between normal glucose homeostasis and the pathological state of diabetes (3). Internationally, prediabetes criteria include IFG, IGT, and HbA1c (IA1c) (4). However, in China, guidelines have not yet recommended the adoption of HbA1c as a diagnostic criterion for diabetes due to insufficient standardization of HbA1c testing methods and different HbA1c diagnostic cutoff points in different regions (5).

Fundus Fluorescein Angiography (FFA) is the gold standard for observing retinal microvascular damage. No microangiomas were observed in any of the preclinical patients with diabetes in our observations (6). An increasing number of studies have analyzed the retinal nerve fiber layer (RNFL) by noninvasive search methods, such as OCT, which is an important tool for the early detection of retinal nerve changes. Most previous studies, including ours (2), showed thinning of the RNFL and thinning of the macula in patients with diabetes mellitus (DM), although there is no exact agreement between studies regarding which quadrants of the peripapillary RNFL and macular thickness is affected. Irini Chatziralli found that peripapillary RNFL thickness was reduced in patients with DM in all quadrants (7). Dhasmana R observed RNFL thinning in the superotemporal and superior nasal regions around the optic disc in eyes with DR (8). Another study on patients with type 1 DM without DR showed RNFL thinning only in the superior quadrant (9). Garcia-Martin E et al. observed a decrease in mean peripapillary RNFL thickness, inferior thickness, and infratemporal thickness (10). We speculate that the study variability in the population and the different imaging modalities and procedures used to measure the peripapillary RNFL may have led to variability in the results. However, all previous studies have focused on controlled observations in diabetic patients with diabetic retinopathy, diabetic patients without diabetic retinopathy, and normal populations, and there is a lack of studies on prediabetes. We evaluated the neurological changes around the optic disc and macula using the scanning method described in the methods section above and found thinning in both the temporal RNFL around the optic papilla and the nasal retinal thickness in the macula.

We believe that the above characteristics of nerve damage correlate with the distribution of retinal nerve fiber layers. The thickness of the RNFL varied in each region. In healthy populations, the RNFL is thickest on the temporal side of the upper quadrant (11) and is especially dense in the temporal arch (12). Our observations of thinning of the RNFL on the temporal side of the optic papilla correspond to changes in retinal thickness on the nasal side of the macula, suggesting that the injury first appears in the area of the macular bundle of the papilla where the nerve fibers are most densely distributed. We speculate that this may be related to the physical density and oxygen demand of the dense alignment of nerve fibers and thus to a direct correlation between sensitivity and susceptibility to injury from sugar fluctuations. Previous studies have shown that the retinal capillary basement membrane is thickened in diabetic retinopathy, resulting in reduced oxygen diffusion from the capillaries to the tissue. The hyperglycemia-induced retinal changes are a reduction in tissue area and oxygen consumption, resulting in increased retinal arterial oxygen saturation (13). Temporal retinal oxygen saturation was found to be higher in early diabetic patients than in healthy controls (14). Previous studies have shown that patients with prediabetes are at similarly high risk for a range of neurological complications (15). Recently, the MONICA/KORA study showed that IGT neuropathy (neuropathic pain score) was more common in patients than in controls (16). Lee et al. also found that prediabetes was independently associated with the presence of peripheral neuropathy and the severity of neurological dysfunction (17). These results are consistent with our findings.

A potential limitation of our cross-sectional study is the small number of participants. Studies with longitudinal follow-up may better detect the effects of peak and duration of prediabetic glucose levels on retinal nerves and blood vessels. In addition, we analyzed data from both eyes of the enrolled individuals, which may underestimate standard errors and lead to low p values.

Our findings suggest that minor abnormalities in the retinal nerves, where no clear microvascular abnormalities were observed in the retina, had developed in prediabetes. Thus, lesions of the retinal nerve in prediabetes may precede microvascular changes. Glycemic control is important in preventing the development of retinal nerve complications, while neuroprotective therapy may also be important in the management of prediabetic ocular complications.
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Purpose: To investigate the incidence and characteristics of retinopathy of prematurity (ROP) premature infants with late gestational age (GA) and large birth weight (BW) and show a 7-year trend of ROP incidence in South China.

Methods: This retrospective, cross-sectional study included premature infants who received ROP screening in a 7-year period (from 2010 to 2016) at the Sun Yat-sen Memorial Hospital (SYSMH), Guangzhou, South China. Infants were screened if they had GA <37 weeks or BW <2,500 g. All screened infants were divided into two groups: Group 1 (with both GA ≥ 35 weeks and BW ≥ 1,750 g) and Group 2 (others). The characteristics of ROP infants in Group 1 were analyzed and compared with those in Group 2.

Results: A total of 911 premature infants were screened, with 282 infants in Group 1 and 629 in Group 2. Both the incidences of any ROP (6.7 vs. 8.3%, p = 0.50) and Type 1 ROP (1.4 vs. 1.7%, p = 0.72) in Group 1 were comparable with those in Group 2. Lower proportions of respiratory distress (15.8 vs. 71.2%, p < 0.001), blood transfusion (5.3 vs. 32.7%, p = 0.028), and oxygen administration (31.6 vs. 86.5%, p < 0.001) among ROP patients in Group 1 than those in Group 2 were revealed. Vaginal delivery [OR: 4.73 (1.83–12.26)] was identified as a factor associated with ROP among the infants in Group 1. Forty percent (6/15) of Type 1 ROP in this study would have been missed under the current screening criteria in China (GA ≤ 34 weeks and/or BW ≤ 2,000 g). Trends of increased incidence of Type 1 ROP and decreased BW were exhibited in the 7-year study period.

Conclusions: These findings indicate that even the premature infants with late GA and large BW also have a high risk of developing ROP, especially for those delivered by vagina. The findings may provide a significant reference for ROP screening and neonatal care in South China and other regions with similar conditions.

Keywords: retinopathy of prematurity, late gestational age, large birth weight, vaginal delivery, characteristics


INTRODUCTION

Retinopathy of prematurity (ROP) is one of the leading causes of potentially preventable and treatable blindness among premature infants worldwide (1). Although the incidence of ROP is relatively low, a considerable number of ROP patients are being diagnosed in China every year due to their large population base. Furthermore, with the second-child policy announced in China in 2015 (2), the number of potential patients with ROP further increased, leading to a heavy socioeconomic burden. A neonatal screening program is one of the most effective strategies for the early detection of patients with ROP (3, 4). The screening criteria for ROP vary among countries or cities with different socioeconomic and medical conditions (5–7). Most screening criteria of ROP are set based on gestational age (GA) or birth weight (BW): GA ≤ 30 weeks and/or BW ≤ 1,500 g in the United States (US) (8), GA ≤ 32 weeks and/or BW ≤ 1,500 g in United Kingdom (UK) (9), and GA ≤ 34 weeks and/or BW ≤ 2,000 g in China (6). The incidence and risk factors of ROP within the Chinese screening criteria have been well explored (10). Recently, an increasing number of ROP patients with late GA and large BW in developing countries has been reported (11–13). Because of the limited medical resources, it is difficult to screen every baby born with late GA and large BW. Understanding the incidence and characteristics of ROP with late GA and large BW may help to adjust the screening strategy for the reduction of missed diagnoses. Liu et al. (14) used a broader screening range (GA <37 weeks and BW <2,500 g) to analyse the incidence and risk factors of ROP in Southwest China. However, they did not focus on the characteristics of ROP with late GA and large BW and analyzed the incidence of ROP according to GA and BW separately.

Furthermore, the Chinese Ministry of Health first issued guidelines on supplemental oxygen delivery policies and the prevention and treatment of ROP in 2004 (15). The guidelines for oxygenation were adjusted in 2013 after 9 years of clinical practice and exploration (16). However, few studies have focused on the changes in the incidence of ROP before and after this adjustment, which is significant for the effect evaluation, further guideline readjustment, and the prevention and treatment strategies of ROP. In this study, we focused on the incidence and characteristics of ROP patients with both late GA (≥35 and <37 weeks) and large BW (≥1,750 and <2,500 g) and presented a 7-year trend of ROP incidence in a tertiary hospital in South China. This study may provide clinical references for the improvement of ROP screening strategy and neonatal care in South China and other regions with similar socioeconomic and medical conditions.



MATERIALS AND METHODS


Inclusion Criteria and Ethics Statement

This was a retrospective, cross-sectional study of the incidence and characteristics of ROP among premature infants over a 7-year period (from 1 January 2010 to 31 December 2016) at the Sun Yat-sen Memorial Hospital (SYSMH), one of the largest and the oldest tertiary general hospitals in Guangzhou, South China. In the database of the Medical Records Department of SYSMH, premature infants and ROP were encoded using the International Classification of Diseases, 9th Revision, Clinical Modification (ICD-9-CM) (17) and the New Rural Cooperative Medical System Version of ICD-9-CM. Premature infants were identified with the following three codes: P07.300; P07.301; and P07.302. Patients with ROP were identified with H35.100. This study followed the tenets of the Declaration of Helsinki and was approved by the institutional review board of SYSMH in Sun Yat-sen University (IRB-SYSMH-SYSU), Guangzhou, China. All infants were anonymized and de-identified before being analyzed, and this study was exempted from participant consent by the IRB-SYSMH-SYSU.



Screening Schedule and Examination Methods

According to the “Chinese Ministry of Health guidelines on oxygenation policies and prevention and treatment of ROP” [versions of 2004 (15) and 2013 (16)] and the clinical experience of the neonatology and ophthalmology departments of SYSMH, all infants who had GA <37 weeks or BW <2,500 g were routinely examined by pediatric ophthalmologists.

The first examination was performed at 32 weeks of postmenstrual age or 4–6 weeks after birth, whichever came last. If ROP-related change was not detected at the first time point, these infants were followed up every 2 weeks until the vascularization of peripheral retina was completed. Eyes were diagnosed as Type 1 ROP if they had zone 1 ROP with plus disease; zone 1, stage 3 ROP without plus disease; or zone 2, stage 2 or 3 ROP with plus disease (18). Once Type 1 ROP was detected, infants would be referred to the Zhongshan Ophthalmic Center or the Guangzhou Women and Children's Medical Center for further treatment. Laser photocoagulation was performed within 72 h. The eyes with zone 1, stage 1 or 2 ROP without plus disease or with zone 2, stage 3 ROP without plus disease were considered as Type 2 ROP (18). If a mild ROP (Type 2 ROP or a less severe ROP that temporarily did not require treatment) was detected at the first time point, these infants were followed up every week or every other week (when the extent of ROP-related change decreased in the follow up) until the lesion regressed completely.

All fundus examinations were performed by two experienced ophthalmologists (XG and YYL) and mutually checked once ROP was detected. Pupils were dilated with 0.5% Compound Tropicamide Eye Drops (Zhuo Bi'an, Xingqi Eye Medicine Company Limited, China) before examination (usage: 3 times, one drop every 5 min). Infants were in the supine position and were held by an experienced nurse. Binocular indirect ophthalmoscopy was performed using a lid speculum, pre-set lens (+20 Dioptres) and a scleral compressor after topical anesthesia (0.5% Alcaine, Alcon, USA). Infants with ROP were classified and recorded according to the International Classification of ROP.



Information Extraction

The number of premature infants and infants with ROP in the 7-year period were extracted. The disease information, including the stage, zone, presence or absence of plus disease, and laterality of patients with ROP, were collected. Potential risk factors of ROP were also extracted, including sex, number of fetuses, GA (between the first day of the last menstrual period and the date of birth), BW, delivery manner (vaginal or cesarean), blood transfusion, respiratory distress, and information on oxygen administration (mode of delivery and duration of oxygen administration).



Screening Guidelines of the US, UK, China, and Current Study

To explore the appropriate screening criteria of ROP in South China, we applied the ROP screening guidelines of the US (GA ≤ 30 weeks and/or BW ≤ 1,500 g) (8), UK (GA ≤ 32 weeks and/or BW ≤ 1,500 g) (9), and China (GA ≤ 34 weeks and/or BW ≤ 2,000 g) (6) among premature infants in the current study. The numbers of premature infants who exceeded the screening criteria for ROP and the ROP patients (including Type 1 ROP) who may be missed diagnoses were recorded.



Statistical Analysis

All of the data were entered into Microsoft Excel (Microsoft Corp., Redmond, Washington, USA) spreadsheets, sorted and analyzed by two researchers. The data were further imported into the Statistical Package for the Social Sciences (SPSS ver. 19.0, Chicago, IL, USA) for statistical analysis. All included infants were divided into two groups for the characteristic analysis of ROP with late GA and large BW: Group 1 (with both GA ≥ 35 weeks and BW ≥ 1,750 g) and Group 2 (others). The absolute frequency (n) and relative frequency (%) were used for quantitative variables, such as the incidence of ROP and the ratio of males to females. An independent t-test was used to compare GA and BW between the two groups. The Pearson chi-square test or Fisher's exact test (expected count <5) were used to compare the proportions of ROP and potential risk factors between the two groups. Binary logistic regression was used to analyze the relationships between ROP and the following factors among premature infants in Group 1, including the sex, GA, BW, multiple birth, delivery manner, blood transfusion, respiratory distress, and information of oxygen administration. The odds ratio (OR) and 95% confidential interval (CI) were used to determine the risk factors for ROP in Group 1. All tests of hypotheses were 2-tailed. The level of significance was set at P < 0.05.




RESULTS


Incidence and Characteristics of ROP With Late GA and Large BW

A total of 911 premature infants were included, with 282 in Group 1 and 629 in Group 2. Seventy-one ROP patients were identified, with an overall incidence of 7.8%. One infant with Type 2 ROP (1/911, 0.1%) and 15 Type 1 ROP (15/911, 1.6%) infants were identified. All Type 1 ROP infants were treated by laser photocoagulation.

As shown in Table 1, both the incidences of any ROP (6.7 vs. 8.3%, p = 0.43) and Type 1 ROP (1.4 vs. 1.7%, p = 1.00) in Group 1 were comparable with those in Group 2. Group 1 infants were less likely to be diagnosed as respiratory distress (8.5 vs. 66%, p < 0.001) and less likely to have received blood transfusion (1.1 vs.30.2%, p < 0.001) or supplemental oxygen (31.6 vs. 80.6%, p < 0.001) than Group 2. The information on the mode of oxygen delivery among infants in two groups are shown in Supplementary Material. In Table 2, lower proportions of respiratory distress (15.8 vs. 71.2%, p < 0.001), blood transfusion (5.3 vs. 32.7%, p = 0.028), and oxygen administration (31.6 vs. 86.5%, p < 0.001) among ROP patients were revealed in Group 1 than those in Group 2. We compared Group 1 infants with and without any ROP (Table 3). Vaginal delivery was identified as a factor associated with ROP among infants in Group 1 (OR: 4.73, 95% CI: 1.83–12.26; p = 0.004 in binary logistic regression analysis).


Table 1. Characteristics of premature infants with both late gestational age and large birth weight.
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Table 2. Characteristics of any ROP with both late gestational age and large birth weight.
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Table 3. Comparisons of any ROP and those without ROP among premature infants with both late gestational age and large birth weight.
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Applicability of the Screening Guidelines of the US, UK, and China in the Present Study

The numbers of premature infants who exceeded the screening criteria and the ROP infants (any ROP and Type 1 ROP) who may be missed are shown in Figure 1 and Table 4. Six infants with Type 1 ROP in this study would have been missed under the current screening criteria in China.


[image: Figure 1]
FIGURE 1. Applicability of the screening guidelines of the US, UK and China in the present study. Based on different screening criteria in these countries, 25.4–52.1% of infants with ROP and 40–60% of Type 1 ROP patients in this study would have been missed. Mild ROP was defined as Type 2 ROP or a less severe ROP that did not require treatment in this study.



Table 4. Numbers of infants exceeding the screening guidelines of the US, UK, and China and the ROP patients who may be missed.
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7-Year Incidence of Type 1 ROP

Table 5 shows that the number of screened premature infants increased from 2010 to 2016. Type 1 ROP was not detected until 2013, and the incidence increased from 1.8% in 2013 to 3.4% in 2016. A downward trend of BW in Type 1 ROP from 2013 to 2016 was revealed.


Table 5. 7-year trends of type 1 ROP.
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DISCUSSION

The incidence of any ROP in China has been well investigated, ranging from 9.4% (10) to 17.8% (11). However, the incidence and characteristics of ROP among premature infants with late GA and large BW remain unclear. In this study, we found that the incidences of any ROP were 6.7% among infants with GA ≥35 weeks and BW ≥ 1,750 g and 8.3% among infants with a younger GA and smaller BW, both of which were lower than the previously reported ROP incidence in other regions of China. Liu et al. (14) revealed an overall ROP incidence of 12.8% at a children hospital located in Southwestern China from 2009 to 2012 using the same screening criteria. Since the ROP incidence varied according to geographical regions, the relatively higher degree of socioeconomic development and the quality of neonatal care of Guangzhou city may be a contributing factor to the low incidence of ROP. Furthermore, the differences of hospital type and study period with distinct patient conditions and medical development levels may also contribute to the different reported ROP incidences. In addition, a few premature infants, who died, were transferred or discharged prior to being screened, would have been missed the ROP screening, which may cause underestimation of the ROP incidence. The premature infants with late GA and large BW also developed any ROP and Type 1 ROP in equal proportions to those with a younger GA and smaller BW in the current study, even though much lower proportions of blood transfusion, respiratory distress, and oxygen administration were observed in the larger infants. Furthermore, 40% of patients with Type 1 ROP in our study would have been missed by the current screening criteria in China even in units where neonatal care is improving. Because ROP patients can progress to retinal detachment, missed diagnosis of ROP may result in irreversible visual impairments in the critical period of visual development. Some eyes with mild ROP can also develop to Type 1 ROP in <1 week (18). Our findings indicate that even the premature infants with late GA and large BW also have a similar risk of developing ROP (19) and should be screened.

A low-cost ROP screening could potentially reduce the disease burden of the family and the healthcare system costs. However, screening all the premature infants with late GA and large BW is stressful and costly, how to balance the risk of missed diagnosis and the reduction of screening number of infants is clinically significant. In the current study, besides conventional risk factors of blood transfusion and respiratory distress (20), vaginal delivery was identified as a factor associated with ROP among premature infants with late GA and large BW. Similar findings were previously reported in premature infants with very low birth weight in both Taiwan of China (21) and Italy (22). A relationship between perinatal hypoxia and ROP has been previously reported (23), and the pressure dynamics of vaginal delivery may cause hyperoxia-hypoxia imbalance of cerebral vessels of fetus (22). Furthermore, premature neonates are easily to be infected by vaginal microorganisms (such as Ureaplasma urealyticum and Candida spp.) during vaginal delivery, which is occasionally related to increased risk of retinal neovascularization (24) and ROP (25, 26). Therefore, ROP screening is recommended to those delivered by vagina among the premature infants with late GA and large BW.

In a 7-year study period before and after the policy adjustment of guidelines on supplemental oxygen delivery, the number of premature infants screened and the incidence of Type 1 ROP increased by years, with a downward trend of BW. These findings suggest that the quality of neonatal care has improved over time, and it may be attributed to the decreases of transcutaneous oxygen saturation and the volume fraction of oxygen, and the use of pulmonary surfactant (16).

There are several limitations in this study. First, this is a single center study conducted in a neonatal department of one tertiary general hospital with a relatively small sample size, especially for Type 1 ROP. Second, the proportions of vaginal delivery were very low in both two groups, which suggested that these infants may have other health issues apart from prematurity. The included premature infants may be more representative for those with sicker health conditions in the neonatal department of tertiary hospitals. Therefore, the association between vaginal delivery and ROP revealed in this study should be interpreted with caution. In order to develop suitable ROP screening criteria in South China, future multicentre studies with a larger sample size in other facilities with different health care levels and located in other areas should be used for analyzing the characteristics of ROP patients, how rates of Type 1 ROP vary and change over time, and the characteristics of the infants affected. In addition, limited by the retrospective nature of the study, information on the socioeconomic condition of patient families among premature infants was unavailable. This important information will be investigated in our following prospective studies.

The incidences of any ROP and Type 1 ROP among premature infants with late GA and large BW were comparable with those of infants within the screening criteria in China. Furthermore, the increased number of infants screened, increased proportion of Type 1 ROP, and decreased BW of Type 1 ROP during the 7-year study period probably reflect improvements in neonatal care following the new revised policies in 2013, which have led to greater survival of extremely premature infants, but more mature infants are still being exposed to risk factors for ROP. Findings from this study suggest that screening criteria in China should be expanded to include more mature infants. ROP screening is recommended to those delivered by vagina among the premature infants with late GA and large BW.
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Purpose: To predict the fundus tessellation (FT) severity with machine learning methods.

Methods: A population-based cross-sectional study with 3,468 individuals (mean age of 64.6 ± 9.8 years) based on Beijing Eye Study 2011. Participants underwent detailed ophthalmic examinations including fundus images. Five machine learning methods including ordinal logistic regression, ordinal probit regression, ordinal log-gamma regression, ordinal forest and neural network were used.

Main Outcome Measure: FT precision, recall, F1-score, weighted-average F1-score and AUC value.

Results: Observed from the in-sample fitting performance, the optimal model was ordinal forest, which had correct classification rate (precision) of 81.28%, while 34.75, 93.73, 70.03, and 24.82% in each classified group by FT severity. The AUC value was 0.7249. And the F1-score was 65.05%, weighted-average F1-score was 79.64% on the whole dataset. For out-of-sample prediction performance, the optimal model was ordinal logistic regression, which had precision of 77.12% on the validation dataset, while 19.57, 92.68, 64.74, and 6.76% in each classified group by FT severity. The AUC value was 0.7187. The classification accuracy of light FT group was the highest, while that of severe FT group was the lowest. And the F1-score was 54.46%, weighted-average F1-score was 74.19% on the whole dataset.

Conclusions: The ordinal forest and ordinal logistic regression model had the strong prediction in-sample and out-sample performance, respectively. The threshold ranges of the ordinal forest model for no FT and light, moderate, severe FT were [0, 0.3078], [0.3078, 0.3347], [0.3347, 0.4048], [0.4048, 1], respectively. Likewise, the threshold ranges of ordinal logistic regression model were ≤3.7389, [3.7389, 10.5053], [10.5053, 13.9323], > 13.9323. These results can be applied to guide clinical fundus disease screening and FT severity assessment.

Keywords: fundus tessellation, fundus tessellated density, fundus tessellation severity, machine learning, the Beijing eye study


INTRODUCTION

Although artificial intelligence has been widely applied to image identification (1), speech recognition (2), and natural language processing (3), its impact on medical care is only beginning. Machine learning has been applied to fundus images, optical coherence tomography, and visual field analysis in ophthalmology. It demonstrated excellent classification performance for diabetic retinopathy (4), macular edema (5), glaucoma (6), AMD (7), and retinopathy of prematurity (8). Artificial intelligence mixed with telemedicine has the potential to provide a long-term solution for screening and monitoring patients in primary eye care settings.

The sole straightforward approach to view the choroidal vascular structure under direct vision is fundus tessellation (FT), which is described as the sight of massive choroidal arteries at the posterior fundus pole outside of the peripapillary area (9, 10). Previous research has linked fundus tessellated density (FTD) to age and myopic refractive error, and it has been regarded as one of the most critical early signs of pathological myopia (11, 12). FT has also been linked to several ocular illnesses, including age-related macular degeneration (AMD) (13), choroidal neovascularization (11), central serous chorioretinopathy (14), etc.

Recently, with the development of artificial intelligence image processing technology, computer vision and region of interest (ROI) extraction can effectively identify subtle texture differences that cannot be recognized by human eyes (15). In the past, it has been studied to quantify FT using artificial intelligence methods (16). The purpose of this study is to obtain the threshold range of each grade of FTD by predicting the manual score of FT through machine learning. Fundus photos are commonly used to diagnose disease, but this study is unique in that it uses quantitative data FTD to predict descriptive analysis FT grades, resulting in a reference value range for each grade of FTD. The results can be used to better understand demographic characteristics and long-term follow-up.



MATERIALS AND METHODS


Data Sources

The Beijing Eye Study is a long-term population-based study that began in 2011 (17). It was carried out in five communities in the Haidian district (a northern central Beijing metropolitan area) and three communities in the Daxing district (the village area in the south of Beijing). The study population was examined for the first time in 2011 and for the second time 5 years later in 2016. In the later examination, subjects having choroidal information underwent improved depth imaging spectral-domain optical coherence tomography. The database generated from this study was investigated in detail in the past several years and attracted much attention from the field of ophthalmology. According to the Declaration of Helsinki, the Medical Ethics Committee of the Beijing Tongren Hospital approved the study and all participants gave informed written consent. The ethics committee confirmed that all methods were performed following the relevant guidelines and regulations.



Participant Selection and Variables for Modeling

The criteria defined for inclusion in this study were aged more than 50 years. All the participants were interview edon standardized questions such as socio-economic characteristics, quality of life, depression, physical activity, known major systemic diseases and quality of vision. They also received a medical and detailed ophthalmological examination. Among a total population of 4,403 participants, 3,468 participants received the examinations, including 1,633 subjects in the rural area and 1,835 subjects in the urban area.

Generally, the same patient will be photographed at the same time with the optic disc and the macula as the center of the fundus, and the fundus map will be divided and graded. For a fundus image with a 45° field of view centered on the optic nerve head, the peripapillary area was divided into 4 quadrants (superior, nasal, inferior, and temporal). The sum of each quadrant's grade is the manual grading of FT, the ratio of the area of the leopard spots to the area of the fundus taken). According to the manual grading results, grading equals to 0 corresponds to no fundus tessellation (FT), grading between 1 and 4 corresponds to light FT, grading between 5 and 8 corresponds to moderate FT, and grading between 9 and 12 corresponds to severe FT. Gender, age, and FTD are employed as major factors in this work to predict FT classification using machine learning methods. Through an artificial intelligence image processing technology, we extracted the exposed choroid from the fundus, and then calculated the average exposed choroidal area per unit fundus area, which is called FTD (16).

Before statistical analysis, we removed the missing data, outliers of the selected variables, and duplicate data based on the ID and Eye indicators. Finally, 3,419 samples were included in our dataset.



Statistical Analysis

In this study, all statistical analyses were performed on R software version 4.1.2. Descriptive statistics and machine learning methods were employed for data analysis. The P < 0.05 was considered statistically significant.

Descriptive statistical analyses were conducted separately for a classified group by manual grading of FT (0, 1 ~ 4, 5 ~ 8, 9 ~ 12), means and standard deviation (SD) were reported for FTD and age, sample size was reported for gender. We used five machine learning methods including ordinal logistic regression, ordinal probit regression, ordinal log-gamma regression, ordinal forest and neural network to fit our dataset, and calculated the in-sample correct precision, recall, F1-score, and weighted-average F1-score on the whole dataset to assess the goodness of fit. In the process of model training, we introduced the square term of FTD to add the non-linear effect. To perform the out-of-sample validation, we randomly assigned 50% of the dataset as a training set and the remaining 50% of the dataset as the validation set, and reported the precision, recall, F1-score and weighted-average F1-score on the validation set. Then, the receiver operating characteristic (ROC) curve and the area under the curve (AUC) were employed to identify the accuracy of the five machine learning methods (18).




MACHINE LEARNING METHODS


Ordinal Regression

The ordinal regression models are the extensions of binomial regression, and are also called ranking learning in machine learning. These models are used to predict the dependent variable with ordered multiple categories (19). Suppose the underlying process to be characterized is

[image: image]

where Y* is the exact but unobserved dependent variable; X is the vector of independent variables, ε is the error term, and β is the vector of regression coefficients that we wish to estimate. Further suppose that we cannot observe Y*, we instead can only observe the categories of response
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where the parameters μi(i = 1, ⋯, K) are the externally imposed endpoints of the observable categories. Then the ordered regression techniques will use the observations Y, which are a form of censored data on Y* to fit the parameter vector β.

To estimate the coefficients in models, we need to choose a link function for defining cumulative probabilities, such as logit, probit, and log-gamma link function, and the corresponding models are ordinal logistic regression, ordinal probit regression, and ordinal log-gamma regression.



Ordinal Forest

The ordinal forest (OF) method allows ordinal regression with high-dimensional and low-dimensional data. After having constructed an OF prediction rule using a training dataset, it can be used to predict the values of the ordinal target variable for new observations (20). Moreover, using the (permutation-based) variable importance measure of OF, it is also possible to rank the covariates concerning their importance in the prediction of the values of the ordinal target variable. The concept and assumption of OF are similar to ordinal regression. The main idea of OF is to optimize score values μi(i = 1, ⋯, K) to be used in place of the class values 1, ⋯, K of the ordinal target variable in standard regression forests by maximizing the out-of-bag (OOB) prediction performance measured by a performance function.



Neural Networks

In this study, we used the neural network algorithm provided by the monmlp package. The monmlp package uses neural networks to predict ordinal response variables, it implements one and two hidden-layer multi-layer perceptron neural network (MLP) models. An optional monotone constraint, which guarantees monotonically increasing behavior of model outputs concerning specified covariates, can be added to the MLP. The resulting monotone MLP (MONMLP) regression model is based on Zhang and Zhang (21). Early stopping can be combined with bootstrap aggregation to control over-fitting. The model reduces to a standard MLP neural network if the monotone constraint is not invoked. In this paper, we have constructed a two-layer neural network, each layer contains eight neurons, the hidden layer transfer function is “tansig,” output layer transfer function is “linear,” and the optimx optimization method is “BFGS.”




RESULTS

Table 1 showed that the study population consisted of 3,419 participants [1,445 male (42.26%) and 1,974 females (57.74%)], the mean age was 53.55 (SD = 9.51); the mean of FTD was 0.18 (SD = 0.09). The light FT group had the largest sample size [2,312 participants (67.62%)], the remaining three groups no FT, Moderate FT, and Severe FT containing 282 [8.25%], 684 [20.01%], and 141 [4.12%] participants, respectively. With the increase of FT severity, the FTD shows an upward trend, the mean FTD of no FT group was 0.07 (SD = 0.04), while the mean FTD of severe FT group reached 0.33 (SD = 0.06). The upward trend was also observed for age, the mean age of no FT group was 50.45 (SD = 8.30), while the mean age of severe FTgroup reached 65.04 (SD = 7.21). In the no FT group and light FT group, there were more females than males, but in the moderate FT group and severe FT group, there were more males than females.


Table 1. Descriptive statistics of the original sample.

[image: Table 1]

Table 2 summarized the model fitting results for each method. For Ordinal logistic regression, Ordinal probit regression and Ordinal log-gamma regression, the coefficients of age, gender, FTD, and FTD squared are all statistically significant. The threshold 1 ~ 4 in Table 2 represented the threshold of [image: image], which corresponds to the four types of FT. For example, in the ordinal logistic regression, if Y* < 3.7389, the corresponding result of fundus tessellation grading should be no FT group. The importance measures of each variable were reported for the ordinal forest algorithm, among which FTD was the most important variable.


Table 2. The results of different algorithms.
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Tables 3, 4 presented the in-sample and out-of-sample precision, recall, F1-score and weighted-average F1-score for each machine learning method. Accuracy was a metric for classification models that measures the number of predictions that are correct as a percentage of the total number of predictions that are made. It was a useful metric only when you have an equal distribution of classes on your classification. As can be seen from Table 1, the sample in this paper was unbalanced. Precision and Recall were two most common metrics that take into account class imbalance. They were also the foundation of the F1 score. The goal of the F1 score was to combine the precision and recall metrics into a single metric (7, 22). At the same time, the F1 score has been designed to work well on imbalanced data, which taken into account not only the number of prediction errors that your model makes, but that also look at the type of errors that are made. Then we weighted the F1-score of each class by the number of samples from that class to get the weighted-average F1-score.


Table 3. In-sample correct classification rate for each machine learning method.
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Table 4. Out-of-sample correct classification rate for each machine learning method.
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Observed from the in-sample fitting performance, the optimal model was Ordinal forest, which had a weight-F1-score of 79.64%, F1-score of 65.05%, and precision of 81.28% on the whole dataset. The precision in each classified group by FT severity were 34.75, 93.73, 70.03, and 24.82%, while the recall were 71.01, 84.58, 70.65, and 85.37%. For out-of-sample prediction performance, the optimal model was Ordinal logistic regression, which had a weighted-average F1-scoreof 74.19%, a F1-score of 54.46% and a correct classification rate of 77.12% on the validation dataset. The precision in each classified group by FT severity were 19.57, 92.68, 64.74, and 6.76%, while the recall were 48.21, 81.28, 66.57, and 71.43%. It can also be seen that obvious differences existed in the correct classification rate of different FT groups, the light FT group had the highest correct classification rate, while the severe FT group was the lowest.

The ROC curve and AUC value of five machine learning methods were shown in Figure 1. Figure 1A showed in-sample performance and Figure 1B showed out-of-sample performance. From a single picture front, the light FTgroup and moderated FT group had better classification performance, in comparison, the classification performance of no FT group and severe FT group is poor. The values in the figure represented the weighted average area under the four curves (AUC), which was a generalized measure of multi-classification performance, weight was the reciprocal of the sample size of each class. The AUC value did not change drastically in the out-of-sample, which indicated that the performance of the five machine learning methods was relatively stable. Comparatively, observed from the in-sample fitting performance, the optimal model was Ordinal forest, the AUC value was 0.7249. For out-of-sample prediction performance, the optimal model was Ordinal logistic regression, which AUC value was 0.7187.


[image: Figure 1]
FIGURE 1. ROC curve and AUC value of five machine learning methods. (A) The in-sample ROC curves and AUC values of the five machine learning methods. (B) The out-sample ROC curves and AUC values of five machine learning methods.


Although the five methods showed relatively similar out-of-sample model performance metrics, we preferred the result of Ordinal logistic regression to give the following risk scheme to predict the severity of FT by age, gender and FTD from patients.

[image: image]



DISCUSSION

As far as we are aware, this work is the first to forecast the FT classification using machine learning technology, and is also the first to give the FTD reference value range of FT classification. This study obtained the value of FTD through an artificial intelligence image processing technology, verified the accuracy of machine learning in predicting FT classification, provides 5 machine learning methods with high accuracy, and obtained the thresholds of 4 FT classification in each machine learning classification methods except the neural network method. Our findings suggest that observed from the in-sample fitting performance, the optimal model was ordinal forest. For out-of-sample prediction performance, the optimal model was ordinal logistic regression. The FTD reference value range generated in this study can be used for guiding clinical fundus disease screening and FT severity assessment.

Estimates of the severity of FT are crucial, but they can also be perplexing in the absence of a recognized objective marker of severity. We used five machine learning methods to fit our data set in this cohort study, including ordinal logistic regression, the ordinal probit regression, the ordinal log-gamma regression, ordinal forest and neural network, calculated the in-sample precision, recall, F1-score, weighted-average F1-score and AUC value to evaluate the goodness of fit, and reported the same model performance metrics of out-of-sample validation. Previous studies have reported that FT is related to age and gender (9). In our model, age, gender, and FTD were introduced as variables. At the same time, to improve the non-linear effect, we also introduced the square term of FTD. The coefficients of age, gender, FTD, and FTD squared were all statistically significant in Ordinal logistic regression, Ordinal probit regression, and Ordinal log-gamma regression. For the ordinal forest algorithm, the important measures of each variable were presented, with FTD being the most important variable and gender being the least important. From the observation of fitting performance within the sample, the optimal model was ordinal forest, and the correct classification rate on the whole data set was 81.28%, the F1 score was 65.05%, the weighted-average F1-score was 79.64%. For out-of-sample prediction performance, the best model was Ordinal logistic regression, and its correct classification rate on the validation dataset was 77.12%, the F1 score was 54.46%, the weighted-average F1-score was 74.19%. Overall, the classification accuracy of different FT groups differed significantly (Tables 3, 4). The light FT group had the best categorization precision, while the severe FT group has the lowest.

The low classification precision of severe FT could be a result of extensive or patchy chorioretinal atrophy (11, 23) in fundus pictures, which impairs FTD accuracy. Additionally, because this study is directed at those over the age of 50 when the degree of FT is severe, patients are more likely to be complicated with other eye diseases (24), which may introduce additional bias. Increasing the number of independent samples, repeating the model's training process and verifying the results may increase the model's accuracy. Furthermore, this large-scale cohort study based on the elderly population gathered detailed eye and whole-body data, including axis length, diopter, weight, and other characteristics that may be linked to FTD (16). Various research on FT risk variables might be added to this foundation. This cohort, for example, might aid in the development of a more accurate pathological myopia grading model.

In conclusion, we developed a valid approach to predict the severity classification of FT by using consistent clinician evaluation and machine learning, so as to obtain the threshold of each classification of FTD, which is expected to become the reference value of clinical FTD. FTD can be used to evaluate the severity of fundus lesions directly, and improve the treatment of chronic fundus diseases. We know that deep learning, such as convolutional neural network, can also predict FT classification through images, but so far, there is no research to compare its accuracy with machine learning methods. We think this may be the future research direction. Further, we should try modifying the data and repeating the training procedure with more samples to improve these outcomes. Additionally, while ordinal logistic regression is the most advanced technique commonly employed in biomedical data research, other technologies, such as deep learning, can be applied to enhance the quality of the produced results.

Potential limitations should be mentioned. First, in the Beijing Eye Study 2011, disparities between participants and non-participants may have resulted in a selection artifact with a reasonable response rate of 78.8%. Second, for the population-based study, we enrolled all eligible subjects from the study region. As a result, illnesses may have influenced FTD, particularly about choroidal thickening or thinning. Third, this study is not a random sample from the Chinese population. This may affect the applicability of the model trained on our data to other medical institutions.



CONCLUSIONS

We applied machine learning to collect FTD data from the Beijing Eye Study, evaluated the accuracy of FT classification, and obtained the threshold range of each grade of FTD. Our findings suggest that observed from the in-sample fitting performance, the optimal model was ordinal forest, which the threshold ranges of no FT, light, moderate, and severe FT were [0, 0.3078], [0.3078, 0.3347], [0.3347, 0.4048], [0.4048, 1]. For out-of-sample prediction performance, the optimal model was ordinal logistic regression, which had the threshold ranges of no FT, light, moderate, and severe FT were ≤ 3.7389, [3.7389, 10.5053], [10.5053, 13.9323], >13.9323, respectively. These results can be applied to guide clinical fundus disease screening and FT severity assessment.
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Purpose: Glaucoma is the main cause of irreversible blindness worldwide. However, the diagnosis and treatment of glaucoma remain difficult because of the lack of an effective glaucoma grading measure. In this study, we aimed to propose an artificial intelligence system to provide adequate assessment of glaucoma patients.

Methods: A total of 16,356 visual fields (VFs) measured by Octopus perimeters and Humphrey Field Analyzer (HFA) were collected, from three hospitals in China and the public Harvard database. We developed a fine-grained grading deep learning system, named FGGDL, to evaluate the VF loss, compared to ophthalmologists. Subsequently, we discuss the relationship between structural and functional damage for the comprehensive evaluation of glaucoma level. In addition, we developed an interactive interface and performed a cross-validation study to test its auxiliary ability. The performance was valued by F1 score, overall accuracy and area under the curve (AUC).

Results: The FGGDL achieved a high accuracy of 85 and 90%, and AUC of 0.93 and 0.90 for HFA and Octopus data, respectively. It was significantly superior (p < 0.01) to that of medical students and nearly equal (p = 0.614) to that of ophthalmic clinicians. For the cross-validation study, the diagnosis accuracy was almost improved (p < 0.05).

Conclusion: We proposed a deep learning system to grade VF of glaucoma with a high detection accuracy, for effective and adequate assessment for glaucoma patients. Besides, with the convenient and credible interface, this system can promote telemedicine and be used as a self-assessment tool for patients with long-duration diseases.

Keywords: glaucoma, visual field, artificial intelligence, deep learning, grading, telemedicine


INTRODUCTION

Glaucoma is one of the most frequent causes of irreversible blindness (1, 2), with a high global prevalence reaching 3.54% (3). Early diagnosis and fine grading assessment are of great importance in guiding treatment. Standard automated perimetry is a significant tool for detecting functional damage from glaucoma. The visual field (VF) report obtained from this examination reveals the light sensitivity at different positions in the field of vision and possible optic nerve damage at the corresponding retina regions (4, 5).

Artificial intelligence (AI), particularly deep learning (DL), has been employed in many medical tasks such as medical image analysis and as a clinical decision aid. DL has been often applied in the detection of glaucoma. There have been many reports of the use of AI in the diagnosis via structural changes, including retinal fundus photos (6–11) and optical coherence tomography (OCT) (12–14). Previous studies have focused on function changes as well as VF (15–18) loss. These studies have achieved a high accuracy in glaucoma diagnosis. However, the diversity of the data and complex clinical scenarios remain major hindrances to the promotion of DL in the clinical practice of glaucoma.

Data diversity is the common problem in medical AI, as medical data often come from different hospitals or machines. Previous studies (19–22) have used transfer learning and other DL-based image-reconstruction methods to deal with different types of medical images. For the VF of glaucoma, the frequently used perimeters consist of the Humphrey Field Analyzer (HFA) and Octopus perimeters, which probe the same central 24° or 30° VF with completely different distributions of detection points. Different patterns of input images bring disturbing information to the trained DL models (DLMs), resulting in an often unsatisfactory effect on external validation.

Because clinical situations are complex, a fine-grained grading and comprehensive evaluation are needed to assist in an accurate diagnosis and management. However, clinicians must have a high proficiency in order to interpret fine-grained grading of numerous images in a limited amount of time. On the other hand, it is not difficult for a computer to extract complex features from images and to make decisions rapidly; thus, there is a strong need for DL technology to provide effective grading suggestions for clinicians who are not experienced enough. Previous DL detection (6–10, 12–18) mainly focused on the presence of the disease and showed great results. Yet, more attention should be paid to the precise severity grading of the disease because of its importance in decision making for clinical management. Furthermore, for glaucoma, VF damage reflects only functional impairment, and the relationship between structure and function is important for adequate patient evaluation.

To address the problems outlined above, we developed a fine-grained grading DL system (FGGDL) for glaucoma VF, with a multilevel grading standard. Multiple patterns of data were input into the system from different perimeters, and the VF damage was mapped to the fundus to evaluate patients from two aspects. In addition, we built an interactive interface applied in the FGGDL and valid its auxiliary ability of diagnosis in the real world. This interface can automatically detect progress and provide clinical advice. Our FGGDL may have the potential to provide precise guidance in glaucoma diagnosis and treatment.



MATERIALS AND METHODS

This retrospective study is a sub-analysis of VF data from a clinical study (A New Technique for Retinal Disease Treatment, ClinicalTrials.gov identifier: NCT04718532). Ethical approval for the study was obtained from Ethics Committee of ZJU-2 (No Y2020–1027). The research adhered to the tenets of the Declaration of Helsinki and the Health Portability and Accessibility Act.


Patients and Datasets

We selected 3,805 reliable Octopus VFs (including internal dataset and Real-World dataset) from 2,007 eyes of 1,276 glaucoma patients. Patients underwent VF examination at the Eye Center at the Second Affiliated Hospital of Zhejiang University School of Medicine and the Eye Center of Peking University Third Hospital from February 7, 2013, to August 19, 2020.

The Octopus VFs included in this dataset were measured by two experienced technicians using the G1 program test pattern with stimulus size III by the OCTOPUS 900 perimeter (HAAG-STREIT, Switzerland). The inclusion criteria in this study were as follows: (1) diagnosis of glaucoma by the ophthalmologists, with abnormities in the intraocular pressure (IOP), VFs, retinal fundus photography, OCT, and medical history; (2) without history of glaucoma surgeries; and (3) a false-negative rate ≤ 30% and false-positive rate ≤ 30% for the VFs (23–26). Although patients with severe vision loss typically have a higher false-negative rate (27, 28), the same standard should be implemented to ensure the reliability of other VFs. All VFs were changed to the “right eye” format.

The FGGDL for HFA data (FGG-H) dataset collected a large number of total deviation (TD) values of VF examinations, which contained 13,231 VFs measured by HFA from the Harvard Medical School, which is a publicly available database (29). We excluded VFs that did not concord with the characteristics of nerve fiber bundle abnormalities. We input those data into FGG-H, as described in the “Development of FGGDL and Interface” section.

We collected 150 reliable VFs from the Department of Ophthalmology at the Second Affiliated Hospital of Xi'an Jiaotong University, measured using automated white-on-white perimetry SITA 30-2 fast tests with stimulus size III by HFA (Carl Zeiss Meditec, Dublin, CA). The inclusion criteria were the same as used for the Octopus datasets, with a fixation loss rate ≤ 33% at the same time. To be consistent with the data pattern of the FGGDL dataset, we transferred the 30-2 test pattern into the 24-2 test pattern. These VFs were input into the FGGDL as an external validation dataset.



Preprocessing of VF Data

Negative values of the comparison graph in the Octopus reports and values of TD in the HFA reports were used in this study, which were converted into Voronoi images using the Voronoi parcellation (30, 31). The value of VF can be arranged in a certain order as vector x = [x1, x2, ⋯xk], where k is the number of test points in the Octopus data or the HFA data. The vector x, which is then mapped to the eight-bit grayscale of [0, 255], was converted into vector y.

To reconstruct the Voronoi images, we built a new 224 × 224 blank image, for which the tangential circle represented the central 30° of VF. The grayscale in the region outside the tangential circle was set to zero. In addition, the points in vector y were distributed at their original positions on the VF reports with the grayscale in vector y. For other points, its grayscale was equal to the value of the closest points in vector y. This process is shown in the “Image reconstruction” (Figure 1).


[image: Figure 1]
FIGURE 1. There are five steps in the workflow. (A) The data collection step with HFA data from the Harvard database, external validation datasets from XJTU, and Octopus data from ZJU and PKU. (B) Process of converting VF data to Voronoi images. (C) Process of labeling. (D) Transfer learning process, including deep-learning models, FGG-H, and FGG-O. (E) Glaucoma grading step consisting of the classification of VF defect and saliency map. VF, visual field; HFA, humphrey field analyzer; VF, visual field; XJTU, xi'an Jiaotong university; ZJU, zhejiang university; PKU, peking university.


Moreover, we used data augmentation (32), including flipping the vertical and rotation in the categories with less data, to solve the imbalance of data size over each category, only for the training dataset.



Classification Standard Reference

The ideal method of VF classification should be objective, reproductive and user-friendly. It should provide effective characteristics of VF defects, including shape, type, location and depth in the same time, have certain grades to directly judge its severity, and be consistent with structure damage. Besides, this method should have enough clinical significance.

Because of the intricate patterns of the VF defect, the standard VF classification is multitudinous. Among the other classifications, the H-P-A scale (33) was acceptable to most ophthalmologists and stipulates that mild glaucoma consists of mean deviation (MD) ≤ −6 dB, moderate glaucoma of −12 dB ≤ MD ≤ −6 dB, and severe glaucoma of MD ≤ −12 dB. Despite its popularity and can be learned in a short time, it still has some disadvantages: the degree of VF defect is roughly and simply divided by MD, which makes the grade could not fully reflect the shape, type and location of VF defect. Besides, the H-P-A standard would be greatly affected when subtle diffuse sensitivity depression exists. The system suggested by the Advanced Glaucoma Intervention Study (23) and Collaborative Initial Glaucoma Treatment Study (34) VF score, two commonly adopted VF scoring system, also have this problem.

In the traditional morphological classification methods of VF, the Aulhorn and Karmeyer five-stage grading method (35) on the basis of a large sample of manual perimetry data is widespread, highly recognized, and still considered to be fundamental reference point in glaucoma research (36). Therefore, based on this method, the nerve fiber bundle abnormalities obtained in the Ocular Hypertension Treatment Study (25) were divided into the five stages as subtypes. This classification method can be applied to Octopus and HFA VF data (Table 1).


Table 1. Grading standard of visual field defect of glaucoma.

[image: Table 1]

The ground truth of HFA and Octopus data was generated by three glaucoma specialists according to the proposed standard. Due to the lack of complete VF reports of HFA data of the Harvard database and considering that the model was input with Voronoi data, the use of Voronoi data annotation was conducive to the establishment and validation of the model. On the other hand, Voronoi images enhanced the defect features, makes the annotation of HFA and Octopus data unified as well.



The Structure Validation of Grading

Glaucoma is relatively complex including functional and structural changes, and it would be easier to determine the overall severity of glaucoma if this grading method could represent the severity of structure to a great extent. To valid the structural consistency of the grading method, we chose 150 cases (30 cases of category 1, 30 of category 2, 30 of category 3, 30 of category 4, 30 of category 5) correctly-classified by FGGDL. These cases had VF reports and retina photos from the same patients, with an examination interval of <3 months. The fundus or VF were divided into 10 sectors or clusters according to the previous research (37). We calculated the number of damaged areas on fundus photos and VF.



Development of the FGGDL

Due to the reduced amount and imbalance of data of the five categories, we applied transfer learning to solve the loss function misconvergence and overfitting of the network. In view of the high structural similarity between the HFA and Octopus data after Voronoi parcellation, we input HFA data from the Harvard public database to pretrain FGG-H and then constructed another model, the FGGDL for Octopus data (FGG-O), using the same structure. The final parameters of FGG-H were used as the initialization parameters of FGG-O.

Both the FGG-H and FGG-O are classical Resnet-34 (38), which add identity mapping in which the output is composed of the convoluted input and the input itself to avoid the phenomenon of gradient vanishing in this part, as compared with ordinary convolutional neural network (CNN). The input of the entire network passes through a 7 × 7 convolutional layer and a 3 × 3 maximum pooling layer, with both strides 2, realizing the down sampling of the input image. The image then goes through 16 residual blocks, with the number of channels growing from 64 to 512 and the feature map decreasing to a size of 7 × 7. After the average pooling layer, the fully connected layer, and softmax operation, the probabilities of the five categories are output.

There are two types of residual blocks. The input feature map size is W× H× C (width, height, channel). For the first type, the residual mapping part is the convolution of two 3 × 3 convolution kernels, the number of convolution kernels is the same as C, and the stride is 1 to remain the size of feature map unchanged. Then the residual mapping part add with the identity mapping part which same with the input, and the output feature map size remains W× H× C. For the second type, the residual mapping part is also the convolution of two 3 × 3 convolutional kernels, but the number of one is 2C, the stride is 2, and the feature map would be changed to W/2 × H/2 × 2C. And the number of the other one is 2C, the stride is 1. Then the residual mapping part add with the identity mapping part with 1 × 1 convolution kernels, stride of 2, the number of convolution kernels of 2C, and the output feature map size is W/2 × H/2 × 2C.

We used cross-entropy as the loss function and added the L2 regularization term to the loss function to reduce the complexity of the network and reduce overfitting. The equation of loss functions is as below:

[image: image]

where N is the batch size, and each batch is composed of n data pairs (xi, yi); xi represents the input image; yi (yi∈{1, 2, 3, 4, 5}) is the category of xi, M and is the number of categories. The equation of yic is as below:

[image: image]

where c represents the category label, pic is the probability value that xi belongs to category c, λ is the regularization coefficient of L2, and W is the number of weights ω that regularization contains.

We trained the FGG-H for 150 epochs with a batch size of 8 and used an initial learning rate of 0.001, adjusted to 0.1 times the original value every 40 epochs, with the regularization coefficient of L2 10−6. Equally, we trained the FGG-O for 500 epochs with a batch size of 8 and used an initial learning rate of 10−6, adjusted to 0.1 times the original value every 50 epochs, with a regularization coefficient of L2 10−4. We used the Adam optimize gradient descent method in both networks to minimize the loss function. The difference between the two networks was mainly because (1) FGG-O generates the parameters of FGG-H, with a certain feature extraction ability at the beginning, so the small initial learning rate is set to prevent the loss function from oscillating in the training process and (2) the small amount and unbalanced distribution in each category of input data of FGG-O result in a larger regularization coefficient.



An Interactive Interface and Real-World Performance

To improve the practicability of the FGGDL's assisting clinical decision making, we developed an interface based on the FGGDL and by reading the open-source code of the information on the VF reports (https://github.com/goldengrape/read_medical_device_data) and tested its auxiliary diagnostic capability in the real world.

We performed a diagnostic accuracy study comparing the performance with and without FGGDL assistance. The participating clinicians in the study diagnosed a validation dataset. This dataset including 400 VF reports from 100 patients, and each of them had 4 VF examinations at different times, at intervals of more than 3 months. The clinicians were randomly divided into 2 groups. Group 1 first read the VF report read without FGGDL assistance. And after a washout period of 14 days, they read the VF report with FGGDL assistance in a reverse order. Group 2 first with FGGDL assistance, then without and in the reverse order as well. Clinicians were required to diagnose the grade of VF.



Statistical Analysis

To compare the diagnostic capability of the FGGDL with that of humans, the same test dataset was provided to them to grade without any clinical materials. The performance of the FGGDL and ophthalmologists was evaluated by three aspects: (1) F1 score (calculated by precision and recall) of each class, (2) the overall accuracy (ACC), and (3) the area under the curve (AUC) of the FGGDL. The performance of the FGGDL-based interface in the real world was evaluated by ACC. We applied a two-tailed paired-sample t-test on the ACCs to identify significant differences in performance between the FGGDL and the ophthalmologists. All statistical analyses were performed using SPSS (v26.0, IBM) or Python (v3.6.8, Python Software Foundation). The significance level was designated at 95%, and p < 0.05 was considered to be statistically significant. These indexes are defined as follows:

Equations (3)–(6): precision, recall, F1 score, ACC:
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where TP is true positive, TN is true negative, FP is false positive, and FN is false negative.




RESULTS


Study Workflow for the FGGDL

A DLM for predicting the degree of glaucoma VF injury must have the following characteristics: (1) handles different types of data for different perimeters, (2) grades the degree of VF injury, and (3) is interpretable by clinicians. Based on the above requirements, we proposed the FGGDL. This system is composed of two DLMs: FGG-H and FGG-O. A suited network was selected for different data patterns.

Figure 1 shows the study workflow. First, we collected and screened out 12,401 HFA VFs from the Harvard public database; 3,405 Octopus VFs from Zhejiang University and Peking University for training, validating, and testing the FGGDL; and 150 HFA VFs from Xi'an Jiaotong University as an external validation dataset (Figure 1A). Second, the two kinds of data were converted into Voronoi images and annotated by three glaucoma specialists (Figures 1B,C). Third, FGG-H was trained and tested based on HFA data and FGG-O based on Octopus data. The final parameters of FGG-H were used as the initial parameters of FGG-O (Figure 1D). Finally, the probabilities of five categories indicating the different degree were output from FGG-H and FGG-O. We used a saliency map for FGG-O to visualize the entire model, indicating the region of interest (ROI) supposed to be located in the area without defect (Figure 1E).



Demographic Data

There shows an overview of demographic data of the study cohorts. There were 4 datasets in our study: (1) Internal datasets (HFA): This dataset used in the FGG-H consisted of 12401 HFA data in TD values with CSV format from Harvard public dataset, lack of demographic data; (2) Internal datasets (Octopus): 3,405 Octopus VFs included in the FGG-O collected from Zhejiang University and Peking University (Table 2); (3) External dataset (HFA): This dataset included 150 HFA VFs from Xi'an Jiaotong University used as external validation for our FGGDL (Supplementary Table 1); (4) Real world dataset (Octopus): This dataset contained 400 VF reports from 100 patients from Zhejiang University, and each of them had 4 VF examinations at different times, at intervals of more than 3 months (Supplementary Table 2).


Table 2. Demographic data of patients in internal dataset of Octopus data.

[image: Table 2]



Architecture and Performance of the FGGDL

In our study, the FGGDL showed great capability for both HFA and Octopus datasets. The basic architecture of the FGGDL is shown in Figure 2A. The results of the predicting performance are shown in Figures 2B–F. The FGG-H achieved a total AUC of 0.93 and 0.90 for FGG-O (Figures 2B,C).


[image: Figure 2]
FIGURE 2. Architecture and performance of the FGGDL. (A) Training architecture of the FGGDL framework. The receiver-operating characteristic curves of (B) FGG-H and (C) FGG-O. The confusion matrixes (CMs) of the predicting results of (D) FGG-H, (E) FGG-O, and (F) external validation datasets. AUC, area under the receiver-operating characteristic curve; Cl, clear visual field (VF); Mi, mild VF defect; Mo, moderate VF defect; Se, severe VF defect; Di, diffuse VF defect.


For the classification of each level, the ability to identify clear VF, severe VF defect, and diffuse VF defect was shown to be better. For identifying mild defect, both the FGG-H and FGG-O showed weaker performance, with AUCs of 0.76 and 0.77, respectively, probably due to the various subtypes with vastly different shapes included in this grade. The capability of FGG-H for classifying moderate VF defect (AUC = 0.94) was much better than that of FGG-O (AUC = 0.78).

Confusion matrixes (CMs) of FGG-H, FGG-O, and performance on external validation datasets were generated to exhibit the predicting accuracy (Figures 2D–F). For both FGGDL predictions, we found that clear VF could be recognized with the highest accuracy. In general, the total accuracy on the HFA data, Octopus data, and external validation data was 0.86, 0.90, and 0.85, respectively, which shows that the FGGDL could be a good aid in the clinical evaluation of the severity of the VF defect.



Comparison of the FGGDL With Human Ophthalmologists

The same test sets, including 400 Octopus datasets and 150 external validation datasets of Humphrey data, were given to seven human ophthalmologists (including three clinicians, two senior medical students, and two junior medical students) to compare the predicting results with those of the FGGDL. It demonstrates examples and statistical results of the diagnostic capability of three representative ophthalmologists (one clinician, one senior medical student, and one junior medical student) and the FGGDL (Figure 3). We selected 25 Octopus cases from the test dataset to exhibit details of the predicting performance. The selected cases covered different subtypes and five cases in each category. Likewise, both incorrect and correct predictions of the FGGDL and human ophthalmologists were covered in these cases (Figure 3A). As compared with the ophthalmologists, the FGGDL showed better predicting performance for the subtype nasal step defect (columns 3 and 5 in Mild), altitudinal defect (column 4 in Moderate), and double arcuate defect (columns 2 and 4 in Severe).


[image: Figure 3]
FIGURE 3. Predicting results of the FGGDL compared with humans. (A) Twenty-five selected cases of the predicting results of each category. The red lines represent wrong labels, the green represent correct labels, and the locations of the lines demonstrate the categories. Furthermore, the distributions of the saliency map are shown in the dotted boxes. (B) The histogram of the mean predicting accuracy for the Humphrey Field Analyzer data and Octopus data of the FGGDL and three representative ophthalmologists. Senior, senior student; Junior, junior student.


To visualize the focus of our FGGDL, we used the saliency map, and the correct distribution indicated that the ROI was located in the region without defect. For the analysis of the wrong distribution of the saliency map, we found that the shallow diffuse defect caused by cataract and other eye diseases may impede the judgment of the FGGDL. It was easy for FGGDL to treat the cataract defect as a glaucoma VF defect, thus deepening the judgment of the degree of the original defect. In other situations, very shallow tubular defects may be misclassified as other types, possibly because of the unfitting of the profile of the overall deep defect in the category Severe.

It demonstrates the statistical results of the classification accuracy of three representative ophthalmologists and FGGDL (Figure 3B). It shows the mean accuracy of the HFA and Octopus data. The total mean accuracy of the FGGDL was 0.87, which was nearly equal to that of the clinician (0.86) and higher than that of medical students (0.76 and 0.66). Total accuracy and CMs for all human ophthalmologists and FGGDL are shown in detail for HFA and Octopus data, respectively (Table 3; Supplementary Figures 1, 2). We used the F1 score (generally considered the precision and recall) for each category to evaluate predicting performance (Supplementary Tables 3, 4). We found that the FGGDL has the highest F1 score of all categories of the HFA data and for most categories of the Octopus data. It can be proved that FGGDL has excellent classification capability in each category.


Table 3. The performance of the FGGDL and humans.
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Function-Structure Relevance

Different degrees of VF loss in glaucoma are caused by optic nerve damage, which primarily manifest in the optic nerve head (ONH). The FGGDL considered not only the VF injury but also the corresponding fundus injury pattern. It shows examples of the grading standard in the categories Clear, Mild, Moderate, Severe, and Diffuse defect, with transformed HFA Voronoi images in the left column and Octopus in the right (Figure 4A).


[image: Figure 4]
FIGURE 4. Function–structural relationship of glaucomatous damage. (A) Examples of categories 1–5. The left column is the Humphrey Field Analyzer data and the right column is Octopus data. (B) The function–structure relationship and the partition in the dotted box were proposed and verified by the previous study. The example of each category is in the gray box. The first row shows the VF reports, converted Voronoi images, and their partition, and the colored area represents the damage. The second row is the corresponding fundus photos, its optic nerve head, and the same colored area demonstrating the related structure damage on fundus.


Besides, it shows the relationship between VF and ONH damage (Figure 4B) (37). All retina photos of the left eyes were converted into “right eye” format. The same colored area in the VFs and retina photos demonstrated the corresponding defect area. This indicated that the rim loss of ONH increased progressively with augmentation of VF category. This mapping relation between function and structure is strong evidence, which allows for the degree of optic nerve fiber damage to be predicted by the FGGDL at the same time.

We selected 150 cases (30 cases of category 1, 30 of category 2, 30 of category 3, 30 of category 4, 30 of category 5) correctly-classified by FGGDL, and calculated the number of the damaged area on the VF and fundus (Supplementary Table 5). The increased average number of damaged sectors on VF and fundus showed that the degree of structural damage also increased according to this grading method based on VF. In addition, except for category 1 (p < 0.01), the numbers of damaged sectors on VFs and fundus united greatly (p > 0.01). Perhaps in the early glaucoma, the structural damage precedes functional damage.



The Performance of FGGDL Application in the Real World

To test the performance of AI assisting clinicians in the real world, we developed an AI assistant interactive interface and did a cross study to valid it (Supplementary Figure 3). It shows the design of this cross-validation study (Supplementary Figure 3A), that clinicians were divided into 2 groups and read the VF reports with (without) AI-assist. After a washout period, they read the same VF reports without (with) AI assistant in a reversed order. And it shows the AI assistant interface based on the FGGDL (Supplementary Figure 3B), which allows clinicians and glaucoma patients to make use of our grading system. This interface can be used to grade the severity of VF, analyze disease progression, and provide clinical follow-up and treatment recommendations. The system then compares it to the previous recorded results according to ID number and eye (left/right), displays whether there is progression, and changes the advice regarding follow-up and treatment. The follow-up and treatment recommendations are based on clinical guidelines (39, 40).

It can be seen from Table 4 that the independent diagnose accuracy of ophthalmologists is lower than that of the FGGDL. However, the accuracy of the senior and junior medical student groups significantly improved when assisted with FGGDL (p < 0.01).


Table 4. The auxiliary performance of FGGDL interface in the real world.
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DISCUSSION

Our study has shown the potential for AI-assisted fine clinical grading. Here, we established an effective fine-grained grading system, which we termed FGGDL, to directly guide glaucoma management. This system was verified by multiple data patterns acquired by Humphrey and Octopus perimeters from multiple centers. We also mapped the VF damage to the ONH on fundus, to evaluate the patient in terms of both function and structure and to achieve a diagnosis with much conviction. The FGGDL achieved a high accuracy of 0.85 and 0.90 for the HFA and Octopus data, respectively. We compared the results of the FGGDL with those of human ophthalmologists and found that the FGGDL had significantly superior performance (p < 0.01) to that of medical students and nearly equal performance (p = 0.614) to the best results of the clinicians. Furthermore, we developed a glaucoma grading AI interactive interface. This system can be used to record the examination report for the same patients to detect the progression of VF and provide corresponding management recommendations applicable in clinical situations. With the assist of this system, the ability of diagnosing had been greatly improved.

The FGGDL combined the VF data from different perimeters of the HFA and Octopus, and the diversity of the data made the results more solid. Transfer learning has recently been widely applied for evaluating different patterns of input data in a specific medical field, such as pneumonia (19), electroencephalogram (41), and cancer genomics (42). In this study, our morphology-based classification method can be applied to both HFA and Octopus data, and we implemented a preprocessing method called Voronoi parcellation and converted the values of TD on VF reports from HFA and Octopus perimeters into similar images with similar features for the CNN. The transfer learning employed afterward ameliorated the network performance on account of the small volume and imbalance of Octopus data, which ensured excellent predicting results of both data types. Thus, the FGGDL was not bound by the difference in data and is inclined to be generalized to the clinical settings.

Effective fine-grained grading for glaucoma VF was applied in the FGGDL to deal with complex clinical situations, including assessment of incipient glaucoma and its subsequent management. Some studies (15–18) have examined the automatic detection of VF defect of glaucoma using different factors, including the values of TD and the probability map of pattern deviation. These studies obtained great performance of their methods, with some being even better than human ophthalmologists. However, because of the lack of a certain grading system, these detection methods were not suitable for obtaining a clinically accurate diagnostic assessment and management. As compared with other methods, the FGGDL judged the severity of VF loss, providing a simple and intuitionistic method for detecting the progression of VF. It further enhanced the auxiliary diagnostic capability of vision loss in glaucoma via the follow-up and treatment decisions provided for clinicians. For instance, for patients with progressed VF, a shorter follow-up time such as 1–2 months is recommended (39). In addition, for patients with advanced glaucoma, surgery with pharmacologic augmentation might be more effective than a generic prostaglandin analog (40).

This AI system connected function and structure to provide a more comprehensive patient evaluation. It can interpret the principles of classification in a more clinical way that is associated with structure damage. The vision loss in VF is considered to be a mapping of the structural damage in the optic nerves of the fundus, appearing particularly in the ONH. Previous studies have detected the structure–function relationship between the corresponding retinal nerve fiber layer and the VF cluster defect. This relationship was presented in the manner of sector area partition in VF and ONH, whether using HFA (43) or Octopus (37, 44), was also applied in the detection of early glaucomatous progression (45), shown in Figure 4B. It can be seen that the number of defective quadrants (inferior, superior, nasal, and temporal) of the ONH increased from category Clear to Diffuse. The change in fundus indicates the progression of optic nerve damage on the fundus, which explains the rationale of the VF defect classification based on the structural changes and simulates the diagnostic thoughts of clinicians.

In our study, we established an AI system based on the FGGDL with a convenient interface. Patients and doctors can upload VF reports and receive the analyzed results, including follow-up and treatment recommendations. In addition, it can detect VF progression, from which the advice would then be changed according to the severity and progression of VF loss. This longitudinal change detection function can better explain the development of the glaucoma course and provide matching clinical advice. In addition, we verified its performance in the real-world, that can significantly improve the ability of ophthalmologists to diagnose and judge progress. Therefore, this AI system can reduce the medical costs of patients, alleviate physician workload, and help achieve goals of telemedicine.

There are several limitations to our study. First, the data size of each category was unbalanced, perhaps because patients with moderate or severe vision loss tend to present to the hospital more frequently. However, we applied data augmentation and transfer learning to solve this problem. Second, the severity of glaucoma could not be defined according only to the functional loss in VFs, and the gold standard should be combined with IOP, structural damage in the fundus via retina photos or OCT, and other clinical information. Hence, the multimodality of the AI diagnosis of glaucoma should be considered in further studies. At last, the high test-retest variability was not considered in our study due to the lack of VF reports tested at the same time of one patient.

In general, we proposed a fine-grained grading AI system based on a novel standard with different data patterns and solid results. This valid, automated multilevel grading achieved potential guidance for the clinical management of glaucoma and was also mapped to structure damage for a more comprehensive assessment of patients. In addition, we developed an interactive interface and validate its practicability in the real world. This will have great potential value in clinical situations such as precision medicine in remote areas. After further research with more clinical validation is applied, this system can promote telemedicine and be used as a self-assessment tool for patients with long-duration diseases.
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Purpose: This study aimed to evaluate serum lutein and zeaxanthin levels and macular pigment optical density (MPOD) in central serous chorioretinopathy (CSC).

Methods: Fifty-four patients with acute CSC (28–56 years old; 44 men and 10 women) and 62 matched controls were enrolled. Serum lutein and zeaxanthin were measured using the high-performance liquid chromatography–tandem mass spectrometry (HPLC–MS/MS) method. MPOD was measured at 7° of eccentricity and reported in parameters as “max” and “mean” optical density (OD) (Visucam 200; Carl Zeiss Meditec). MPOD was re-measured in 9 patients whose subretinal fluid was absorbed.

Results: The average max OD and the mean OD in CSC were 0.275 ± 0.047 d.u. and 0.098 ± 0.018 d.u., respectively, which were significantly lower than the control (p < 0.001). The average MPOD value in the unaffected eyes of patients with CSC was 0.298 ± 0.045 for max OD, 0.106 ± 0.017 for mean OD, and both were significantly lower compared with the affected eyes (p < 0.001 for max OD, p = 0.01 for mean OD). In the 9 follow-up patients, the decrease in MPOD was partially recovered. The mean serum level was 409.80 ± 182.52 ng/ml for lutein and 22.97 ± 12.23 ng/ml for zeaxanthin in patients with CSC. In controls, the mean serum level was 393.38 ± 202.44 ng/ml for lutein and 22.16 ± 10.12 ng/ml for zeaxanthin. The difference was not statistically significant (p = 0.649, p = 0.698, respectively).

Conclusion: MPOD decreased within 7° of eccentricity in CSC without serum lutein and zeaxanthin changes. The decrease may be due to the subretinal fluid. Whether local oxidative stress is involved in CSC and the supplementation with lutein and zeaxanthin is helpful for CSC requires further investigation.

Keywords: central serous chorioretinopathy, macular pigment optical density, macular pigment, serum lutein, serum zeaxanthin


INTRODUCTION

Of the over 1,000 carotenoids found in nature, only lutein and zeaxanthin and their metabolites (meso-zeaxanthin) are present in the human macula, and they are called macular pigments (1). Most of the macular pigments are located in the Henle fiber. Some of them are also distributed in the inner segment and rods out segment (2, 3). Owing to the function of filtering blue haze, lutein, and zeaxanthin are important antioxidant materials (4). Macular lutein and zeaxanthin must be acquired through dietary intake, as they are not synthesized endogenously (5). The combination and transportation of lutein and zeaxanthin from the ingested food matrix to the retina are characterized by a complex multistep process and the exact mechanism remains unknown, but retinal pigment epithelium (RPE) and choroid play a role in the process (6, 7).

Central serous chorioretinopathy (CSC) is a common disease characterized by serous retinal detachment (SRD) involving the macula (8). The typical findings are RPE leakage and SRD in fluorescein fundus angiography (FFA). It often affects young men and ranks fourth among non-surgical retinal diseases. The underlying mechanism of the disease is still under exploration, and increasing evidence has shown that choroidal and RPE dysfunction play an important role in pathogenesis (8, 9). Recently, some researchers have explored that oxidative stress may play a role in the pathogenesis of CSC (10–12). Sawa et al. (13) discovered that short-term lutein supplementation did not increase the MPOD values of patients with CSC, but could prevent the decline of MPOD in patients with CSC with lower plasma lutein.

The concentration of lutein/zeaxanthin/meso-zeaxanthin within the macula, or macular pigment optical density (MPOD), is used as a surrogate marker of macular health. Higher levels of MPOD are thought to preserve retinal tissue, specifically the layers containing photoreceptors in the fovea, and decreased macular pigment has been reported previously in macular disease, including age-related maculopathy, AMD, and CSC (13, 14). Moreover, depletion of carotenoids may result in lower MPOD and a greater risk of incident retinopathy and visual dysfunction. A previous study by Sasamoto et al. (15) reported decreased MPOD values in both chronic CSC eyes and fellow eyes using the two-wavelength autofluorescence spectrometry method without measuring systematic lutein and zeaxanthin concentrations. However, the relationship of serum lutein and zeaxanthin and MPOD evaluation using the one-wavelength reflectometry method has not been studied in Chinese patients with CSC with a relatively larger sample size.

The goal of the current study was to evaluate serum lutein and zeaxanthin levels and MPOD in acute Chinese patients with CSC. Investigation of the relationship of serum and macular carotenoids levels in patients with CSC may provide new perspectives and management of the disease.



MATERIALS AND METHODS

The study procedure was approved by the Ethics Committee of Zhongshan Ophthalmic Center of Sun Yat-sen University. The protocol was strictly conducted in accordance with the Declaration of Helsinki. After explaining the purpose and procedures of the study, all subjects signed a written informed consent.


Subjects

Patients with treatment–naïve acute CSC were enrolled from outpatients in Zhongshan Ophthalmic Center. Healthy volunteers free of ocular manifestations enrolled from oral and poster advertisements around our hospital were included as the control group. They all underwent physical examination, including height, weight, and blood pressure. Body mass index (BMI) was calculated as a person’s weight in kilograms divided by the square of height in meters. Oral questionnaires were taken to investigate the course of the disease and smoking status (smokers were defined as smoking at least one cigarette a day for at least 6 months). Ophthalmic examinations were performed in all patients with CSC, including visual acuity, slit-lamp biomicroscopy, direct ophthalmoscopy, color fundus photography, and fundus fluorescence angiography (FF 450 plus, Carl Zeiss, Germany). Visual acuity was required using the Early Treatment Diabetic Retinopathy (ETDRS) chart and recorded in the logarithm of the minimum angle of resolution (logMAR) format.

The inclusion criterion for acute CSC was focal SRD involving macula with one or more leakage in FFA within 3 months.

Patients with corneal disease, cataracts, glaucoma, and other fundus diseases such as rhegmatogenous retinal detachment, choroidal neovascularization, polypoidal choroidal vasculopathy (PCV), drusen, retinal vein occlusion, diabetic retinopathy, Vogt–Koyanagi–Harada, optic disc pit, and scleritis were excluded. Patients with trauma history or surgery within 1 month were also excluded.

For both patients and control participants, the general exclusion criteria were as follows: uncontrolled hypertension (systolic pressure was consistently greater than 140 mm Hg or when diastolic pressure was consistently 90 mm Hg or more), hyperlipidemia (total cholesterol more than 5.18 mmol/L, triglyceride more than 1.7 mmol/L), medical history that might influence the absorption of carotenoids such as lutein supplementation, and special diet habits such as vegetarian.

We also prospectively evaluated the change in MPOD during the course of the disease. Among the patients with acute CSC, patients without medication or laser treatment were followed up in a 3-month period using optical coherence tomography (OCT) (Spectralis, Heidelberg Engineering, Germany). Only 9 patients achieved spontaneous absorption of subretinal fluid. MPOD values were measured at baseline and the latest visits of these 9 patients.



Macular Pigment Optical Density Measurement

Macular pigment optical density was detected using the one-wavelength reflectometry method (Visucam 200; Carl Zeiss Meditec) as previously described (16). All subjects’ pupils were dilated to a minimum diameter of 7 mm using 1% tropicamide before measurement. First, a fundus color photography in 45° was taken. Then, the MPOD photograph was measured in the 30°-field with flash intensity set to 12. Software in the instrument calculated the MPOD value in a 7°-eccentricity. The parameters included max optical density (OD) and mean OD. Max OD refers to the maximum OD of macular pigment carotenoids and the mean OD refers to the mean OD of the macular pigment carotenoids in relation to the surface area.



Serum Analysis

We used high-performance liquid chromatography–tandem mass spectrometry (HPLC-MS/MS) method (Shimadzu LC20AD—API 3200MD TRAP) to assay the serum levels of lutein and zeaxanthin. Antecubital vein peripheral blood samples were obtained in the morning after an overnight fast. Serum was separated after centrifugation at 2,000 g for 10 min at 4°C and stored at –80°C for later analysis. A 100 μl sample was mixed with 300 μl of chloroform–methanol solution and 300 μl of pure water for 1 min on a shaker. Then they were refrigerated and centrifugated at 13,200 g for 8 min. After that, the upper organic phase layer was immediately evaporated to dryness under a stream of nitrogen by using a sample concentrator in an eppendorf (EP) tube. The water phase was mixed with 300 μl N-hexane on a shaker for 1 min and was refrigerated by centrifugation at 13,200 g for 8 min. The upper organic phase was placed in the previous EP tube and evaporated to dryness. These dried samples were reconstituted in 100 μl methanol, and 50 μl was used for HPLC analysis.



Statistical Analysis

SPSS software, version 19.0 (SPSS Inc., Chicago, IL, United States) was used for the analysis. The chi-square test was used to compare the sex and the smoking status between patients with CSC and controls. The independent t-test was used to compare the difference of age, visual acuity, and MPOD parameters between patients with CSC and controls. Paired t-test was used to compare visual acuity and MPOD differences between affected and unaffected eyes of patients with CSC, and in patients who had been followed up with the previous measurements. Pearson correlation was used to assess the association between MPOD value and visual acuity. A p-value less than 0.05 was considered to be statistically significant.




RESULTS

A total of 54 patients with acute CSC and 62 volunteers who met the criteria were enrolled in the study. Table 1 shows the general characteristics of patients with CSC and controls. Age, sex, BMI, and smoking status were not significantly different between the groups. In patients with CSC, the mean serum level of lutein was 409.80 ± 182.52 ng/ml and 22.97 ± 12.23 ng/ml for zeaxanthin. In normal controls, the mean serum level was 393.38 ± 202.44 ng/ml for lutein and 22.16 ± 10.12 ng/ml for zeaxanthin. The serum levels of lutein and zeaxanthin were not significantly different between the CSC group and the control group (p = 0.649, p = 0.698, respectively).


TABLE 1. General characteristics and serum L/Z levels in all the participants.
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The average MPOD value in patients with acute CSC was 0.275 ± 0.047 d.u. for max OD and 0.098 ± 0.017 d.u. for mean OD. In the control group, the average MPOD value was 0.348 ± 0.040 d.u. for max OD and 0.129 ± 0.022 d.u. for mean OD. Independent t-test showed that patients with acute CSC had lower MPOD values than controls, and the differences were significant (p < 0.001).

The average MPOD value in the unaffected eyes of patients with CSC was 0.298 ± 0.045 for max OD, and 0.106 ± 0.017 for mean OD, and both were significantly reduced compared with the affected eyes (p = 0.018 for max OD, p = 0.015 for mean OD, paired t-test).

In terms of visual acuity, the mean logMAR visual acuity in the affected eyes of patients with CSC was 0.137 ± 0.216, in unaffected eye of patients with CSC was 0.044 ± 0.134, and in the control group was –0.016 ± 0.064. The difference was significant. (Affected eyes vs. unaffected eyes in CSC patients, p < 0.001, paired t-test. Affected eye in patients with CSC vs. control group, p < 0.001, independent t-test).

In the 9 patients whose subretinal fluid resolved spontaneously at the 3-month follow-up time, MPOD values showed a rising tendency and was significant correlated with visual acuity at disease onset, as shown in Figure 1. Table 2 shows the correlation between MPOD value and visual acuity in the 9 follow-up patients during the period of onset and recovery of the disease. Max OD was 0.241 ± 0.045 d.u. at disease onset and 0.270 ± 0.048 d.u. at the recovery time with a marginally significant difference (p = 0.043, paired t-test). For mean OD, the value was 0.094 ± 0.018 d.u. at disease onset and 0.104 ± 0.018 d.u. at recovery time, the difference was insignificant (p = 0.075, paired t-test). At the disease onset, visual acuity was significantly correlated with MPOD, for max OD, rs = –0.771, p = 0.015, for mean OD, rs = –0.813, p = 0.008. The average BMI value was 22.61 ± 2.64 in these 9 patients with 3 patients smoking, with no differences compared with the other patients.


[image: image]

FIGURE 1. The change of MPOD values and visual acuity in the 9 patients with subretinal fluid absorbed at disease onset and recovery.



TABLE 2. Correlation between MPOD values and visual acuity in the 9 patients with CSC at disease onset and recovery.

[image: Table 2]
Figure 2 shows a typical case of MPOD changes at disease onset and the recovery time and it indicates the MPOD increased when the disease was recovered.
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FIGURE 2. A typical example showing MPOD changes at the disease onset and the recovery time. This is a 45-years-old male. (A) Fundus image and (B) fluorescence fundus angiography image at the disease onset. The second row is the MPOD value analyzed at disease onset (C) and recovery time (D). Both max OD and mean OD increased at the recovery time compared with that at disease onset. The exact MPOD value is marked in the picture. The third row shows the optical coherence tomography findings at disease onset (E) and the recovery time (F).




DISCUSSION

Our study demonstrated that MPOD values were decreased in patients with acute CSC using the one-wavelength reflectometry method. The decreased MPOD value in CSC patients was similar to a previous study carried out in Japan including 70 patients with chronic CSC and 41 patients with acute CSC using the autofluorescence method (15). What caused the reduction of MPOD in patients with CSC remains unknown. The possible reasons are discussed as follows. First, recent studies have shown that the antioxidative process might be involved in the pathogenesis of CSC (10–12). The blood flow regulation of choroidal vessels may be affected by nitric oxide and free radicals. In this way, carotenoids could be overconsumed locally because of their antioxidation function. As a result, MPOD is decreased.

Second, abnormalities of choroidal vessels and RPE in patients with CSC may account for this result. The majority of macular pigments are distributed in the outer plexiform layer without capillaries. Carotenoids are transported to the retina by blood circulation (7, 17). Through choroidal circulation and RPE, carotenoids are captured and accumulated in the neurosensory retina (18, 19). Choroidopathy and epitheliopathy all take part in the pathogenesis of CSC. The patients with CSC have pachychoroid compared with normal people in both affected and unaffected eyes due to the dilated large choroidal vessels (20–22). Various studies have shown that dysregulation of choroidal blood flow exists in patients with CSC (23, 24). These abnormalities would influence the transportation and capture of carotenoids.

Our study also found that MPOD values in the unaffected fellow eyes of patients with CSC were significantly greater than the affected eyes. At the disease onset time, a significant correlation was found between visual acuity and MPOD. Furthermore, in the follow-up of 9 patients, MPOD values partially recovered with the same tendency of visual acuity. The same change tendency of MPOD and visual acuity suggest that MPOD was an indicator of macular health. Besides the function of blue light filtering, lutein is reported to protect photoreceptor cells (25, 26) and is closely related with visual functions such as photostress recovery, glare disability, and contrast sensitivity (27). The results also implied that subretinal fluid may have an impact on the measurement of MPOD in patients with acute CSC. The fluid underlying the neurosensory retina could cause damage to RPE and photoreceptors, thus influencing the capture and accumulation of carotenoids (2, 7). In addition, subretinal fluid may affect lutein transport from the choroid to the retina and cause a shortage of macular pigment in the retina. The methodologic artifacts of one-wavelength reflectometry should also be considered as a bias of these results. No other obvious difference was found in BMI and smoking status between these 9 and the other patients. This may be partially due to the limited number.

Patients with CSC had no differences in serum lutein concentration compared with healthy subjects in the current study. To our knowledge, serum lutein and zeaxanthin levels have not been measured in a relatively larger sample size of patients with CSC. Sawa et al. (13) measured plasma lutein concentrations in patients with CSC and healthy subjects. The results showed that patients with CSC had a lower plasma lutein concentration than healthy subjects, which is inconsistent with our findings. The following reasons may provide a plausible explanation. We included more patients with CSC and healthy participants and only focused on patients with acute CSC while in Sawa’s study, patients with chronic CSC were involved.

Although CSC is a common disease in ocular fundus outpatient department, many mysterious about its pathophysiology have not been uncovered for decades. Previous studies had shown that oxidative stress may play a role in CSC (12). Antioxidant supplementation including lutein may improve best corrected visual acuity in patients with chronic CSC (28). The local carotenoid decreases without serum change in patients with acute CSC provides us new aspects in understanding this disease. More attention should be paid to the local changes when it comes to antioxidant supplementation in CSC.

There are some limitations of our study. Choroidal thickness, central retinal thickness, oxidative parameters, and visual function tests such as contrast sensitivity were not examined, which limit our understanding of the relationship between lutein and zeaxanthin levels and the pathogenesis of CSC. The follow-up duration was limited to 3 months and the patients with follow-up were limited to 9 patients without serum carotenoid re-measurement. Information of patients who do not have fluid resorption was lacking, which could help us to investigate the clinical use of MPOD in CSC further. Randomized controlled interventional studies with more patients and longer follow-up time would be helpful to understand the relationship between carotenoid and CSC.

Our research measured serum lutein and zeaxanthin levels and MPOD values in patients with CSC and found that MPOD was reduced in patients with CSC using the one-wavelength reflectometry method. Serum lutein and zeaxanthin levels did not vary significantly in patients with CSC and healthy controls. The local difference in macular pigment may be affected by subretinal fluid. Whether local oxidative stress is involved in CSC and whether supplementation with carotenoids is helpful for the recovery of CSC requires further investigation.
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Clinical Relevance: A vergence formula may provide a simple and reliable calculation of the refractive status of aphakic eyes.

Background: Measuring the refractive error of pediatric eyes with aphakia is difficult. This study investigated the accuracy and applicability of a vergence formula for estimating the refractive status of such eyes.

Methods: A retrospective review of the medical records, created between January 2016 and December 2018, of pediatric patients with aphakia was conducted. A vergence formula, based on axial length, was used to calculate the refractive status of the aphakic eyes. The refractive values determined using retinoscopy, an automatic refractometer, and the vergence formula were compared.

Results: A total of 72 eyes (47 patients) were analyzed. The spherical equivalents of the refractive errors (mean ± standard deviation) of the eyes were determined using retinoscopy (13.01 ± 3.27 D), automatic refractometry (12.90 ± 3.23 D), and the vergence formula (12.70 ± 3.4 D). The correlation coefficient between retinoscopy values determined using retinoscopy and the vergence formula, automatic refractometry and the vergence formula, and retinoscopy and automatic refractometry were 0.968, 0.987, and 0.979, respectively. The Bland-Altman consistency analysis revealed that the mean differences in the spherical equivalent values between retinoscopy and automatic refractometry, retinoscopy and the vergence formula, and automatic refractometry and the vergence formula were 0.11 D, 0.31 D, and 0.21 D, respectively, with 95% limits of agreement of−1.20 to 1.41 D,−1.37 to 2.00 D, and−0.90 to 1.31 D, respectively.

Conclusion: The vergence formula was effective for evaluating the refractive status of aphakic eyes in pediatric patients.

Keywords: aphakia, refraction, vergence formula, pediatric, biometry


INTRODUCTION

Surgical treatment of congenital ocular disease is best performed early (1). However, many difficulties arise when implanting intraocular lenses in infants with congenital cataracts, including the difficulty of the operation, serious postoperative trauma, the increased possibility of visual axis opacification, posterior capsular opacification, and the choice of intraocular lens power. Many surgeons prefer using primary posterior capsulectomy and anterior vitrectomy, without intraocular lens implantation, for infants with congenital cataracts (2–5). However, if a primary intraocular lens is not implanted, the resulting amblyopia needs to be treated as soon as possible to facilitate visual rehabilitation. This can be achieved with aphakic glasses or contact lenses (silicone elastomeric lenses or rigid gas permeable lenses) (6–8).

Pediatric aphakia is mainly caused by congenital conditions, such as congenital cataracts, and defects in ocular development. Injuries are less common causes. While the timely implantation of an artificial lens is important, the circumstances sometimes necessitate a prolonged aphakic period. In such cases, accurate assessment of the refractive status becomes critical for vision rehabilitation. Currently, retinoscopy and automatic refractometry are the main assessment approaches. For infants and very young children, who are unable to communicate effectively with medical professionals, retinoscopy is the only way to determine the refractive status of the eye, using chloral hydrate when necessary. However, in patients with visual axis deviations, large refractive errors, corneal or vitreous opacity, irregular corneal surfaces or pupillary shapes, albinism, nystagmus, and retinal conditions such as retinal folds or retinal detachment, retinoscopy assessments become more difficult and the results may not be reliable (9, 10).

In aphakic eyes, the cornea and vitreous cavity are the primary structures involved in refraction. Considering both structures as thin lenses, the refractive status of an aphakic eye can be calculated using a simplified vergence formula. If a thin lens is added to the optical surface of the cornea, then parallel light entering the eye can be focused on the retina. The thin lens is then converted to the diopteric power of the target lens based on the vertex distance. Figure 1 is a schematic presentation of the focusing of paraxial rays on the retina using a combination of lenses.


[image: Figure 1]
FIGURE 1. Schematic diagram showing paraxial rays focused on the retina of an aphakic eye. In aphakic eyes, the main refractive media are the cornea and vitreous cavity. If these two structures are regarded as a combined pair of thin lenses, the refractive value of the eyeball can be calculated using a simplified vergence formula.


The actual refractive power of the cornea can be calculated using the thick-lens formula (11): [image: image]. However, in children, accurately determining corneal thickness and the curvature of the posterior corneal surface is difficult and time-consuming. An alternative approach is to use the keratometry value, which is calculated considering the cornea as a single refractive surface (11). The keratometry value estimates the total corneal power, based on the anterior corneal curvature and the keratometric index of refraction. The common index of refraction is 1.3375, representing the power at the posterior vertex of the cornea. Determining whether the use of corneal biometry is more accurate than using keratometry for calculating the true refractive power of the cornea is difficult. However, the latter is more manageable and efficient since obtaining the anterior corneal curvature, using a keratometer or a handheld device, is relatively easy.

According to the sign rule, using the cornea as the datum plane allows the restatement of the formula: [image: image]; [image: image]

Where:

FC = estimated refractive value (spherical equivalent value) of the cornea (D, dioptres).

Fe = estimated refractive value (spherical equivalent value) of aphakic glasses (D, dioptres).

d = vertex distance (0.012 m for Asians).

L = axial length (m).

K = average keratometry value (D, dioptres).

na (aqueous index of refraction) = 1.336.

Thus, this leads to a final formula: [image: image]

In the present study, this formula was used to calculate the refractive status of aphakic children. This allowed a retrospective comparison of results obtained using conventional methods (retinoscopy and automatic refractometry) and the vergence formula.



METHODS

This retrospective study was reviewed and approved by the ethics committee of Xinhua Hospital, affiliated with the Shanghai Jiao Tong University School of Medicine (Approval No. XHEC-D-2020-1222). It was conducted in accordance with the tenets of the Declaration of Helsinki and conforms with the principles and applicable guidelines for the protection of human subjects in biomedical research.

The institutional medical records of pediatric (ages, 3–16 years) patients with aphakia, examined between January 2016 and December 2018, were retrospectively analyzed. The following parameters were included for the aphakic eyes: axial length [measured using an IOLMaster (Zeiss, Oberkochen, Germany)], keratometry value [measured using an automatic refractometer (KR-8900, Topcon, Tokyo, Japan)], and refractive values for distance [spherical equivalent, measured using retinoscopy and an automatic refractometer (KR-8900, Topcon)]. In all cases, retinoscopy was performed by experienced pediatric ophthalmologists and completed prior to automatic refractometer and axial length measurements. Refractometer measurements were repeated at least three times or until the standard deviation was <1 D. For axial length measurements, each eye was measured at least five times and each signal-to-noise ratio was >1.6. The mean values for the repeated measurements were reported.

The refractive statuses of each eye, obtained using three different methods (retinoscopy, automatic refractometer, vergence formula), were compared. The correlation coefficients for the established values were determined using regression analysis and the Bland-Altman model (Statistical Package for the Social Sciences, version 23; SPSS, Chicago, IL, USA). A P-value of <0.05 was considered statistically significant (12).



RESULTS

In total, 47 patients (72 eyes) were included in this study. There were 22 females and 25 males. The mean age of the patients at the time of examination (range) was 7 (2–16) years. The general descriptions of the patients and their eyes are summarized in Table 1. There were 39 eyes from patients aged between 2 and 6 years, 26 eyes from patients aged between 7 and 11 years and 7 eyes from patients aged between 12 and 16 years. Age had no significant effect on the measurement results.


Table 1. Baseline characteristics of the patients and eyes included in the study.

[image: Table 1]

Figure 2 shows the spherical equivalent refraction values obtained using the retinoscopy, automatic refractometer, and vergence formula methods for each eye. To better visualize the dioptre differences obtained using the different methods, the differences were plotted in Figure 3. Table 2 summarizes the overall average refractive values obtained using each method and the dioptre differences between different methods. It is observed that the results of the three methods are very close. Most of the differences are within 1D. In order to find out if corneal curvature or axial length may affect the differences between different methods, we divided eyes by corneal curvature: the curvier group with curvature of <45D and the flat group of more than 45D, and by the axial length: the short group of <22 mm, the average group of 22mm to 26mm, and the long group of more than 26. We then calculated the average differences between different methods in each group and found that neither corneal curvature nor axial length caused significant differences (data not shown). The results suggested that the vergence formula is reliable over a broad range of ocular biometry.


[image: Figure 2]
FIGURE 2. Spherical equivalent refractive values of the 72 eyes included in this study measured using a refractometer (R, blue diamonds), automatic refractometer (A, red squares), and the vergence formula (F, green triangles). The X-axis represents individual eyes and the Y-axis represents the refractive values (in dioptres).



[image: Figure 3]
FIGURE 3. Differences in spherical equivalent refractive values (in dioptres), determined using a refractometer (R), automatic refractometer (A), and the vergence formula (F), for each eye.



Table 2. Mean spherical equivalent refractive values (in diopters) obtained by retinoscopy (R), automatic refractometry (A) and vergence formula (F), and the differences between each other.

[image: Table 2]

To further assess the consistency of the refractive power values obtained using the three methods, a Pearson's correlation analysis was performed. The correlation coefficients were calculated for the results obtained using retinoscopy and the vergence formula [0.968; (y = 0.931x + 1.193), P < 0.001, R2 = 0.936], automatic refractometry and the vergence formula [0.987; (y = 0.937x + 1.004), P < 0.001, R2 = 0.974], and automatic refractometry and retinoscopy [0.979; (y = 0.992x + 0.215), P < 0.001, R2 = 0.958]. The Bland-Altman consistency analysis revealed that the mean differences in the spherical equivalent values between retinoscopy and automatic refractometry, retinoscopy and the vergence formula, and automatic refractometry and the vergence formula were 0.11 D, 0.31 D, and 0.21 D, respectively, with 95% limits of agreement of−1.20 to 1.41 D,−1.37 to 2.00 D, and−0.90 to 1.31 D, respectively (Figure 4, Table 3). Therefore, the three methods gave consistent results and appeared interchangeable.


[image: Figure 4]
FIGURE 4. Bland-Altman plots of the spherical equivalent refractive values obtained using different methods. The solid blue lines represent the observed mean agreement between the methods, the dashed green lines represent the 95% limits of agreement, and the red, dashed, horizontal lines represent the perfect mean agreement between the methods. (A) Comparison of values determined using a refractometer (R) and an automatic refractor meter (A), (B) a refractometer (R) and the vergence formula (F), and (C) an automatic refractor meter (A) and the vergence formula (F).



Table 3. Bland-Altman consistency analysis.

[image: Table 3]

In addition to the 72 eyes described above, there were 9 eyes of 5 patients which had refractive values determined by either retinoscopy or automatic refractometry, but not both, due to the problems of the affected eyes. We also calculated refractive values using vergence formula. The results were shown in Table 4. With the exception of 1 eye, the rest showed good agreement between measurements with differences <1D. The result again demonstrated that the vergence formula was a valuable method for estimating the refractive status of aphakic eyes.


Table 4. Comparison of refractive values calculated by vergence formula with values obtained by either retinoscopy or automatic refractometer in eyes where the measurement for both was not possible.

[image: Table 4]



DISCUSSION

In children with aphakia, accurate measurements of the refractive errors of their eyes is difficult, and multiple approaches are preferred to achieve better refractive status assessments. This study proposed a formula, based on the spherical features of the cornea and the axial length, to objectively calculate the refractive status of pediatric aphakic eyes. The refractive error calculated using this formula agreed with the values determined using the traditional methods of retinoscopy and automatic refractometry; therefore, this may be a useful supplementary method in optometry.

The main advantages of this method are its objectivity and ease of use. These features are desirable when measuring eyes with high refractive errors, poor coordination, or irregular pupils and corneas (13). The formula requires the input of the axial length, which can be obtained using a variety of methods. For example, axial length can be measured using an IOLMaster or A-scan, B-scan, or immersion ultrasonic measurement devices, with or without anesthesia. Axial length determinations using an IOLMaster or immersion ultrasound are, reportedly, almost equivalent (14). The IOLMaster tends to yield measurements that are 0.15 mm longer than those determined using A-scan ultrasonography (15).

The vergence formula is particularly valuable when the conventional method is inadequate for analyzing the refractive power of an eye. As seen in the patients included in Table 4, the vergence formula complimented the retinoscopy limitation observed in a patient with a very small pupil and in several patients with irregular pupils, poor fixation, and refractive errors greater than the measurement range of the automatic refractometer. In patients with irregular pupils, retinopathy, nystagmus, and visual axis deviation, the results of retinal imaging can be greatly disturbed (16).

The vergence formula utilizes the relationships among corneal curvature, axial length, and refractive status of aphakic eyes. Only two of them are needed to estimate the last one. Khan (17) also reported a method to calculate axial lengths using spherical equivalent values. These parameters are very important for the rehabilitation of children with aphakia who undergo intraocular lens implantation.

The formula, [image: image], can also be used to prescribe corneal contact lenses; the distance conversion between the lens and cornea can be ignored. For young children with aphakic eyes, a +32 D silicone hydrogel soft lens (175 USD) is often a suggested treatment until a more accurate refractive error value can be measured. Thus, the formula used in the present study may provide a more accurate assessment of the refractive errors in young children, reducing the frequency of contact lens changes and increasing patient compliance (18, 19).

It should be noted that changes in the contents of the vitreous would lead to the corresponding changes in the index of reflection. For example, a silicone oil-filled eye after retinal surgery would have different index of reflection than aqueous media. However, silicone oil is emulsified and needs to be removed after a period of time. Theoretically, the formula should still work on silicone oil-filled eye if we change to the index of reflection to that of the silicone oil. However, this needs to be tested in future studies.

The limitations of this study included the relatively small number of patients and the preponderance of children at approximately 2 years of age. Future studies need to include patients representing a greater diversity of ages, including new-borns and adults. Such studies are necessary to further validate the accuracy of the formula. Furthermore, the present formula uses typical values for the refractive indexes of the cornea and vitreous, ignoring individual differences.



CONCLUSION

In summary, this study suggests that a vergence formula calculation may be an alternative for assessing the refractive status of the aphakic eye in pediatric patients.
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Purpose: To investigate the accuracy of 6 intraocular lens (IOL) power calculation formulas in predicting refractive outcomes in extremely long eyes.

Setting: Department of Ophthalmology, Far Eastern Memorial Hospital, Taiwan.

Design: Retrospective comparative study.

Methods: In this retrospective single-center study, we reviewed 70 eyes of 70 patients with axial length (AL) ≥ 28 mm who had received an uneventful 2.2 mm corneal wound phacoemulsification and in-the-bag IOL placement. The actual postoperative refractive results were compared to the predicted refraction calculated with 6 formulas (Haigis, Hoffer Q, Holladay 1, SRK/T, T2, Barrett Universal II formulas) using IOLMaster 500 as optical biometry in the User Group for Laser Interference Biometry (ULIB) constants.

Results: Overall, the Haigis and Barrett formulas achieved the lowest level of mean prediction error (PE) and median absolute error (MedAE). Hoffer Q, Holladay 1, SRK/T, and T2 had hyperopic prediction errors (p < 0.05). The Hoffer Q and Holladay 1 had significantly more MedAE between the 6 formulas. After the mean PE was zeroed out, the MedAE had no significant difference between each group. The absolute error tends to be larger in patients with longer AL. The absolute errors were 30.0–37.1% and 60.0–64.3% within 1.0 D of all patients compared to predicted refraction calculated using various formulas.

Conclusion: The Haigis and Barrett Universal II formulas had a better success rate in predicting IOL power in high myopic eyes with AL longer than 28 mm using the ULIB constant in this study. The postoperative refractive results were inferior to the benchmark standards, which indicated that the precision of IOL power calculation in patients with high myopia still required improvement.

Keywords: optical biometry, intraocular lens, power calculation formulas, extremely high myopia, long axial length


INTRODUCTION

Myopia, which is commonly defined as a spherical equivalence (SE) of more than −0.5 D, is a worldwide health issue (1, 2). Over 22% of the global population has myopia, and approximately one-fifth to a quarter of myopic people have high myopia (SE>-5.0 D) (3, 4). In urban areas in Asia, such as China, Singapore, Korea, and Japan, 80–90% of students who complete high school are myopic, and 10–20% have high myopia (5, 6). In Taiwan, the prevalence of myopia is 60% in students under the ages of 12 years and over 85% in 12 to 18-year-olds. The prevalence of high myopia in 18-year-olds is approximately 16.9–20.8% (5).

A negative relationship exists between AL and myopia (7, 8). The average AL in emmetropic eyes is between 22–24 mm (9, 10). A 1 mm elongation of AL without other compensation is equivalent to a myopia shift of −2 or −2.5 D (11). Therefore, in patients with extremely high myopia of more than −10 D, the AL is usually more than 28 mm.

The accuracy of the intraocular lens (IOL) calculation depends primarily on the measurement of preoperative biometric data such as axial length (AL), corneal power (K), effective lens position (ELP) and the accuracy of IOL calculation formulas. A study based on preoperative and postoperative ultrasound biometry demonstrated that 54% of predictive refraction errors after IOL implantation can be attributed to AL, 38% to ELP, and 8% to K measurement error (12). ELP can be estimated by different IOL calculation formulas using variables such as preoperative AL, K, anterior chamber depth (ACD), lens thickness (LT), and white-to-white distance (WTW).

To improve the accuracy of IOL power calculation, different IOL calculation formulas were introduced. The third generation formulas, such as the Hoffer Q (13), Holladay 1 (14), and SRK/T (15), used two variables with AL and K to predict postoperative ACD. As for the T2 formula, it was modified to accommodate the calculation in patients with high myopia using only AL and K to estimate postoperative ACD (16). The Haigis formula, a fourth generation formula, used AL and measured ACD to calculate the ELP (17). The Barrett Universal II, also a fourth generation formula, incorporated five variables, namely AL, K, ACD, LT and WTW, to predict the ELP (18, 19).

The prediction of IOL power calculation was less accurate in high myopia patients with long eyes, which are commonly defined as AL longer than 24.5 mm (13). Previous studies report that the longer the AL, the more significant the deviation of IOL power (20, 21). The facts were relevant to some reasons such as the incorrect AL measurement due to poor eye fixation and the existence of posterior staphyloma, or the less predictability of IOL calculation formulas. The actual refractive error in extremely long eyes, often defined as AL > 28 mm, was sometimes over 1.00 diopter (D) compared to the refractive error predicted by formulas postoperatively, posing a great challenge for cataract surgeons (21, 22).

Our previous studies in 2008 (23) and 2013 (24) showed that the Haigis formula performed better than the Hoffer-Q, Holladay 1 and SRK/T formulas in longer eyes with AL ≥25.0 mm. The purpose of this study was to investigate the accuracy of 6 intraocular lens (IOL) calculation formulas in predicting refractive outcomes in eyes with AL equal to or more than 28.0 mm.



MATERIALS AND METHODS

The protocol of the study, which followed the principles of the Declaration of Helsinki, was approved by the institutional review board of the Far Eastern Memorial Hospital in Taiwan. All patients signed informed consent and agreed to receive cataract surgeries. The inclusion criteria were patients with cataract in the Far Eastern Memorial Hospital who underwent uneventful 2.2 mm clear corneal temporal incision phacoemulsification and IOL with in-the-bag placement by two surgeons (Wang JK and Chang SW) between January 2003 and December 2010. Axial length ≥ 28.0 mm and only one eye of each patient was included in the study. If the patient underwent cataract surgery of both eyes during this period, only the eye that was operated upon earlier was included.

Patients with the following conditions were excluded: patients with traumatic cataract, those with corneal pathology such as keratoconus, those who underwent prior keratoplasty or refractive surgery, those with intraoperative or postoperative complications, such as posterior capsular rupture or endophthalmitis, affecting the refractive result, and those not observed for at least 2 months after the surgery.

IOLMaster 500 (version 5.4, Carl Zeiss Inc., Berlin, Germany) as optical biometry was used to measure AL, K, and ACD preoperatively. ACD was measured from the corneal epithelium to lens. Auto-refraction and actual postoperative spherical equivalence (SE) were performed at a 1-month postoperative visit with a auto-refractor (Topcon AR, Topcon Inc., Tokyo, Japan) by experienced technicians.

The IOL calculation and SE predictions with the Haigis, Hoffer Q, Holladay 1 and SRK/T formulas were performed with the embedded software in IOLMaster 500 using the User Group for Laser Interference Biometry (ULIB) constant. The Barrett Universal II and T2 formulas were performed by the authors using the online table (Barrett https://calc.apacrs.org/barrett_universal2105/, accessed in May 2020 and December 2021, T2: http://www.richardsheard.net/T2Formula.aspx, accessed in May 2020 and December 2021) with variables measured by IOLMaster. For the T2 formula, ULIB SRK/T constants were used. For the Barrett formula, the A-constants were utilized for the selected IOL that we could access on the website; and if the selected lens were not available on the website, then ULIB SRK/T constants were used for IOL power calculations.

The power of the implanted IOL in our routine clinical service was chosen according to the Haigis formula. The actual postoperative SE was compared with the predicted postoperative SE using each formula. The mean prediction error (PE) was defined as the average of the differences between the actual and the predicted SE of the postoperative refractive error.

We zeroed out the PE in the following manner: first, we calculated the mean PE of each formula; next, we calculated a new predictive postoperative SE by adding the mean PE from the original predictive postoperative SE of each subject. Then, we calculated a zeroed out PE by subtracting the new predictive postoperative SE from the actual postoperative SE. After adjusting the mean PE to zero, the mean absolute error (MAE), defined as the mean absolute value of prediction error, was calculated.

Since absolute errors are not a Gaussian distribution, median absolute errors (MedAE), the median absolute value of prediction error, were calculated. The differences in the MedAE according to the IOL calculation formulas were analyzed. The percentage of the patients with PE within ± 0.50 D and ± 1.00 D was then evaluated. All patients were divided into three groups based on their eye's AL: 28.00~28.99 mm as Group A, 29.00~30.99 mm as Group B, and AL ≥ 31 mm as Group C.

SPSS ver. 22.0 (SPSS Inc., Chicago, IL, USA) was used for statistical analysis. The differences in absolute error between each formula were assessed using the Friedman test. If a significant difference was noticed in the Friedman test, Bonferroni correction was performed further to compare the MedAE of each formula with that of the Haigis. The percentage of patients' eyes within ± 0.50D and ± 1.00D of PE were compared using Cochran's Q test. The correlation between AL and absolute error was evaluated using the univariate simple linear regression model. A statistically significant difference was defined as a p-value < 0.05.



RESULTS

A total of 70 eyes of 70 patients were included in the study. The mean age of the patients was 55.21 years. The implanted IOL power ranged from −8.0 to +20.0 D and the mean power was 29.86 ± 1.59 D. The mean AL was 29.86 ± 1.59 mm, and the mean horizontal K was 42.29 ± 1.96 D and the mean vertical K was 43.66 ± 2.24 D. There were 24 patients in Group A, 31 in Group B, and 15 in Group C. Various clinical data relating to the patients and the 3 subgroups are listed in Table 1. Only AL and implanted IOL power were significantly different between the 3 subgroups. Age, K, and ACD were matched between the subgroups. The IOLs used in the study were the 3-piece AcrySof MA60MA, the 1-piece AcrySof SA60AT, SN60AT, and SN60WF (Alcon Inc.), the 1-piece Superflex 920H and M-flex 630F (Rayner Intraocular Lens Limited), and the 1-piece Tecnis ZCB00 (Abbott Medical Optics, Johnson & Johnson Vision). The types of IOLs that were implanted are listed in Table 2.


Table 1. The clinical data of all patients and 3 subgroups.
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Table 2. Intraocular lens implantations by IOL model (n = 70).

[image: Table 2]

In all patients, the mean PE of the Haigis was 0.19 D, and the Barrett formula was −0.23 D, which was close to zero (p > 0.05). The Hoffer Q, Holladay 1, SRK/T, and T2 formulas had a significantly hyperopic mean PE (p < 0.05). The Haigis formula obtained the lowest MedAE, which was 0.79D, followed by the Barrett formula with 0.86D, the T2 formula with 0.96 D, the Hoffer Q formula with 1.00 D, the Holladay 1 formula with 1.02 D and the SRK/T formula with 1.07 D. The MedAE generated by the Haigis formula was comparable to those by the T2, and Barrett formulas but was significantly lower than those by the Hoffer Q and Holladay 1 formulas (p < 0.05). After adjusting the PE to zero, the MedAE had no significant difference between each formula. The distribution of refraction error is presented in Figure 1. The prediction errors within ± 0.50 D were 30.0–37.1% and within ± 1.00 D were 60.0–64.3% using various formulas, without significant difference between each formula (p = 0.124 within 0.50 D and p = 0.895 within 1.00 D) (Table 3).


[image: Figure 1]
FIGURE 1. A box plot of mean refractive error of intraocular lens power prediction in all eyes with AL≥28.0 mm. (A) Prediction error (PE) of each formula. (B) Absolute error (AE) of each formula in all eyes. (C) AE of each formula in all eyes after zeroing out the mean PE. Round mark (•) means outlier values between 1.5 to 3 box lengths from either end of the box; diamond mark (♢) means extreme values that are more than 3 box lengths from either end of the box.



Table 3. Postoperative refractive results of all patients.
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In Group A, the mean PE of the Haigis, SRK/T, T2, and Barrett formulas were 0.06 D, 0.21D, 0.04 D, and −0.08 D, respectively, which were close to zero (p>0.05). The Hoffer Q and Holladay 1 formulas had significantly hyperopic mean PE (p < 0.05). The T2 formula obtained the lowest MedAE, which was 0.81 D, followed by the Haigis and SRK/T formulas with a MedAE of 0.86 D, the Barrett with 0.88 D, the Holladay 1 with 1.00 D, and the Hoffer Q with 1.20 D. There was no significant difference in the MedAE between each group before and after adjusting the PE to zero (p = 0.485 and 0.49, respectively). The prediction errors after adjusting the mean PE to zero within ± 0.50 D were 30.0–37.1%, and within ± 1.00 D were 60.0–64.3% of Group A using various formulas, without significant difference between each formula (p = 0.923 in ± 0.50 D and p = 0.514 in ± 1.0 D) (Table 4).


Table 4. Postoperative refractive results of Group A (29.00 mm>AL≥28.00 mm).

[image: Table 4]

In Group B, the mean PE of the Haigis, SRK/T, T2, and Barrett formulas were 0.37 D, 0.47 D, 0.40 D, and −0.07 D, respectively, which were close to zero (p > 0.05). The Hoffer Q and Holladay 1 formulas had significantly hyperopic mean PE (p < 0.05). The Haigis formula obtained the lowest MedAE, which was 0.49 D, followed by the SRK/T with a MedAE of 0.64 D, the T2 with 0.65 D, the Holladay 1 with 0.81 D, the Hoffer Q and the Barrett with 0.85 D. The MedAE generated by the Haigis formula was comparable to those by the SRK/T, and T2 formulas but was significantly lower than those by the Hoffer Q and Holladay 1 formulas (p < 0.05). There was no significant difference in the MedAE between each group before and after adjusting the PE to zero (p = 0.078 and 0.082, respectively). The prediction errors within ± 0.50 D were from 25.8-51.6% and within ± 1.00 D were from 58.1%-64.5% of Group B using various formulas without significant difference between each formula (p = 0.832 within 0.50 D and p = 0.429 within 1.00 D) (Table 5).


Table 5. Postoperative refractive results of Group B (31.00≥AL>29.00).

[image: Table 5]

In Group C, the mean PE of the Haigis, T2, SRK/T and Barrett formulas were 0.01, 0.41, 0.21, and −0.79, respectively, which were close to zero (p > 0.05). The Hoffer Q and Holladay 1 formulas had significantly hyperopic mean PE (p < 0.05). The Barrett formula obtained the lowest MedAE, which was 0.75 D, followed by the Haigis with a MedAE of 0.89 D, the SRK/T with 1.13 D, the T2 with 1.20 D, the Holladay 1 with 1.4 D, and the Hoffer Q with 1.65 D. Using the ULIB constant, the MedAE generated by the Haigis was comparable to those by the SRK/T, T2 and Barrett formulas but was significantly lower than those by the Hoffer Q and Holladay 1 formulas (p < 0.05). After the mean PE was zeroed out, the MedAE had no significant difference between each formula. The prediction errors within ± 0.50 D were 12.5–37.5% and within ± 1.00 D were 31.3–62.5% of Group C using various formulas (Table 6).


Table 6. Postoperative refractive results of group C (AL>31.00mm).

[image: Table 6]

As AL increased, so did the predictive error (MedAE). This is shown in Figure 2. However, no significant correlation between AL and absolute error was noted after zeroing out the PE in all formulas (p > 0.05) (Table 7).


[image: Figure 2]
FIGURE 2. The association between the absolute error of refractive outcome and axial length in 6 intraocular lens calculation formulas.



Table 7. The association between absolute error and axial length using simple regression model.
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DISCUSSION

The postoperative refractive result, highly affected by the accurate calculation of intraocular lens (IOL) power, played an essential role in patients' satisfaction with their cataract surgery (25).

The average age of our patients was 55.23 years. In recent studies on highly myopic eyes with mean AL of 29 mm (for instance, Rong's study with mean AL of 29.3 mm, and Zhou's study with mean AL of 29.63 mm), the average age was 62.15 and 65.23, respectively. This was much younger than the usual average age of patients studied (26). Myopic eyes develop cataracts at an earlier age as first evidenced and proven in 1980 by Hoffer (27). Additionally, myopia was associated with an increased prevalence of nuclear and posterior subcapsular cataracts (28). The age of the patients in our study with AL of 29.92 was, therefore, significantly less than that reported in previous studies.

In a previous study, Liu et al. found no significant correlations between PE and AL for other formulas (29). Many studies have focused on high myopic eyes with AL> 25 or 26 mm and compared them with extremely high myopic eyes (20, 30–32). In their study, El-Nafees et al. classified the AL into 25–27 mm, 27–29 mm, and ≥29 mm and found that the SRK/T, Barrett and Holladay formulas performed equally (32). Rong et al. classified the AL into 28–30 mm and ≥30 mm and found that the Barrett formula performed better in the AL>30 mm category (30). In their study, Zhou et al. categorized the AL as 27–30 mm (n = 47) and AL ≥30 mm and found that the Barrett formula performed better in all groups (20). Chen et al. classified AL into 28–30 mm, 30.01–33 mm, and >33.01 mm and found that the SRK/T and Haigis performed better in Chinese patients whose eyes had an AL ranging between 26 and 33 mm (21). Lin found that the accuracy of the SRK/T was better than Haigis in AL of 28–30 mm but less accurate in AL >30 mm (31). Zhang found that the SRK/T and Haigis were both accurate in AL >29 mm (33). With even longer ALs (approximately 31.0 to 32.0 mm), the required calculation of IOLs may change from plus to minus power, causing more difficulties in the selection of IOL power (22, 34). Therefore, we selected the cutoff values as 28–29 mm, 29–31 mm, and >31 mm.

In our study, we found that the Haigis and Barrett Universal II formulas had the average predictive refractive error nearest to zero and the lowest mean and median absolute refractive error between all formulas. This was for eyes with AL more than 28 mm using ULIB constants. Our results showed that the Haigis and Barrett formulas performed better, and these results were consistent with previous studies on long eyes. Bang et al. showed that the Haigis and SRK/T formulas had a more accurate prediction of IOL power in eyes with AL ≥27 mm (35). The study by Melles et al. revealed that the Barrett formula performed better than the Haigis, SRK/T, Hoffer Q and Holladay 1 formulas for eyes with AL ≥ 28 mm (36).

In our subgroup analysis, the Haigis, SRK/T, T2, and Barrett formulas had better predictive accuracy for eyes with AL longer than 31 mm using ULIB constants. Bang et al. showed that the Haigis formula performed better than the SRK/T formula in AL ≥ 29.06 mm (35). Zhang et al. demonstrated that the SRK/T and Haigis formulas had similar predictive outcomes in eyes with AL ≥ 29 mm using ULIB constants (37). Chen et al. found that the Haigis and SRK/T formulas had less absolute error compared to the Holladay 1 and Hoffer Q formulas in eyes with AL of 28–33 mm, but the Haigis formula performed the best in eyes with AL ≥ 33 mm (21). Rong et al. found that, in eyes with AL ≥28 mm, the Barrett and Haigis formulas had similar performance, but the Barrett formula performed better in eyes with AL ≥ 30 mm (30). Zhou et al. found that the Barrett formula had the lowest MAE compared to the Haigis, SRK/T, Holladay, and Hoffer Q formulas for eyes with AL of 27–30 mm, but the Barrett and Haigis formulas performed equally better than others in AL ≥ 30 mm (20). Our study results agree with these studies on extremely long eyes that the Barrett, T2, and Haigis formulas have a superior performance among the 6 formulas.

The Hoffer Q and Holladay 1 formulas produced a significantly postoperative hyperopic shift and higher average and median absolute errors in all categories of long eyes in this research. Aristodemou et al. tested the accuracy of the Hoffer Q, Holladay 1 and SRK/T formulas in 8,108 eyes, and they found that the Hoffer Q formula was the most accurate formula for patients with AL <21 mm, and the Holladay 1 formula had the highest accuracy in eyes between 23.5 and 26.0 mm (38). However, in long eyes, these 2 formulas did not predict the IOL power accurately. In a review article by Hoffer, the Barrett, Haigis, Olsen, and SRK/T formulas were better than the Hoffer Q and Holladay 1 formulas in the group of AL > 26 mm (39). Our results were consistent with the above findings that the Hoffer Q and Holladay 1 formulas had poor predictive performance in patients with high myopia.

The T2 formula was developed by Sheard et al. to correct the non-physiologic behavior of the SRK/T formula (16). According to their report, the T2 formula can be directly substituted for the SRK/T formula, improving the refractive outcomes by 10%.

In our study, however, we discovered that for IOL power in long eyes, the SRK/T and T2 formulas possessed similar predictive abilities. Previous studies have shown contradictory results in the performance of both formulas regarding patients with high myopia. Kane et al. demonstrated that the SRK/T formula performed better than the T2 formula in eyes with AL >26 mm (40). Similarly, Idrobo et al. concluded that the SRK/T formula was superior to the T2 formula in eyes with AL longer than 25 mm (41). However, Cooke et al. found that the T2 formula had better accuracy than the SRK/T formula in the group of AL ≥ 25.97 mm (42). The contradictory results could be attributed to their small sample size of highly myopic eyes.

To eliminate systemic error caused by the lens factor, we zeroed out the mean PE to zero. After the mean PE were zeroed out, the MedAE displayed no significant difference between each formula. It could be because of factors such as fewer number of eyes with extremely long axial length, various types of IOL, and surgeon bias. In extremely high myopia, the lens factor selection may need to be modified from ULIB constants and requires further investigation.

This implies that AL elongation can lead to the inaccuracy in IOL formula prediction. Roessler et al. found that, in eyes with AL of more than 26.5 mm, the absolute predictive error using the Haigis formula increased significantly with longer AL values (r = 0.61, p < 0.001) (43). The study by Zhou et al. showed a positive correlation between AL and predictive error in eyes with AL > 24.5 mm (20). Similarly, research by Chen et al. demonstrated that higher absolute error was associated with longer AL in eyes with AL above 28 mm while using the SRK/T and Hoffer Q formulas (r = 0.212 and 0.213 respectively, p < 0.05) (21). A similar trend of higher absolute errors in long eyes of patients with high myopia was noted in our analysis, but no significant correlation between AL and mean or median absolute errors in any formula was observed. This could be because of the smaller sample size in different AL groups that might have interfered with the performance of the simple linear regression.

Prediction errors of ± 0.50 D and ± 1.00 D are clinically important as it might be associated with postoperative satisfaction in patients. Several studies defined benchmark standards for refractive outcomes in cataract surgery. Gale et al. used IOLMaster 500 for biometry measurement and used the optimizing constant for IOL calculation and set up a benchmark standard with 85% of patients achieving within 1.0 D of the predicted value, and with 55% of patients within 0.5 D for the National Health Service of the United Kingdom in 2009. This was revised to a higher level of 88.76% within 1 D and 62.36% within 0.5 D in 2019 (44, 45). In 2011, Hahn et al. developed a benchmark standard of 80% of patients, achieving the final predictive error within 0.5 D through a multicenter study in Germany using standardized A constant with IOLMaster 500 (45). Similarly, in 2014, Simon et al. submitted a benchmark standard of 94% of patients in the United States, achieving within 1.0 D of target refraction after cataract surgery using IOLMaster 500 (46). The benchmark standards listed above were based on eyes with different AL. However, in our study on eyes with very long AL (more than 28 mm), the prediction errors were 30.0–37.1% within ± 0.50 D and 60.0–64.3% within ± 1.00D, which were all below the proposed benchmark standards. Furthermore, since the IOL powers are offered in 1.0 D increments in the extreme range of power, this could result in lower satisfaction in the postoperative refraction. The inferior refractive outcomes in patients with high myopia require a detailed analysis before the cataract surgery, and additional effort is needed to develop more precise IOL calculation formulas for these patients.



LIMITATIONS

There were some limitations in our study. First, since the eyes with AL greater than 28 mm were uncommon, only a small number of recruited subjects was included in our study. Second, in addition, we used AL, K, and ACD to calculate the Barrett Universal II formula, and the lack of LT and WTW might have influenced the accuracy in IOL power calculation. However, a recent study showed high agreement in IOL power difference while omitting WTW and LT in the Barrett Universal II formula (47). Third, we enrolled patients operated on by two surgeons, and this probably introduced surgeon bias factors. Fourth, we did not choose a certain IOL for evaluation, which may have caused bias due to different IOL constants. Although the results were possibly stronger in the single IOL type studies, the variety of IOLs used in this study can represent a real-world situation in clinical practice. Moreover, this study was designed as a retrospective comparative and a single-center study with limited external validity.



CONCLUSIONS

In conclusion, the Haigis and Barrett Universal II formulas had a better success rate in predicting IOL power in high myopic eyes with AL longer than 28 mm using the ULIB constant in this study. The predictive refractive error could increase in longer eyes. The postoperative refractive results did not meet the benchmark standards in all formulas in this study. The results indicate that the precision of IOL power calculation is less accurate in extremely long eyes, and the refractive surprise should be borne in mind prior to surgery.



VALUE STATEMENT


What Was Known

• Several modern formulas have demonstrated a superior ability to calculate intraocular lens (IOL) power despite limited evidence from past publications relating to patients with extremely high myopia.

• Previous studies have received controversial results when comparing the performance of the SRK/T and T2 formulas in myopic eyes, and the outcomes of both formulas in extremely highly myopic eyes were unsatisfactory.



What This Paper Adds

• The Haigis and Barrett Universal II formulas can offer reliable IOL calculation formulas for long eyes with axial length (AL) ≥ 28 mm, even with AL ≥ 31 mm.

• The T2 and SRK/T formulas offer similar predictive ability for IOL power in patients with AL ≥ 28 mm.




AUTHOR'S NOTE

Research relating to the predictability of intraocular lens power calculation formulas in patients with very high myopia is uncommon. Additionally, in this study, we have investigated the accuracy of some new formulas.
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Background: The fractional amplitude of low-frequency fluctuation (fALFF) method has been underutilized in research on the pathogenesis and clinical manifestations of ocular hypertension (OH).

Purpose: This study uses resting state functional magnetic resonance imaging (rs-fMRI) and fALFF to investigate the nature of spontaneous brain activity in OH patients and the relationship, if any, between changes in activity and clinical features.

Materials and Methods: A total of 18 subjects (9 females and 9 males) with ocular hypertension (OH) and 18 healthy controls (HCs) matched for gender, age, and educational level were recruited to this study. All participants underwent an rs-fMRI scan, and spontaneous brain activity was assessed using the fALFF method. Receiver operating characteristic curves were plotted to investigate differences between OH and HC groups.

Results: The fALFF values of OH patients were significantly higher in the left precuneus lobe (LP), compared with the same region in controls (P < 0.05). Conversely, values in the left anterior cingulate lobe (LAC), were significantly lower (P < 0.05) in OH than in controls. However, no significant association was found between the mean fALFF values and clinical characteristics in either brain area.

Conclusion: High spontaneous activity in two brain areas may reflect neuropathological mechanisms underpinning visual impairment in OH patients.

Keywords: ocular hypertension, resting state functional magnetic resonance imaging, fractional amplitude of low-frequency fluctuation, left anterior cingulate cortex, left precuneus


INTRODUCTION

Ocular hypertension (OH) is a condition in which intraocular pressure (IOP) is >21 mmHg (1 mmHg = 0.133 kPa) but without glaucomatous fundus appearance or optic nerve damage (1). Studies have found that for every 1 mmHg increase in IOP, the risk of glaucoma will increase by 12%, and that for every 1 mmHg interocular difference in IOP the risk of OH transforming into glaucoma increases by 21% (2). Although not all people with OH will develop glaucoma (3), Elevated IOP has always been considered the main risk factor for the progression of glaucoma (4), and it is also the only known modifiable risk factor in the disease (5), about 9.5% will develop glaucomatous optic nerve damage in their lifetime (6).

Generally, OH is considered to be a pre-glaucoma state (7, 8). Worldwide, glaucoma is the most common cause of irreversible blindness, and it is anticipated that by 2040, 111.8 million of the global population will have this disease (9). Since IOP is positively correlated with the development of glaucoma an understanding of the pathogenesis of OH is important to guide strategies for the prevention and treatment of glaucoma, a significant public health problem.

Many studies have investigated the nervous system in eye disease. For example, magnetic resonance imaging (MRI) has been used in research on the pathogenesis of glaucoma (10–20), and found that glaucomatous damage extends not only to the visual cortex but also to other parts of the central nervous system (21–23). This provides an important basis for further research on the neurological characteristics of patients with ocular hypertension. Resting state functional magnetic resonance imaging (rs-fMRI) is a relatively new imaging technique allowing efficient assessment of brain function in healthy people and patient populations (24). It is simple and easy to operate, non-invasive, with high spatial and temporal resolution. The resting state signals and functional responses can be used to assess brain activity and tissue morphology in non-task states and to analyze disease mechanisms affecting brain tissue (25, 26). Research methods based on rs-fMRI such as functional connectivity (Fc), regional homogeneity (ReHo), voxel-based morphometry (VBM),amplitude of low-frequency fluctuation(ALFF), and fractional ALFF (fALFF) can explore abnormal functional changes in brain regions related to the occurrence and development of diseases. A study on OH found that abnormal regional activity appeared in patients with high-tension glaucoma (27). ALFF method refers to the average value of the square root of the power spectrum of the BOLD signal in the low frequency range (0.01-0.08 Hz). It is defined as a practical method of rs-fMRI to measure the strength of intensity of low-frequency oscillations (LFOs) and the spontaneous brain activity of the subject in a resting state (28). It has been widely applied research of ophthalmologist diseases such as high myopia (HM) (29), glaucoma (30, 31), optic neuritis (OP) (32), diabetic retinopathy (DR) (33), retinal vein occlusion (RVO) (34), thyroid-associated ophthalmopathy (TAO) (35), retinitis pigmentosa (RP) (36), comitant exotropia (CE) (37). However, because the accuracy of ALFF is negatively affected by non-neural activities such as movement, respiratory and cardiac noise. The fALFF was proposed by Zou et al. (38), it is the sum of the power spectrum amplitudes in the entire frequency range (0–0.25 Hz) which is divided by the amplitude in the frequency range of 0.01–0.08 Hz. It suppresses the non-specific signal components in the rs-fMRI response spectrum, so it has higher sensitivity and specificity in reflecting the changes of BOLD signal (39). The fALFF method can not only widely analyze various eye diseases (36, 37, 40–45), but also used to assess different diseases of other organs and systems (46–52) as an advanced tool (see Table 1). In this way, the fALFF method has great potential for advancing the analysis, diagnosis and treatment of other ophthalmic diseases. Therefore, through the qualitative and quantitative information it provides, rs-fMRI was combined with fALFF in the present study to observe spontaneous brain activity in the resting state and explore the neurophysiological mechanism of OH.


Table 1. fALFF method applied in ophthalmologic and other diseases.
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MATERIALS AND METHODS


Subjects

From November 2019 to September 2020, 18 OH patients (9 males and 9 females, mean age 51.18 ± 5.22 years; age range 20–60 years) and 18 HCs (9 males and 9 females; mean age 50.36 ± 5.42 years; age range 20–60 years) were recruited from the Ophthalmology Department of the First Affiliated Hospital of Nanchang University. The inclusion criteria of the OH group [in accordance with the Guideline Development Group (40)] were: (1) age 20–60 years; (2) right-handed; (3) junior high school education or above; (4) without mental illness such as depression, or drug abuse and other mismatched recipients; (5) no history of eye surgery such as laser treatment; (6) no other eye disease such as amblyopia or retinal macular disease; (7) open anterior chamber angles; (8) IOP > 21 mmHg in at least one eye without treatment; (9) no typical glaucomatous visual field defect (examined by the Humphrey 24-2 SITA standard program); (10) no nerve fiber layer defect detected by optical coherence tomography (Carl ZEISS Meditec, Inc. Cirrus HD-OCT, model 4000); (11) no typical glaucomatous changes at the optic nerve head such as enlargement of the glaucoma optic cup or narrowing of the disc edge; (12) no secondary cause of IOP increase such as ocular trauma, uveitis, or cataract; (13) no contraindication to MRI (e.g., no pacemaker or other metal foreign body).

The inclusion criteria of the healthy control group (HC) were identical, with the addition of the following: (1) best corrected visual acuity (BCVA) ≥ 1.0 and IOP in the range 10–21 mmHg; (2) no deformity on MRI examination of brain parenchyma;

The study was approved by the Medical Ethics Committee of the First Affiliated Hospital of Nanchang University and followed the tenets of the Helsinki declaration. Signed informed consent was obtained from all subjects.



rsfMRI Recording Procedure

Each MRI scan was of approximately 20 min' duration and was conducted by two experienced imaging doctors using a Siemens 3.0T Trio A Tim MRI scanner (Trio; Siemens healthineers). The instrument parameters were based on: In the axial direction, use the three-dimensional damage gradient recall sequence and set (repetition time = 1,900 ms, echo time = 2.26 ms, thickness/gap = 1.0 m/0.5 mm, acquisition matrix = 256 × 256, field of view = 250 × 250 mm, flip angle = 9°) excluded brain space-occupying diseases and obtained 176 images. Then, we use (repetition time = 2,000 ms, echo time = 30 ms, thickness/gap = 4.0 /1.2 mm, acquisition matrix = 64 × 64, field of view = 220 × 220 mm, flip angle = 90°) obtained 240 brain functional magnetic resonance images. Finally, 29 axial slices with gradient echo planar imaging pulse sequences covering the entire brain were obtained.



Analysis of fMRI Data

On the Statistical Parametric Mapping (SPM; http://www.fil.ion.ucl.ac.uk/spm; The MathWorks, Inc.) platform, performing preliminary processing on the obtained rsfMRI data according to the following steps: (1) Eliminating the first 10 volumes to improve the accuracy of the data, then using the Data Processing Assistant for rs-fMRI (DPABI, http://www.restfmri.net) to perform inter-layer time correction and head movement correction processing on the remaining 230 volumes; (2) Normalizing all fMRI images to meet the standard Montreal Neurological Institute (MNI) space, using 3 × 3 × 3 mm3 to resample; (3) Using a Gaussian kernel of 4-mm full-width at half-maximum to smooth all functional images; (4) Performing band-pass filtering (band-limit range 0.01 – 0.08 Hz) on the time series of each voxel to reduce low-frequency drift and high-frequency noise (e.g., cardiac and respiratory noise).



fALFF Methodology

Briefly, we have realized the process of converting the filtered time series of the obtained voxels into the frequency domain through the fast Fourier transform program. First, the resting state functional magnetic resonance data analysis (REST) toolkit (43) was used to calculate the ALFF value (The average square root of the power spectrum) of the voxels. Then, calculated the fALFF value (the ratio of the power in the frequency band to the power in the entire detection frequency range) of all voxels in the frequency bands of 0.01–0.1, 0.01–0.027, and 0.027–0.073 Hz of the whole brain. Finally, in order to reduce the data bias caused by inter-subject variability, we corrected the fALFF value based on the average fALFF value of whole brain.



Statistical Analysis

The chi square test was used to compare clinical categorical variables between the HC and OH groups and an independent sample t-test was used for continuous data. SPSS software (version 26.0; IBM Corp.) was used for both types of analysis. Data were expressed as mean and standard error of the mean (SEM), and P-values <0.05 were considered statistically significant. Voxel level differences between the HC and OH groups were calculated using the REST toolkit with an independent sample t-test (53), and its statistical threshold was set to P <0.05. Gaussian Random Field (GFR) theory were used for calibrations (two-tailed, voxel-level P < 0.01, cluster-level P < 0.05).



ROC Analysis

The fALFF values of different brain regions were compared using ROC curves, and the correlations between mean fALFF values and related behaviors were analyzed using Pearson's correlation. Data were plotted and correlations calculated using GraphPad Prism (version 8.0; GraphPad Software, Inc).




RESULTS


General Analysis

No statistically significant differences were found between the two groups in terms of gender, age, or inertia (P > 0.05). Monocular BCVA, IOP, optic disc color, and cup-to-disk ratio were also statistically similar between the two groups (P > 0.05). Mean duration since diagnosis in the OH group was 1.12 ± 0.32 years (Table 2; Figure 1).


Table 2. Demographics and behavioral results of OH and HCs groups.
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FIGURE 1. Example of OH and HC observed using a FC. (A) The fundus of HC-R; (B) The fundus of HC-L; (C) The fundus of OH-R; (D) The fundus of OH-L. OH, ocular hypertension; HC, healthy control; R, right; L, left; FC, fundus camera.




The Manifestation of fALFF

Mean fALFF value in the left precuneus (LP) was significantly higher in the OH group than in controls (P < 0.05; Table 3; Figure 2). Conversely, in the left anterior cingulate gyrus (LAC) the value was significantly lower in the OH group (Table 3; Figure 2). Figure 3 shows differences in mean fALFF value between the OH and HC groups. In each of the two groups, mean fALFF values in different brain regions were correlated with their clinical manifestations (P > 0.05).


Table 3. Compared with HC group, the fALFF values in OH group.
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FIGURE 2. Spontaneous brain activity in OH vs. HC. (A) Different fALFF values between the OH and HC groups. (B) Differences of brain activity in the cerebrum. Compared with HC, red represents the brain areas with increased fALFF, and blue represents the brain areas with decreased fALFF in OH patients. Multiple comparisons were corrected using Gaussian Random Field (GFR) theory (two-tailed, voxel-level P < 0.01, cluster-level P < 0.05). fALFF, fractional amplitude of low-frequency fluctuations; ALFF, amplitude of low-frequency fluctuation; OH, ocular hypertension; HC, healthy control; R, right; L, left.
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FIGURE 3. Mean ALFF values between the OH and HC groups in the different regions of the brain. fALFF, fractional amplitude of low-frequency fluctuations; ALFF, amplitude of low-frequency fluctuations; OH, ocular hypertension; HC, healthy control; LAC, left anterior cingulate; LP, left precuneus.




The Use of ROC

To test whether the fALFF value has potential as a diagnostic marker for OH, ROC curves were constructed using mean fALFF values of the two brain regions in the OH and HC groups. An area under the curve of 0.5–0.7 is considered to indicate low accuracy, 0.7–0.9 higher accuracy, and an area higher than 0.9 represents good accuracy. Accuracy was high in the left anterior cingulate gyrus (LAC) (0.9892; P < 0.0001; Figure 4A) and lower in the left precuneus (LP) (0.8834; P < 0.0001; Figure 4B).
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FIGURE 4. ROC curve analysis of the mean fALFF values of the two brain regions in two groups. (A) The areas under the ROC curve were: LAC 0.990, (P < 0.001; 95%CI,0.967-1.000), (B) The areas under the ROC curve were: LP 0.884 (P < 0.001; 95%CI,0.775-0.994). ROC, receiver operating characteristic; fALFF, fractional amplitude of low-frequency fluctuations; ALFF, amplitude of low-frequency fluctuation; CI, confidence interval; AUC, area under the curve;LAC, left anterior cingulate; LP, left precuneus.




The fALFF Value

The fALFF value of LP in the OH group was higher than in the HC group (t = –3.7520); while the fALFF value of LAC in the OH group was decreased (t = 5.5535) (Figure 5).
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FIGURE 5. The mean fALFF values of altered brain regions in the OH group. (1) Compared with the HC, the fALFF values of the following regions were decreased to various extents: LAC (BA1, t = 5.5535). (2) Compared with the HC, the fALFF values of the following regions were increased to various extents: LP (BA2, t = −3.7520). fALFF, fractional amplitude of low-frequency fluctuations; ALFF, amplitude of low-frequency fluctuations; OH, ocular hypertension; HC, healthy control; R, right; L, left; BA, Brodmann's area; LAC, left anterior cingulate; LP, left precuneus.





DISCUSSION

The etiology and mechanism of OH are not well understood. This study is the first to use the fALFF method to research activity patterns in different brain regions in OH patients (Figure 5). Compared with healthy volunteers with normal IOP, the fALFF value of the left anterior cuneiform lobe of patients with OH was increased, while activity in the anterior cingulate gyrus on the ipsilateral side was decreased. These differences may be related to the functions of different brain regions.

Studies have shown that anterior cingulate gyrus and cuneiform are both indispensable components of the default-mode network (DMN), but they have both division of labor and cooperation in function (54, 55). As a part of the occipital lobe, the cuneiform lobe includes two important areas: 7M and precuneus vision (PCV) (56, 57). They are involved in visual spatial processing, contextual memory, and self-awareness in the visual system (58). Li et al. found that the default mode network (DMN) and visual cortex of patients with Primary Open-Angle Glaucoma (POAG) were significantly reduced in the fALFF value. Through the measurement table, they also found the lower the ALFF value, the more severe the disease is (41). In another study for NTG, an important subtype of POAG, which was found that the average fALFF value of the patient's right precuneus was reduced. At the same time, the fALFF value is opposite to the thickness of the retinal nerve fiber layer (RNFL) of the patients (40). In addition, in PACG patients, the left cuneus had significant lower fALFF values, but the data of this study showed that the change direction of average fALFF value of the left anterior cuneus was as the same as the trend of the patients' MDVF and RNFL thickness changes (42). In a half-year study on the adaptation of the optic nerve after cataract intraocular lens implantation, it was found that the increased fALFF value represented the brain's activation of the optic nerve adaptation mechanism: the decreased fALFF value suggested the adaptability of patient's visual function is inhibited, and the fALFF value of patients in the same group could changes from low to high or from high to low at different stages of visual function adaptation (59). Our current study found that in OH patients, the average fALFF value of the LP area was higher than that of the Hc group, which is the same as the conclusion drawn by the study of RP (36) and NVG (43). Therefore, we speculate that the intraocular pressure of patients with OH that exceeds the upper limit of the statistical value is an external manifestation of changes in brain function. The increase in the fALFF value of LP represents the activation of this brain area to adapt to visual changes. The role of maintaining normal visual function, and when OH progresses to glaucoma, such as POAG, the role of this activation adaptive mechanism is hindered, so that is why the fALFF value of the cuneiform lobe in glaucoma patients is significantly reduced, which perfectly meet the current view that ocular hypertension is regarded as a pre-glaucoma state (8, 9).

There may be two explanations for the abnormal changes of fALFF value in the two brain area of OH patients: first, it is a mechanism similar to compensatory recruitment. Due to the stimulation of the system by high intraocular pressure, the LAC area is in the adaptive compensation phase or a kind of reserve activation stage, at the same time, the LP area is in an active stage. The activities of these two areas try to achieve the purpose of adaptation through such adjustment and compensation, so that the neural network works normally; second, it reflects the plasticity of the brain, assuming that the LAC area arise neurodegenerative in the central nervous system of OH patients, but the LP area exhibits selective plasticity repair to maintain the balance. When OH has got into POAG, these two mechanisms have broken and undergone complex changes, then the activities of cuneiform and cingulate gyrus of OH correspond to the opposite in POAG. It is hard to propose whether OH and POAG disease progression is inevitable related to the changes in the fALFF value of the brain area because of differences in diseases, but if rs-MRI scans can be added to the indicator monitoring of the OH population, taking fALFF value as a reliable biological markers and continue to track them along the progression of OH to glaucoma. This will be a direction worthy of further exploration and research.


Limitations

The potential limitations of this research include, first, the relatively small number of patients, which may have led to the lack of linear correlation of responses within each brain region between the two groups. Despite this weakness, other differences between the OH group and HC group were statistically significant. Second, the research is hospital based, and may be confounded by selection bias. Third, some of the differences observed between the study group and the control group were only apparent on one side of the brain. Future research may explore whether differences elsewhere will become significant with a larger number of research participants, or whether this is a biological phenomenon. Fourth, the study was limited by the currently available imaging technology, Many phenomena have not been explained strongly enough. For example, patients with POAG and PACG are prone to negative feelings such as eye pain or ipsilateral headache when the intraocular pressure is increased. Research has found that discomfort such as pain can induce the synaptic plasticity of ACC. Thereby enhancing the response to sensory stimuli (60, 61), which may be one of the factors that affect their response to the cingulate gyrus, but this evidence is not strong enough, because NVG patients may also have similar symptoms, however, the response to the cingulate gyrus of NVG was reduced. Regrettably, neither the previous studies of other diseases by scholars nor our current study have evaluated and compared the pain value of patients. Therefore, based on the existing research, the bias caused by pain on the research cannot be ruled out for the time being, which will be further updated and more powerful in combination with evaluation factors such as pain and depression in the future.




CONCLUSION

In conclusion, our current study confirmed that there are abnormal neural activities in the LP and LAC region of the brain of OH patients, which not only allows ophthalmologists to diagnose OH faster and more accurately, but also offers a new direction for distinguishing patients with OH from PAOG. Most importantly, fALFF could be used as a sensitive biomarker for monitoring the course of OH.



AUTHOR'S NOTE

Our research aims to use the fractional amplitude of low-frequency fluctuation method to compare the performance characteristics of the same brain regions in patients with ocular hypertension and healthy volunteers under resting-state functional magnetic resonance. Our current research has confirmed that there are changes in fALFF values in two brain regions related to vision: the left precuneus lobe (LP) and the left anterior cingulate lobe (LAC). This not only shows that although patients with ocular hypertension have not experienced significant changes in the fundus for the time being, they still need to cooperate with regular review and close follow-up. It also provides reliable evidence and effective ideas for the pathogenesis of the disease at the level of the central nervous system.
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In the original article, there was a mistake in Table 2. Demographics and behavioral results of OH and HCs groups as published. The age of HC was incorrectly listed as 50.36 ± 54.22. The correct age of HC is 50.36 ± 5.42. The corrected Table 2 appears below.


Table 2. Demographics and behavioral results of OH and HCs groups.
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In the original article, there was an error in the section Materials and Methods, sub-section Subjects. The subject characteristics: “18 HC patients (8 males and 8 females; mean age 50.36 ± 54.22 years; age range 20–60 years)” is incorrect. The correct sentence is: “18 HCs (9 males and 9 females; mean age 50.36 ± 5.42 years; age range 20–60 years)”.

In the original article, there was an error in the section Results, sub-section The Use of ROC. The sentence: “To test whether the ROC curve has potential as a diagnostic marker for OH, ROC curves were constructed using mean fALFF values of the two brain regions in the OH and HC groups. An area under the curve of 0.5–0.7 is considered to indicate low accuracy, 0.7–0.9 higher accuracy, and an area higher than 0.9 represents good accuracy. Accuracy was low in the left anterior cingulate gyrus (LAC) (0.9892; P < 0.0001; Figure 4A) and higher in the left anterior cuneiform (LP) > HC (0.8834; P < 0.0001; Figure 4B).” is incorrect. The sentence should be: “To test whether the fALFF value has potential as a diagnostic marker for OH, ROC curves were constructed using mean fALFF values of the two brain regions in the OH and HC groups. An area under the curve of 0.5–0.7 is considered to indicate low accuracy, 0.7–0.9 higher accuracy, and an area higher than 0.9 represents good accuracy. Accuracy was high in the left anterior cingulate gyrus (LAC) (0.9892; P < 0.0001; Figure 4A) and lower in the left precuneus (LP) (0.8834; P < 0.0001; Figure 4B).”

In the original article, there was an error in section Results, sub-section The fALFF Value. The values in the sentence: “The fALFF value of LP in the OH group was higher than in the HC group (t = 5.5535), while the fALFF value of LAC in the OH group was decreased (t = −3.7520; Figure 5)” are incorrect. They should be: “The fALFF value of LP in the OH group was higher than in the HC group (t = −3.7520); while the fALFF value of LAC in the OH group was decreased (t = 5.5535) (Figure 5).”

The authors apologize for these errors and state that they do not change the scientific conclusions of the article in any way. The original article has been updated.
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Objective: To evaluate the sensitivity and specificity of a Comprehensive Artificial Intelligence Retinal Expert (CARE) system for detecting diabetic retinopathy (DR) in a Chinese community population.

Methods: This was a cross-sectional, diagnostic study. Participants with a previous diagnosis of diabetes from three Chinese community healthcare centers were enrolled in the study. Single-field color fundus photography was obtained and analyzed by the AI system and two ophthalmologists. Primary outcome measures included the sensitivity, specificity, positive predictive value, and negative predictive value with their 95% confidence intervals (CIs) of the AI system in detecting DR and diabetic macular edema (DME).

Results: In this study, 443 subjects (848 eyes) were enrolled, and 283 (63.88%) were men. The mean age was 52.09 (11.51) years (range 18–82 years); 266 eyes were diagnosed with any DR, 233 with more-than-mild diabetic retinopathy (mtmDR), 112 with vision-threatening diabetic retinopathy (vtDR), and 57 with DME. The image ability of the AI system was as high as 99.06%, whereas its sensitivity and specificity varied significantly in detecting DR with different severities. The sensitivity/specificity to detect any DR was 75.19% (95%CI 69.47–80.17)/93.99% (95%CI 91.65–95.71), mtmDR 78.97% (95%CI 73.06–83.90)/92.52% (95%CI 90.07–94.41), vtDR 33.93% (95%CI 25.41–43.56)/97.69% (95%CI 96.25–98.61), and DME 47.37% (95%CI 34.18–60.91)/93.99% (95%CI 91.65–95.71).

Conclusions: This multicenter cross-sectional diagnostic study noted the safety and reliability of the CARE system for DR (especially mtmDR) detection in Chinese community healthcare centers. The system may effectively solve the dilemma faced by Chinese community healthcare centers: due to the lack of ophthalmic expertise of primary physicians, DR diagnosis and referral are not timely.

Keywords: artificial intelligence, diabetic retinopathy, community healthcare, color fundus photography, sensitivity, specificity


INTRODUCTION

The diabetic population will be 552 million around the world by 2030, based on a previous article (1). Diabetic retinopathy (DR) is one of the most common microvascular complication of diabetes, which reduces quality of life (2, 3). In the physical course of diabetes, ~35% of patients will have fundus abnormalities, and 10% of patients will develop into severe vision-threatening DR (4). In China, the prevalence of DR in diabetes was 14.9 and 2.5% in the prediabetic population due to some study (5, 6). Although the variation in the population and study methodology may affect the prevalence estimates, it is still a large number of patients at risk of DR, since the estimated number of patients with diabetes in the mainland is 129.8 million (7). DR is a major public health problem in China and is noteworthy.

DR often leads to vision loss and has become the principal cause of blindness in working-age populations worldwide (8). There is widespread knowledge that the detection of DR is important, and prompt and proper treatment of early DR can effectively prevent visual impairment (9). However, limited by the different economic and medical levels in each province or city, DR screening remains patchy in China. Furthermore, only a well-trained ophthalmologist can complete the assessment of fundus photographs. Doctors without the professional training in ophthalmology may not offer an accurate diagnosis and prompt treatment, who are the major participants in DR screening in China. Along with the rapid development of deep learning and deep neural networks, artificial intelligence (AI) programs have been applied to identify different photographs of many diseases, including DR, and the system has shown good sensitivity and specificity (10, 11). The popularization of AI systems for DR screening can reduce the workload of ophthalmologists and the demand for doctors.

IDx-DR (Digital Diagnostics, Coralville, USA), Selena (EyRIS, Singapore), Google Inception, and Robert Bosch GmbH (Gerlingen-Schillerhöhe, Germany) are the most widely used systems (12). IDx-DR was the first artificial intelligence medical device approved by the American Food and Drug Administration. In a pilot study, for a population of 819 patients, the system achieved 87.2% sensitivity and 90.7% specificity. Furthermore, the recognition rate of IDx-DR in macular edema is gratifying, which is about 84%. Moreover, these results can only be obtained from fundus photographs (13). Selena is another well-known AI system that is used for disease detection. The model was developed by the Singapore Eye Research Institute. The sensitivity was 90.5% and the specificity was 91.6% in the identification of DR, which matched the results obtained by the human evaluators (14). Although the reliability of detecting and grading DR has been reported by many studies, AI systems have not been widely used in DR screening in community populations. AI system training datasets from tertiary hospitals and large medical centers usually have older age, longer duration of diabetes and higher prevalence of complications and comorbidities (15). In contrast, community-based diabetics are generally in stable condition and have fewer complications, and a lower prevalence of diabetic retinopathy. The application value of AI is to relieve the workload of ophthalmologists and improve the efficiency of screening. Therefore, its application scenario in the real world should be community healthcare centers, rather than in large general hospitals or ophthalmic centers. Because it is the community healthcare center that have a limited number of ophthalmologists and a large population of diabetics who have never been screened for DR. Thus, it is necessary to reveal the sensitivity and specificity of AI in the DR screening of the community population. Comprehensive AI Retinal Expert [CARE, Shanghai EagleVision Medical Technology Co., Ltd. (Airdoc)] is a model for a single convolutional neural network. Compared with other deep learning systems, it is more efficient and has a lower computational cost. A real-world evidence study showed the practicality of CARE in the 14 most common retinal abnormalities (including referable DR, referable hypertensive retinopathy, glaucomatous optic neuropathy, pathological myopia, retinal vein occlusion, et al.) (16).

However, there is currently no research report on the application of this AI system to screen for DR in Chinese community healthcare centers. Therefore, in this study, we report the sensitivity and specificity of the artificial intelligence in screening for DR in a Chinese community population. The CARE module for DR used in this study was approved by the National Medical Products Administration in China.



METHODS


Study Design

This study was conducted as a cross-sectional diagnostic study that was registered (ChiCTR2100054663) in the Chinese Clinical Trial Registry between June 2019 and November 2021 in three Chinese community hospitals. The overall study design is shown in Figure 1 and is described herein. The study protocol was approved by the Ethics Committee of Dongguan Tungwah Hospital (2019DHLL046) and was conducted in compliance with the Declaration of Helsinki. All subjects provided informed consent and their fundus images were anonymized.


[image: Figure 1]
FIGURE 1. Study procedures in the study of the CARE system.




Study Subjects

The study used an artificial intelligence system to assess fundus photography of DR in a sample of 443 individuals (848 eyes) from Chinese community healthcare centers with a previous diabetes mellitus (including type 1 and type 2 diabetes mellitus) diagnosis. Subjects were aged 18 years or older. Exclusion criteria included pregnant or lactating women, psychiatric disorders, retinal vascular disease other than DR, history of intraocular treatment (including intraocular injection, retinal laser photocoagulation, and vitrectomy, but excluding uncomplicated cataract surgery), and glaucoma. Those with media opacities resulted in poor-quality images, such as keratitis or severe cataracts.



Image Acquisition and Reference Standard Grading

One-field color fundus photography (CFP) (macula-centered with a 50° field of vision) was taken for both eyes using a non-mydriatic fundus camera (RetiCam 3100, China) by 3 trained ophthalmologists in darkrooms. Images were collected by a professional technician at each hospital. At least one fundus photograph should be obtained to ensure good image quality. A good quality image needs to meet the following conditions (17) at the same time, otherwise it is defined as a poor quality image: (1) Except for DR-related signs such as fibroproliferative membrane, preretinal hemorrhage, and vitreous hemorrhage, 90% of the blood vessels in the image can be identified; (2) The field of the image is not <50° in both the horizontal and vertical directions. The distance from the fovea to the center of the image is <1 optic disc diameter and more than 2 optic disc diameters from the fovea to the edge of the image; (3) There are no shadows and reflective area that affect image interpretation; (4) The image is not overexposed or underexposed. All images were uploaded to an online artificial intelligence system and submitted to two independent attending ophthalmologists for analysis.

Both ophthalmologists and the AI system graded the images according to the International Clinical Diabetic Retinopathy (ICDR) classification criteria: no DR, mild non-proliferative DR (NPDR), moderate NPDR, severe NPDR, proliferative DR (PDR), and unrecognizable. Concurrently, all images were classified with or without clinically significant macular edema (CSME). The results were compared between ophthalmologists to assess the intergrader agreement. Disagreements between the two ophthalmologists were adjudicated by a third more senior retinal specialist for the final grade. The “ground truth” defined as the gradings made by the two ophthalmologists without disagreement or gradings made by the senior if disagreements exist. The AI performance was then evaluated and compared with the ground truth. For analysis, the final ICDR grades were combined into any DR (including mild NPDR, moderate NPDR, severe NPDR, and PDR), more-than-mild DR (mtmDR, including moderate NPDR, severe NPDR, and PDR) and vision-threatening DR [vtDR, including severe NPDR, PDR, and presence of diabetic macular edema (DME)].



Outcome Measures

Primary outcome measures included the sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and their 95% confidence intervals (CIs) of the AI system for detecting DR and DME.

The mtmDR, vtDR, and DME results were independently examined. Sensitivity was defined as the accuracy of positive findings per reference standard and specificity as the accuracy of negative findings per reference standard. Sensitivity, specificity, PPV, and NPV were calculated as follows: sensitivity = TP/(TP + FN), specificity = TN/(TN + FP), PPV = TP/(TP + FP), NPV = TN/(TN + FN). Image ability was defined as the percentage of eyes that received a disease detection result from the AI system (positive or negative) among all images determined gradable by the graders.



Statistical Analysis

The images grading results were collected in Microsoft Excel 2017 files, and statistical analyses were conducted using the IBM SPSS Statistics 19 software (SPSS Inc., Chicago, IL, USA). Values conforming to a normal distribution were expressed as mean ± standard deviation, while values that did not conform to a normal distribution were expressed as median and quartiles (median [interquartile range]). Statistical significance was set at p < 0.05.




RESULTS

In this study, 445 individuals signed informed consent forms and 443 participants (848 eyes) completed the study according to the protocol. Of the participants, 63.88% were male. The demographic characteristics of the subjects are listed in Table 1.


Table 1. Demographic characteristics of the subjects.

[image: Table 1]

According to the reference standard per the ICDR grading system, of the 848 eyes, 582 (68.63%) had no DR, 33 (3.89%) had mild NPDR, 121 (14.27%) had moderate NPDR, 68 (8.02%) had severe NPDR, and 44 (5.19%) had PDR. For DME, 56 (6.60%) eyes were diagnosed with CSME by the ophthalmologist. The AI system successfully graded 840, with an image ability of 99.06% (8 eyes were judged as unrecognizable by the AI system due to the presence of signs such as vitreous hemorrhage that reduced the image clarity). Further analyses of the sensitivity, specificity, PPV, and NPV for the AI system to detect any DR, mtmDR, and vtDR are shown in Table 2.


Table 2. CARE performance for detecting DR.

[image: Table 2]

DME is one of the most frequent vision-threatening treatable complications of DR; the sensitivity, specificity, PPV, and NPV for the AI system to detect DME are shown in Table 3.


Table 3. CARE performance for detecting DME.

[image: Table 3]



DISCUSSION

This cross-sectional diagnostic study in China explored the performance of the CARE system, and the results revealed that this AI system was efficient in detecting any DR, mtmDR, and vtDR in diabetic patients through a practical application in community healthcare centers. Using single-field CFP imaging, the AI system demonstrated superior specificity in detecting any DR, mtmDR, and vtDR and showed relatively high sensitivity in detecting any DR and mtmDR. This study also demonstrated that the AI system has good maneuverability and credibility for screening DR in the real world. The artificial intelligence DR screening system helps to provide primary retinal screening for diabetic patients in communities, which could prevent diabetic patients from potential visual threat and help to reduce the DR disease burden. To the best of our knowledge, this is the largest real-world study of community-based artificial intelligence screening for DR in Chinese community healthcare centers.

In this study, the sensitivity and specificity of AI for detecting any DR were 75.19% (95% CI 69.47–80.17) and 93.99% (95% CI 91.65–95.71), respectively. The sensitivity and specificity for detecting mtmDR were 78.97% (95% CI 73.06–83.90) and 92.52% (95% CI 90.07–94.41), respectively. This shows that this AI system has a high application value for community screening of any DR and mtmDR. However, the AI system showed a lower sensitivity of 33.93% when it comes to detecting vtDR. We believe that this system still has certain limitations in identifying severe PDR and DME and speculate that there are several reasons for this result: (1) Li et al. (18) found that vascular damage and new blood vessels in the PDR are more distributed in the nasal field. We speculate that some lesions were missed in the 50-degree fundus photography centered on the macula. (2) Some fundus photographs have poor imaging results, such as ghost images and blurred lesions, especially in cases of leukoplakia, lens opacity, and small pupils, which make it difficult for AI to identify. Concurrently, it is difficult to detect retinal thickening in the macular area in plane images and to make a correct diagnosis (19). (3) The insufficient sample size in this study led to the deviation in the results. Nevertheless, the high recognition rate of AI for mtmDR detection makes it a good practical application value. The application of the AI system helps to enable timely intervention in fundus retinopathy that threatens the vision of diabetic patients and has good practical application significance.

The application of AI screening systems in communities or primary health care institutions often faces difficulties due to the lack of professional image acquisition technicians and lack of cooperation from patients. This study verified the feasibility and accuracy of an AI DR screening system in community healthcare centers. After standardized training, the community health personnel can master the use of the system, and general practitioners can complete the collection and uploading of images without mydriasis or invasive operations. The AI system can rapidly analyze fundus images and generate diagnostic reports and referral recommendations in minutes. Patients who need further examination and treatment will be referred, and other patients will continue to be followed up and observed. This mode of diagnosis and treatment helps reduce time and economic costs for patients and helps reduce the pressure on superior hospitals (20, 21). The convenience and timeliness of image reading by the artificial intelligence system enable patients to have good compliance and participation. This helps prevent patients from delaying medical treatment because of difficulties in seeking medical care, which can lead to severe visual impairment (22, 23). In addition, the system can also be applied to the follow-up management of diabetic patients without DR and with mild NPDR, which helps to improve the medical compliance of patients.

Raju et al. (24) reported a sensitivity of 80.28% and a specificity of 92.29% for automatic diagnosis of DR on the publicly available Kaggle dataset. Our research showed similar results to this study. For detecting mtmDR, an external validation study (16) of the CARE system from 35 medical institutions (including 8 tertiary hospitals, 6 community hospitals and 21 physical examination centers) reported a sensitivity of 93.8% and a specificity of 87.8%. Unlike our study, the data for this study were mainly collected from large medical institutions and the system for detecting community-based mtmDR has not yet been reported. Ipp et al. (25) reported the performance of an artificial intelligence system (the EyeArt Automated DR Detection System, version 2.1.0) for detecting vtDR: the sensitivity was 95.1% and the specificity was 89.0%. However, it is worth noting that the results of this study are not entirely based on community diabetes, and the AI system was evaluated using two-field fundus photography. Compared with the above studies, the sensitivity of our research was lower. However, our research was entirely based on community data, which may better reflect the real situation of artificial intelligence applied to the screening of diabetic retinopathy in the Chinese community. On the other hand, it reminds us that for real-world application scenarios, the CARE system still needs to further improve its algorithm for higher diagnostic accuracy.

The limitation of this study are the limited sample size and single-field color fundus photographs which may lead to a certain missed diagnosis rate. Therefore, further well-designed multicenter studies with large samples and different ethnic backgrounds are warranted to further assess this AI system.

In conclusion, this cross-sectional diagnostic study revealed the reliability of the CARE system for DR screening in community health care centers. The system can effectively improve the screening capability of community healthcare centers for DR and help build an early detection system for DR based on AI systems.
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Objective: To investigate the associations of macular microvascular abnormalities with the characteristics and progression of macular edema or exudation in Coats' disease, toward an updated understanding of possible risk factors for macular edema or exudation.

Methods: Twenty-six eyes (26 patients) with Coats' disease and macular edema or exudation underwent multimodal imaging and were followed for 18 months. The eyes were classified according to their outcomes (refractory or improved). Macular capillary affections were assessed by optical coherence tomography angiography (OCTA) and fluorescein angiography (FA). Histopathological analysis of the macular region of an additional enucleated eye was performed.

Results: OCTA revealed telangiectasia in the deep capillary plexus (DCP) in 76.9% and the superficial capillary plexus (SCP) in 34.6% of 26 eyes with macular edema or exudation of Coats' disease, exceeding the rate detected by FA (21.4%). Eyes with intraretinal cystoid spaces/exudates of the macula presented higher presence of telangiectasia in the SCP (57.1% with vs. 8.3% without, X2 = 6.801, P = 0.009) and DCP (92.9 with vs. 58.3% without, X2 = 4.338, P = 0.037). The parafoveal vessel densities (VDs) and fractal dimension in the SCP and DCP were lower in affected eyes than in contralateral eyes (all P < 0.001). The VD in SCP (P = 0.009) and DCP (P = 0.010) were lower in refractory group than in improved group. Dilated capillaries with incomplete vessel walls and adjacent inflammatory cells were detected in the neuroretina of the macula in histopathological specimen.

Conclusions: Macular capillary abnormalities, including telangiectasia and VD loss, were positively detected in eyes with macular edema or exudation of Coats' disease. Intraretinal cystoid spaces/exudates of the macula, rather than subretinal exudates, may be related to macular telangiectasia. VD losses in the SCP and DCP may be risk factors for refractory macular edema or exudation.
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INTRODUCTION

Coats' disease is a rare idiopathic disorder that is unilateral in >75% of patients and predominantly affects pediatric males (1–3). Distinctive features of this disease include retinal vascular abnormalities and massive retinal exudation (2, 4). The retinal vascular abnormalities, usually described as telangiectasias or microaneurysms, present as dilation or tortuosity of the capillary network and cause progressive accumulation of lipid exudates (5–7).

Earlier in this century, Shields and his colleagues summarized the clinical characteristics of Coats' disease and proposed a classification system. These now guide our understanding of Coats' disease, including its diagnosis and management (2). As reported, exudation or edema are common in the macular region in eyes with Coats' disease, resulting in severe visual loss, however, the causes of macular edema or exudation have been largely unknown. The presence of retinal vascular abnormalities in Coats' disease, detected by fundus photography and fluorescein angiography (FA), was located predominantly in peripheral regions of the temporal and lower quadrants of the retina, but was rare in the macular region (2–4, 8). Considering this discrepancy, it was hypothesized that macular exudation could be caused by peripheral retinal vascular abnormalities (2). However, it is difficult to obtain highly detailed images of the microvasculature using FA, especially for the deep capillary plexus (DCP) (9, 10). This may imply that microvascular abnormalities in the macular region of Coats' disease may be undetected due to imaging limitations. Therefore, the existence of microvascular abnormalities in the macular region is still inconsistent and confusing.

Advanced imaging techniques are therefore needed to provide more understanding of the macular microvascular features and their relationship with the characteristics and progression of macular edema or exudation in Coats' disease. Optical coherence tomography angiography (OCTA) is a non-invasive imaging modality that can be used to visualize and quantify blood flow in each retinal capillary layer. In recent years, telangiectasia and capillary dropout in the macular region of eyes with Coats' disease were detected using OCTA in some case series and studies with small numbers of patients (8, 11–13). Those findings remind us that macular microvascular abnormalities may occur in eyes affected by Coats' disease, but the clinical significance of these abnormalities, especially their associations with macular edema or exudation, are still unknown. Besides, macular edema or exudation presenting refractory progression is also a great challenge to clinical treatment of Coats' disease and cause severe visual loss, but studies on its risk factors have been almost margin.

In consideration of these apparent confusions, we conducted multimodal imaging analysis of a relatively large sample of patients with Coats' disease in order to obtain qualitative and quantitative information about the presence of macular microvascular abnormalities in eyes with macular edema or exudation. Further, we examined the associations between the macular microvascular abnormalities with the classification and progression of macular edema or exudation cross-sectionally and longitudinally. In addition, we combined histopathological analysis to propose more evidence for this relationship. Together, we hope to expand our understanding of the associations of macular vascular abnormalities with macular edema or exudation in Coats' disease.



MATERIALS AND METHODS


Study Population and Classification

This retrospective cohort study included consecutive patients (aged <21 years) who were diagnosed with Coats' disease at the Shanghai Eye and ENT Hospital of Fudan University from January 1, 2017, to February 28, 2020. Patients diagnosed with unilateral Coats' disease exhibiting macular exudation or edema were eligible if quantitative OCTA images at baseline and over a long follow-up of over 18 months were available. Affected eyes with a history of ocular therapy at baseline, retinal detachment involving the macula, or obvious media opacities were excluded, as were contralateral eyes with visible telangiectasia or exudates. Patients who were followed for less than 18 months and patients with a history of other systemic or ocular diseases were also excluded.

Widefield fundus photography (Optos 200TX, Dunfermline, Scotland, UK) and slit lamp examination were conducted in both eyes of all patients for diagnosis and clinical staging of Coats' disease. The diagnostic criteria for Coats' disease were the presence of an idiopathic ocular disorder manifested as retinal telangiectasia together with intraretinal or subretinal exudation. Coats' disease was staged according to the criteria proposed by Shields et al. (8, 11–13). For all contralateral eyes, widefield fundus photography were conducted at each follow-up visit, no vascular abnormalities and exudates were detected in these contralateral eyes during the whole follow-up for over 18 months, ensuring that these contralateral eyes were disease-free. Other data, including best-corrected visual acuity (BCVA) (logarithms of the minimum angle of resolution [logMAR]) at baseline and after follow-up detected via standard logarithmic visual acuity chart, axial length (AL) detected via A-mode ultrasound, and demographic characteristics were recorded.

At baseline, macular lesions were divided into macular edema or exudation based on the findings of spectral-domain optical coherence tomography (SD-OCT; Heidelberg Engineering, Heidelberg, Germany) and widefield fundus photography. Macular edema presented as intraretinal hyporeflective cystoid spaces on SD-OCT images. Intraretinal and subretinal hyperreflective exudates, presenting in the macular region on SD-OCT images, were collectively expressed as macular exudation, which corresponded with yellow exudates on widefield fundus photography (7). Concomitant macular edema was defined as hyporeflective intraretinal cystoid spaces combined with hyperreflective exudates in the macular region. To analyze the association of location of macular lesions (cystoid or exudates) in different retinal layers with macular microvascular abnormalities, macular lesions were divided as intraretinal lesions and subretinal lesions, respectively, intraretinal lesions in the macular region were defined as cystoid or exudates involving the neuroretina, whereas subretinal lesions were defined as exudates or fluid located only under the neuroretina.

The study was performed in accordance with the tenets of the Declaration of Helsinki and was approved by the Ethics Review Board of the Shanghai Eye and ENT Hospital of Fudan University. The patients or their parents provided signed informed consent.



Macular Microvascular Analysis

At baseline, each patient underwent binocular OCTA using the AngioVue OCTA system (Optovue Inc., Fremont, CA) with the commercial built-in software (Avanti RTVue-XR, version 2017.1.0.155). A scan area of 3 × 3 mm, centered on the fovea, was acquired to detect vessel abnormalities in the macular region. Patients were instructed to immobilize the internal target. The initial alignment, lighting and focus of the camera was done in infrared (IR) mode with the help of the machine's “auto all” feature. OCTA images were obtained by two consecutive scans of orthogonal registration and merging. Image quality review was conducted for all scans, signal strength index (SSI) was used to quantitatively measure the quality of images. Simultaneous widefield FA at the first visit was conducted for both eyes in 14 enrolled patients to assist the vascular analysis.

The macular region was defined as a circle extending from the foveola with a radius of 3.0 mm. The superficial capillary plexus (SCP) en face image was sectionalized from the internal limiting membrane to 15 μm above the inner plexiform layer (IPL), while the deep capillary plexus (DCP) en face image was segmented from 15 μm above the IPL to 10 μm below the outer plexiform layer. The SCP and DCP were automatically segmented by the software and manually adjusted if the automatic segmentation was inaccurate. The parafoveal vessel densities (VDs) of the SCP and DCP were measured using the density function of the built-in software. The retinal thickness of the whole foveal and parafoveal layer were also measured using this system. The unqualified images with low SSI (<8/10), severe segmentation errors that could not be adjusted manually and artifacts resulting from poor clarity, blink fixation and poor fixation were excluded for analysis.

The fractal dimension (FD), a widely used parameter to present fractal analysis, has been used to measure the architecture of the retinal vasculature determined by FA and OCTA (14–16). The FD was determined using the “box-counting” technique in Fractalyse software (ThéMA, Besancon Cedex, France) after the OCTA images had been standardized and binarized using ImageJ software (National Institutes of Health, Bethesda, MD), as described in previous studies (17). Figure 1 shows representative OCTA en face images of SCP and DCP and the corresponding standardized and binarized images.
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FIGURE 1. OCTA enface images and the corresponding post-processed, standardized and binarized images. The OCTA enface images (3 × 3 mm) of the SCP (A) and DCP (C) in eye with Coats' disease and their binarized images in both plexuses (B,D) respectively. The OCTA enface images of the SCP (E) and DCP (G) in the contralateral eye and their binarized images in both plexuses [(F,H), respectively]. No obvious dilated and tortuous capillaries structures were detected in the SCP of this 10-year-old boy (A); in the DCP, the capillaries around the foveal avascular zone were obviously more dilated (the yellow arrow) in contrast to the surrounding capillaries (the yellow star), therefore, presence of microvascular abnormalities in the DCP of this eye was positive.


The morphological abnormalities of microvasculature in the macular region presented as telangiectasia and capillary tortuosity, which were defined as obviously more dilated or tortuous microvascular structures in the local region in contrast to the surrounding capillaries in the same OCTA and FFA images (Figures 1C, 2B,C, 3C,D).


[image: Figure 2]
FIGURE 2. Macular capillary abnormalities in eye with macular edema. A 9 years old boy with Coats' disease presented as concomitant macular edema (edema combined with exudation). Yellow exudates in the macular region on widefield fundus photography (A) and intraretinal hyporeflective intraretinal cystoid spaces (yellow arrow) combined with intraretinal hyperreflective exudates (green triangle) on OCT imaging (D). Telangiectasia in the SCP and DCP were detected via OCTA [(B,C) 3 × 3 mm], these abnormal capillaries were located in the temporal region of the macula [(B,C) orange boxes and yellow arrows], which presented as more dilated microvascular structures in contrast to the capillaries in the nasal region of the macula (yellow stars), in correspondence to the location of macular lesion on OCT imaging [(D) yellow arrow, green triangle].



[image: Figure 3]
FIGURE 3. Macular capillary abnormalities in eye with macular exudation. A 8 years old boy with Coats' disease presented as intraretinal exudation in the macular region. Yellow exudates in the macular region on widefield fundus photography and hyperreflective exudates involving the neuro-retina on OCT imaging [(A) yellow arrows]. Hyperfluorescent leakage and vague telangiectasia in the macular area on FA [(B) captured at 14.3 s]. Telangiectasia and capillary tortuosity in the SCP [(C) 3 × 3 mm] and DCP [(D) 3 × 3 mm] were detected via OCTA (orange boxes and yellow arrows), which presented as more dilated and tortuous microvascular structures in contrast to the capillaries in the nasal region of the macula (yellow stars).


All image analyses, except for the automatically quantitative analyses via built-in software, were conducted by two experienced ophthalmologists (Juan Zhang and Lu Ruan) in a masked manner and, respectively at different times for twice to ensure the objectivity of the evaluation. The analysis results of all included images were consistent.



Follow-Up and Treatment

SD-OCT and widefield fundus photography were performed at each follow-up visit. After a follow-up of 18 months, the outcomes of the macular lesions were classified as either improved or refractory. Refractory lesions were defined as persistent, recurrent, or aggravated macular edema or exudation despite active therapy during the follow-up period. Improved lesions were defined as the resolution of macular edema or exudation compared with the baseline status.

The treatments for Coats' disease were classified into three types: (1) laser photocoagulation (LP) targeting the telangiectasia; (2) intravitreal injection of anti-vascular endothelial growth factor (VEGF) agent (Ranibizumab) combined with LP; and (3) combined pars-plana vitrectomy (PPV) for epiretinal membrane and associated complications or retinal detachment with massive subretinal exudates, which did not respond to LP alone.



Histopathologic Analysis

Paraffin-embedded sections of one additional enucleated eye with stage 5 Coats' disease were obtained from the pathology center at the Eye and ENT hospital. This eye was from a 8-year-old boy with a disease history that his parents found his pupil of this affected eye was white for 3 months, and this affected eye was examined and diagnosed at Eye and ENT Hospital of Fudan University for stage 5 Coats' disease with a total exudative retinal detachment to the posterior of lens and combined neovascular glaucoma, which met the criteria of enucleation therapy. His parents agreed to conduct this therapy and signed the informed consent. The sections were stained with hematoxylin and eosin (HE) and scanned under a light microscope (Leica Microsystems, Bensheim, Germany). A section containing the optic nerve and macula was selected for analysis. Scans were obtained at low- and high-power magnification to determine the existence and classification of telangiectasia and inflammatory cells in the macular region.



Statistical Analyses

All images were analyzed by three experienced ophthalmologists independently. All data analyses were conducted using SPSS Statistics software version 20.0 (IBM Corp, Armonk, NY). Continuous variables are expressed as medians ± standard deviation (SD). Fisher's exact test was used to compare the gender and clinical stage between the two subgroups. The normal distributions of continuous variables were evaluated by the Shapiro-Wilk test, continuous variables with normal distribution were analyzed using parametric tests as followings. Paired t-tests were used to compare continuous variables between the affected eyes and unaffected contralateral eyes. Unpaired t-tests were used to compare continuous variables between subgroups of affected eyes. Correlations between the structural variables (VD and FD) were conducted using Pearson's correlation test. Correlations between the presence of vascular abnormalities and subgroups were conducted using Pearson's χ2 test. The statistical significance level was set at a P-value of <0.05.




RESULTS


Patient Characteristics

Twenty-six patients with Coats' disease who were followed up for 18 months were eligible for this study. According to the presence of macular edema, 50.0% of the patients presented with simple macular edema or edema combined with exudation (concomitant macular edema) and 50.0% presented with simple macular exudation. The demographic characteristics of the patients are displayed in Table 1. The mean ± SD BCVA (logMAR) of patients with or without macular edema were 1.40 ± 1.01 and 0.92 ± 0.83, respectively, at baseline (P = 0.19), and 1.31 ± 1.10 and 0.87 ±0.77, respectively, at 18 months (P = 0.57). The ages, genders, and clinical stages of the patients were comparable in both groups (all P > 0.05).


Table 1. Demographic characteristics of eyes with Coats' disease with macular edema or exudation.
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Baseline


Morphological Analysis

Among the 26 eyes with macular edema or exudation, OCTA revealed macular microvascular abnormalities, presenting as telangiectasia or capillary tortuosity, in the SCP in nine eyes (34.6%) and in the DCP in 20 eyes (76.9%; Figure 2). FFA revealed telangiectasia in the macular region in just 3 of 14 eyes (21.4%, Figure 3), by contrast, the detection rates in the SCP and DCP of these 14 eyes conducted with FFA were 35.7% (5 eyes) and 85.7% (12 eyes), respectively. The associations between the presence of dilated and tortuous capillaries with the characteristics of macular edema or exudation are summarized in Table 2. The rate of macular capillary abnormalities in the SCP was significantly greater in eyes with macular edema (simple and concomitant) compared with eyes with simple macular exudation (61.5 vs. 7.7%; χ2 = 8.327, P = 0.004). The rate of macular capillary abnormalities in the DCP was also greater in eyes with macular edema (simple and concomitant) than in eyes with simple macular exudation, although the difference was not statistically significant (92.3% vs. 61.5%; χ2 = 3.469, P = 0.063). The rate of macular capillary abnormalities in the SCP and DCP in eyes with intraretinal lesions were 57.1 and 92.9%, respectively; these values were significantly greater than those in eyes with subretinal lesions only in the SCP (8.3%, χ2 = 6.801, P = 0.009) or DCP (58.3%, χ2 = 4.338, P = 0.037).


Table 2. The morphological abnormalities of macular microvasculature in eyes with macular edema or exudation secondary to Coats' disease.
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Quantitative Analysis

Table 3 shows the macular vascular parameters of these eyes detected quantitatively via OCTA. The contralateral eyes were used as a control group because no vascular abnormalities or exudates were detected by wide-field photography in those eyes. The parafoveal VDs of the SCP and DCP were significantly lower in the affected eyes than in the contralateral eyes (both P < 0.001, Table 3). The FD of the SCP and DCP were also significantly lower in the affected eyes (both P < 0.001). The parafoveal VDs of the SCP and DCP were positive correlated (r = 0.470, P = 0.015). The parafoveal FD of the SCP and DCP were also positively correlated (r = 0.553, P = 0.003) (Figure 4).


Table 3. OCTA parameters of eyes with macular edema or exudation secondary to Coats' disease.
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[image: Figure 4]
FIGURE 4. The correlations of OCTA parameters of eyes with macular edema or exudation secondary to Coats' disease. The parafoveal VD in the SCP of the affected eyes was linearly correlated with that in the DCP (A). The parafoveal FD in the SCP of the affected eyes was linearly correlated with thast in the DCP (B).


We also divided the affected eyes into two subgroups based on the clinical stage. The VDs of the SCP and DCP were significantly lower in eyes classified as stage 3A (n = 6) compared with eyes classified as stage 2B (n = 20; P = 0.045 and P = 0.035, respectively). The FDs of the capillary layer and the retinal thicknesses did not differ significantly between the stage 3A and stage 2B eyes (all P > 0.05). The ALs were comparable among each subgroup (all P > 0.05).




Follow-Up for 18 Months

Twenty-six affected eyes enrolled in this study were all followed for 18 months and classified according to the clinical outcome of macular edema or exudation, and the associations between the macular microvascular losses at the baseline visit and the clinical outcomes are shown in Table 4. The VDs of the SCP and DCP were both significantly lower in the refractory group than those in the improved group (P = 0.009 and P = 0.010, respectively), but the FDs of the SCP and DCP were not significantly different between the two groups (both P > 0.05). The AL variables in these two groups were comparable (P = 0.740), the treatments that patients received in these two groups were also comparable (P = 0.763), in the improved group, 5 (45.4%) patients received LP depending on their existence of peripheral dilated capillaries, 3 (27.3%) patients received intravitreal injection of Ranibizumab for 3 times and 3 (27.3%) patients received a combined PPV; in the refractory group, 5 (33.3%) patients received LP depending on their existence of peripheral dilated capillaries, 4 (26.7%) patients received intravitreal injection of Ranibizumab for three times and 6 (40.0%) patients received a combined PPV. Figure 5 shows an affected eye with macular telangiectasia and VD loss at the baseline visit that progressed to refractory macular edema, the macular lesion aggravated and presented as enlarged intraretinal cystoid spaces with hyperreflective exudates as well as subretinal exudates and fluid, despite the peripheral dilated capillaries were all ablated by laser photocoagulation.


Table 4. The association of macular vascular variables at baseline with the intractable nature of macular lesions.
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FIGURE 5. Macular capillary loss at baseline in eye with refractory macular edema. A 17 years old juvenile with Coats' disease presented as refractory macular edema. Macular edema on widefield fundus photography and on OCT imaging at baseline [(A) yellow arrow]. Parafoveal VD losses in the SCP [(B) VD: 38.5%] and DCP [(C) VD: 41.2%] of the affected eye at the baseline visit were quantitatively detected via OCTA (3 × 3 mm), by contrast, parafoveal VDs in the SCP (E) and DCP (F) of the contralateral eye were 54.1 and 61.3%, respectively. Telangiectasia in the DCP of the affected eye at baseline was also revealed, which was located in the parafoveal inferior region on OCTA enface imaging [(C) yellow arrow], in correspondence to the hyporeflective cystoids on OCT enface imaging [(D) yellow arrow]. OCT enface imaging targeting on the macula of the contralateral eye (G). The macular lesion in the affected eye aggravated and presented as enlarged intraretinal cystoid spaces (yellow arrows) with hyperreflective exudates (green triangles) as well as subretinal exudates and fluid (yellow star) (H).




Histopathological Analysis

On histologic sectioning with low-power magnification, dilated capillaries in the macular region were observed, and the parafoveal tissue architecture were also disrupted and replaced by hyperplastic collagen fibers, infiltrated inflammatory cells and vacuoles (Figures 6A–C). On the high-power magnification, the vessel walls of dilated capillaries were incomplete (Figures 6D,F). Pigment-containing macrophages and plasma cells were located adjacent to the dilated capillaries (Figures 6E,F).


[image: Figure 6]
FIGURE 6. Histopathological features in the macular region of Coats' disease. HE staining from an enucleated eye of Coats' disease in stage 5, which presented as whole retinal detachment. On low-power light micrographs [(A) 5×; (B,C) 10×], dilated capillaries in the macular region (yellow boxes) were observed, and the parafoveal tissue architecture were also disrupted and replaced by hyperplastic collagen fibers (yellow arrow), infiltrated inflammatory cells and vacuoles [(B) green box; (C) yellow boxes]. The yellow boxes in (B,C) denoting the areas with dilated capillaries were shown in the high-power micrographs [(D,F), respectively; 40×], the green box denoting the area with inflammatory cells and vacuoles was shown in the high-power micrograph [(E) 40×], the vessel walls of dilated capillaries were incomplete [(D,E) yellow arrowheads], pigment-containing macrophages (green arrowheads) and plasma cells (green triangle) were located adjacent to the dilated capillaries (E,F).





DISCUSSION

The origin of macular edema or exudation and whether these defects are due to macular microvascular abnormalities are unclear. In the present study, we enrolled a relatively large sample of children with Coats' disease and combined multimodal ophthalmological images with histopathological analysis to detect macular capillary abnormalities in eyes with macular edema or exudation morphologically and quantitatively. To the best of our knowledge and literature searches, this is the first cross-sectional and longitudinal study to analyze the correlation between the features and progression of macular edema or exudation in eyes with Coats' disease and macular capillary abnormalities.

Previous researchers hypothesized that macular exudation could be caused by peripheral retinal vessel abnormalities based on the discrepancy between the high prevalence of macular exudation and the rarity of macular telangiectasia on color photography, and the concurrence of macular exudation and abnormal peripheral retinal vessels (2–4, 8). However, because FFA is limited in its ability to perform retinal segmentation, the macular vessel abnormalities are often unclear or of low detail. In our study, OCTA revealed the presence of dilated and tortuous capillaries in the macular region, especially in the DCP, in eyes with macular edema or exudation associated with Coats' disease, with detection rates (both for 14 eyes conducted with FFA and all 26 eyes) much higher than that determined by FFA. Considering the limited ability of FFA to visualize the microvasculature in the DCP, this difference suggests the high probability of macular capillary abnormalities in eyes with Coats' disease and that the previous understanding of macular capillary abnormalities and their correlations with macular edema or exudation may be subject to technique limitations. It is also worth noting that the rate of telangiectasia in the DCP of affected eyes was higher than that in the SCP. Primate studies have demonstrated that the DCP sprouts from the SCP and is a terminal microvasculature with weaker vessel walls (18, 19). Thus, our findings may indicate that the weaker distal capillaries of the macula may be more likely to be disrupted in Coats' disease.

In our correlation analyses, we found that eyes with macular edema (simple and concomitant) were more likely to have dilated and tortuous capillaries in the SCP and DCP in the macular region than eyes with simple macular exudation, although only the rate of abnormal capillaries in the SCP was significantly different between these two subgroups. Besides, eyes with intraretinal hyporeflective cystoid spaces or hyperreflective exudates in the macular region were significantly more combined with macular dilated and tortuous capillaries in both SCP and DCP than eyes only with subretinal exudates or fluid. These findings indicate that intraretinal exudates and hyporeflective cystoid spaces in the macula region may be closely related to the macular dilated and tortuous capillaries. The histopathologic sections provide support to this suggestion, we observed that dilated capillaries with incomplete vessel walls also existed in the macular region. We also observed inflammatory cells adjacent to these abnormal capillaries accumulated and disrupted the normal intraretinal tissue architecture resulting in vacuoles and clumps of inflammatory cells, which may be correspond to the macular edema and exudation in the retina depicted by OCTA. Overall, these findings suggest that the intraretinal cystoid spaces and exudates in the macula secondary to Coats' disease may result from the macular abnormal capillaries. As far as we know, this histopathological analysis of microvasculature defects and their possible relationship with inflammatory cells was firstly reported in the macular region in this study.

Shields et al. described retinal capillary dropout adjacent to telangiectasia in the peripheral regions on fundus FFA images, (2) but the existence of macular capillary dropout was unknown. More recently, Brockmann et al. reported an enlarged foveal avascular zone in eyes with stage 1–2 Coats' disease (19 eyes) compared with the contralateral eyes, but the difference was not significant (12). Schwartz et al. reported that the parafoveal VD was decreased in eyes with Coats' disease (13 eyes) compared with unaffected contralateral eyes, (13) but the sample was relatively small and the clinical significance of the decreased VD was not determined.

In our study, we sought to confirm the existence of parafoveal VD loss in eyes affected by Coats' disease and determine its clinical significance, particularly its relationship with macular lesions. To achieve this, we enrolled a relatively large number of patients with eyes displaying macular edema or exudation secondary to Coats' disease and followed them for over 18 months. Considering that widefield imaging revealed abnormal peripheral vessels in the unaffected eyes of patients with Coats' disease in prior studies (8, 12), widefield imaging of the unaffected eyes was performed in our study at baseline and during the follow-up period to ensure they did not have abnormal vessels or exudation. This allowed us to use the unaffected eyes as a control group. First, we found significant losses of the parafoveal VDs of the SCP and DCP in affected eyes compared with contralateral eyes. The parafoveal VDs of both layers tended to decline with increasing stage of Coats' disease. Furthermore, the FDs, which have been used to evaluate the loss of smaller diameter vessels and the microvascular architecture (17, 20), were also lower in both layers in affected eyes than in contralateral eyes, although they were not significantly different between stages 2B and 3A. These findings indicate the possibility of macular capillary dropout in eyes with macular edema or exudation associated with Coats' disease and these parameters may reflect the severity of Coats' disease. In addition, we found that VD/FD in the SCP was significantly correlated with that in the DCP, indicating that the loss of capillaries in SCP is consistent with that in the DCP. These findings could be explained by the retinal vascular anatomy and the developmental pattern aforementioned (18, 19).

Refractory macular edema or exudation is a challenge to the clinical management of Coats' disease. However, few studies have examined the causes and associated risk factors, which remain largely unknown. In consideration of this background, we divided the affected eyes according to the outcomes of the macular lesions during the follow-up (i.e., improved or refractory). As illustrated in the example shown in Figure 5, eyes with macular edema or exudation, which progressed to persistent, recurrent, or aggravated macular edema or exudation despite resolution of peripheral telangiectasia and exudates by active therapy, presented with dilated and sparse capillaries in the macular region at baseline. Quantitative analysis, under the condition of comparable treatments in each subgroup, revealed significantly worse parafoveal VD loss in the SCP and DCP at baseline in the refractory group than the improved group. FD was mainly used to be evaluate the loss of smaller diameter vessels, the FD in SCP and DCP were lower in the refractory group than in the improved group, but the differences were not statistically significant. These results suggest that the sensitivity of FD may be inadequate in eyes with telangiectasia combined with VD loss.

The findings described above indicate that parafoveal VD losses in the SCP and DCP at baseline may be risk factors for refractory macular edema or exudation in eyes with Coats' disease. Similarly, VD loss and macular ischemia were reported to be risk factors for refractory macular edema secondary to branch retinal vein occlusion in eyes with poor responses to anti-VEGF agents (21, 22). Some studies revealed that anti-VEGF agents reduced the normal vessel density (23, 24). Therefore, we speculate that excessive anti-VEGF therapy may aggravate refractory macular edema in eyes with Coats' disease by reducing the parafoveal VD. Accordingly, the treatment strategies for refractory macular edema or exudation need to be updated. Studies examining the longitudinal changes in parafoveal VD (and its loss) at each follow-up are necessary to provide more evidence for this speculation.

Taken together, the findings above provide important evidence about the roles of macular capillary abnormalities in the pathology of Coats' disease. Coats' disease is currently staged according to the classification proposed by Shields et al., and substages are defined basing on the presence of extrafoveal (A) or foveal (B) exudates (25) We recommend that the presence of macular capillary abnormalities should be considered as a supplement to the current clinical staging system.

We are aware that our study has several limitations. Although our study comprised the largest number of patients with macular edema or exudation associated with Coats' disease who underwent OCTA to date, it was still relatively small due to the rarity of Coats' disease, especially those presenting with macular edema or exudation without macular fibrosis and a history of previous therapy. The OCTA variables were automatically calculated using the built-in software, but image artifacts and segmentation errors were manually excluded, and the comparable AL in different groups could help to eliminate the image magnification error due to differences in AL. Besides, FFA was not conducted in all affected eyes and their contralateral eyes because FFA is an invasive method and not safe enough for these pediatric patients of Coats' disease, which might limit the certainty that the contralateral eyes were disease-free. To overcome this limitation, we conducted widefield fundus photography at each follow-up visit for both eyes to exclude any vascular abnormalities in contralateral eyes alternatively. Another limitation may be that the contralateral eyes of Coats' disease were not compared with healthy eyes. Despite these limitations, we believe that our results provide valuable insights into the macular capillary abnormalities in eyes affected by Coats' disease and improve our understanding of the underlying vascular pathology.

In conclusion, we investigated that macular dilated and tortuous capillaries, especially in deep capillary plexus, highly existed in corresponding to macular edema or exudation and were correlated with the formation of intraretinal cystoid spaces and exudates of the macula in Coats' disease. These findings are supported by the histopathological finding, including dilated capillaries with incomplete vessel walls, together with adjacent accumulated inflammatory cells and vacuoles. Furthermore, the parafoveal VDs of the SCP and DCP were lower in eyes with macular edema or exudation associated with Coats' disease and declined with increasing clinical stage. Parafoveal VD losses in the SCP and DCP at baseline may be a risk factor for refractory macular edema or exudation secondary to Coats' disease.
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Purpose: By reporting clinical characteristics and retinal image quality before and after refractive lens replacement surgery in early-onset high myopia (eoHM) patients presenting with partial cataract, we emphasized the need for an objective way to grade the severity of partial cataracts.

Methods: This retrospective, consecutive case series included six Chinese patients (nine eyes). Analysis of previous medical records, visual acuity, optometry, retinal image quality, and axial length (AXL) before surgery and after surgery was performed.

Results: Five females and one male (nine eyes) with a mean (± SD) age of 11.6 ± 7.9 years (range: 4–25 years) were included in this study. The preoperative spherical power ranged from −7.5 to −42 D. The mean follow-up time was 36 months (range: 24–48 months). Phacoemulsification was followed by in-the-bag implantation of intraocular lens. For patients who were under 6 years old, posterior capsulotomy + anterior vitrectomy were performed simultaneously. All surgeries were uneventful and no postoperative complications occurred during the entire follow-up period. All patients’ uncorrected visual acuity improved by ≥2 lines postoperatively(Snellen acuity). LogMAR best-corrected visual acuity was improved at 24-month (P = 0.042) and endpoint (P = 0.046) follow-ups. Modulation transfer function cutoff frequency (MTFcutoff) and objective scatter index (OSI) was significantly improved at 12-month (P = 0.025, P = 0.038), 24-month (P = 0.005, P = 0.007) and endpoint (P = 0.005, P = 0.008) follow-ups. Postoperative AXL remained stable during 2–4 year follow-ups (P > 0.05).

Conclusion: Refractive lens replacement surgery is safe and effective for improving functional vision in eoHM patients presenting with partial cataract. Retinal image quality could provide a useful and objective way to facilitate partial cataract severity evaluation and surgery decision making.

Keywords: early-onset high myopia, partial cataract, retinal image quality, refractive lens replacement surgery, axial length


INTRODUCTION

The prevalence of high myopia among young adults is higher among Asian (6.8–21.6%) compared with non-Asian populations (2.0–2.3%) (1). With high myopia becoming a major public vision problem, it is vital to find effective preventive strategies. Patients presenting with refractive errors less than −6.0 D or axial lengths (AXL) larger than 26 mm before school age (7 years old) are defined to have early-onset high myopia (eoHM) (2). It is usually thought to be genetically determined (3, 4). However, there have been a few case reports indicating that childhood cataracts might cause eyeball axial elongation due to form deprivation (5). In our clinic, we found that some eoHM patients were presenting with partial cataract. For children with a partial cataract who can cooperate with the visual acuity test, surgical treatment is warranted if the BCVA is less than 20/50 (6). However, it is believed that the loss of accommodation after the cataract is removed may negatively affect visual function more than the partial cataract itself (6). Moreover, early surgery may also disrupt binocular vision and increase the difficulty of evaluating the dioptric power of the implanted intraocular lens (IOL) (7). Consensus guidelines advise managing affected infants and preschool children by monitoring for possible progression in size or density and pharmacologic pupillary dilation. Extraction is deemed necessary if the cataract progresses to obscure the visual axis or if strabismus or nystagmus develops (8). According to the above criteria, some patients were not considered suitable for cataract surgery. However, they showed myopia aggravation and/or axial elongation during follow-ups. The timing of cataract surgery is one of the main factors influencing visual outcome (9). Each child must be approached individually (6).

Studies have shown that retinal image quality can affect eyeball development. As the second-largest refractive media of the human eye, lenses with different degrees of opacity can cause dispersed light curtain formation before the retina, thus causing retinal image degradation (10). All of our patients were reported to suffer from high myopia at the age before 6 years old. We wonder if partial cataract may be related to retinal image quality degradation at that age and further affect eyeball development. Recently, the Optical Quality Analysis System (OQAS™, Visiometrics SL, Tarrasa, Spain), based on the double-pass technique, was developed to perform an objective evaluation of optical quality. The high sensitivity of this technique in detecting forward scattering makes it a powerful tool to identify earlier stages of cataract and assess for surgery. For age-related cataract, an objective scatter index (OSI) based on the double-pass system >3.0 corresponds to developed cataracts that should undergo surgery (11, 12). However, as far as we know, this technique has not been applied to juvenile cataract.

Herein, we reported six cases of eoHM patients who presented with partial cataract. As retinal image degradation was confirmed by OQAS™, we performed lens extraction combined with IOL implantation for these patients. By comparing visual parameters and retinal image quality before and after surgery, we looked into the effect of partial cataract on retinal image quality and emphasized the need for an objective way to analyze and grade the severity of partial cataracts.



MATERIALS AND METHODS


Patients

This case-series study identified six eoHM patients (nine eyes) from April 2015 to February 2016 with the following inclusion criteria: (1) presented with partial cataract under slit-lamp microscope examination, (2) high myopia (spherical refraction ≤–6.00 D or AXL larger than 26 mm) development before the age of seven, (3) myopia aggravation after ineffective amblyopia treatment (occlusion therapy or amblyopia training) according to previous medical records or self-reported history, and (4) patients without other ocular and systemic disorders based on ophthalmic examinations and preoperative systemic evaluation.

Ethics approval was obtained from the institutional ethic committee, and according to the tenets of the Declaration of Helsinki. Written informed consent was obtained from all patients or their legal guardians.



Ocular Examinations

All patients were followed-up at 1, 3, and 6 months after refractive lens exchange surgery and at 6- to 12-month intervals thereafter. Regular preoperative and postoperative examinations included slit-lamp microscopy, intraocular pressure, BCVA, funduscopy and optical coherence tomography (OCT). AXL was examined using IOLMaster 500 (Carl Zeiss, Germany) before operation and at each follow-up until the endpoint. All examinations were performed by qualified technicians.



Optical Quality Parameters Measurement

The retinal image quality of each subject was measured before operation and at each follow-up by OQAS™II, a retinal imaging quality analyzer based on a double-pass system. Patients were asked to blink before the scan to maintain an intact tear film during the scan. In our previous study, no significant difference was found in ocular optical quality parameters obtained using a trial spectacle or the built-in modified Thorner optometer for spherical refractive error correction in the OQAS system (13). Without external optical correction, three different successive independent scans were taken of each eye according to the operation manual by one examiner under dark conditions. Three successive measurements for modulation transfer function cutoff (MTFcutoff) and OSI were recorded and the average values were used for further analysis. The MTF represents the loss of contrast produced by the eye’s optics as a function of spatial frequency, which provides information about the overall optical performance of the human eye. The MTFcutoff is the spatial frequency that corresponds to a 0.01 MTF value. A higher MTFcutoff value represents better ocular optical quality. The OSI is calculated by measuring the amount of light outside the retinal point spread function (PSF) image in terms of the intensity of light in the center (14). A higher OSI value represents greater intraocular scatter.



Cataract Surgery

The SRK/T formula was applied in the preoperative biometry calculation and IOL power calculation (15). Standard phacoemulsification was performed by experienced surgeons (BY and LY Q) through a 3.2 mm clear cornea tunnel incision without suture. Phacoemulsification was followed by in-the-bag implantation of IOL, which was a single-focus aspheric hydrophobic soft lens. For Case 1 and Case 2, central capsulorhexis of the posterior capsule and anterior vitrectomy were performed after IOL implantation. Patients were examined daily in the first 2 days after the operation and then weekly for the first month. Then, they were followed up at 3 and 6 months and at 6–12 months intervals thereafter. Case 3, 5, and 6 (four eyes) underwent YAG-laser capsulotomies at 12–18 months postoperatively (Table 1).


TABLE 1. Clinical characteristics and retinal image quality by case number and operative eye of patients, organized by age at the onset.
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Statistical Analyses

Statistical analysis was performed with SPSS software for Windows (version 20.0 SPSS, Inc, Chicago, IL, United States). The normality of the data distribution was assessed by the Kolmogorov–Smirnov test, and a P-value >0.05 was considered normally distributed. Boxplot was applied to check for outliers. Descriptive analyses were performed to compute the mean and standard deviation in preoperative and postoperative outcome measures. Data that did not show normality was presented as median (interquartile range, IQR). All visual acuity measurements were converted to the logarithm of the minimum angle of resolution (LogMAR) visual acuity before statistical analysis, but presented in Table 1 as Snellen decimal visual acuity for easy understanding. The one-way repeated measures ANOVA was used to compare preoperative and postoperative LogMAR BCVA, MTFcutoff, OSI, and AXL. Mauchly’s test of sphericity was applied to check the variance-covariance matrix of the dependent variable. If Mauchly’s test of sphericity was not met, epsilon correction was further applied using the Greenhouse-Geisser method, and partial η2 was reported. All tests were considered to be statistically significant if P < 0.05.




RESULTS

In this case series study, five patients were female (seven eyes) and one was male (two eyes). For the contralateral eyes that were excluded from this study, one was emmetropia and the other two eyes were less than −6D. The mean (± SD) age was 11.16 ± 7.9 years (range: 4–25 years). Slit-lamp microscopy showing partial cataract morphology of each patient is presented in Figure 1. The preoperative spherical power ranged from −7.5 D to −42 D. Tessellated fundus with peripapillary atrophy, without peripheral degeneration, was noted in the study eyes preoperatively. Also, OCT showed normal macula structure, without macular schisis or atrophy. Postoperatively, two eyes showed wider peripapillary atrophy, and one eye’s fundus photography was clearer after lens extraction. The mean follow-up time was 36 (Q1-Q3: 36–36) months (range: 24–48 months). The characteristics of patients’ preoperative data, follow-up time, and endpoint data for BCVA, MTFoutoff, OSI, and AXL are presented in Table 1. In case 2 and case 3, high myopia progression was shown according to the previous medical record. A family history of high myopia was also collected. For case 1, the patient’s father suffered from congenital cataract, high myopia of both eyes, and retinal detachment of the left eye. The father of case 6 also suffered from high myopia. All surgeries were uneventful and no postoperative complications occurred during the entire follow-up period such as retinal detachment or secondary glaucoma.


[image: image]

FIGURE 1. Slit-lamp biomicroscopy photography showing lens opacity characteristics. (A) Cortex mass opacity (arrow) in the right eye of Case 1. (B) Non-uniformed rarefied cloudy opacity of posterior capsule (arrow) in the left eye of Case 2. (C) Posterior capsule opacity (arrow) in the right eye of Case 3. (D) Similar finding (arrow) was observed in the left eye of Case 3. (E) Posterior sub-capsule opacity (arrow) in the right eye of Case 4. (F) Similar finding (arrow) was observed in the left eye of Case 4. (G) Snowflake-like cortex opacity (arrow) and evenly condensed cortex (arrowhead) in the left eye of Case 5. (H) Rarefied cloudy opacity of posterior capsule (arrow) in both eyes in Case 6.


Patients’ refractive and uncorrected visual acuity (UCVA) outcomes are presented in Table 2. IOL was selected to achieve a goal refraction of + 2 D in cases 1 and 2, whose ages were 4 and 5 years old, respectively. For case 4, whose age was 7 years old, goal refraction was + 0.5D. In the remaining cases, the goal refraction was plano to −2 D, according to their life need. For case 6, one eye was designed to be nearsighted, and the contralateral eye emmetropia. Initial spherical correction (treatment achieved) averaged 18.25 ± 11.15 D (range: 7.75–44.0 D). Five eyes (56%) were corrected to within ± 1.0 D of spherical goal refraction. Of the remaining four eyes, two were under-corrected (residual myopia of −1.25 and −2.25 D) and two were overcorrected (0 and + 2 D). Hyperopic and myopic shift (regression) during the follow-up interval is reported in Table 2 as a regression rate, expressed as (final postop refraction - initial postop refraction)/follow-up time. Eight eyes (89%) exhibited myopia shift (∼−0.5 D/year except for case 3), whereas case 5 (age 25) showed hyperopic change.


TABLE 2. Refractive and uncorrected visual acuity outcomes by case number and operative eye of patients, organized by age at the onset.
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All nine eyes had some degree of astigmatism before surgery. Post-operatively, cylinder remained unchanged in two eyes, diminished in six eyes, and increased by 0.5 D in one eye. All patients’ UCVA improved ≥2 lines postoperatively. Due to residual myopia and astigmatism, BCVA was used for comparison and analysis.

Logarithm of the minimum angle of resolution BCVA, MTFcutoff, and OSI at pre-operative, 3 months, 12 months, 24 months, and endpoint were compared using one-way repeated measures of ANOVA, as well as AXL at preoperative, 12 months, 24 months, and endpoint. A line graph was drawn to show the mean ± SD of each parameter at each follow-up time (Figure 2). P-value was displayed if the change was significant (P < 0.05).
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FIGURE 2. Line graph showing preoperative and postoperative comparisons for (A) LogMAR BCVA, (B) MTFcutoff, (C) OSI, and (D) AXL. Mean ± SD of each parameter was shown, and P-value was displayed if the change was significant (P < 0.05). BCVA best-corrected visual acuity, AXL axial length, MTFcutoff modulation transfer function cutoff frequency, OSI objective scatter index.


Logarithm of the minimum angle of resolution BCVA was statistically significant among different time points (F (1.611, 11.276) = 12.948, P = 0.02, partial η2 = 0.649). LogMAR BCVA was improved at 24-month (95%CI: 0.015–0.878, P = 0.042) and endpoint (95%CI: 0.008–0.909, P = 0.046) follow-ups, but the improvement was not significant at 3-month (95%CI: −0.019–0.797, P = 0.063) and 12-month (95%CI: −0.016–0.787, P = 0.062) follow-ups. No significant difference was found among post-operative follow-ups (P > 0.05).

Modulation transfer function cutoff frequency was significantly improved at 12-month (95%CI: −39.692–2.591, P = 0.025), 24-month (95%CI: −39.976–7.983, P = 0.005) and endpoint (95%CI: −43.221–8.782, P = 0.005) follow-ups, but the improvement was not significant at 3-month (95%CI: −14.695–5.663, P = 1.000) follow-up. No significant difference was found among post-operative follow-ups (P > 0.05).

Objective scatter index was statistically significant among different time points F(1.380, 9.662 = 9.790, P = 0.008, partial η2 = 0.583). OSI was significantly improved at 12-month (95%CI: 0.217–8.033, P = 0.038), 24-month (95%CI: 1.442–7.983, P = 0.007) and endpoint (95%CI: 1.315–8.035, P = 0.008) follow-ups, but the improvement was not significant at 3-month (95%CI: −3.040–5.190, P = 1.000) follow-up. No significant difference was found among post-operative follow-ups (P > 0.05).

Axial length was statistically significant among different time points F(1.151, 9.205 = 8.893, P = 0.013, partial η2 = 0.526), but postoperative AXL at all follow-up times did not change significantly compared to pre-operative status (P > 0.05). However, AXL at 24 months was significantly longer than AXL at 12 months (95%CI: −0.607–0.153, P = 0.002).



DISCUSSION

Our surgical interventional case series study showed that six eoHM patients (nine eyes) presenting with partial cataract showed improvement of BCVA and retinal image quality after refractive lens exchange surgery. Moreover, AXL remained stable during 2–4 year follow-ups.

Patients in our study presented with the following characteristics: (1) early-onset high myopia with degraded BCVA, (2) ineffective amblyopia treatment before surgery, (3) myopia aggravation and axial length elongation before surgery according to previous medical records or self-report, and (4) partial cataract and optical quality degradation according to OQAS. We speculated that partial cataract may increase forward scatter in the eye, causing retinal image degradation and incomplete form-deprivation, even though the lens opacity was off the optic axis. Since childhood form deprivation caused by cataract could cause AXL elongation, we suspected that partial cataract in our patients may cause paracentral visual disturbance and impact vision development (5).

The scattering of the eye can be divided into light scattered toward the retina (forward scatter) and light scattered backward (backscatter). Forward scatter has been well recognized to have functional importance, and the double-pass technique is proposed to estimate the effect of forward scattering on vision (16). High myopia can cause significant retinal image degradation. Mean (± SD) MTFcutoff was reported to be 32.38 ± 9.73 and 27.61 ± 8.11 cpd in the high myopia group (−6 D> spherical equivalent refraction ≥−9 D) and super-high myopia group (spherical equivalent refraction <−9 D). Mean (± SD) OSI was 0.89 ± 0.61 and 1.33 ± 0.65 in the high and super-high myopia groups (17). Optical quality in the younger population is supposed to be better than that in the older population (18). Although the normal value of optical parameters in healthy children under 10 years old has not been reported, the mean (± SD) MTFcutoff value in ages 10–15 of the normal population is 46.85 ± 7.45 cpd, while the mean (± SD) OSI value is 0.34 ± 0.22 (18). For healthy adults 18–30 years old, the mean MTFcutoff and OSI are 44.54 cpd and 0.38, respectively (19). In our case series, with mean (± SD) age of 11.16 ± 7.9 years(range: 4–25 years), the mean (± SD) preoperative MTFcutoff and OSI were 7.85 ± 4.04 cpd (range: 1.54−14.31) and 6.88 ± 2.58 (range: 3.2−11.9), respectively. It was obvious that the preoperative optical quality of our patients was significantly worse than age- and myopia-matched non-cataract individuals.

The optimal timing of surgery for pediatric partial cataract is often problematic. Very early surgery is indicated in cases of dense bilateral congenital cataract. A moderately cloudy unilateral cataract also needs a more aggressive approach (20). Proper visual stimulation in early childhood is critical to the development of normal vision (21). It is obvious that a judgment based on varied cataract morphology is quite subjective and equivocal.

Objective scatter index has already been reported to be a useful parameter to objectively grade age-related cataracts in elderly patients and preoperative evaluation of patients with early cataract (12, 22). OSI values between 3 and 7 corresponded to developed cataracts that should undergo surgery. OSI values higher than 7 were seen in eyes with severe cataracts (12). In our case series, if the same criteria could be applied in pediatric partial cataract assessment, our patients should have undergone surgery earlier. However, as far as we know, no study has reported objective grading criteria for partial cataract yet. By reporting this group of patients, we want to emphasize the importance of an objective method for pediatric partial cataract severity evaluation and surgery decision making.

Many refractive surgery techniques have been applied to treat pediatric large magnitude ametropia and anisometropia, especially in children who are non-compliant with spectacle wear or with neurodevelopmental disorders (23–25). LASEK (laser-assisted subepithelial keratectomy)/photorefractive keratectomy (PRK), lensectomy or refractive lens exchange, and intraocular collamer lens (Visian ICL) implantation can achieve comparable acuity gains according to previous reports (24, 26). With the maturity of cataract surgery equipment and technique, considering that our patients have partial cataract, we employed refractive lens exchange surgery (for younger patients who cannot cooperate with postoperative laser capsulotomy, posterior capsulotomy + anterior vitrectomy was performed simultaneously). Secondary glaucoma, retinal detachment, or other complications did not occur in the follow-up, which proved that the procedure is relatively safe and applicable.

All patients achieved favorable results in this pilot study, with increased UCVA and BCVA, better retinal imaging quality, and relatively stabilized AXL. AXL in four eyes increased by more than 1 mm at the endpoint follow-up. One reason was that their age was under 7 years old (4,5, and 7, respectively). AXL growth of approximately 1 mm per year is a part of developmental process (27). The mean regression and AXL growth in our patients were comparable with previous studies, and regression is due mainly to increasing length, at least in younger children (24, 27). Notably, improvement of BCVA and optical quality occurred 12 months postoperatively (Figure 2). It is reasonable to think that, apart from refractive correction that may cause immediate visual improvement through image magnification, retinal image clarity may also contribute to gradual visual development in our patients, especially in children. This implied that retinal image quality degradation caused by partial cataract may be related to the occurrence and development of high myopia. Removing lens opacity may be an effective intervention for eoHM prevention and myopia progression control.

The current study had several limitations. Firstly, the connection between partial cataract and retinal image degradation needs further investigation. In a future project, we will compare retinal image quality in high myopia patients with or without partial cataract. By using contact lenses to correct high myopia in patients with partial cataract, we can further distinguish whether retinal image degradation was caused by high myopia or partial cataract. Secondly, due to the retrospective nature of the study, preoperative visual acuity in case 1 was not recorded due to bad compliance owing to the patient’s young age. A preferential looking test should be applied in such a situation. Thirdly, data from paired eyes are likely to be correlated. However, in populations with asymmetric eye disease, the use of data from both eyes is wholly appropriate (28). Considering that we recruited myopes rather than healthy individuals, using data from both eyes seems acceptable. Fourthly, eoHM present before school age is likely to be determined by genetic defects (3, 4). However, mutations in these genes have been identified in only a few families with eoHM (29). In our case series, two patients (Case 1 and Case 6) had a family history of high myopia. Further investigation is needed to verify whether genetic factors played a role in the pathogenesis of our patients’ disease. Lastly, young patient age and high myopia were both risk factors for pseudophakic retinal detachments (30). Fortunately, no postoperative complications occurred during the entire follow-up period in our patients. As high myopia was irreversible, doctors should avoid posterior capsular rupture during the surgery and inform the patients to avoid eye trauma.



CONCLUSION

Our surgical interventional case series study found that refractive lens replacement surgery is safe and effective for improving functional vision in eoHM patients presenting with partial cataract. Retinal image quality could provide a useful and objective way to facilitate partial cataract severity evaluation and surgery decision-making.
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Objective: The aim of this study was to explore hotspots and global research trends on optical coherence tomography (OCT) in the ophthalmic imaging field using the bibliometric technique.

Methods: Documents related to OCT in the ophthalmic imaging field between 2011 and 2020 were extracted from the Science Citation Index (SCI) Expanded database. Downloaded raw data were analyzed using the VOSviewer and CiteSpace software. Bibliometric networks, including publication number per year, countries, authors, journals, international collaborations, and keywords were constructed.

Results: A total of 4,270 peer-reviewed documents were retrieved, and annual research output in the past 10 years has increased significantly. The largest publishing country was the United States, and the most productive journal was Investigative Ophthalmology and Visual Science (IOVS). The most active academic institution was the University of California, Los Angeles, and the top rank publishing author was Duker JS. The most co-cited references mainly focused on new emerging OCT techniques such as spectral domain optical coherence tomography (SD-OCT) and optical coherence tomography angiography (OCTA).

Conclusion: The bibliometric analysis of development trends on OCT in the ophthalmic imaging field on various aspects could provide developers or researchers with valuable information to propose future research directions and to pursue further cooperation.

Keywords: bibliometric analysis, optical coherence tomography (OCT), VOSviewer, ophthalmology (MeSH), OCTA


INTRODUCTION

Optical coherence tomography (OCT) was introduced in the early 1990's and has become one of the most successful techniques for displaying the three-dimensional (3D) image of optical tissue biopsy in vivo (1). OCT has been applied in clinical research and practice in the ophthalmic field since the 90's. It is a non-invasive, non-contact, and rapid inspection method with a high resolution, and the penetration depth is up to a few millimeters in the eyes (2). OCT can reflect the morphological changes of the retina. It also can measure the thickness and volume of the retina, image the optic nerve disk, and map the ganglion cells in the macular area (3–6). Furthermore, OCT technology can provide 3D structural imaging and functional parameter information of biological tissues. OCT angiography (OCTA) is a non-invasive, new vascular imaging technique that can rapidly image retinal blood vessels, generate high-resolution pictures, and quantify the blood vessel density and blood flow of the retina and choroid via novel algorithms. OCTA is important for early diagnosis, follow-up, and development of new preventive and treatment strategies for fundus and optic nerve diseases (7, 8).

Numerous academic documents about OCT in the ophthalmic imaging field have been published since the 1990's. The bibliometric analysis uses statistical and mathematical methods to explore and analyze large volumes of scientific documents. Mapping knowledge domain (MKD) is a method of revealing scientific hotspots and knowledge structures by using document analysis software (VOSviewer and CiteSpace) to create knowledge mapping and categorize published documents (9, 10). In this research, the Science Citation Index (SCI). Expanded database was selected as a primary data source, and the bibliometric analysis to explore trends in ophthalmic OCT research was performed using the tools of MKD. Evaluating research performance in an academic field is crucial to revealing current research hotspots. At present, the knowledge mapping mainly includes keyword co-occurrence analysis (keywords with high-frequency citations) and keyword burst analysis (keywords with the strongest citation bursts) (11).

This bibliometric analysis was designed to analyze the academic output in the ophthalmic OCT field categorically and to visualize its publication trends, including numbers, source journals, author productivity, co-author productivity, co-citation analysis, and international collaborations within the past 10 years. MKD was performed to highlight underexplored areas of OCT research by illustrating the evolution of research in this field.



METHODS


Database Selection and Search Strategy

The online SCI Expanded database was selected as the data source. “Optical coherence tomography” and “OCT” were set as the search keywords. The language type was limited to “English,” and only “article” published from 2011 to 2020 was considered. We also selected “ophthalmology” as a Web of Science category. Scotland, England, Wales, and Northern Ireland were four administrative regions, and articles from these regions were analyzed separately (not as one country like the United Kingdom). Hong Kong was included under People's Republic of China (PRC). Raw data retrieved from the SCI Expanded database were initially downloaded on January 28, 2021. The file was exported as “plain text,” and “full record and cited references” was selected. Basic information of each document, such as countries, organizations, authors, title, journal, abstract, keywords, and references, were extracted.



Mapping Analysis

In this research, a visualized bibliometric analysis was generated using the VOSviewer software (www.vosviewer.com) version 1.6.13 (10). This software is used to construct visualized bibliometric maps and generate node-link maps, including research trends information, such as countries, publications, and researchers, and the network information of the co-cited reference analysis and co-authorship analysis. Keywords are used to express the theme of the scientific literature, and the clustering of similar keywords resulted in co-occurrence keyword clusters, which could be used to explore the knowledge structure and hotspots in this research field. The CiteSpace 5.6.R2 software (Drexel University, Philadelphia, PA) was used to capture keywords with a strong burst, which could be considered as predictors of research frontiers.




RESULTS


Annual Distributions of Publications

Derived from the selection criteria, 4,270 documents were retrieved from the SCI Expanded database related to ophthalmic OCT imaging from 2011 to 2020. The publication number rose gradually from 309 in 2011 to 535 in 2020 (Figure 1A). The top 50 strong citation burst keywords were extracted. Among these keywords, “spectral domain,” “spectral domain OCT,” and “spectral domain Optical Coherence Tomography” showed citation bursts from 2011 to 2015, in line with the rise of published documents (Figure 1B).


[image: Figure 1]
FIGURE 1. (A) The annual publication number from 2011 to 2020 in the ophthalmic optical coherence tomography (OCT) field. (B) The top 50 burst keywords from 2011 to 2020 in the ophthalmic OCT field.




Top Ten Productive Countries

A total of 4,270 documents originated from 71 countries. The top 10 countries accounted for 97% (4,141) of all documents in the OCT ophthalmic field (Table 1). The United States ranked first (1,371, 32.1%), China (462, 10.8%) ranked second, and Japan (401, 9.4%) ranked third among the top 10 countries. In the citation analysis, the United States (37,578 citations) took the first place, followed by Japan (7,624 citations) and China (7,263 citations). Communication degree among countries was reflected by the country co-authorship analysis. Nodes represent the influence of each country; the larger the node, the greater the influence. Links between nodes revealed the cooperation degree of countries; the distance and strength of links correspond to the closeness of cooperation in the OCT field (Figure 2).


Table 1. Top ten productive countries from 2011 to 2020 in the ophthalmic optical coherence tomography (OCT) field.
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FIGURE 2. Distribution of main countries from 2011 to 2020 in the ophthalmic OCT field. The minimum number of a country's number was set as 10. A total of 38 countries met the threshold of 71 countries.




Top Ten Organizations

A total of 4,270 documents were obtained from 2,761 organizations, and the top 10 organizations accounted for 20.7% (885 documents) (Table 2). Using the co-authorship analysis, MKD of research organizations' distribution was constructed (Figure 3). The node size represented the number of published documents, and the link strength shows the closeness of cooperation.


Table 2. Top ten productive organizations from 2011 to 2020 in the ophthalmic OCT field.
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[image: Figure 3]
FIGURE 3. Cooperation network of main research organizations from 2011 to 2020 in the ophthalmic OCT field. The minimum number of documents of an organization was set as 20. A total of 83 organizations of the 2,761 organizations met the threshold.




Distribution of Authors and Co-authors

Approximately 12,960 authors contributed to 4,270 documents. Among these authors, Duker JS (86 articles) contributed the most, followed by Sadda SR (85 articles) and Huang D (80 articles). Author co-citations were analyzed to reveal authors' relative influence in the OCT field. Spaide RF (1,620 co-citations), followed by Jia YL (846 co-citations) and Leung CKS (695 co-citations) were the three top-ranked authors (Table 3). The co-authorship analysis revealed the MKD for distribution of research teams (Figure 4). The size of the node represented the number of documents. The greater links meant the higher density cooperation between these authors.


Table 3. Top ten productive authors and co-cited authors from 2011 to 2020 in the ophthalmic OCT field.
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FIGURE 4. Co-authorship network of productive authors from 2011 to 2020 in the ophthalmic OCT field. The minimum number of documents of an author was set as 20. A total of 68 authors met the threshold of the 12,960 authors that were involved in this study.




Distribution of Journals

A total of 4,270 academic documents originated from 66 journals. The top 10 journals are shown in Table 4. The top three journals, Investigative Ophthalmology and Visual Science (512, 12.0%), Retina-The Journal of Retinal and Vitreous Diseases (437, 10.2%), and American Journal of Ophthalmology (305, 7.1%), accounted for 29.4% of all documents.


Table 4. Top ten main source journals from 2011 to 2020 in the ophthalmic OCT field.
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Distribution of Co-cited References

A total of 44,080 cited references were retrieved in the co-citation analysis. Moreover, 50 was set as the minimum citation number of a cited reference. The top 10 co-cited references are shown in Table 5.


Table 5. Top ten co-cited references in OCT research from 2011 to 2020 in the ophthalmic OCT field.
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Distribution of Key Words: Hotspots of OCT Study

Through the co-occurrence analysis of high-frequency keywords, the research hotspots of OCT were identified. The minimum co-occurrence number of a keyword was set as 20. Among the extracted 7,293 keywords that were involved in OCT, 116 keywords met the threshold. Based on the network, the keywords with similarities were clustered. The top 10 keywords for each cluster are listed in Table 6.


Table 6. Co-occurrence analysis of keywords. Top 10 keywords in the 3 clusters.
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DISCUSSION

In the present analysis, 4,270 documents related to ophthalmic OCT imaging from 2011 to 2020 were identified through the SCI Expanded database. As an important research index, the amount of academic documents is an important research index and can indicate the development directions in a research field. The annual publication number rose steadily in the past 10 years, representing the rapid development of OCT in the ophthalmic field. The University of California, Los Angeles, the University of Miami, and the Medical University of Vienna in Australia were the most productive and the most active institutions in international collaborations. The co-authorship and author co-citations analysis could provide information regarding author's contribution and relative influence guiding researchers and scientists to pursue scientific cooperation in the OCT imaging field. The United States, China, and Japan were the leading countries and made a great contribution to the publication in the ophthalmic OCT field (12–20). The United States is the key node cooperating with China, England, Italy, and other countries. Geographical distance may not be an influential factor affecting international cooperation. The co-citation analysis revealed related topics in high-quality academic documents. The top 10 co-cited references were mainly pertained to new technique, which were regarded as milestones in the history of OCT development. Notably, a publication regarding statistical methods used for accessing the degree of agreement ranked top 9 (19).

The keyword co-occurrence analysis and strongest burst keywords represented the evolution trends of research hotspots in this field and were considered to reflect the search theme. Choriocapillari and retinal microvasculature were the latest burst keywords, indicating that new emerging vascular imaging techniques such as en face OCT might be potential research hotspots in the future (21). “Machine learning” is the burst keyword from 2017 to 2020. Artificial intelligence (AI)-based algorithms can enhance quality and efficiency and has been widely used in medical imaging at present (22, 23). Keyword co-occurrence cluster analyses showed that the frontier discipline and internal structure related to the ophthalmic OCT literature mainly formed three clusters (Table 6), and each cluster was summarized in a specific theme. Cluster 1 is linked with imaging technique development [i.e., spectral-domain OCT (SD-OCT), OCTA, swept-source OCT (SS-OCT), and enhanced depth imaging OCT (EDI-OCT)] (24–28). Cluster 2 is linked with retinal and choroidal diseases (e.g., age-related macular degeneration, diabetic retinopathy, high myopia, and uveitis) (29–31). Cluster 3 is linked with glaucoma and cornea diseases (e.g., glaucoma, retinal nerve fiber layer, anterior segment OCT (AS-OCT), and keratoconus) (32, 33). These research hotspots mainly focused on the mechanism, pathology, biological measurement, diagnosis, and treatment guidance of ocular diseases.

However, some methodological limitations may exist in the present analysis. The result only included the perspective of application in the ophthalmic field, although OCT and OCTA are now used extensively in the neurological research field. In addition, the language was restricted to English, and linguistic bias may exist. The SCI was selected in our study, and PubMed, Google Scholar, ProQuest, PsycINFO, and other databases were not included. The SCI Expanded database is enough for bibliometric analysis, but there is minimal difference between SCI Expanded and WoSCC for the retrieved documents' number. Furthermore, some bibliometric experts use “front page” as a filter to improve the bibliometric analysis and to reduce unrelated documents for analysis (34).



CONCLUSION

This study reviewed academic publications for the past decade in the ophthalmic OCT imaging field to provide a global view of the current research output. The valuable information and guidance provided by the current study are crucial for global ophthalmologists and OCT developers to propose future research directions and to seek collaboration opportunities in the ophthalmic OCT imaging field.
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Purpose: To compare the predicted ablation depth (AD) with the postoperatively measured corneal ablation depth (postop-AD) at central, paracentral, and midperipheral locations using two rotating Scheimpflug analyzers and a Fourier-domain optical coherence tomographer in eyes that underwent femtosecond laser-assisted LASIK (FS-LASIK).

Methods: The values of corneal thickness were measured preoperatively and postoperatively at one and three months. The difference between preoperative and postoperative was defined as postop-AD. Measurements were performed at the corneal vertex and mid-peripheral area. The mid-peripheral corneal thickness was measured at the superior, inferior, nasal, and temporal locations at a distance of 1.0 or 2.5 mm from the corneal vertex. The predicted AD was calculated by ORK-CAM software (Schwind eye tech-solutions GmbH, Kleinostheim, Germany), and the difference between the predicted AD and postop-AD was defined as Δ-AD. Paired t-test analysis was employed to evaluate the differences, agreement was assessed by the Bland-Altman method.

Results: Forty-two eyes of 42 patients were investigated. At one month, the predicted AD in the central and paracentral areas was underestimated by the Pentacam HR (Oculus, Wetzlar, Germany), Sirius (Costruzione Strumenti Oftalmici, Florence, Italy) and RTVue OCT (Optovue Inc., Freemont, CA, United States), whereas Δ-AD was negative as established by all devices and predominantly statistically significant. The Δ-AD values approximated zero at three months. The mean difference of Δ-AD at three months at the corneal vertex was 0.67 ± 9.39 mm, −7.92 ± 9.05 mm and −1.36 ± 8.31 mm, respectively. The mid-peripheral measurements had positive values at one month and even more highly positive at three months (with statistically significant differences in most of the cases). The agreement between the predicted and postop-AD was moderate with all devices, but slightly better with RTVue.

Conclusion: The predicted AD seems to be underestimated in the central and paracentral corneal area and overestimated in the mid-periphery.

Translational Relevance: The study could help to partly explain and prevent the refractive errors after FS-LASIK.

Keywords: ablation depth, laser in situ keratomileusis, femtosecond laser, difference, agreement


INTRODUCTION

Femtosecond laser-assisted laser in situ keratomileusis (FS-LASIK) offers several advantages over microkeratome-assisted LASIK and is now considered one of the safest and most effective corneal refractive surgical procedures. However, to increase safety and reduce the risk of iatrogenic corneal ectasia, the residual stromal thickness should be higher than 300 μm (1, 2). Furthermore, to promote surgical effectiveness, an accurately determined quantity of corneal stroma should be ablated to avoid over- or undercorrection.

Several studies, which assessed the agreement between the predicted ablation depth (AD) of the laser treatment and the postoperatively measured ablation depth (postop-AD), obtained contradictory results. The postop-AD in some investigations was higher than the predicted AD, whereas opposite results and a lack of statistically significant differences were also reported (3–11). There are several confounding variables that may justify this observation, such as different platforms, different modalities of ablation pattern, even different surgeries.

Several non-contact optical devices can be used for performing the aforementioned surgical procedures, which produced accurate and precise measurements of corneal thickness (12, 13). The possibility of simultaneously measuring the central and mid-peripheral corneal thickness and the high repeatability and reproducibility made them suitable for examinations on the amount of tissue ablation after excimer laser surgery.

In this study, we used a rotating Scheimpflug camera (Pentacam HR, Oculus, Wetzlar, Germany), a rotating Scheimpflug camera combined with a Placido disk corneal topographer (Sirius, Costruzione Strumenti Oftalmici, Florence, Italy), and a Fourier-domain optical coherence tomographer (RTVue OCT, Optovue Inc., Fremont, CA, United States) to measure the corneal thickness and evaluate the agreement between the predicted AD and the postop-AD.



PATIENTS AND METHODS


Subjects

In this prospective study, we enrolled consecutive subjects undergoing FS-LASIK for myopia and myopic astigmatism correction. The following inclusion criteria were applied: age over 18, no contraindications to FS-LASIK, corrected distance visual acuity (CDVA) lower than 0.1 LogMAR, no history of wearing soft contact lenses in the last two weeks or rigid contact lenses in the last four weeks, no history of ocular trauma, surgery, or long-term eye medications. The exclusion criteria were as follows: any ophthalmic disease (keratoconus, glaucoma, retinal detachment, etc.), any intraoperative or postoperative complication and refractive regression ≥ −0.5 diopters (D) occurring during the follow-up period. Each patient was informed of the purpose of the study and signed a written consent form. The study protocol was approved by the Ethics Committee of the Eye Hospital of Wenzhou Medical University (Wenzhou, Zhejiang, China). The study methods adhered to the tenets of the Declaration of Helsinki.



Instruments

In this study, we used three devices to measure patients’ corneal thickness: Pentacam HR, Sirius, and RTVue OCT. The Pentacam HR utilizes a rotating Scheimpflug camera to provide a 3-dimensional scan of the anterior segment of the eye with good repeatability and reproducibility (14). The slit-light source (diode-emitting blue light at 475 nm) rotates around the optical axis of the eye. It can capture 25 slit images of the anterior segment and obtain 138,000 true elevation points.

Sirius is based on the combination of a rotating Scheimpflug camera and a Placido disk topographer with 22 rings. A full scanning acquires a series of 25 Scheimpflug images and one Placido top-view image. It allows a comprehensive analysis of the topography and elevation of the anterior and posterior corneal surface and full corneal thickness (15).

The RTVue OCT is a Fourier-domain optical coherence tomography (FD-OCT) with 5 μm of depth resolution in the tissue. Its measurements had good repeatability and reproducibility in several previous studies (12, 16, 17). A super-luminescence diode, which emits light with a 50-nm bandwidth, centered at 830 nm, is used as a low-coherence light source. A corneal-anterior module lens with low magnification is added to the RTVue when imaging the anterior segment, which enables corneal thickness measurement.



Surgical Technique

Each patient underwent ordinary bilateral FS-LASIK by the same surgeon using Intralase (iFS, Advanced Medical Optics, Santa Ana, CA, United States) 150-K femtosecond laser and the Amaris 750S excimer laser (Schwind eye tech-solutions GmbH, Kleinostheim, Germany). Flap thickness was set at 95, 100, or 105 μm. The predicted AD of each eye was recorded. After the surgery, the patients were prescribed 0.5% levofloxacin to be taken four times a day for the first three days, 0.1% fluorometholone to be taken four times a day for the first week and then tapered off during the following one month, and preservative-free artificial tears to be taken every hour for the first day and then tapered off during the following three months.



Measurements

Corneal thickness measurements were performed preoperatively and one and three months postoperatively by an experienced examiner. They were conducted by a single well-trained operator experienced in using all the three devices. All eyes were measured without dilation in a dim room between 10 AM and 5 PM to minimize the effects of diurnal variation in corneal shape and thickness (18). For each subject, the order of the three instruments was arranged randomly and the interval between different instruments was just few minutes. Before measurements, all subjects were positioned in the headrest and asked to fixate on the target; then they were instructed to completely blink once before scanning to spread an optically smooth tear film over the cornea. Only scans with an “examination quality specification” of “OK” were retained for analysis, whereas the ones with insufficient quality were deleted and repeated. For each device, two consecutive measurements were performed, which were then averaged to determine the mean value of the corneal thickness obtained by each device.

The corneal thickness measurements obtained by each instrument included central corneal thickness (CCT) and mid-peripheral corneal thickness (MPCT). The CCT was measured at the corneal vertex and the MPCT was measured at the superior, inferior, nasal, and temporal locations at a distance of 1.0 or 2.5 mm from the corneal vertex (i.e., along a ring with a diameter of, respectively, 2.0 and 5.0 mm). Namely, in addition to CCT, eight categories of MPCT (including four directions and two distances) were chosen for analysis and were defined as: CTS–1mm, CTI–1mm, CTN–1mm, CTT–1mm, CTS–2.5mm, CTI–2.5mm, CTN–2.5mm, and CTT–2.5mm.

Schwind ORK-CAM software was used to obtain a full corneal graph of the predicted AD by entering the planned dioptric correction, corneal power, and optical zone diameter. Then we used the mouse to manually record the predicted AD at the optical axis, and at the superior, inferior, nasal, and temporal locations at a distance of 1.0 or 2.5 mm from the optical axis. They were defined as predicted ADC, ADS–1mm, ADI–1mm, ADN–1mm, ADT–1mm, ADS–2.5mm, ADI–2.5mm, ADN–2.5mm, and ADT–2.5mm. The difference between the preoperative and postoperative corneal thickness were denoted as postop-AD, including postop-ADC, postop-ADS–1mm, postop-ADI–1mm, postop-ADN–1mm, postop-ADT–1mm, postop-ADS–2.5mm, postop-ADI–2.5mm, postop-ADN–2.5mm, and postop-ADT–2.5mm. The difference between the predicted AD and postop-AD (ΔAD) was calculated as predicted AD minus postop-AD.



Statistical Analysis

Since ocular measurements are more alike between fellow eyes and cannot thus be treated as independent, in this study the parameter values of only the right eye of each patient were subjected to statistical analysis (19). All statistical analyses were performed using SPSS21.0 (SPSS, Inc., Chicago, IL, United States) and MedCalc (Version 11.4.2.0, MedCalc Software, Inc., Mariakerke, Belgium). A P-value less than 0.05 was considered statistically significant. The Kolmogorov-Smirnov test was employed to evaluate the normal distribution of data. The difference between the predicted AD and postop-AD was analyzed by a paired t-test. The agreement was evaluated using Bland-Altman plots, in which the differences between the predicted AD and postop-AD were plotted against their means (20). The 95% limits of agreements (LoA) were defined as the mean difference ± 2 standard deviations of the differences.




RESULTS

Fifty-four eyes of 54 patients were initially enrolled, but due to missing follow-up of 12 patients, only 42 eyes were analyzed at both one and three months postoperatively. Hence this sample was investigated throughout the whole study. The mean age of the 42 subjects was 25.1 ± 5.0 years (range from 18 to 39), and the mean spherical equivalent correction was −5.84 ± 1.89 D (range from −3.13 to −11.88 D). The mean spherical correction was −5.45 ± 1.85 D (range from −2.25 to −11.25 D) and mean cylindrical correction was −0.79 ± 0.60 D (range from 0.00 to −2.50 D). The mean optical zone and treat zone was 6.7 ± 0.4 mm (range from 5.6 to 7.4 mm) and 7.7 ± 0.39 mm (range from 6.76 to 8.48 mm), respectively. The mean predicted AD was 93.5 ± 18 μm (range from 51 to 121 μm). No intraoperative and postoperative complications were detected.

The data of the comparison and agreement between the predicted AD and postop-AD at one month are listed in Supplementary Tables 1–3. Supplementary Tables 4–6 present the data obtained at three months postoperatively. The procedures with all studied devices resulted in negative central ΔAD at one month, with an average value of around 10 microns, indicating an underestimation of the predicted AD with respect to the postop-AD. The difference was more evident in the measurements conducted by Sirius (Supplementary Table 2), which was statistically significant (P < 0.0001) for all devices. At three months, the central ΔAD became closer to zero with Pentacam and RTVue OCT, where it lost its statistical significance, and decreased with Sirius, because of progressive thickening of postoperative CCT.

The out-of-center measurements of the one-month paracentral values (2-mm diameter) were negative for all devices, with ΔAD ranging between −1.01 ± 6.26 and −8.82 ± 8.31 μm (Figure 1). Conversely, the mid-peripheral values (5-mm diameter were slightly positive, with the only exception of the superior location by Pentacam HR. At three months, the mean differences at the paracentral locations turned from negative to positive for Pentacam HR and RTVue, and approximated zero for Sirius; the mean differences at the mid-peripheral locations were more highly positive than at one month, often exceeding 10 μm (Figure 2).
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FIGURE 1. Mean difference of the predicted ablation depth against actual measured corneal ablation depth determined by Pentacam HR (blue line), Sirius (red line), and RTVue OCT (green line) at one month postoperatively.
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FIGURE 2. Mean difference of the predicted ablation depth against actual measured corneal ablation depth determined by Pentacam HR (blue line), Sirius (red line), and RTVue OCT (green line) at three months postoperatively.


Paracentral ΔAD was statistically significant in most locations for all devices at one month, but this significance was absent at three months in some locations, especially as determined by RTVue. On the other hand, midperipheral ΔAD was statistically significant in most locations for all devices at one month, with higher significance at three months.

The data obtained by the Bland-Altman method (Supplementary Tables 1–6 and Supplementary Figure 1–6) show only moderate agreement between the predicted AD and the postop-AD, indicating that the difference was not only statistically but also clinically significant.



DISCUSSION

Corneal ectasia is one of the most severe complications of corneal refractive surgery. To minimize its occurrence, the preservation of at least 300 μm of residual stromal thickness is commonly considered necessary (1, 2). The percent tissue altered (PTA) is another important risk factor for corneal ectasia (21, 22). An accurate estimation of the residual stromal thickness depends on an precise assessment of AD.

Several earlier studies have been conducted to evaluate the accuracy of the predicted AD. Some authors measured the preoperative and the postoperative corneal thickness and defined this difference as the postop-AD, whereas others intraoperatively measured the stromal bed thickness after lifting the flap and after the ablation. The former ones used different technologies, such as OCT, Scheimpflug tomography, ultrasound pachymetry, specular microscopy, and confocal microscopy (6, 10, 11, 23, 24). The latter conducted ultrasound pachymetry and optical coherence pachymetry (OCP) (3, 5). However, it has been shown that intraoperative measurement (immediately after the ablation procedure) may lead to underestimation of the residual stromal bed thickness because of the stromal dehydration (3, 5, 25, 26). To reduce the effect of the stromal dehydration, we chose to measure the corneal thickness before and after surgery. Several investigations achieved excellent repeatability and reproducibility of Pentacam, Sirius, and RTVue OCT measurements of the corneal thickness in both healthy and post-refractive-surgery subjects (9, 12, 13, 27–30). We, therefore, performed all measurements with these three instruments to avoid any bias related to the use of one device only.

Our results at one month show that in the corneal center and in the locations at 1 mm from the center, all postop-AD values were larger than the predicted AD ones, whereas at 2.5 mm from the center, almost all postop-AD values were lower than the predicted AD. The laser energy may contribute to the discrepancy. The central cornea was flatter and the cosine effect was reduced, the laser ablation efficacy may be increased. Besides, the ablation depth is larger in the central region than that in the peripheral. It means the treatment requires more times in the central area, the cornea becomes more dehydrated and the laser ablation rate increases over the time. Similar results were found in a previous study, the predicted AD was higher than the measured AD at corneal vertex in the less than 63.49 μm group and lower in the greater than 63.49 μm group (11). At three months the postop-AD decreased, indicating an increase in the corneal thickness during this period, that decreased the Δ-AD values from negative to close to zero. Consistently, at 2.5 mm from the center, all three instruments showed a change of the Δ-AD values from slightly positive to markedly positive, which again revealed a decrease in the postop-AD. We suppose that epithelial remodeling and thickening contributes to the narrowing of the gap between the predicted AD and postop-AD, especially in the central and paracentral cornea. Several studies support this explanation of the observed phenomenon (10, 31–33). Nonetheless, no clear explanation has been proposed for midperipheral thickening, which requires further research.

The 95% LoA are important also in the estimation of the reliability of the predicted AD. In our examination, their values were within a relatively wide range, as the maximum absolute values in the central 1-mm region were approximately 20 μm and roughly 30 μm in the 2.5-mm region. The agreement between the predicted AD and the postop-AD obtained by RTVue OCT was the highest as compared to those established by Pentacam and Sirius. However, the 95% LoA range became narrower at three months than those at one month in the current study, our results show that agreement between predicted AD and postop-AD has to be considered moderate.

Using FS200 femtosecond and EX500 excimer lasers (Alcon Laboratories, Inc., Ft. Worth, TX, United States), Savini et al. reported no difference between the average predicted AD and postop-AD values in the central cornea determined by Pentacam (although opposite findings were obtained in eyes with low and high myopic corrections) (11). The myopic corrections were correlate to the AD, but it did not had significant influence on the results. Similar results were published by Kanellopoulos et al. who used the same lasers, as well as by Febbraro et al. (7, 10). These findings are in accordance with our postoperative data obtained at three months. The ΔAD is different in different position (superior or interior, nasal or temporal). The mean cylindrical correction of the patients enrolled was −0.79 ± 0.60 D and predicted AD showed no obvious difference in different position. We thought the major cause may be the corneal and epithelial remodeling and thickening. But further studies would be needed to clarify the effect of high astigmatism and corneal thickness.

Since the results of our comparison between the predicted and the postoperative AD are quite similar with all three devices and suggest an early underestimation of the predicted AD, we reinforce the advice that the highest possible caution should be exercised in the planning of the correction of highly myopic eyes with thin corneas. Nevertheless, our study had some limitations. First, the Pentacam and Sirius could not provide the epithelial thickness, we did not separately analyze the parameters. In the studies of Kanellopoulos AJ, the center epithelial thickness and mean thickness seemed to increase after LASIK by 1.58 ± 2.73 μm and 2.88 ± 3.15 μm at 1-month, respectively. At 12 months, the difference was 1.42 ± 2.62 μm and 2.90 ± 2.73 μm, respectively (34). The epithelial thickness showed a significant increase in the first month post-LASIK, and became relatively stable after that up to 2 years (35). The change of epithelial thickness might not show greatly influence but we should still take caution. Second, our follow-up was limited to only three months. Third, for the restriction of measure principle, the CCT measurements were performed at the corneal vertex while the excimer laser was performed at the optical axis. Thinnest point, corneal vertex and pupil center was all enrolled in the study of Savini, and the results of measured ablation depth were close (11). In myopic eyes with small angle kappa, corneal light reflex nearly coincides with the corneal vertex rather than the pupil center or thinnest point. The values in the corneal center and in the locations at 1 mm from the center were all analyzed and similar results were gained. We thought eccentricity may affect the real central values but not have significant influence on the conclusion.

In conclusion, we observed that the average predicted AD in the eyes with myopic FS-LASIK was underestimated in the central and paracentral cornea in early stage. That underestimation progressively decreased from one to three months, probably because of corneal remodeling. Both Scheimpflug imaging and OCT imaging are valuable and reliable for corneal thickness assessment as they provided similar information.
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Objective: The aim of this study was to examine the biometric ocular manifestations and structural ocular features of anterior megalophthalmos (AM).

Methods: Fifteen patients with AM (30 eyes) from the Eye & ENT Hospital of Fudan University were included. The age-matched control group consisted of 30 participants (30 eyes) who underwent Pentacam HR and IOLMaster 700 measurements for one normal eye. Data on demographics, biometric manifestations, and genotypes were carefully compared.

Results: A total of 15 patients with AM and 30 control patients were enrolled. There were no differences in age (37.27 ± 19.1 vs. 31.43 ± 19.69 years, P = 0.249) between these two groups. AM eyes were characterized by premature cataracts (11/30, 36.67%) and zonular weakness with lens subluxation (22/30, 73.33%) compared with the control group. Notably, 20 of the 30 AM eyes (66.67%) had significant posterior iris bowing, and 16 of the 30 AM eyes (53.33%) showed an enlarged ciliary ring on ultrasound biomicroscopy (UBM). Mean corneal curvature was lower in the AM eyes (42.01 ± 2.06 D vs. 43.14 ± 1.38 D, P = 0.023). There was no significant difference in corneal pachymetry and central endothelial cell count between the AM and control groups. Significant differences were found in terms of the anterior chamber and white-to-white (WTW) among the Pentacam HR and IOLMaster 700 in patients with AM (P < 0.05). The difference was 0.53 ± 0.48 mm and 0.36 ± 0.14 mm, respectively (P < 0.001).

Conclusion: The results of this cohort study conclude the biometric and structural ocular manifestations in Chinese cohorts. Posterior iris bowing (66.67%) and lens subluxation (73.33%) are the most characteristic findings in patients with AM with anatomical abnormalities of megalocornea and a deep anterior chamber, although corneal biometric manifestations of AM included flatter cornea and lower total corneal astigmatism. The knowledge of ocular manifestations of AM is important for diagnosis and preparation for the operation in advance to avoid intraoperative and postoperative complications. Significant differences were found in the anterior chamber and WTW values between the Pentacam HR and IOLMaster 700. Thus, we suggest that various examinations should be carefully considered before determining an AM diagnosis.

Keywords: anterior megalophthalmos, ocular manifestations, lens subluxation, cataract, megalocornea


INTRODUCTION

Anterior megalophthalmos (AM) is a non-progressive, bilateral congenital enlargement of the anterior segment, first described by Seefeld in 1914 (1). It is characterized by megalocornea (horizontal diameter ≥12.5 mm) with a very deep anterior chamber and enlarged ciliary ring, although corneal histology and thickness remain normal or moderately thin (2). The main causes of decreased vision in patients with AM are premature cataracts at the age of 30–50 years and lens subluxation (3). Posterior segment abnormalities, such as vitreous fibrillar degeneration with liquefaction and retinal detachment, are also found in patients with AM (4). AM is also known as X-linked megalocornea since X-linked recessive inheritance exists in 50% of patients with AM (5). The AM locus maps on the long arm of the X chromosome in the region Xq12-q26 (6). Autosomal transmission is the cause of AM in 40% of the patients, and de novo mutations at this locus were found in the remaining 10% of patients (7). CHRDL1 gene is determined as a virulence gene of AM while Marfan syndrome, Trisomy 21, Apert syndrome, and mucolipidosis type II were found to be associated with AM (8).

Although several challenging cases of cataract surgeries in patients with AM have been reported (3, 9–14), no study has focused on the biometric and structural ocular manifestations of patients with AM with a control group, as AM is a rare and sporadic disease.

To better define the biometric and structural ocular manifestations of patients with AM, we analyzed the ocular findings in 15 patients with AM and compared them to those of the control group.



MATERIALS AND METHODS


Study Population

For a period of 5 years (January 2016 to January 2021), 15 records of patients with AM (30 eyes) and 36 control participants (36 eyes) who presented to the Eye & ENT Hospital of Fudan University were enrolled in this retrospective case-control study. The Institutional Review Board approved this study, with the extension of our randomized controlled trial (ChiCTR2000039132). All participants signed a standard consent form, including consent for data privacy. The medical and family histories of all participants were carefully recorded.



Patient Selection

Anterior megalophthalmos was diagnosed based on megalocornea (horizontal diameter ≥12.5 mm) with a very deep anterior chamber. Pentacam HR and IOLMaster 700 were used to measure the white-to-white (WTW) distance, and the maximum value was used to diagnose AM. The AM group comprised 15 patients with AM (30 eyes). The control group consisted of 36 participants (36 eyes) who were matched for age and sex to the AM group. Six patients (6 eyes) were excluded because important examination data were missing. None of the participants had a history of ocular trauma or other ocular surgery, uveitis or glaucoma, fundus abnormalities, dry eye disease, or diabetic retinopathy. Patients who wore contact lenses within the previous 2 weeks of examinations were excluded. Patients diagnosed with Marfan syndrome, Trisomy 21, Apert syndrome, and Mucolipidosis type II were excluded from the study.



Ophthalmological Examination

A slit-lamp microscope examination of the anterior segment was used to identify lens subluxation if the lens edge was clearly visible after pupil dilation. Intraocular pressure (IOP) was measured using non-contact tonometry (NCT; Nidek NT-530, Aichi, Japan). All anterior segment eye photographs were recorded.



Biometry

Biological characteristics were collected using the Pentacam HR system with a rotating Scheimpflug camera (Pentacam; Oculus, Wetzlar, Germany) and partial coherence interferometry (IOLMaster 500; Carl Zeiss Meditec, Jena, Germany) from January 2016 to March 2018; the IOLMaster 700 (IOLMaster 700; Carl Zeiss Meditec, Jena, Germany) was used from March 2018 to January 2021. All measurements were made at a pupil scan of 6 mm in diameter. We performed ultrasound biomicroscopy (UBM) with a 50 MHz probe (Opko Instrumentation, Miami, FL, United States) and ZS3 Ultrasound System (ZS3 Ultrasound System, Mindray, China) in patients with AM. All ocular findings were carefully recorded, including atrophy of the iris, posterior iris bowing, hypoplasia of the pupil dilator muscle, inadequate pupillary dilatation, early onset cataracts, lens subluxation, enlarged ciliary ring, posterior staphyloma, and retinal breaks.

For each eye, the mean of three repeated measurements was obtained by experienced ophthalmologists.



Statistical Analyses

All statistical analyses were performed using SPSS 20.0 (IBM Corp., Armonk, NY, United States). Continuous variables are expressed as mean ± SD. The Kolmogorov–Smirnov test was used to confirm the normal distribution of the data. Student’s t-test, the Mann–Whitney U test, and the chi-square test were used to compare biometric data between the AM and control groups, and the paired t-test was used to compare the mean values of the ocular parameters from the two different biometers. To assess the agreement between the two devices, a Bland-Altman analysis was performed by plotting the differences between the measured and average values. The intraclass correlation coefficient (ICC) was used to assess the agreement between individual measurements from two different devices. Statistical significance was set at P < 0.05.




RESULTS


Study Population

In the study population of 45 adults, 15 [7 (46.67%) women, 8 (53.33%) men] were patients with AM, and 30 [11 (36.67%) women and 19 (63.33%) men] were controls; the mean age was 37.27 ± 19.1 and 31.43 ± 19.69 years, respectively (P = 0.249).



Biometry

The ocular characteristics of the AM and control groups are summarized in Table 1. The IOP in the AM and control eyes was comparable (P = 0.512). There was no significant difference in the central endothelial cell count and corneal pachymetry between the AM and control groups. A significant difference in anterior chamber depth (ACD) was observed in the AM group compared with the control group (4.13 ± 1.22 mm vs. 3.17 ± 0.26 mm, P < 0.001). The axial length of the AM group was significantly longer than in the controls’ eyes (26.04 ± 3.25 mm vs. 23.33 ± 0.78 mm, P < 0.001). The anterior corneal curvature (Km value) and total corneal refractive power were significantly flattered in the AM group than in the control group (P = 0.023 and P = 0.025, respectively). Further analysis of female and male patients with AM is shown in Table 2. Corneal pachymetry of the female group was thicker than the male group, and flatter cornea was also found in the female group.


TABLE 1. Baseline characteristics of the AM and control groups.
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TABLE 2. Baseline characteristics of the female and male AM groups.
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Structural Findings

The structural findings are summarized in Table 3 and are presented in Figure 1. Since a person may have multiple symptoms, a patient may be counted multiple times when calculating the number of people with symptoms. Atrophy of the iris was documented in 11 of the 30 (36.67%) AM eyes. Posterior iris bowing also had a high frequency (66.67%) in AM eyes indicated from UBM examination. A total of 6.67% of the AM eyes showed hypoplasia of the pupil dilator muscle, and inadequate pupillary dilatation was apparent in 13.33% patients with AM with 0.1 ml 0.5% tropicamide drops 30 min before the cataract surgery. The patients with AM had significant nuclear cataracts with the mean age of 46.91 years in 36.67%, and lens subluxation appeared in 73.33%. Retinal breaks were found only in 3.33% of patients with AM eyes.


TABLE 3. Structural ocular findings in patients with AM.
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FIGURE 1. Structural findings in patients with anterior megalophthalmos (AM). (A) Ultrasound biomicroscopy image performed through the right eye of an AM patient showing posterior iris bowing (white arrowheads) and a greatly enlarged anterior segment. (B) Early onset mature cataract (white arrowheads) was shown in a 29-year-old AM patient with a greater corneal diameter. (C) The right eye of a patient with AM showed obvious atrophy of iris (white arrowheads). (D) Intraocular lens (IOL) dislocation (white arrowheads) was present in a patient with AM after normal cataract surgery.


It should be noted that there was 1 patient who complained of intraocular lens (IOL) dislocation at the initial visits was excluded from the AM group due to his previous ocular surgery; however, he was eventually diagnosed with AM after a series of ocular examinations.



Assessment Agreement for Patients With Anterior Megalophthalmos

Table 4 shows the mean values of ACD and WTW obtained using different devices. The Friedman test revealed a statistically significant difference when ACD measurements were compared between the UBM, IOLMaster 700, and Pentacam HR (P = 0.001). Specifically, after using the Quade post hoc test, significant differences were found between UBM vs. IOLMaster 700, UBM vs. Pentacam HR, and IOLMaster vs. Pentacam HR (P < 0.001, all). The different Bland-Altman plots are provided in Figure 2 for the 3 possible comparisons between 2 devices, namely, UBM vs. IOLMaster 700, UBM vs. Pentacam HR, and IOLMaster vs. Pentacam HR.


TABLE 4. WTW and ACD measurements for different devices.
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FIGURE 2. Bland-Altman plots of comparison between ACD and WTW by UBM, IOLMaster 700, and Pentacam HR. ACD, anterior chamber depth; WTW, white-to-white.


Agreement among devices, assessed by the ICC, is shown in Table 4. Only the ACD reached a high ICC (>0.75) between the IOLMaster 700 and Pentacam HR.




DISCUSSION

Anterior megalophthalmos is a hereditary disease that affects the anterior segment of the eye. The enlarged cornea of AM may be mistaken for congenital glaucoma; however, IOP and corneal clarity are normal in patients with AM (15). However, a review showed that only 3 out of 57 patients (5.26%) presented with glaucoma (2). AM can also be easily confused with megalocornea that has no other ocular abnormalities, excluding corneal enlargement. There is a need to distinguish AM from other developmental abnormalities characterized by corneal enlargement by biometric and structural ocular manifestations.

In simple megalocornea, there are no other ocular abnormalities, excluding corneal enlargement. In patients with AM, the cornea is enlarged, typically with increased ACD. Meire and Delleman (5) reported that axial length was increased in patients with AM, which was also found in our study with a median axial length of 26.04 ± 3.25 mm. Corneal endothelial cells have a normal morphology and cell density, which suggests that corneal endothelial cell hyperplasia occurs concurrently with excessive corneal growth.

Some special pathological changes in patients with AM have been reported in this study, including iris atrophy (36.67%), posterior iris bowing (66.67%), and enlarged ciliary ring (53.33%). AM is a non-progressive condition as lens dislocation (73.33%) and premature development of lens opacities (36.67%) were the most intriguing features of AM observed in this study. Further eye growth with age is not progressively abnormal. With the development of early cataract and lens subluxation, this could be considered a progression of the constellation of features, but AL remains stable after entering adulthood. Additionally, there are several challenges in cataract surgery for patients with AM caused by deep anterior chambers, zonular anomalies, and large capsular bags (7). Many intraoperative and postoperative complications have been reported, such as vitreous loss, lens subluxation/luxation, retinal detachment, and IOL dislocation (16).

Intraocular lens instability related to an oversized capsular bag and zonular anomalies is the highest concern for ophthalmologists. Implantation of IOLs in lens capsule bags or in the ciliary sulcus is only appropriate in cases without significant zonular weakness. In reviewing the literature on AM, different approaches have been applied to avoid IOL decentration (9). Sharan and Billson (11) prescribed aphakic and aphakic contact lenses to patients for visual rehabilitation. Implantation of large custom-made IOLs to ensure endocapsular fixation in problematic capsular bags was reported by Vaz and Osher (17). However, due to high expenses, custom-made IOLs are difficult to obtain. Custom-made IOLs handle the problem of oversized capsular bags while still having a high risk of being dislocated due to 360° zonular weakness caused by an enlarged ciliary ring (13, 16).

To manage insufficient capsular support, iris-claw IOLs have started to be noticed in patients with AM. Retro-pupillary iris-claw IOLs have been proposed as excellent alternatives for patients with AM (18). Compared with sutured anterior chamber IOLs, retropupillary iris-claw IOLs enclavated to the iris are supposed to reduce the potential for complications associated with anterior chamber IOLs, such as corneal endothelial damage, anterior synechia, and glaucoma (10). In recent research, anterior chamber and PC iris-claw IOL fixation were equally effective and safe in eyes with inadequate capsular support (11). Retropupillary iris-claw IOLs also have some disadvantages. The enlarged incision may result in unpredictable astigmatism after surgery. Meanwhile, iridoleptynsis is a common symptom observed in patients with AM, although the additional development of iris lesions may occur after suturing the iris claw (11).

In this study, we tested the agreement of optical biometers in measuring the ACD and WTW in the eyes of patients with AM, as we found a large gap among the different biometers. After comparing the ACD measured by three optical biometers in patients with AM, the results showed that ACD measured by Pentacam HR was significantly lower than that measured by IOLMaster 700 and UBM. A significant difference was also found between the Pentacam HR and IOL Master 700 in WTW. WTW measured by the IOL Master 700 was obviously higher than that measured by the Pentacam HR, indicating that Pentacam HR and IOL Master 700 could not be used interchangeably for measuring WTW. Both devices used anterior segment photography to obtain WTW measurements. The accuracy of WTW measurement depends on algorithms for limbus edge detection and on the light source of the device, as well as the quality of the image captured by optical biometers. It is noted that the WTW value is required in the diagnosis of AM and is also required for choices of IOL implantation methods, including IOL implantation in the ciliary sulcus, in capsular bags, and in trans-sclera suture fixation. Therefore, to ensure safety, the maximum value of WTW was used to diagnose AM. Since the calculated power can vary depending on WTW and ACD measurements, it should be carefully considered before cataract surgery for patients with AM.

X-linked recessive inheritance is the most common form of AM, which was found in 50% of AM cases, while the autosomal transmission was observed in 40% of patients with AM, and sporadic transmission was observed in the remaining 10% (19). Gene linkage studies have suggested that the AM locus maps in the region Xq12-q26.9, and men account for 90% of AM cases (8). However, in our series of 15 patients with AM, there were 7 women and 8 men. Homozygous mutations in CPAMD8 in 3 of 5 AM unrelated patients were identified by whole-exome sequencing (Table 5). As a candidate gene for cataract development, CPAMD8 was mapped to chromosome 19p13.2–p13.3, spanning approximately 130 kb. Wiggs (20) identified mutations in CPAMD8 associated with anterior segment dysgenesis. Affected patients showed similar features, including a bilateral enlarged corneal diameter, ectopia lentis, and premature cataract, which matched the patients with AM (21).


TABLE 5. The overall spectrum of CPAMD8 variants found in this study.
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This study has several limitations. First, as AM is a rare disease, only 15 patients with AM (30 eyes) were collected for a period of 5 years (January 2016 to January 2021) with 14,000 cataract surgeries per year in the study hospital. Only three unrelated female patients underwent whole-exome sequencing. Larger studies of patients with AM may be necessary in the future. Second, because the IOLMaster 700 was used from March 2018 to January 2021, some ocular characteristics measured by IOLMaster 700 were not documented before March 2018; therefore, we excluded patients with missing data when assessing agreement of the IOLMaster 700 and Pentacam HR in patients with AM. Third, a longitudinal study is needed to record postoperative complications and visual acuity in patients with AM.



CONCLUSION

Corneal biometric manifestations of patients with AM included flatter cornea, lower total corneal astigmatism, and longer axial length, although corneal morphology and thickness remained normal or moderately thin. Posterior iris bowing, lens subluxation, and very deep anterior chambers are the most characteristic findings in AM. The ACD and WTW values measured by the Pentacam HR were significantly lower than those measured by the IOLMaster 700. Thus, we suggest that various examinations should be carefully considered before determining an AM diagnosis.
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Intermittent fasting (IF) is gaining popularity as a therapeutic dietary strategy that regulates metabolism and can alter the development of metabolic disorders. An increasing amount of research has connected ocular diseases to IF and discovered that it has a direct and indirect effect on the eye’s physiological structure and pathological alterations. This article summarizes the progress of research on IF in regulating the physiological structures of the ocular vasculature, the anterior segment of the eye, the retina, and the choroid. We explored the therapeutic potential of IF for various common ocular diseases. In the future, a comprehensive study into the fundamental processes of IF will provide a direct and rigorous approach to eye disease prevention and therapy.
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INTRODUCTION

Intermittent fasting (IF), also known as intermittent energy restriction (IER), is a new type of fasting therapy that alternates casual eating with restrictive eating for a set time, aiming to affect organism metabolism through dietary interventions. This easy-to-follow food restriction diet has been demonstrated to have numerous health benefits, including disease prevention and the slowing of aging. Dating back to 1997, Weindruch and Sohal showed that calorie restriction strategies might prolong lifespan by reducing body weight and oxidative stress (1). Subsequent studies have extended its beneficial effects to other aspects, such as diabetes, cardiovascular disease, cancer, and neurodegenerative diseases (2).

Currently, major IF diets include alternate-day fasting, periodic fasting, time-restricted fasting, and religion-related fasting. Alternate-day fasting is a form of fasting in which a day of normal eating alternates with a day of fasting, during which adequate water intake is ensured. It is currently the most common form of IF. Periodic fasting is a diet that involves fasting for 1 or 2 days per week and regularly eating the rest of the time. The 5:2 light fasting method is the most typical form of periodic fasting, where only 2 days of a week restrict dietary intake. During the time-limited fasting, participants fasted only at specific times of the day. Religion-related fasting is a prevalent form of IF based on religious beliefs. Ramadan fasting entails abstaining from all food and water from dawn to sunset for over a month, and abstaining from drugs, smoking, and sexual activity (3). Most eye-related population studies have been conducted around Ramadan fasting (4–7).

The eye is a vital sensory organ that receives most information from the external environment. With lifestyle changes, eye diseases and ocular complications of metabolic disorders, such as diabetes and hypertension, are consistently increasing. Chronic ocular diseases affect patients’ quality of life and impose a heavy economic burden on families and society. Dietary interventions have shown potential for prevention and adjunctive treatment in ocular pathologies due to its ease of acceptance and implementation. Nevertheless, there is a lack of evidence about IF and ocular disease. IF can alter a variety of ocular biological parameters and significantly impact some ocular surface diseases, retinopathies, etc. It is essential to understand the effects of IF on physical parameters and pathological changes in the eye. This review summarizes the benefits of IF on the eye and the prevention of ocular diseases by describing the effects of IF on various biological parameters of the eye and discusses possible physiological mechanisms of the effects of IF on the eye.



INTERMITTENT FASTING AND OCULAR BIOLOGICAL PARAMETERS

As a new dietary pattern, IF has an important role in the body’s metabolism. At the same time, IF can also alter the sympathetic and parasympathetic tone and insulin sensitivity, improve blood circulation and flow patency, and thus alter ocular blood circulation, choroidal and retinal thickness, intraocular pressure (IOP), and the anterior segment of the eye. It has an important effect on the local metabolism and structure of the eye. This case is depicted in Figure 1 and Table 1.
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FIGURE 1. The physiological role of intermittent fasting. IF, intermittent fasting; CT, choroidal thickness.



TABLE 1. Effects of intermittent fasting on ocular biologic parameters.
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Intermittent Fasting and Ocular Blood Distribution


Intermittent Fasting Lowers Blood Pressure and Improves the Ocular Blood Supply

Hypertension plays a vital role in ocular blood perfusion and vascular distribution. The retina and other peripheral organs such as the brain and kidneys have similar vascular structures and physiological properties (8). When blood pressure rises, extensive retinal small artery stenosis and localized arteriovenous stenosis also occur, resulting in reduced retinal perfusion (9). If blood pressure remains high for an extended time, the blood-retinal barrier will be destroyed, leading to an exudative phase. Retinal hemorrhages and cotton wool spots appear during this period, leading to optic disc edema and macular edema (10). In addition, Hua et al. reported a significant decrease in vascular density in patients with a 5–10-year history of hypertension, a change which is likely related to the chronic effects of hypertension (11).

During early IF, systolic and diastolic blood pressure may be reduced without weight loss in obese men with prediabetes. This improvement in blood pressure is likely related to reducing insulin levels during fasting (12). It has been shown that both systolic and diastolic blood pressure decrease in hypertensive patients during prolonged IF (13, 14). Under the same conditions, there was no significant change in overall blood pressure between the fasting and non-fasting healthy groups. Still, peak systolic velocity in the ophthalmic artery, central retinal artery, and temporal short posterior ciliary artery were decreased by approximately 19.18, 43.60, and 13.92%, respectively (15). This decrease in blood pressure improves ocular vascular structure and density and maintains normal ocular perfusion (15).

In addition, during IF, the sympathetic tone of the organism decreases, while the parasympathetic tone increases (16). Patients with hypertension have a problem with their autonomic function, which means their parasympathetic tone drops, and sympathetic nerves take over (17). This is because sympathetic nerves make immune cells produce proinflammatory factors, which send a signal to the brain that causes more sympathetic excitatory output (18, 19). On the other hand, sympathetic nerves can control how many hypertension-specific memory effector cells build up in the body (20). Under these effects, the blood vessels in the body are further constricted, and the blood pressure is further increased. In contrast, IF stimulates the vagus nerve, which innervates the heart and produces the opposite of sympathetic excitation, slowing cardiac conduction velocity, decreasing myocardial contractility, slowing heart rate, slowing heartbeat volume, and dilation of peripheral blood vessels, lowering blood pressure (17). Thus, IF can affect blood pressure by affecting sympathetic and parasympathetic tone affecting ocular blood flow. This case is depicted in Figure 2.
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FIGURE 2. Normal blood circulation, eye structure, and retinal structure.




Intermittent Fasting Lowers Blood Glucose and Improves the Ocular Blood Supply

Chronic metabolic diseases such as diabetes can also affect blood flow to the eye. Normally, the avascular zone in the center of the foveal center is round or oval. This area is not bordered by gaps or breakdowns in the superficial or deep capillary plexus. In diabetic patients, both superficial and deep capillary plexuses show an increase in the size of the avascular zone in the central retinal notch (21). Multiple transcription factors are active in the early stages of diabetes. Increased pro-inflammatory chemicals in the retina trigger a low-grade inflammatory response that kills endothelial and pericytes, increases vascular permeability, disrupts the blood-retinal barrier, causes retinal edema, and worsens retinal ischemia over time (22). Chronic hyperglycemia can aggravate the condition by causing oxidative stress in the body and causing further damage to the microvascular endothelium (22).

Intermittent fasting can reduce insulin levels and increase the body’s sensitivity to insulin in healthy individuals (12). In the case of prediabetic and type 2 diabetic patients, IF can effectively reduce the glycated hemoglobin ratio, insulin levels, and insulin resistance (12). Through IF, it is possible to reduce blood glucose levels and improve end microvascular permeability in diabetic individuals, thus ensuring the integrity of the blood-retinal barrier and playing an essential role in the normal perfusion of ocular blood flow (23).




Intermittent Fasting and Retinal and Choroidal Thickness

The retina is short for the optic part of the retina, a visual sensory organ that lies immediately within the inner layer of the choroid. The choroid is a highly vascularized tissue found between the retina and the sclera that gives appropriate oxygen and nutrients to the retina and is engaged in a range of retina-related functions (24).

An investigation has found no substantial changes in retinal thickness during IF (25), which might be due to a stringent self-regulatory system in the retina when perfusion pressures fluctuate dramatically (26, 27). Previously, animal studies found that retinal blood flow self-regulates in a similar manner (28). A similar phenomenon is observed in the human body (29). Unlike the retina, IF can cause choroid thickening (30).

The choroid’s self-regulation may cause a significant negative relationship between choroidal thickness and systolic blood pressure in the sub choroid (31, 32), and IF may thicken the choroid by lowering systolic blood pressure. In addition, there is a connection between neuromodulation and sub choroidal thickness. During IF, blood pressure drops, cardiac blood flow drops (33), and choroidal thickness under fovea increases when sympathetic tone drops and parasympathetic tone rises (16, 25). The choroidal thickness under the fovea increased by nearly 3% during the fasting period compared to the non-fasting period (25). Insulin sensitivity may influence the thickness of the choroidal layer at IF (34). There is a substantial thinning of choroidal thickness in diabetic patients and diabetic retinopathy (DR) patients (35). The nearly 37% reduction in choroidal thickness in the subcentral retinal recess compared to healthy subjects suggests that choroidal thickness is a great early predictor of DR. As a result, increased insulin sensitivity is expected to have a role in choroidal thickness change. Furthermore, nitric oxide levels in the body are greatly elevated during Ramadan (36). This stimulation of endothelial dilatation and intravascular material leakage may contribute to the increased choroidal thickness under the eye fossa (30).



Intermittent Fasting and Intraocular Pressure

The pressure created by the interplay of the eye’s contents on the eye’s wall and the contents of the eye is known as IOP. The intraocular contents include the lens, vitreous humor, and aqueous humor, of which the aqueous humor is the most critical factor affecting IOP. A balance between aqueous intake and outflow is required to maintain normal IOP. Any factor that interferes with the proper functioning of the aqueous humor circulation pathway may obstruct aqueous humor return and increase IOP. This case is depicted in Figure 3.
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FIGURE 3. Aqueous humor circulation pathway.


Previous studies have reached different conclusions. Some studies comparing the difference between IOP during fasting and non-fasting periods did not significantly change (11, 37). However, IF decreases insulin secretion and increases glucagon levels and sympathetic tone, which increases free fatty acid formation and thus increases local blood flow (38). Norepinephrine and cortisol produced during sympathetic excitation are elevated, and resistance to atrial outflow increases, causing IOP to rise. However, most studies have shown a significant decrease in IOP values during IF (34, 39–44). Kerimoglu et al. (42) found that in the Ramadan fasting population, IOP tended to be higher in the morning (fasting vs. non-fasting: 14.19 ± 3.53 mmHg vs. 12.03 ± 2.99 mmHg) and lower in the afternoon (fasting vs. non-fasting: 11.74 ± 2.39 mmHg vs. 13.13 ± 2.39 mmHg). This phenomenon may be related to dietary habits during Ramadan fasting (42). Fasting people intentionally consume more food and water before sunrise to tolerate hunger and thirst during the day (40), and in the morning, they drink more water, have an abundance of body fluids, and average aqueous humor production; in the afternoon, they become dehydrated because they have not drunk water for a long time, their plasma osmolality rises relatively, and the amount of aqueous humor obtained by ultrafiltration decreases relatively, with a disadvantage. Another study evaluated IOP during fasting in patients with open-angle glaucoma, and these patients showed an IOP decrease of approximately 26–32% at various times compared to the non-fasted state (45).

It has been shown that during IF, low-density lipoprotein (LDL) and apolipoprotein (Apo) B levels decrease, and low-density lipoprotein (HDL) and Apo A-1 levels increase significantly (46). The depletion of lipid stores during this period may reduce prostaglandin secretion, which leads to a decrease in IOP (45). In addition, IOP reduction may also be associated with increased body dehydration, neuro-endocrine system function, and inflammatory mediators in the uveoscleral channels (34).

Studies in recent years have favored IF to reduce IOP, and most of the periods measured were distributed across the period of IF with high reliability. However, further studies with more samples need to be selected to confirm the relationship between IOP and IF.



Intermittent Fasting and Preoptic Biological Parameters

The anterior segment of the eye includes the anterior chamber, posterior chamber, lens suspensory ligament, atrial angle, conjunctiva, tear film, and other structures in front of the lens. Some parameters commonly used in clinical practice include anterior chamber depth, anterior chamber volume, central corneal thickness (CCT), corneal curvature, etc. These parameters play an essential role in the screening and diagnosis of ophthalmic diseases in clinical practice.

Intermittent fasting alters anterior chamber depth and volume, which is mostly due to dehydration This difference may be noticed in both fasting and non-fasting groups, and at various moments during the fasting period. Compared to the non-fasting group, anterior chamber depth and axial length were dramatically reduced in the fasted group (34, 47). Furthermore, during IF, the depth and volume of the anterior chamber were variable at different times of the day. According to Nowroozzadeh et al. (48), anterior chamber depth increased substantially during Ramadan, with nearly 26% compared to non-fasting periods. The anterior chamber depth values were greater in the morning than in the evening (P = 0.01), but the axial length of the eyes did not show such a significant change (48). Other studies with similar results have also been conducted (40). Furthermore, because there is a link between anterior chamber depth and IOP, with lower IOP being linked to deeper anterior chamber depth (48, 49), it is hypothesized that IF might change the magnitude of anterior chamber depth by affecting IOP.

In addition, Beyoğlu et al. (34) evaluated corneal density and lens density changes in IF During IF, subjects were found to have a decrease in corneal density (fasting vs. non-fasting: right/left eye: 12.81 ± 0.76/12.73 ± 0.73 vs. 13.28 ± 1.01/13.07 ± 0.77) (34), an expression likely due to changes in corneal inflammatory mediators and increased osmolarity as a result of dehydration (50, 51). However, lens density did not differ significantly between the fasting and non-fasting groups (34), probably because of lens microcirculatory water channels (52), which maintain a more stable density even during longer periods of dehydration.

The tear film is a crucial medium for maintaining lubrication between the cornea and the conjunctiva and keeping harmful substances such as bacteria from entering the eye. An aqueous layer, a lipid layer, and a mucin layer make up the typical tear film. Tear secretion levels were substantially lower during IF (42). The assessment of tear break-up time (TBUT) did not change significantly between fasting and non-fasting periods (50). In addition, the activity of several enzymes, such as lysozyme, lactoferrin, and alpha-amylase, was reduced throughout the fasting period in the fasted population (53).




INTERMITTENT FASTING AND EYE DISEASE


Intermittent Fasting and Diabetic Retinopathy

Diabetic retinopathy (DR) is a major cause of low vision and blindness in adults today (54, 55) and is one of the microvascular complications caused by diabetes. The primary pathogenic alterations are retinal ischemia, aberrant neovascularization, retinal inflammation, increased vascular permeability, and neuronal and glial abnormalities (56). The current treatment of DR is mainly retinal laser photocoagulation, vitreous cavity injection, and vitrectomy. However, it is still unable to manage the condition of DR (57), and this therapy is mostly used on patients with advanced DR, with early prevention focusing on food and lifestyle modifications to prevent the disease from progressing further.


Intermittent Fasting Suppresses the Diabetic Retinopathy Inflammatory Response

The inflammatory response is a crucial pathophysiology of DR. Inflammatory variables such as intraretinal IL-1β, TNF-α, and C-reactive protein are considerably enhanced in DR in previous studies (58). Further research discovered that exposing retinal endothelial cells (RECs) to the inflammatory cytokines IL-1β and TNF-α increased glucose consumption while also causing oxidative damage to the cells. High glucose levels promote the mobility of leukocytes and the activation of proinflammatory molecules, which increases the synthesis of VEGF and TGF-1 in RECs (59) and can cause direct damage to RECs (60). Furthermore, lipid dysregulation is involved in the inflammatory response in DR. REC dysregulation is an early indication of DR. Lowering cholesterol and ceramide levels in the endothelium can decrease the progression of DR (61).

By lowering blood glucose and cholesterol levels, decreasing the generation of late glycosylation final products and inflammatory cytokines, boosting the release of heat shock proteins and adiponectin, and speeding up cellular self-phagocytosis, IF can reduce the inflammatory response in DR (62, 63).

Sirtuin 1 (SIRT1) is a nutrient-sensing deacetylase that becomes activated in low-nutrient states. SIRT1 activation boosts insulin secretion, reduces insulin resistance and weight loss, and controls inflammation (64, 65). SIRT1 activation inhibits NF-κB, [ADP-ribose] polymerase (PARP-1), and matrix-metallopeptidase 9 (MMP-9) activation (66–68). It decreases histone acetylation of the DNA (cytosine-5)-methyltransferase 1 (DNMT1) promoter, preventing inflammation and mitochondrial damage. In contrast, in the diabetic retina, increased DNA methylation of the SIRT1 promoter leads to transcriptional repression (69). SIRT1 expression and activity are both reduced, leading to reduced LXR signaling and dysregulation of retinal cholesterol metabolism, as well as increased production of proinflammatory cytokines (69). IF increased Sirt1 mRNA expression in the liver and retina and significantly increased SIRT1 activity in the retina of mice compared to non-fasted animals. The increased deacetylase activity led to increased LXRα activity, and LXRα activation inhibited NF-κB-dependent proinflammatory gene upregulation in retinal cells (69). Thus, IF activates SIRT1/LXR signaling and provides vigorous support for the treatment of DR.



Intermittent Fasting Inhibits Abnormal Capillary Neogenesis in Diabetic Retinopathy

The destruction or decrease of pericytes, abnormal callogenesis, and disruption of the blood-retinal barrier are all important symptoms of early DR (70). Pericytes share a stromal sheath with the endothelial cells of retinal capillaries. Hypertension, hyperglycemia, the production of late glycation end products, and hypoxia may disrupt the barrier function between pericytes and endothelial cells, causing pericytes to apoptose and endothelial cells to generate additional capillaries owing to a lack of proliferative control (71). In DR, a reduction in the ratio of pericytes to capillary endothelial cells might lead to capillary degeneration and hence worsen hypoxia (72). Furthermore, the NF-κB pathway is activated, resulting in elevated levels of the intercellular adhesion factor ICAM-1 and vascular VCAM-1, which contribute to aberrant angiogenesis (73, 74). By reducing blood glucose and limiting the generation of proinflammatory molecules, IF can minimize retinal neovascularization and enhance retinal microcirculation (22, 56, 60). Based on the above, IF can be utilized as an additive force in treating DR that is anti-inflammatory and anti-vascularization in the near future.



Intermittent Fasting Improves Diabetic Retinopathy Glial Abnormalities

Müller cells, as the main glial cells of the retina, have a nutritional and supportive role in the retina (75). High glucose and hypoxic environments can lead to Müller cell inflammation and edema (70). Tu et al. (76) also showed an increase in oxidative stress and inflammatory responses in Müller cells in a diabetic model and decreased their protective paracrine factor secretion, which promotes retinal inflammation. Due to the lack of therapy options other than glycemic management, the prognosis of patients with DR is typically dismal before the onset of the proliferative phase (77). By enhancing insulin sensitivity and reducing blood glucose, IF can prevent aberrant alterations in Müller cells, implying that we may utilize it as an adjuvant treatment to prevent the beginning of DR, and postpone its development, give patients a favorable prognosis.

No specific treatment has been developed in the early stages of DR because there is no treatment other than glycemic control until the proliferative phase develops, therefore, patient prognosis is generally poor (77). IF prevents abnormal changes in Müller cells by improving insulin sensitivity and lowering blood glucose, which suggests that we can gain insight into the function of Müller cells and their role in the pathogenesis of DR and that using IF as an adjuvant therapy may prevent the onset of DR, delay the progression of DR, and provide a possibility for a good prognosis for patients.




Intermittent Fasting and Dry Eye Syndrome and Ocular Surface Inflammation

The frequency and length of eye use have increased dramatically in modern society, as has the incidence of ocular surface illnesses. Dry eye is a multifactorial ocular surface disease defined by a tear film homeostasis problem, mainly associated with increased tear film instability, increased tear osmolarity and ocular surface inflammation development (78).

Diabetes is a systemic risk factor for dry eye, with more than half of type 2 diabetes patients experiencing dry eye symptoms (79). A sustained hyperglycemic condition damages the corneal epithelium directly, resulting in corneal ulcers and chronic corneal epithelial abnormalities (80). Hyperglycemia causes a decrease in conjunctival goblet cell density, a decrease in mucin density, and a decrease in tear film stability, in addition to direct epithelial damage; at the same time, hyperglycemia causes an increase in tear osmolarity, which causes mucin denaturation, a decrease in tear film stability, and yet another increase in osmolarity, creating a vicious cycle. A hyperglycemic environment can damage corneal neurons and impair neurotrophic function, which leads to the breakdown of corneal barrier integrity, decreased corneal sensitivity, decreased ocular surface gland production and blink frequency, and increased the advancement of dry eye (78, 81).

In diabetic patients, IF can effectively control blood glucose levels (82), resist the stress response, reduce autophagy, downregulate inflammatory expression (63), and reduce the damage caused by diabetes to the lacrimal vascular system and corneal autonomic nerves (80), resulting in corneal protection. On the other hand, a reduction in CD4 T cells has been observed to treat dry eyes in Sjogren’s syndrome, an autoimmune condition (83, 84). CD3, CD4 T cells, and CD19 B cells are all reduced by IF (85). This might potentially how IF helps with dry eye problems. In conclusion, IF may help diabetic individuals with dry eye symptoms and other ocular surface diseases.

However, IF might induce or worsen dry eye problems. Dehydration and decreased tear production can occur while fasting, resulting in dry eye symptoms. There are also substantial changes in tear composition, such as changes in tear film proteins and increased osmolarity (42, 50, 53), which can trigger the production of ocular surface proinflammatory cytokines, chemokines, and matrix metalloproteinases (MMPs) (8, 9, 30), thereby aggravating dry eye. As a result, the effects of IF on dry eye need to be investigated further, and its therapeutic benefits must be considered holistically.



Intermittent Fasting and Glaucoma

Glaucoma, a progressive optic neuropathy defined by the loss of retinal ganglion cells, is the most prevalent neurodegenerative disease globally and results in permanent blindness (86). IOP that is pathologically raised is a significant risk factor for glaucoma. Glaucoma is caused by a disturbance of the aqueous circulation’s dynamic balance: a few cases are caused by excessive aqueous humor production, while the majority are caused by restricted aqueous outflows, such as constriction or even closure of the anterior chamber angle and trabecular sclerosis. Elevated IOP damages the visual nerve in two ways: mechanical compression and ischemia of the optic nerve. The greater the length of IOP increase, the more serious the visual function degradation (87). Current glaucoma therapy is still centered on reducing IOP. However, effectiveness is insufficient, and the condition might worsen even after the goal IOP is attained, which may be associated with progressive neuropathy.

By modifying the body’s metabolism, IF has been demonstrated to prevent aging and neurodegeneration (88, 89). Additionally, it can successfully reduce IOP and is critical in preventing the development of glaucoma. Although IF has been demonstrated to be advantageous in pathological neuropathy (90), there are minimal clinical data addressing retinal neurodegeneration, notably in glaucoma. Fasting for 48 h dramatically decreased acute IOP elevation-induced retinal ganglion cell loss, according to a recent study (86). The most plausible explanation for this phenomenon is that fasting regimens promote neuroprotection by inhibiting mTOR activity and activating cellular autophagy (91). Autophagy is the process of cytoplasmic breakdown and recycling via the autophagosomal-lysosomal pathway, which allows neurons to adapt to stressful environments and survive and is vital for neuronal homeostasis (91). Autophagic activity is inversely correlated with the activation state of the mammalian target of rapamycin (mTOR) and mTOR complex 1 (mTORC1) formation (92, 93). Activated mTOR inhibits the Unc51-like kinase 1 (ULK1) complex through phosphorylation, which inhibits autophagy (92, 93). In contrast, serine/threonine AMP-activated kinase (AMPK) is activated under low energy conditions and promotes autophagy by inhibiting mTORC1 and activating ULK1 (92, 94, 95). The study found a substantial drop in p-ULK1 in the fasting group of mice, indicating that IF can reduce the neurological damage caused by pathologically increased IOP in glaucoma by activating AMPK and thereby blocking mTOR signaling to promote autophagy.

At the same time, in EAAC1-deficient mice (a normal-tension glaucoma animal model), IF administered every other day for 7 weeks increased neurotrophic factor expression. It lowered oxidative stress levels, preventing retinal ganglion cell degeneration and improving visual impairment (91). Along with promoting neuronal cell survival, IF stimulates retinal glial cells and protects against damage induced by pro-inflammatory factor release. A calorie-restricted feeding regimen reduced ischemia-induced retinal damage and suppressed reactive gliosis in elderly rats (96).

The biochemical mechanisms underpinning the effects of IF on retinal nerve cells and glaucoma remain unknown. There are no conclusive clinical trials establishing a definite link between IF and glaucoma. Further research on the physiological effects of IF on the retina and genetic variables is critical for glaucoma and other ocular illness therapies.



Intermittent Fasting and Other Eye Diseases

Other visual illnesses, such as autoimmune uveitis, age-related macular degeneration (AMD), and refractive error, may also be affected by IF. However, whether IF may definitively alter the onset and course of certain ocular illnesses is unknown.

Animals with provoked autoimmune uveitis had altered intestinal flora structure (97). As uveitis disease progressed, the experimental group of mice developed an increasingly distinct intestinal flora from controls, as well as an increase in the number of Treg cells in the retina, a decrease in cytokine levels, and the number of effector T cells in peripheral lymphoid tissues, and a decrease in the severity of uveitis following oral antibiotics. Further research (98) confirmed lymphocyte movement between the gut and the eye in uveitis, emphasizing the critical role of the intestinal flora composition in ocular illness. The above phenomenon may be explained by the concept of the intestinal-ocular axis, whereby the eye as a target organ is regulated by inflammatory factors and metabolites produced by flora in the intestine, such as TNF-α, bile acids, and SCFAs. Janowitz et al. (99) discovered that experimental autoimmune uveitis (EAU) mice exhibited lower intestinal α diversity than unimmunized animals before the beginning of ocular inflammation at the most severe stage of uveitis. The intestinal flora of EAU mice comprised Prevotella, Lactobacillus, Anaerobes, Parabacteroides, Firmicutes, and Clostridium, and an increase in the ileum. Intestinal microecology is a new aspect of the metabolic regulatory role of IF, and several studies have shown the potential of IF to alter flora composition. Pinto et al. (100) recently published a systematic review on the role of IF in remodeling the gut microbiota in humans and rats/mice. In this study, the authors found that both alternate-day fasting and time-restricted fasting regimens altered the ratio of intestinal flora, mainly the Firmicutes/Bacteroidetes ratio and Lactobacillus spp abundance. All these findings indicate that intestinal flora plays a role in the development and progression of autoimmune uveitis and that IF may impact disease progression by altering the makeup of the intestinal flora.

Age-related macular degeneration (AMD) is the leading cause of blindness in adults over 50 in developed countries (101) and ranks highly among ocular illnesses. Admas et al. investigated the impact of high and low glycemic index meals on the progression of AMD (102). Aged rats fed a high glycemic index diet developed retinal lesions like those associated with AMD, including hyperpigmentation, atrophy, lipofuscin deposition in the retinal pigment epithelium, and photoreceptor degeneration, whereas mice fed a low glycemic index diet did not. The AMD phenotype was reduced and even reversed in mice fed a high glycemic index diet. A low glycemic diet developed through IF may have the same impact on AMD prevention and therapy.

Refractive errors (RE), which encompasses myopia, hyperopia, astigmatism, refractive error, and presbyopia, is one of the most prevalent ocular illnesses affecting individuals of all ages (103). External parallel light traveling through the eye’s refractive system (the cornea, atrium, lens, and vitreous fluid) at rest does not concentrate on the central depression to generate a clear image. Previous research on IF and refractive error is limited, and the results are inconsistent. Some studies show (38) that Ramadan has no discernible effect on human vision or refractive error. However, several studies (38) discovered a modest difference in the CCT of fasting participants before and after Ramadan. In comparison, Gonen et al. (47) discovered that when fasting, the eye’s axial length was slightly shorter, the corneal thickness was thinner at night, indicating diurnal fluctuation, and the anterior chamber depth decreased throughout the night. Blurred vision during hyperglycemia has been the consequence of temporary refractive alterations produced by lens modifications (104), although it might also be caused by retinal abnormalities. The degree of retinal thickness is connected with visual acuity (105, 106), and can also cause changes in the length of the eye axis, which can result in refractive errors (104). As a result, we may speculate about the role of IF in altering changes in certain ocular biological parameters or reducing refractive errors in diabetic and hyperglycemic conditions through blood glucose control.




CONCLUSION

Intermittent fasting improves the body’s metabolism and the local microenvironment of the eyes, hence preventing the development of some eye illnesses. IF affects the availability of nutrients. Limited nutrient intake drives the glucose-ketogenic metabolic switch in the body. Large amounts of endogenous ketone bodies replace glucose as an important energy source for the brain, muscles, eyes, and other organs (107). On the one hand, IF mitigates retinal neurovascular damage from sustained high glucose. On the other hand, ketone bodies serve as a better fuel to reduce ocular inflammation and oxidative stress (108, 109). Multiple metabolism-related hormone levels are upregulated in response to altered nutritional status, including increased ghrelin and adiponectin and decreased insulin and leptin (110). The secretion of these intestinal hormones regulates satiety, adapts to energy deficiency, and suppresses inflammation. Furthermore, this shift in eating patterns altered the body’s lipid metabolism, resulting in weight loss and decreased total cholesterol, triglycerides, and LDL cholesterol concentrations. On the other hand, IF increased cellular sensitivity to insulin, increased glucose uptake by cells in diabetic patients, decreased inflammatory factor production, inhibited neutrophil and other cell adhesion, and decreased platelet aggregation. In addition to its direct effect on nutrient intake, moderate hunger also influences the systemic and local stress state and inflammation levels. Fasting-mimicking therapy stimulated SIRT1/LXR signaling in retinal arteries and neurons in mice, resulting in lower expression of various inflammatory markers than controls (69). In summary, IF attenuates oxidative damage and the inflammatory response in the eye in multiple ways, which is common in primary and secondary eye damage. This case is depicted in Figure 4.


[image: image]

FIGURE 4. Effect of body metabolism on the eye under intermittent fasting.


The favorable benefits of IF have also been demonstrated in the prevention of hypertension, where IF increased BDNF factors, activated the parasympathetic nervous system, decreased heart rate, and acted as a vasodilator on blood vessels, resulting in a drop in systolic and diastolic blood pressure. During IF, the body’s nitric oxide level increases dramatically, driving endothelial dilatation and intravascular material leakage, reducing blood pressure and alterations in choroidal thickness.

Intermittent fasting is used in various fields, including endocrine, cardiovascular, and tumor treatments, and it also has several beneficial effects on the body. However, this diet is not appropriate for everyone, particularly those who are underweight, pregnant, or nursing. Notably, the most immediate risk of IF is hypoglycemia in patients taking hypoglycemic medications, particularly insulin (both postprandial and basal) and sulfonylureas (including short-acting metronidazole), and caution should be exercised when administering IF to this group of patients (111). Intriguingly, IF regimens of different durations may have distinct or even opposite effects. Cerqueira et al. showed that a long-term calorie restriction strategy (32 weeks) induced glucose intolerance (112). Therefore, the selection of the period of IF protocol is a topic worthy of study.

Numerous investigations on the impact of IF on different ocular biological parameters have been conducted. However, research on ocular-related diseases such as glaucoma, retinopathy, and ocular surface diseases is still limited. Further research is needed to determine whether IF can enhance the local ocular environment and treat ocular diseases. The intestinal-ocular axis has a vital function in the eye, not only for gut bacteria but also for the makeup of ocular microorganisms, which play a critical role in ocular metabolism and illness. However, the existence of ocular surface microbiota remains a concern, and the effect of IF on ocular microorganisms is unknown. This may provide a new direction for IF study. Meanwhile, due to the lack of evidence for the advantages of IF alone and the low compliance of IF participants, most fasting therapies now employed in clinical practice are confined to diseases with established effectiveness, such as diabetes. If used for other ocular disorders, IF also searches for medications or chemicals that may be used in place of IF to lower calorie intakes, such as metformin, resveratrol, or rapamycin (113), or that can be used to complement in-hospital therapy with IF regimens. Thus, in addition to investigating changes in fundus parameters and IF for ophthalmology, we should also investigate changes in the body’s inflammatory response, metabolism, and gut flora and look for more effective therapies by integrating several therapeutic techniques.
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Background: The relationship between obesity and diabetic retinopathy (DR) remains controversial. The aim of this study was to assess the association of generalized obesity [assessed by body mass index (BMI)] and abdominal obesity [assessed by waist to hip ratio (WHR)] with incident DR, and vision-threatening DR (VTDR), and DR progression among Chinese adults with type 2 diabetic mellitus (T2DM).

Method: This prospective cohort study was conducted at the Zhongshan Ophthalmic Center, from November 2017 to December 2020. DR was assessed based on the 7-filed fundus photographs using the modified Airlie House Classification. Multivariable logistic regression models were used to evaluate the associations of BMI and WHR with the development and progression of DR after adjusting for age, sex, traditional risk factors, and mutually for BMI and WHR.

Results: Among the 1,370 eligible participants, 1,195 (87.2%) had no sign of any DR and 175 (12.8%) had DR at baseline examination. During the 2 years follow-up visit, 342 (28.6%) participants had incident DR, 11 (0.8%) participants developed VTDR, 15 (8.6%) demonstrated DR progression. After adjusting for confounders, the BMI was negatively associated with incident DR [relative risk (RR) =0.31; 95% confidence interval (CI), 0.26–0.38; P < 0.001] and incident VTDR (RR = 0.22; 95%CI, 0.11–0.43; P < 0.001), while WHR was positively associated with incident DR (RR = 1.47; 95% CI, 1.27–1.71; P < 0.001). BMI and WHR level were not significantly associated with 2-year DR progression in multivariate models (all P > 0.05).

Conclusions: This study provides longitudinal evidence that generalized obesity confer a protective effect on DR, while abdominal obesity increased the risk of DR onset in Chinese patients, indicating that abdominal obesity is a more clinically relevant risk marker of DR than generalized obesity.

Keywords: generalized obesity, abdominal obesity, body mass index, waist to hip ratio, diabetic retinopathy, cohort


INTRODUCTION

As a common microvascular complication of diabetes mellitus (DM), diabetic retinopathy (DR) is the leading cause of blindness among working-age adults worldwide, which may lead to poor quality of life and increased socioeconomic burden (1, 2). The numbers of DR are expected to increase greatly over the next decade with the increased prevalence of DM and improved lifestyle, and it is estimated that it will reach to 191 million for any DR and 56.6 million for vision-threatening diabetic retinopathy (VTDR) by 2030 without prompt intervention and treatment (3). Therefore, strategies to reduce the burden of DR is pressing and studies to identify modifiable risk factors of DR are essential to guide clinical practice to prevent DR occurrence and progression (4).

Body mass index (BMI), which represent generalized obesity, is the most commonly-used anthropometric measurement to assess the relationship between overweight/obesity and DR, but their associations remain inconsistent, with some studies indicated a positive association (5–7), while others indicated negative association (8–10), or no association (11, 12). It was also reported that a U-shaped relationship between BMI and DR among type 2 diabetes patients (13). Recent data suggested that distribution of adipose tissue rather than the amount might play a key role in association of obesity with diabetic microvascular complications (14, 15). Anthropometric indices that use waist to hip ratio (WHR) to assess abdominal obesity, may be a better marker in predicting the risk of DR. However, previous studies on associations of WHR and DR were also controversy (8–10).

Currently, studies on obese and DR were mainly in cross-sectional design, longitudinal cohort studies are limited and inconclusive. To our knowledge, there were no longitudinal cohort studies on association of WHR with DR. To address these gaps, the purpose of this study was to evaluate the relationship between different kind of obesity with incident DR, vision-threatening diabetic retinopathy (VTDR) and DR progression in a prospective cohort of Chinese individuals with T2DM.



METHODS


Study Participants

This is a community-based prospective cohort study conducted at Zhongshan Ophthalmic Center, Sun Yat-sen University, China. The study adhered to the Declaration of Helsinki and was approved by the Institute Ethics Committee of ZOC (2017KYPJ094). Each participant provided written informed consent. The detailed methodology has been descripted previously (16). In brief, 2011 participants aged 30–80 years who were diagnosed with T2DM without ocular treatment were recruited from a community in the Yuexiu district, Guangzhou from November 2017 to October 2019. All participants underwent detailed examinations at baseline examination, and were followed annually using the same study protocol. This study analyzes the data collected at 2-year follow-up examinations.

The inclusion criteria for our study participants were as follows: (1) type 2 DM and aged 30–80 years, (2) no history of ocular treatment (ocular treatment naïve), (3) visual acuity of 0.1 or more and able to complete an eye examination, and (4) spherical degree of >−6 diopters (D), astigmatism of <1.5 D, and axial length (AL) of <26 mm. Participants were excluded in the presence of any of the following conditions: (1) history of serious systemic diseases other than diabetes, such as uncontrolled hypertension, serious cardiovascular and cerebrovascular diseases, malignant tumor, or nephritis; (2) history of systemic surgery, thrombolysis therapy, or renal dialysis; (3) glaucoma, vitreous-macular diseases (vitreous hemorrhage and retinal detachment), or amblyopia; (4) history of retina laser or intraocular injection, glaucoma surgery, cataract surgery, or corneal refractive surgery; and (5) poor quality of fundus images resulting from abnormal refractive media (such as moderate to severe cataract, corneal ulcer, or severe pterygium), poor fixation or other causes. Participants who had baseline VTDR, lost to follow-up, had intraocular surgery at either eye during 2-year follow-up period, and those with missing data were excluded from the current study.



Study Examinations

All participants underwent a standardized questionnaire, physical and ocular examinations at baseline and each follow-up examination using the same study protocol. A standardized questionnaire was used by a trained interviewer to collect information of age, duration of diabetes, systemic chronic diseases and ocular disease, medication usage and history of systemic and ocular surgery. A brief questionnaire of self-reported change in chronic disease status (disease and medicine) was also conducted at each follow-up. Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measure using a digital BP monitor (Hem-907, Omron, Kyoto, Japan) by the same trained personnel. Venous blood samples were collected to assess total cholesterol, high-density lipoprotein cholesterol (HDL), low-density lipoprotein cholesterol (LDL), triglycerides (TG), serum creatinine (Scr) and hemoglobin A1c (HbA1c) by standardized methods. All participants underwent detailed ocular examination followed standard protocol, including uncorrected visual acuity (UCVA), best corrected visual acuity (BCVA), non-cycloplegic refractions (KR8800; Topcon, Tokyo, Japan), ocular biometry (Lenstar, LS900, Haag-Streit, Koeniz, Switzerland) and non-contact tonometer (CT-1, Topcon, Tokyo, Japan).



Assessment of BMI and WHR

Height and weight were measured in standing position using an automatic scale (HNH-318; OMRON) without shoes and heavy clothes on. BMI was calculated as weight in kilograms (kg) divided by height in meters squared (m2), and was categorized into three group: underweight/normal (<23 kg/m2), overweight (23–27.5 kg/m2), and obese (≥27.5 kg/m2), according to WHO-recommended Asian cut points for obesity (17). A non-stretchable medical tape was used to measure waist and hip circumference (in centimeters). Waist circumference was measured at the smallest horizontal girth between the costal margins and the iliac crests at the end of tidal expiration, while hip measurement at the maximal protuberance of the buttocks. WHR was calculated by dividing the waist circumferences by the hip circumferences.



Assessment of DR and Definition of End Points

Standard ETDRS 7-field fundus photography were taken for each eye using a digital fundus camera (Canon CR-2, Canon, Tokyo, Japan) after pupil dilation (0.5% tropicamide plus 0.5% phenylephrine). The presence and severity of DR were graded by two well-trained graders in according to the Modified Airlie House Classification system (18). Any DR was defined as the presence of non-proliferative DR (NPDR), proliferative DR(PDR), diabetic macular oedema (DME), or any combination at any eye. VTDR was defined as the presence of PDR and/or DME. The DR level for each participant was then derived by concatenating the levels for the two eyes, giving greater weightage to the eye with the more severe grade. Incident DR was defined as participants without baseline DR who developed DR at any eye during the 2-year follow-up period. Incident VTDR was defined as development of VTDR at 2-year follow-up examination with no sign of VTDR at baseline. Progression of DR was defined as any two level or greater worsening of DR at 2 years (19, 20).



Statistical Analyses

Statistical analyses were performed using Stata (Ver.16.0; Stata Corporation, College Station, Texas, USA). BMI was analyzed continuously and further categorized into three groups based on the WHO-recommended Asian BMI classification system. And WHR was evaluated continuously and categorically in three tertiles. Continuous variables were presented as mean ± standard deviation (SD) and categorical variables as proportion. Student's t-test for continuous variables and χ2 test for categorical variables were used to compare the characteristics of participants with and without incident DR, incident VTDR or DR progression. Logistic regression models were used to assess the association of obesity index (BMI and WHR), both as continuous and categorical variables, with incident DR, VTDR and DR progression with two models. Model 1 was adjusted for age and gender, and model 2 further adjusted for HbA1c, duration of diabetes, use of insulin, SBP, DBP, total cholesterol, and triglycerides respectively. P-values of <0.05 were considered statistically significant.




RESULTS

Figure 1 shows the flowchart of the diabetic participants during the 2 years follow-up. Among the 2011 participants at baseline, a total of 1,721 (85.6%) attended the 2-year follow-up examination. Two hundred and ninety participants were excluded for 147 (7.3%) with baseline VTDR and 143 (7.3%) individuals lost at follow-up. Of the 1,721 participants who attended 2-year follow-up examination, we further excluded 351 (31.9%) participants who had undergone intraocular surgery or missing data, leaving 1,370 (68.1%) participants eligible for the final analysis. No significant differences were found in baseline demographics and DR severity between the 1,370 included participants with the 351 excluded participants (all P > 0.05).


[image: Figure 1]
FIGURE 1. Flowchart of the participants selection.


Among the 1,370 eligible participants, 1,195 (87.2%) had no sign of any DR and 175 (12.8%) had DR at baseline examination. During the 2 years follow-up visit, 342 (28.6%) of the 1,195 participants had incident DR, 11 (0.8%) of the 1,370 diabetic patients developed VTDR, and 15 (8.6%) of the 175 participants with baseline DR demonstrated DR progression. The baseline demographic and clinical characteristics of the study participants are showed in Table 1. Participants with incident DR were more likely to be younger, not use insulin, have higher HbA1c level, have a lower BMI level, have larger WHR, and have lower HDL cholesterol level (all P < 0.05) compared with those without incident DR. Participants with incident VTDR tended to have longer duration of diabetes, higher HbA1c level and lower BMI level (all P < 0.001). Compared to participants without DR progression, those with 2-year DR progression were more likely to be female, have higher levels of HbA1c and lower BMI level (all P < 0.05).


Table 1. Baseline demographic and clinical features of the included participants.
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Associations of BMI and WHR With Incident DR

In multivariable logistic regression model 1, we observed that overweight [relative risk (RR), 0.28; 95% CI, 0.20–0.40; P < 0.001] and obesity (RR, 0.15; 95% CI, 0.11–0.20; P < 0.001) were associated with lower risk of incident DR. This inverse association persisted when BMI was analyzed as a continuous variable (RR, 0.31; 95% CI, 0.26–0.38, P < 0.001). After additionally adjusting for other confounders in model 2, the inverse relationship of the BMI-DR association remained unchanged both in continuous and categorical analysis (all P < 0.05).

Participants in the highest tertiles of WHR measurements were more likely to have incident DR compared with those participants in the lowest WHR tertiles in multivariable logistic regression model 1 (RR, 1.61; 95% CI, 1.18–2.21; P = 0.003) and model 2 (RR, 1.59; 95% CI, 1.15–2.21; P = 0.005). This positive association persisted when WHR was analyzed as a continuous variable in model 1 (RR, 1.47; 95% CI, 1.27–1.71; P < 0.001) and model 2 (RR, 1.49; 95% CI, 1.27–1.74; P < 0.001) (Table 2).


Table 2. Associations between BMI and WHR with the incidence of DR.
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Associations of BMI and WHR With Incident VTDR

Higher BMI was significantly associated with decreased risk of incident VTDR both in multivariable model 1(RR, 0.22; 95% CI, 0.11–0.43; P < 0.001) and model 2(RR, 0.37; 95% CI, 0.17–0.78; P = 0.009). When BMI were analyzed as categorical variables, individuals with overweight (RR, 0.12; 95% CI, 0.01–0.96; P = 0.046) or obesity (RR, 0.12; 95% CI, 0.03–0.57; P = 0.008) were less likely to have incident VTDR compared with normal/underweight participants in multivariable model 1. This association between overweight (RR, 0.18; 95% CI, 0.02–1.57; P = 0.120) or obesity (RR, 0.26; 95% CI, 0.05–1.39; P = 0.116) with risk for incident VTDR was not statistically significant in multivariable model 2. WHR, both as continuous and categorical variable, was not associated with incident VTDR in both multivariable models (all P > 0.05) (Table 3).


Table 3. Associations between BMI and WHR with the incidence of VTDR.
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Associations of BMI and WHR With DR Progression

Higher BMI was associated with a lower likelihood of having DR progression (RR, 0.52; 95% CI, 0.29–0.93, P = 0.028) after adjusting for age and gender (model 1), but this inverse association was no longer statistically significant after further adjusting for confounders in model 2 (RR, 0.63; 95% CI, 0.32–1.21, P = 0.163). WHR was not associated with DR progression in in both multivariable models (all P > 0.05) (Table 4).


Table 4. Associations between BMI and WHR with the presence of DR progression.
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DISCUSSION

The current study investigated the association between generalized obesity (assessed using BMI) and abdominal obesity (WHR) with the incidence and progression of DR in a China population with T2DM. We found that higher BMI was associated with decreased risk of incident DR and VTDR, while WHR was associated with increased risk of incident DR during a 2-year follow-up.

Although numbers of cross-sectional and longitudinal epidemiological and clinical studies have investigated the association between BMI and DR, the results were still equivocal, which could be owing to the different in study design, region, ethnicity (8). For instance, most obervations of protective effect against the incidence of DR were performed in Asians (9, 10, 21). The current study also indicated that higher BMI play a protective role in incident DR and VTDR in Chinese T2DM. Several possible explanations underlying protect effect of BMI on DR. Firstly, higher BMI is associated with higher fasting C-peptide which may decrease the risk of DR (22, 23). Secondly, this protective effect may due to the “obesity paradox”, which means that participants with overweight/obese may had more intensive treatment for other comorbidities and simultaneously result in better health outcome including decreasing the risk of DR or other complications (24). Finally, patients with uncontrolled diabetes with concomitant comorbidities may have lower BMI because of unintentional weight loss (10).

Existed evidence for WHR-DR association is limited. There were inconsistencies in cross-sectional studies for WHR-DR association. For instance, the Singapore Diabetes Management Project study reported higher WHR was associated with the presence of any DR, but association of WHR-DR severity was observed in women only (10). The SN-DREAMS-I Study also demonstrated a significant association between increased WHR and risk of having DR in women among Indian adults (25). In contrast, some studies conducted in China have reported null WHR-DR associations (11, 14). It should be noted that all aforementioned studies were cross-sectional study, and the causal relationship cannot be determined. To the best of our knowledge, this is the first longitudinal cohort study to investigate the relationship between abdominal obesity and DR. Our results showed that higher WHR increased the risk of 2-year incident DR, highlighting that WHR may be a potentially more clinically relevant marker in the pathogenesis of DR than BMI.

The mechanisms underlying the detrimental WHR-DR association remain unclear. One possible reason is that the excess fat deposition in the abdominal region caused a higher release of free fatty acids in circulation which play a central role in insulin resistance, hyperlipidemia, inflammation, hypertension, all of which are known to be established factors pathogenesis of DR (26). Moreover, release of excess free fatty acids and adipokines by excess abdominal fat cause oxidative stresses, choronic systematic inflammation, abnormal endothelial function, favoring diabetic retinal microangiopathy development (27). Additionally, abdominal obesity had an inhibitory effect on the spontaneous pulsatile secretion of growth hormone (GH), which has been proved to be significantly related to adverse metabolic complication (28, 29).

The relationship between obesity and DR progression remains elusive. The Singapore Indian Eye study indicated that BMI were associated with lower incident DR but associated with higher risk of DR progression among Indian diabetic adults over 6-year periods (30), while the Sankara Nethralaya-Diabetic Retinopathy Epidemiology and Molecular Genetics Study (SN-DREAMS II) indicated an inverse association between BMI and DR progression in Indian adults over 4-year periods (25). The Wisconsin Epidemiologic Study of DR reported a non-significant association of BMI-DR progression in their 10-year follow-up visit, but a positive association of BMI-DR progression was detect in their 25-year follow-up visit in persons with type 1 DM. Our study did not detected significantly associations between obesity and DR-progression in multivariable models. The relatively small cases of baseline DR and DR progression, as well as the shorter follow-up time may partly explain the non-associations in the current study. Further longitudinal studies with larger sample size are warranted.

The strengths of current study lie in that longitudinal lcohort study based in a single Chinese community, adjustment of several potential confounders and the larger study sample size with detailed systemic and ocular examinations followed the same study protocol. The 7-field fundus photograph enable the maximum possibility to detect signs of DR in the peripheral retina. However, there are some limitations in our study. Firstly, all participants in the current study were recruited from communities, thus our findings cannot be generalized to other areas or races. Secondly, the relatively shorter follow-up periods may limit the analysis of relationship between obese and incident DR. Thirdly, only Chinese patients were included, however, ethnic differences of DR occurrence and progressions were reported. Thus, the generalization of the findings to other ethnicity should be taken cautions.



CONCLUSIONS

In summary, we found that higher BMI was associated with a lower incidence of DR and VTDR over a 2-year period, but a higher WHR is associated with increased likelihood of the DR in this large cohort study, highlighting the fact that abdominal obesity is a more clinically relevant risk marker of DR than generalized obesity for individuals with type 2 DM. Further studies with bigger sample size and longer follow-up period are warranted to confirm the predictive effect of anthropometric measurement on onset and progression of DR.
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Purpose: To investigate the effect of high myopia and cataract surgery on the grading of diabetic retinopathy (DR) and their roles in the correlation between DR and chronic kidney disease (CKD).

Methods: A total of 1,063 eyes of 1,063 diabetic patients were enrolled. We conducted binary and multiple multivariate regressions to analyze the ocular and systemic risk factors of DR. Based on the presence of myopia and history of cataract surgery, we divided the cases into four subgroups, namely those with high myopia, with the history of cataract surgery, with both conditions, and with neither, then determined the correlation between the stages of DR and CKD in each subgroup.

Results: In the binary analysis, high myopia was identified as the protective factor for DR odds ratio (OR): 0.312 [95% confidence interval (CI): 0.195–0.500, p < 0.001], whereas cataract surgery was one of the independent risk factors for DR [OR: 2.818 (95% CI: 1.507–5.273), p = 0.001]. With increased stages of DR, high myopia played an increasingly protective role [mild non-proliferative DR (NPDR), OR = 0.461, p = 0.004; moderate NPDR OR = 0.217, p = 0.003; severe NPDR, OR = 0.221, p = 0.008; proliferative DR (PDR), OR = 0.125, p = 0.001], whereas cataract surgery became a stronger risk factor, especially in PDR (mild NPDR, OR = 1.595, p = 0.259; moderate NPDR, OR = 3.955, p = 0.005; severe NPDR, OR = 6.836, p < 0.001; PDR, OR = 9.756, p < 0.001). The correlation between the stages of DR and CKD in the group with neither high myopia nor cataract surgery history was the highest among all subgroups.

Conclusion: High myopia was a protective factor, whereas cataract surgery is a risk factor for DR, and both factors showed stronger effects throughout the (natural disease) grading of DR. The stages of DR and CKD showed a higher correlation after adjustment of the ocular confounding factors.

Keywords: diabetic retinopathy, chronic kidney disease, high myopia, cataract surgery, fundus image


INTRODUCTION

Diabetic retinopathy (DR) is one of the most frequent microvascular complications of diabetes, affecting approximately 25% of patients with type 2 diabetes mellitus, and it has become a leading cause of visual impairment and blindness (1–4). The annual incidence of DR ranges from 2.2 to 12.7%, and the rate of DR grading is 3.4–12.3% (2). The prevalence of DR and sight-threatening diabetic retinopathy (STDR) in diabetes was 27.9 and 12.6%, respectively in this multi-hospital-based population across China (5). With the rising incidence and prevalence of DR, ascending costs of DR screening program among diabetic patients are posing higher burden to the public health system (6).

In the past several years, reports have revealed that the kidney and eye have a strong connection, since they share common risk factors, similar biological mechanisms and pathways (7). Our previous study revealed that chronic kidney disease (CKD) was positively related with DR (r = 0.264, p < 0.001) (8), which was consistent with the findings of other studies (9–11). However, other studies hold the views that the correlation between DR and CKD remains uncertain (12, 13) and consider that low glomerular filtration rate (GFR), a commonly used index for CKD evaluation, is not significantly associated with DR (12). Therefore, we aimed to find out the factors that may affect the correlation between DR and CKD. DR and CKD share many common systemic risk factors, such as long diabetes duration, high hemoglobin A1C (14), high pulse pressure (15), high myopia (16), intraocular surgery (17), and so forth. However, the severity of DR may be affected by ocular factors (such as high myopia and cataract surgery) that are not associated with CKD grading (7, 18, 19).

Thus, we considered that ocular factors may be the confounding factors that contribute to the non-synchronicity between the stages of DR and CKD. In this study, we investigated the ocular risk factors of DR and identified their effects on the correlation between DR and CKD.



METHODS


Study Population

This research is a retrospective cross-sectional study in which the information of 1,866 diabetic patients who had received ophthalmic consultation at Guangdong Provincial People's Hospital from September 2016 to February 2020 were collected. Patients in accordance with the following conditions were excluded: under 18 years old; loss of information; complicated with serious systemic disease, including immunodeficiency disease, malignant disease, and metabolic diseases other than diabetes; presence of ocular disease possibly affecting ocular circulation, such as glaucoma, uveitis, and fundus diseases other than DR; history of receiving DR treatments including anti-vascular endothelial growth factor (VEGF) injection, retinal laser therapy, and operation. Our study included patients with hypertension, but excluded patients with hypertension complications, such as hypertensive heart disease, hypertensive nephropathy, and hypertensive retinopathy. In accordance with the abovementioned criteria, 1,063 diabetic patients were enrolled. Our study was conducted in accordance with the Declaration of Helsinki and was approved by the Ethics Committee of Guangdong Provincial People's Hospital (NO. GDREC2020069H).



Data Collection

The information of patients was collected from electronic medical records and corresponding image storage. Systemic indicators were collected, which included gender, age, duration of diabetes, total cholesterol, apolipoprotein B, apolipoprotein AI, low-density lipoprotein, triglyceride, glycosylated hemoglobin, urinary albumin creatinine ratio (UACR), estimated glomerular filtration rate (eGFR), history of hypertension, urea, magnesium, sodium, potassium (K), serum creatinine (blood Cr), chlorine, lactate dehydrogenase (LDH), total protein, conjugated bilirubin, and cholinesterase level.

The ophthalmic indicators acquired from ophthalmic consultation included the best-corrected visual acuity, intraocular pressure, dilated fundus examination, and fundus photography (non-stereoscopic 45°photograph of the central fundus and of the optic disc), using A non-mydriatic retinal camera (Topcon TRC; Topcon, Tokyo, Japan) (20). High myopia was defined as a spherical equivalent of <−6.00D (21). The history of cataract surgery was defined having cataract surgery on the enrolled eye at least a months before.



Assessment of DR

Based on medical records and fundus images, we performed DR grading. DR grading was performed by two ophthalmologists (H.K., Y.F.); any inconsistency would be judged by a retinal specialist (Y.H.). The analysis was based on patients. Only one eye was enrolled in each patient, and the more severe was adopted if the severities of the two eyes were different. In accordance with the International Clinical Diabetic Retinopathy and Diabetic Macular Oedema Disease Severity Scales (22), DRs were divided into five stages: normal fundus, mild non-proliferative DR (NPDR), moderate NPDR, severe NPDR, and proliferative DR (PDR).



Definition and Grading of CKD

eGFR and UACR are the major indicators commonly used to evaluate renal function. Therefore, in accordance with the Chronic Kidney Disease Epidemiology Collaboration creatinine equation based on eGFR, CKD was classified into 1–5 stages (23): stage 1, eGFR ≥90 mL/min/1.73 m2; stage 2, eGFR: 60–89 mL/min/1.73 m2; stage 3, eGFR: 30–59 mL/min/1.73 m2; stage 4, eGFR: 15–29 mL/min/1.73 m2; stage 5, eGFR<15 mL/min/1.73 m2; severe nephropathy stage, eGFR<60 mL/min/1.73 m2. Using the United States National Kidney Foundation based on UACR, CKD was also divided into the following five stages: stage 1, UACR<10 mg/g; stage 2, UACR: 10–29 mg/g; stage 3, UACR: 30–299 mg/g; stage 4, UACR: 300–999 mg/g; stage 5 UACR ≥1,000 mg/g. UACR stages 3–5 is defined as severe nephropathy stages (24).



Statistical Analysis

We performed all analyses using SPSS version 23.0 (SPSS, Chicago, Illinois, USA). Continuous data were characterized as mean ± standard deviation or median (interquartile ranges), whereas categorical variables were denoted as numbers and percentages (%). Chi-square test, t-test, and Mann-Whitney U test were used to test the differences between patients with DR and those without DR. Univariate and multivariate binary logistic regressions were used to determine the systemic and ocular risk factors of DR. Ocular factors selected from the last step were analyze by multiple logistic regression to test their influence on different stages of DR. Moreover, the correlation between the stages of CKD and DR was performed using Spearman's correlation analysis.




RESULTS


Baseline Characteristics

Of the 1,063 patients, the mean age was 59.3 ± 14.5 years old, and 559 (54.4%) of them were male. A total of 430 (40.5%) patients had DR in at least one eye, while 633 (59.5%) had no DR in either eye.

Comparisons of baseline characteristics between with- and without-DR groups were shown in Table 1. Compared with the without-DR group, the patients with DR were more likely to be female (p = 0.038), without high myopia (p = 0.004), have cataract surgery history (p < 0.001), longer durations of diabetes (p < 0.001), with a history of hypertension (p < 0.001), lower total protein (p = 0.036), lower conjugated bilirubin (p < 0.001), lower K (p = 0.002), and higher blood Cr (p < 0.001), higher LDH (p < 0.001), and higher urea (p < 0.001).


Table 1. Characteristics and differences between DR and without DR patients.

[image: Table 1]



Systemic and Ocular Risk Factors of DR

Results of the multivariate binary logistic regression analysis were shown in Table 2. The systemic risk factors for DR were older age (odds ratio (OR): 1.026, 95% confidence interval (CI): 1.012–1.042; p < 0.001), longer duration of diabetes (OR: 1.164, 95% CI: 1.090–1.708; p = 0.007), with a history of hypertension (OR: 2.189, 95% CI: 1.504–3.175; p = 0.008), higher serum creatinine value (OR: 1.009, 95% CI; 1.005–1.013; p < 0.001), and ocular risk factor was cataract surgery (OR: 2.106, 95% CI: 1.507–5.273; p = 0.001), whereas the protective factor for DR was high myopia (OR: 0.274, 95% CI: 0.170–0.442; p < 0.001).


Table 2. Multivariate Binary logistic regression analysis for risk factors of DR.
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Effect of High Myopia and Cataract Surgery on Different Stages of DR

Firstly, we compared the proportion of patients with high myopia and cataract surgery in different DR stages. The proportions of high myopia declined with 18.4, 15.0, 12.0, 7.4, and 3.2% (p < 0.001, Figure 1A), whereas the proportion of cataract surgery increased by 2.9, 8.5, 15.9, 20.0, and 23.9%, in non-DR, mild NPDR, moderate NPDR, severe NPDR, and PDR group, respectively (p < 0.001, Figure 1B) (p < 0.001). The influence of high myopia and cataract surgery on different stages of DR was shown in Table 3. With the grading of DR, high myopia played an increasingly protective role (mild NPDR, OR = 0.461, p = 0.003; moderate NPDR, OR = 0.217, p = 0.003; severe NPDR, OR = 0.221, p = 0.008; PDR, OR = 0.125, p = 0.001). On the contrary, cataract surgery became a higher risk factor in PDR than in any stage of NPDR (mild NPDR, OR = 1.595, p = 0.258; moderate NPDR, OR = 3.955, p = 0.005; severe NPDR, OR = 6.836, p < 0.001; PDR, OR = 9.756, p < 0.001).


[image: Figure 1]
FIGURE 1. (A) The proportion of high myopia and non-high myopia in different stages of DR; (B) The proportion of with and without cataract surgery in different stages of DR. p values were acquired from Chi-square test. DR, Diabetic retinopathy. ***p < 0.001.



Table 3. Analysis of risk factors in different stages of DR.
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Effect of High Myopia and Cataract Surgery on the Correlation Between the Stages of DR and CKD

Thirdly, we compared the proportions of severe nephropathy in different DR stages. The patients with eGFR<60 mL/min/1.73 m2 accounted for 13.7, 24.6, 43.7, 50.0, and 56.2% of the non-DR, mild NPDR, moderate NPDR, severe NPDR, and PDR groups, respectively (p < 0.001, Figure 2A). The patients with UACR stages 3–5 accounted for 17.9, 46.2, 59.7, 75.0, and 85.6% (p < 0.001, Figure 2B).


[image: Figure 2]
FIGURE 2. The proportions of different stages of CKD or UACR in different stages of DR. (A) The proportions of different stages of CKD in different stages of DR; (B) The proportion of different stages of UACR in different stages of DR stages. p values were acquired from Chi-square test. CKD, Chronic kidney disease; UACR, Urinary protein; DR, Diabetic retinopathy. ***p < 0.001.


We suspected that the ocular independent risk and protective factors may lead to non-synchronous grading between DR and CKD. Hence, on the basis of the risk and protective factors, we performed subgroup analysis to prove our hypothesis. We divided the study population into four subgroups, including those with high myopia, with cataract surgery, with both conditions, and with neither. Correlation analysis for the stages of DR and CKD was performed among all the subgroups. The group with neither condition showed the strongest correlation between the stages of DR and CKD (Table 4) (stages of DR and eGFR, r = 0.366, p < 0.001; stage of DR and UACR, r = 0.521, p < 0.001), and the results of partial relation was consistent with this finding (stages of DR and eGFR, r = 0.374, p < 0.001; stage of DR and UACR, r = 0.531, p < 0.001).


Table 4. The correlation between the stages of DR and CKD in the four subgroups.
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DISCUSSION

In this study, we discovered that high myopia was a protective factor in the grading of DR [OR = 0.274 (0.170–0.442), p < 0.001]. Although a number of studies revealed that high myopia was negatively related with DR (16, 25–28), our work indicated that the influence of high myopia became more significant during the grading of DR. The mechanism may involve two aspects. Firstly, thin retinal venular diameter and decreased retinal function, which consumes relatively less oxygen and becomes hypoxic in the presence of diabetes in high myopia, play a significant role in the protective effect of high myopia against DR (25, 26). Lin et al. reported that eyes with high myopia had significantly less severity of microaneurysms, less spot hemorrhages, and less presence of hard exudates and intraretinal microvascular abnormality (25). Akiba et al. also proved that DR showed less incidence in patients with posterior vitreous detachment, which always occurs in high myopia cohorts (29). On the other hand, eyes with myopia have lower concentration levels of VEGF, than those without high myopia, thus accelerating the grading of DR. Based on this, the grading of DR might be slower in patients with high myopia, but even so, we still found PDR in patients with high myopia. Therefore, regular fundus examinations are still needed. Secondly, based on the binary logistic regression and multiple regression analyses, the patient after cataract surgery is likely to develop DR (OR = 2.818, 95% CI: 1.507–5.273; p = 0.001). Several reports revealed that cataract surgery might accentuate intraocular inflammation, especially in the diabetic population, because of the high levels of systemic inflammation in these patients (17, 30, 31). Dong et al. also indicated changes in aqueous humor factors, that is, the levels of interleukin (IL)-1β, IL-6, IL-8, interferon-inducible protein 10, monocyte chemoattractant protein-1, and VEGF increased in patients with diabetes after cataract surgery (32). In addition, patients with severe DR are more likely to be in poor blood glucose control, which will also aggravate the formation of cataract (33). Therefore, more attention on the fundus condition should be paid to diabetes patients when planning cataract surgery. Choosing the appropriate timing of cataract surgery and more frequent fundus examination may be useful to prevent the occurrence and grading of diabetic retinopathy.

Previously, the relationship between the DR and CKD was controversial (7, 14). In diabetic populations, Sabanayagam et al. revealed that DR was associated with CKD only in patients with proteinuria (13). In another aspect, numerous studies showed that the grading of CKD is a risk factor for DR (4, 6, 14). However, a limited number of researches had considered the confounders of DR, such as high myopia and cataract surgery. Thus, we performed subgroup analysis and partial relation to adjust the confounders, and the results revealed strong correlations between CKD and DR and between UACR and DR. Our study also revealed that the influence of high myopia and cataract surgery varied in different stages of DR. Thus, these two factors can affect the accuracy of the prediction of CKD from fundus photographs in diabetic patients.

With the innovation of artificial intelligence technology, in recent years, there are many studies have applied artificial intelligence to the diagnosis, treatment and prediction of fundus disease (34, 35), including detection of CKD from retinal photographs by deep learning algorithm (36). Based on our findings, ocular factors such as high myopia and cataract surgery should be implemented into the deep learning models to improve the performance. Therefore, our work could serve as a reminder to some extent, and adding gaps to the comprehensive management of diabetic patients.

Our studies had several limitations. Firstly, this research is a cross-sectional study, thus further evidence is needed from prospective cohort studies. Secondly, we considered only two ocular confounders, and we will continue deepening the study to investigate other existing ocular factors.

In conclusion, high myopia and cataract surgery have different effects on different stage of DR. These two factors can influence the correlation between DR and kidney disease, thus affecting the accuracy of CKD detection from fundus photos.
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Objective: To establish a normative database for the vascular density (VD) in macular, disc, and peripapillary regions in healthy myopic children and to evaluate associated ocular features with optical coherence tomography angiography (OCTA).

Methods: This was an observational, prospective and cross-sectional study. 776 Chinese healthy myopic children (375 boys and 401 girls) were enrolled, mean (±SD) age 9.84 ± 1.98 (range 6–16) years. En-face angiogram OCTA was performed on 6 mm × 6 mm retinal and 4.5 mm × 4.5 mm disc regions. VD measurements in the macular retina were segmented into the four regions: superficial capillary plexus (SCP), intermediate capillary plexus (ICP), deep capillary plexus (DCP), and choriocapillaris (CC). Correlations between macular, disc, and peripapillary VD and possible influencing factors [age, gender, axial length (AL), spherical equivalent refraction (SER), right/left eye, and signal strength index (SSI)] were assessed by Pearson’s correlation and multivariate regression analysis.

Results: For macular scans, the corrected VD in the ICP region was (48.25 ± 4.24)% for the whole macular retina. The macular ICP VD in most sections was lower than the SCP, DCP, and CC (all P < 0.001). The corrected VD in CC was (72.96 ± 4.42)% for the whole macular retina. The macular CC VD in every section was all higher than the SCP, ICP, and DCP (all P < 0.001). The size of foveal avascular zone (FAZ) and foveal VD 300 (FD-300) was 0.28 mm2± 0.10 mm2 and (58.43 ± 4.17)% respectively. For disc scans, the corrected VD was (58.04 ± 2.73)% for the whole disc area. Both AL and SER were strongly correlated with ICP, DCP, and CC VD in all regions (all P < 0.01). Larger SSI was correlated with a lower VD in the SCP and ICP, and a higher VD in DCP and CC (all P < 0.01).

Conclusion: Vascular density values provide large scale normative data on macular, disc, and peripapillary vascular parameters in a large sample of healthy myopic children with OCTA measured in the four different retinal plexuses and regions. The VD in different regions had various influencing factors; mainly a close correlation with AL and SSI.

Keywords: vascular density (VD), optical coherence tomography angiography (OCTA), macular, disc, peripapillary


INTRODUCTION

Optical coherence tomography angiography (OCTA) is helpful in the evaluation of retinal blood flow which can be compromised in some macular or optic nerve head diseases (1, 2). Previous studies have demonstrated that OCTA has high repeatability and reproducibility in its measurements (3–5) and established the normative data (3, 5, 6) on the foveal avascular zone (FAZ) area, superficial and deep retinal vascular density (VD), disc and peripapillary VD of healthy adults.

There are some studies relating to peripapillary retinal nerve fiber layer thickness and the macular retinal thickness in children (7). However, few studies exist on the normative data of each regional retinal VD, especially the disc and peripapillary VD in healthy children. There are some differences between the eyes of children and adults. The study of adult samples is inevitably affected by age-related changes, including ocular and systemic diseases (8). Zhang et al. (9) reported that OCTA is non-invasive and reliable for evaluating macular perfusion in 8–16 year old children, but the algorithm did not apply to measurements of the disc and peripapillary VD and the sample size was small to meet the normative data measurement standards. Previous studies have assessed influencing factors such as age, gender, axial length (AL), central foveal thickness (CFT) and central foveal volume (CFV), however not comprehensively (3, 10, 11).

In this study, OCTA was used to measure the normative data on each regional superficial and deep macular, disc, and peripapillary VD in a large sample of 6–16 year old healthy Chinese children. Various ocular parameters were also measured to assess potential correlations with retinal VD.



MATERIALS AND METHODS


Subjects and Information

This observational, prospective and cross-sectional study was conducted at the Eye Hospital of Wenzhou Medical University. A total of 714 subjects (1428 eyes) between 6 and 16 years old were recruited for this study. The inclusion criteria were as follows: (1) Uniocular corrected distance visual acuity was no worse than 20/20; (2) Intraocular pressure was between 9 and 21 mmHg; (3) Refractive error was between 0.00 and -6.00 diopters (D); (4) No history of systemic disease or any evidence of retinal pathology. This study was approved by the Medical Ethics Committee of the Eye Hospital of Wenzhou Medical University. Written informed consent was obtained from parents of participants. Besides, the poor OCTA image quality was evaluated by the low signal strength index (SSI) and the low quality index (QI), which reflects the signal strength, motion artifacts and image sharpness respectively. Therefore, subjects with poor quality images on OCTA (SSI lower than 55 and/or QI lower than 7) were excluded. We also excluded blink or doubling artifacts, and/or segmentation errors. All subjects underwent standard ophthalmic examinations, cycloplegic autorefraction (Nidek, Gamagori, Japan), axial length (IOL-Master 500, Carl Zeiss, Germany), and OCTA imaging in both eyes (RTVue XR Avanti; Optovue, Inc., Fremont, CA, United States). All measurements and OCTA images were performed by the same skilled examiner (SHM). All OCTA images were checked by one expert for quality and correctness of automated layer segmentation.



Optical Coherence Tomography Angiography and Parameters

The VD measurements of macula, disc, and peripapillary regions were generated by OCTA using the RTVue XR Avanti device with the AngioVue Analytics software (version 2018.0.0.14) to analyze image. This software includes the 3D PAR algorithm, which could remove projection artifacts of image. The Angio Retina HD mode (6 mm × 6 mm) and the Disc (4.5 mm × 4.5 mm) mode were performed on each eye with horizontal and vertical orthogonal OCTA volume scans at the fixed position. The OCTA (12) showed the high repeatability in vascular parameters of 6 mm × 6 mm macular area and the 4.5 mm × 4.5 mm peripapillary area on healthy children. 6 mm × 6 mm macular mode was widely used in recent studies (11, 12). The measurement principle of angiography and flow images has been introduced in previous studies (3, 13).

The macular VD (VD) was defined as the ratio of the area of the large vessel and capillary vessel divided by the total area measured in particular sections. The VD of the fovea, parafovea and perifovea were acquired through 6 mm × 6 mm HD mode OCTA images were calculated by AngioVue Analytics software. In accordance with the “Early Treatment Diabetic Retinopathy Study” (ETDRS) subsegment method, the parafovea and perifovea regions were divided into four quadrants, namely superior, inferior, temporal, and nasal, respectively, and two equal hemispheres (superior and inferior). In addition, retinal OCT angiographs was automatically layered into superficial vascular plexus (SVP) and the deep vascular complex (DVC) by the standard commercial software traditionally (14), which made intermediate and deep capillary plexus (DCP) was disturbed by projection artifacts originating by the superficial capillary plexus (SCP) (14, 15). Therefore, we segmented en face OCT angiographs manually into the four segmentations by adjusting the value of layer boundaries in the custom segmentation software. (1) SVP was set between the internal limiting membrane (ILM) and 9 μm above the junction between the inner plexiform layer and the inner nuclear layer (IPL–INL); (2) the intermediate capillary plexus (ICP) was comprised between 9 μm above the IPL–INL junction and 6 μm below the inner plexiform layer and the outer plexiform layer (INL–OPL) junction; (3) the DCP extended from 6 μm below the INL– OPL junction to 9 μm below OPL and outer nuclear layer (OPL–ONL) junction (16). The validation of the custom segmentation method was confirmed by most recent researches; (12, 14, 16) (4) choriocapillaris (CC) was set as the distance between 9 μm from the Bruch membrane (BM) and 31 μm below automatically segmented by the software. The VD was automatically calculated by the AngioVue Analytics software.

For 4.5 mm × 4.5 mm optic disc scan, parameters of the optic nerve head (ONH) VD referred to the whole VD (including all vessel) and whole capillary VD (only including capillary). The whole capillary VD was divided into the inside disc capillary VD referring to the area within the optic disc boundary and the peripapillary VD that was defined as a 750-mm-wide elliptical annulus extending from the optic disc boundary. The VD of disc or peripapillary capillary were measured from the ILM to the posterior boundary of the retinal nerve fiber layer (RNFL). RNFL thickness and the peripapillary thickness also were measured in this study. According to the Garway Heath Partition Method, the peripapillary area was subdivided into eight sections including nasal superior, nasal inferior, inferior nasal, inferior temporal, temporal inferior, temporal superior, superior temporal, and superior nasal.

With image scan, the area of FAZ was automatically in mm2 outlined and calculated by this software using the FAZ measure function. Perimeter and acicularity Index of FAZ also was calculated. The macular, disc, and peripapillary vasculature was automatically segmented by the software (shown in Figure 1). Foveal VD 300 (FD-300) was defined as VD in a 300-mm wide zone around the FAZ combining the SVP and the DVC. Area density and length density of FD-300 automatically calculated by the software and analyzed in this study. CFT and central foveal volume were measured automatically as the central 1 mm foveal thickness or volume among all retinal layers with the caliper tool in the OCT software.


[image: image]

FIGURE 1. Relationship between vascular density (VD) in whole macular retina and axial length (mm) in four different vascular plexuses (SCP: superficial capillary plexus; ICP: intermediate capillary plexus; DCP: deep capillary plexus; CC: choriocapillaris). Boxes and lines of black, blue, yellow and red color depict the relationship between the possible influencing factors [(A) Axial length; (B) Signal strength index; (C) Spherical equivalent refraction] and VD in SVP, DVC, ICP, and DCP, respectively.




Optical Coherence Tomography Angiography Image Magnification Correction

Theoretically, the ocular magnification of an OCTA image is equal to 1 when a default axial length of 23.82 mm is adopted by the RTVue XR Avanti system. In order to obtain the corrected or true OCTA images data, original OCTA images were adjusted by axial length by the Littman and the modified Bennett formulae (17). The relationship between the original OCTA image diameter (Dm) and the true diameter (Dt) can be expressed as: Dt = p × q × Dm, where p × q is the overall image magnification factor. The factor q can be determined by the Bennett formula: q = 0.01306 × (AL – 1.82), p can be calculated as 1/[0.01306 × (23.824.46 – 1.82)] = 3.48 according to RTVue XR Avanti system (18). Therefore, the magnification factor of the image should be corrected by: Dt/Dm = p × q = 3.48 × 0.01306 × (AL – 1.82). This formula was utilized to correct the en face OCTA image.




STATISTICAL ANALYSIS

Statistical analysis was performed using SPSS statistical software (V25.0, IBM Corp.). A sample Kolmogorov–Smirnov (K–S) test was used to verify the normality of the factors such as age, AL, spherical equivalent refraction (SER), and VD in each section of the macula, disc, and peripapillary parameters. Pearson’s correlation was used to assess correlation with possible influencing factors and VD parameters. The correlation between different plexuses in macular, disc, and peripapillary VD was also analyzed by Pearson’s correlation. We conducted a multivariate stepwise linear regression analysis to identify the main factors determining a greater or lesser macular and disc VD. The children normative VD values in macular and disc were corrected by the magnification factor and were reported as the mean with standard deviation and the range from minimum values and maximum values. The significance value was set at 5%.



RESULTS


Demographic Results

In total, 793 healthy children were enrolled in this study. Fourteen children were excluded due to poor quality images with macular (10 children) and optic disc (6 children) scans and segmentation errors (1 child). Therefore, the study included 1,552 eyes of 776 Chinese children (375 boys and 401 girls) with a mean (± SD) age of 9.84 ± 1.98 (range 6–16) years. The characteristics of the eyes, whole macular VD in different layers and disc retina VD in the children studied were shown in Table 1.


TABLE 1. Characteristics of the eyes, macular VD, and disc VD in the children studied.
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Correlation Between Macular Vascular Density Parameters and the Possible Influencing Factors

Supplementary Table 1 demonstrate the associations between macular VD and gender, age, AL, SER, SSI, CFT, CFV, eye. Gender was revealed to be positively correlated with the ICP VD in most macular regions, only negatively in fovea region (P < 0.001), correlated with the SCP VD only in three regions (P < 0.05), and not correlated with the DCP VD or CC VD in any region (P > 0.05). Age was significantly positively correlated with DCP VD and CC VD in all macular region (P < 0.01), not correlated with SCP or ICP VD in most regions (P > 0.05). Both AL and SER, were strongly correlated with ICP, DCP, and CC VD in all regions (P < 0.01), and related with SCP VD in only three regions (P < 0.05). A longer AL or lower refraction could imply larger ICP VD and lower DCP and CC VD (Figures 1, 2). SSI was significantly correlated with all macular VD with different layers in all regions (P < 0.01) (Figure 3). Larger SSI led to a lower VD of SCP and ICP and a larger VD of DCP and CC. CFT or CFV was almost not correlated with VD with four layers in all regions (P > 0.05), except for superior, nasal parafovea in SCP, superior parafovea in ICP, and fovea in DCP (P < 0.05). The VD of right eyes in SCP, ICP, and CC was closely related to those of the left eyes (P < 0.01) but DCP VD.
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FIGURE 2. Relationship between FAZ, FD-300 and axial length (mm), SSI, and sex. (A,B) Represented that axial length and sex influenced FAZ. (C–E) Represented that axial length, SSI and sex influenced FD-300.
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FIGURE 3. Vascular density of the four retinal vascular plexuses in children. Box-plots show whole VD values within the SVP, DVC, ICP, and DCP, respectively. Vascular density (%) is represented on the y-axis. Upper and lower whiskers represent the upper and lower values. Upper and lower box margins represent the 25th and 75th percentiles. The white line inside the box is the median value. The VD is significantly different between each plexus (all P < 0.001), higher in the CC, followed by the DVP, the SCP, and the ICP.


FAZ area, FAZ perimeter, FD-300 area and FD-300 length was larger in girls than boys (all P < 0.05). There was close relationship in those parameters between right and left eyes (P < 0.05). A shorter AL implied a smaller FAZ and FD-300 area (P < 0.05), and higher SSI implied a larger FD-300 area and FD-300 length (P < 0.05). Those parameters was not associated with age, SER, CFT, and CFV (P > 0.05), as shown in Supplementary Table 1.

In multivariate regression analysis (Table 2), only SSI remained as a determinant of SCP VD, ICP VD and FD-300 area (P < 0.05). AL and SSI persisted as significant determinants of DCP VD and CC VD (P < 0.05). A larger FAZ area was mainly found in girls and determined by a shorted AL (P < 0.05).


TABLE 2. Multivariate regression analysis of factors determining a greater or lesser whole macular, inside disc, and peripapillary vascular density.
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Correlation Between Vascular Density in Disc and Peripapillary Region and the Possible Influencing Factors

At the disc and peripapillary region (Supplementary Table 2), the whole VD was higher in girls than boys, with a smaller age, shorter AL, greater SER, larger disc area, and larger TS (P < 0.05). The inside disc VD was also higher in girls than boys, with a higher SSI and a larger disc area (P < 0.05). The peripapillary VD was higher in girls than boys (P < 0.05), with a shorter AL, larger SER, larger disc area, and larger TS (P < 0.05). There was close relationship in those parameters between right and left eyes (P < 0.05). The relationship between the possible factors and each regional peripapillary and disc VD is detailed in Table 3. In lineal regression analysis (Table 4), gender, age, SER, SSI, and TS all remained as determinants of inside disc VD (P < 0.05). Gender, AL, SSI, disc area, and TS persisted as significant determinants of peripapillary VD (P < 0.05).


TABLE 3. Correlations between whole macular VD measured in the different vascular plexuses and disc VD.
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TABLE 4. The corrected macular vascular density of normal eyes in children with 6 mm × 6-mm scan pattern [Mean ± standard deviation (range)].

[image: Table 4]


Correlation Between Macular Vascular Density in Different Layers and Vascular Density in Disc and Peripapillary Region

There were close relationships between whole macular VD in any two layers, except for no relationship between ICP and CC VD (P > 0.05). A larger SCP VD related to a larger ICP VD, a lower DCP VD (P < 0.05), and a lower CC VD. A larger DCP VD implied a lower ICP VD and a larger CC VD (P < 0.05). There were positive relationships between whole disc VD, inside disc VD, and peripapillary VD (P < 0.05). SCP VD was positively correlated with whole disc VD, inside disc VD, and peripapillary VD (P < 0.05). CC VD was not corrected with those VD in disc. ICP VD and DCP VD were correlated with whole disc VD and inside disc VD (P < 0.05). The details were showed in Table 3.



The Corrected Optical Coherence Tomography Angiography Parameters

For macular scans, the SCP VD were (52.86 ± 3.08)%, (23.90 ± 6.93)%, (55.82 ± 3.64)%, and (53.58 ± 3.20)% for the whole, fovea, parafovea, and perifovea respectively. The ICP VD were (48.25 ± 4.24)%, (40.23 ± 7.60)%, (51.15 ± 3.70)%, and (48.95 ± 4.49)% for the whole, fovea, parafovea, and perifovea respectively. The ICP VD for every section was the lowest among SCP, ICP, DCP, and CC in macular retina (all P < 0.001) (Figure 3), except for VD in fovea. The DCP VD were (53.30 ± 6.43)%, (33.52 ± 8.57)%, (53.58 ± 6.40)%, and (54.13 ± 6.87)% for the whole, fovea, parafovea, and perifovea respectively. The CC VD were (72.96 ± 4.42)%, (75.70 ± 5.19)%, (70.31 ± 5.11)%, and (73.64 ± 4.53)% for the whole, fovea, parafovea, and perifovea respectively. The CC VD in every section was the highest among four subsegments in macular retina (all P < 0.001). The highest VD in CC was in the fovea among different area. The size of foveal FAZ area and perimeter was 0.28 mm2 ± 0.10 mm2 and 2.02 mm ± 0.38 mm. The density of FD-300 area was (58.43 ± 4.17)%. The normative data of macular VD in the four subsegments were shown in Tables 4, 5.


TABLE 5. The corrected parameters of FAZ and FD-300 of normal eyes in children with 6 mm × 6-mm scan pattern [Mean ± standard deviation (range)].
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For disc and peripapillary scans, VD vs. capillary VD was (58.04 ± 2.73)% vs. (51.02 ± 2.69)%, (65.41 ± 4.10)% vs. (56.69 ± 4.95)%, and (59.68 ± 3.08)% vs. (52.58 ± 3.14)% for the whole, disc, and peripapillary. The VD in temporal inferior peripapillary was significantly higher that other section of peripapillary (P < 0.001). The normative data of peripapillary VD in the subsegments were shown in Table 6.


TABLE 6. The corrected disc and peripapillary vascular density of normal eyes in children with 4.5 mm × 4.5-mm scan pattern. [Mean ± standard deviation (range)].
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DISCUSSION

Optical coherence tomography angiography is an excellent resource to assess retinal microvasculature within the macular and peripapillary regions in children (19). Myopia has become one of the leading causes of visual impairment worldwide. Recently, the more and more attention has been paid to this close relationship between myopia and vessel density in the macular and peripapillary retina. This study aimed to provide large scale normative data of macular, disc, and peripapillary VD measurements in a large number of healthy myopic children, and to evaluate the effects of gender, age, axial length, refraction, and SSI on vessel density for macular, disc, and peripapillary VD.

The enlargement of the FAZ is a sign associated with retinal microvascular disease. The size of the FAZ area in children of 6–16 years old was 0.28 mm2 (perimeter of 2.02 mm and acicularity index of 1.12) in the present study. The result was similar to that reported by Zhang et al. (9) and Hasan et al. (11). In their studies, at a mean value of 0.29 and 0.28 mm2 in 6–16 year old children were reported, respectively. The perimeter of FAZ and acicularity index in adults is also in line with our studies, 1.99 mm and 1.08, respectively (18). The FAZ in children was within the range of the mean FAZ in the healthy adult, ranging from 0.25 to 0.47 mm. (2, 3, 20, 21). However, these results were different from the results in 4–15 year old children reported by Li et al. (22) ranging from 0.22 to 0.25 mm2. While the correlation analyzes (Supplementary Table 1) found girls had significantly larger FAZ area than boys and VD at the fovea in the SCP and DCP was significantly greater in boys. This close relationship between FAZ size and sex were greatly consistent with the children studies by İçel et al. (23) and Kiziltoprak et al. (11). The difference in the area and perimeter of FAZ values between different studies may be due to this sex ratio, in addition to different devices, measurement methods, algorithm version, sample size and ethnicity. However, there are some studies in adults with opposite findings (24, 25), which may be caused by the difference in age. In previous studies in adults, the effects of refraction and AL should be considered in the measurement of FAZ size (26) and age, CFT, and CFV may also affect the size of the FAZ (9, 11, 24). However, these factors did not affect the size and perimeter of FAZ in this large sample study. Hasan et al. (11) also had a similar result with the current results. Thus, the effects of oxygen supply to the retina and individual differences in foveal shape on the FAZ size require further investigation.

The largest VD was observed in the CC among the four different vascular plexuses in macular retina in all sections of the macular vascular layers. Table 4 and Figure 3 showed the CC VD was 72.96 and 70.31% in the whole and parafovea of retina, respectively, which were greatly higher than VD in the SCP, ICP, and DCP (48.25 to 53.30% and 51.15 to 55.82%, respectively). Seung et al. (24) also found the similar advantage in CC compared to SCP and DCP. In any sections of macular vascular layers, we considered that choriocapillaris played a more major role in supplying blood to the retina. The higher CC VD was found in fovea than CC VD in other region, which may be explained by the fact that the FAZ exists in the retinal vasculature and there is only CC that carries blood to photoreceptors. In this study, the smallest VD were found in ICP, only except for VD in fovea. Differences in VD between four different subsegments in macular retina have also been reported in healthy adult eyes (3, 27). The correlation between whole macular VD measured in the different vascular plexuses (Table 3) showed that VD of the four vascular plexuses had a close relationship between each other, except that no correlation between ICP and DCP. The value of superficial VD increased with intermediate VD, and decreased with deep VD and choriocapillaris VD. The value of deep VD was positively related to choriocapillaris VD. Lavia et al. (28) also found the similar strong positively correlation between SCP and ICP in adults, while they also found the positive relationship between SCP and DCP and that ICP and DCP were correlated with each other, which was different with the current study. However, it was lack of OCTA studies with myopic children recently. Thus, this difference may be explained by the various subject population.

The correlation (Supplementary Table 2) between one retinal plexuses and the potential influence factors revealed that gender mainly influenced SCP and ICP VD. In the most sections of ICP and DCP, girls had higher VD than boy in the current study, but lower VD in fovea retina. Conversely, in healthy adults’ eyes, it was also revealed that superficial VD was higher in men than women (10), which may be explained that males have thicker macula than females (29). Currently, the reason about regional gender differences in retinal macular VD are not known. In this study, we found age mainly influenced DCP VD and CC VD. DCP and CC VD in all section of macular increased with increasing age and the same results were observed in other studies (2, 5, 8). However, Yu et al. (30) hold an opposite view that lower superficial retinal small vessel network density was associated with older age, observed in adults. There was a regional difference in the relationship between age and macular VD. The specific mechanism remains to be further studied. Both the correlation analysis and multivariate analysis revealed that VD in four subsegments layers all were influenced by SSI, and that the longer baseline AL led to a higher VD in the DCP and CC. The most previous studies in adults also revealed the similar correlation that AL (18) had a significant effect on the value of VD in any plexuses. Therefore, in this study, original OCTA images were adjusted by axial length by the Littman and the modified Bennett formulae (the magnification factor) (17). Our study confirmed that the higher the SSI, the higher the VD in the macula, disc regions, which was consistent with previous studies (8, 9). The VD of SCP, ICP, and CC in all section of macular retina were the same in the right and left eyes consistent with the most of previous studies (5, 6, 31), However, interestingly, DCP VD of right eyes was different from DCP VD of left eyes. However, no relationship between SER, and VD was found in this study with a larger number of data, which was consistent with the study by Zhang et al. (9) and Wang et al. (10) Despite macular VD being lower in thinner center macular thickness (CFT) (11, 32), we got a negative result that there was no correlation between macular VD and either CFT or CFV, which was similar with the study by Wang et al. (10) and Pinhas et al. (33) found increased superficial microvascular densities along with thicker inner retinal thickness without outer retinal thickness. There was a report that CFT was only related to the VD of DCP rather than the VD of SCP and choroid (6). This was consistent with the known conclusion that the retina has two sets of blood supply systems (34).

This is the first study to measure disc and peripapillary VD with and without large vessels in large sample size of children by RTVue-XR Avanti algorithm. The mean disc and peripapillary VD were 65.41 and 59.68%, and reduced by about 7% after the subtraction of large vessels. The VD in the temporal peripapillary region was greater than nasally, which was similar with findings in adults (10, 31). The whole VD mainly in the optic disc was greater in girls than boys. A study found no gender differences in the whole and peripapillary VD and the VD was greater in males than females only in the temporal and inferotemporal peripapillary area. Differences may come from different subsegment methods, algorithms and sample sizes. The reports about the effect of gender on disc and peripapillary VD are sparse and the reason is unclear and requires further research. Our study found that disc and peripapillary VD had no difference in the left and right eyes. Childhood age affected the whole VD, the authors hold a view that the disc VD increased with age in childhood and may decrease after 30 years old (35), while the density around the disc was opposite and may remain unchanged during adulthood after 30 years old (35). To confirm this conclusion, longitudinal follow-up is needed.

This study was a large sample prospective study to report normative data of VD and analyze various clinical and demographic factors that may affect VD measurement. However, this study had some limitations. First, the 6 × 6 not 3 × 3 macular scan pattern was chosen in this study. The regional perifoveal VD based on the 6 × 6 scan pattern was first reported in this study. If two models were included at the same time, there was concern about visual fatigue in children. Second, subjects in this study was limited to the Chinese myopic children. More children coming from different countries and emmetropic eyes were needed to study in future. Third, choroidal thickness was not included in the study because there is no method for objectively measuring this parameter currently. Fourth, due to the limitations of the algorithm, it was not possible to analyze the normative data and influencing factors of the VD in subsegments from choroid and outer retina. Finally, longitudinal studies are needed to observe the effect of age on various regions of retinal VD.

These findings are a baseline reference providing normative data on the size of the FAZ, FD-300 and VD at the macula, disc, and peripapillary regions in a large sample of healthy myopic children in China with the RTVue XR-Optovue OCTA. We also describe how retinal perfusion parameters are influenced in each individual region by gender, age, eye, AL, SER, SSI, CFT, CFV, total thickness of never fiber and disc area. These data in a large sample can be used in future studies and provide a reference for the development of blood flow diseases involving the macula or ONH.
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Background: To newly describe the vault measurement by using a widely used swept-source OCT-based optical biometer (IOLMaster700) and accessd the accuracy of vault measurement.

Methods: This was a retrospective, cross-sectional study. All patients underwent implantable Collamer lens (ICL) implantation surgery without complications. IOLMaster700 and AS-OCT analyses were conducted for each eye on the same day in the same condition. Measurements of anterior chamber depth (ACD), corneal-ICL (C-ICL), and vault values were made and recorded. The repeatability of the IOL Master700 measurements was quantified based upon intraclass correlation coefficient (ICC) values. Correlations between IOL Master700 and AS-OCT measurements made with these different analytical approaches were assessed. The agreement of instruments was evaluated using Bland-Altman plots.

Results: The IOLMaster700 instrument yielded highly reliable measurements of vault, C-ICL, and ACD (ICC = 0.996, 0.995, 0.995, respectively). Vault, C-ICL and ACD values as measured using the IOLMaster700, was slightly smaller than that measured via AS-OCT, but these differences were not significant (p = 0.652, p = 0.121 and p = 0.091, respectively). The vault, C-ICL, and ACD measurements by these two instruments were strongly correlated (r = 0.971, r = 0.944, and r = 0.963, respectively; all p < 0.001). The 95% limits of agreement for vault, C-ICL, and ACD measurements between the two devices were−0.08 to 0.08 mm,−0.14 to 0.11 mm, and−0.13 to 0.10 mm, respectively.

Conclusions: The IOLMasrer700 can measure implanted ICL vault with a high degree of accuracy and repeatability. Good correlations and agreement were observed between IOLMaster700 and AS-OCT in measuring vault, C-ICL, and ACD measurements.

Keywords: IOLMaster700, ICL, vault, AS-OCT, C-ICL, ACD


INTRODUCTION

Implantable Collamer lens (ICL) implantation is increasingly common as a safe and efficacious corrective treatment for myopia (1–4). Achieving success when performing ICL implantation necessitates the accurate prediction of refraction and postoperative ICL lens vault, which correspond to the distance between the crystalline lens anterior surface and the ICL posterior surface. Vault is a critical parameter associated with safety outcomes related to ICL implantation, as insufficient vault can result in negative events including pupillary block, pigment dispersion, cataract development, lens exchange, corneal endothelium cell loss, or increased intraocular pressure (IOP) (5–7).

Broadly speaking, an acceptable vault value is between 250μm and 1,000μm (8) (or 750μm) (9) in some reports. ICL vault measurements are commonly performed via anterior segment optical coherence tomography (AS-OCT), ultrasound biomicroscopy (UBM), or with a Pentacam instrument (Oculus,Germany), but no gold standard measurement strategy exists. Indeed, ICL vault values can differ significantly among these different measurement techniques (10).

The IOLMaster700 instrument (Carl Zeiss Meditec AG, Germany) is a recently developed swept-source OCT-based optical biometer that can measure parameters including axial length (AL), anterior chamber depth (ACD), central corneal thickness (CCT), and lens thickness (LT) with a tunable 1,055 nm laser, in addition to permitting visualization and OCT imaging of the full eye (11, 12). Despite the widespread use of the IOLMaster700, it cannot measure vault after ICL implantation directly. In this article, we employed the ImageJ software to measure ICL vault using an IOLMaster700 instrument and evaluated the accuracy of these measurements.

No prior studies have reported on vault measurements made using the IOLMaster700. Therefore, we used this instrument to scan ICL implantation anterior segment parameters in order to evaluate the accuracy of vault measurement by using this new technology.



METHODS


Subjects and Methods

All patients undergoning ICL (Visian V4c, STAAR Surgical, Switzerland) implantation at Joint Shantou International Eye Center of Shantou University and The Chinese University of Hong Kong (JSIEC) were consecutively recruited from September 2020 to December 2021. The current study was approved by the local clinical research ethics committee (No. EC20200609) and was conducted in accordance with the Declaration of Helsinki. The requirement for informed consent was waived due to the retrospective design of the current study. All patients were evaluated during regularly scheduled follow-up.



ICL Calculation and Size Selection

Horizontal white to white (WTW) and ACD values were measured by corneal topography (Orbscan II; Bausch &Lomb, Rochester, NY, USA). AS-OCT (CASIA 1/CASIA 2, Tomey Corp.Japan) was conducted to measure angle to angle (ATA) and crystalline lens rise (CLR). Cliary sulcus was performed by UBM. Ocular biometric measurements were completed by using the IOLMaster700 instrument. ICL power calculations were completed by STAAR Co using the modified vertex formula, and ICL sizes were chosen as per the NK formula (13).



Surgical Approach

Two experienced surgeons (ZMZ,WG) performed all surgical procedures for each subject. A slit-lamp was used to preoperatively mark the zero horizontal axis for toric ICL implantation. Following the application of topical anesthesia, a viscoelastic substance was applied to the anterior chamber. An injector cartridge (STAAR Surgical) was then used to insert aV4c ICL via a 3.0 mm clear corneal incision such that the ICL was positioned within the posterior chamber. Following correction of the ICL position, the viscoelastic substance was replaced with a balanced salt solution. No patients experienced any surgery-related complications. Postoperatively, patients were administered 0.5 levofloxacin topically and steroidal medications four times per day over a three-week period, with doses being gradually reduced.



Postoperative Measurement

Postoperative anterior segment imaging was performed with both the AS-OCT and IOLMaster700 instruments on the same day under identical lighting conditions in the same room. Anterior chamber depth (ACD), corneal-ICL (C-ICL), and vault were documented for further analysis. Vault was defined as the distance from the crystalline lens anterior surface to the ICL posterior surface. ACD, the distance from the crystalline lens anterior surface to the corneal endothelium, was automatically measured using the built-in software. C-ICL was the distance from the ICL anterior surface to the corneal endothelium.

IOLMaster700 measurements were made using a phakic intraocular lens (P-IOL) pattern and B scans at 0 degrees. The parameters of the IOL Master 700 were measured by the same doctor using the ImageJ software (http://rsb.info.nih.gov/ij; National Institutes of Health, Bethesda, Maryland, USA). First, centering on the pupil axis, the corneal thickness was taken as the benchmark. On the pupil axis, anterior chamber depth (ACD), C-ICL and vault were measured by IOL Master 700 images (Figure 1) and converted pixels to millimeters. To assess the repeatability of measurements, a single doctor measured these parameters three times.


[image: Figure 1]
FIGURE 1. Vault, C-ICL, and ACD measurements made using the IOL Master 700. Vault: Distance between the anterior surface of the crystalline lens and the posterior surface of the ICL. C-ICL: Distance between the corneal endothelium and anterior surface of the ICL. ACD: Distance between the corneal endothelium and the anterior surface of the crystalline lens.


AS-OCT (CASIA 1/CASIA 2, Tomey Corp., Japan) measurements were also conducted, with horizontal median images being captured for subsequent analyses. Measurements were made with an on-screen calibration system.



Statistical Analysis

Based on a previous study that employed an AS-OCT-based measurement starategy, the average vault was 0.64 mm, with a standard deviation (SD) of 0.25 mm (10). At a significance (α) level of 0.05 and a power (β) of 80%, a sample size calculation indicated that a minimum of 16 subjects would be required to give 80% power at a 5% two-sided significance level to detect a 5% mean difference. The repeatability of the IOL Master700 measurements was quantified based upon intraclass correlation coefficient (ICC) values. The differences between instruments were analyzed by paired t-test, while correlations between the two instruments were assessed using Pearson correlation coefficient (r) values. Bland and Altman plots were employed to assess the agreement of vault, C-ICL, and ACD measurements between different devices. Measurement variability was evaluated using 95% limit of agreement values (95% LOA = mean agreement). P < 0.05 was the significanct threshold.




RESULTS

In total, this study enrolled 82 eyes of 43 patients (mean age: 26.03 ± 4.05 years, range: 19 to 36); 19 (44.19%) male, 24 (55.81%) female). The mean follow-up time was 5.04 ± 5.20 months (range: 1–12 months). The baseline characteristics of the study population were shown in Table 1. A non-toric ICL was implanted in 29 eyes (35.4%), while 53 eyes (64.6%) underwent toric ICL implantation.


Table 1. Baseline patient characteristics.
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Assessment of the Repeatability of Vault Measurements by Using the IOLMaster700

ICC results in Table 2 demonstrated the repeatability of vault measurements, C-ICL measurements, and ACD measurements obtained using the IOLMaster700 instrument, consistent with the high reliability of this technology as a tool for measuring these three parameters (p < 0.001).


Table 2. Repeatability of IOL Master 700 measurements of vault, C-ICL, and ACD.

[image: Table 2]



Comparison of IOL Master700 and AS-OCT Measurements

Table 3 demonstrates the comparison of parameters measured using IOLMaster700 and AS-OCT approaches. Vault, C-ICL and ACD values as measured using the IOLMaster700 were slightly smaller than measurement with AS-OCT, but there were no significant differences (p = 0.652, p = 0.121 and p = 0.091, respectively).


Table 3. Comparison of parameters measured using the IOL Master700 and AS-OCT.
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Correlations and Agreement Between IOL Master700 and AS-OCT Measurements

As shown in Table 4, there were significant correlations between the vault, C-ICL, and ACD values measured via the IOLMaster700 and AS-OCT (r = 0.971, r = 0.944, and r = 0.963, respectively; p < 0.001). Good agreement was observed between the measurement values obtained from the IOLMaster700 and AS-OCT. Bland-Altman analysis plots indicated that the 95% limits of agreement for vault, C-ICL, and ACD measurements were−0.08 to 0.08 mm,−0.14 to 0.11 mm, and−0.13 to 0.10 mm between these two devices, respectively (Figure 2).


Table 4. Agreement and correlations among parameters measured using the IOL Master700 and AS-OCT.
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FIGURE 2. Bland-Altman plots comparing the level of agreement between IOL Master 700 and AS-OCT measurements of vault (A), C-ICL (B), and ACD (C). The vertical axis represents the difference between these measurements and the horizontal axis shows the corresponding mean value. The 95% LoA is indicated using dashed lines, and the middle bold line represents the mean difference between these measurements.





DISCUSSION

One of the most important parameters to be assessed after ICL implanted was the measurement of vault (14). Studies had been reported on complications after ICL implantation associated with vault (5–7). Low vault was a risk factor of formation of cataract. High vaults can produce an narrow of the anterior chamber angle at risk of developing increased intraocular presssure.AS-OCT (CASIA) was widely used for vault measurement after ICL implantation. The CASIA system is a swept source OCT that uses a wavelength of 1,310 nm, providing an axial resolution of 10μm or less and a scan speed of 55,000 A-scans per second (14). It was an effective instrument for measuring Vault.

Herein, we used the IOLMaster700 instrument to quantify ICL implantation anterior parameters. IOL Master 700 is the most frequently used device in optical biometry measurements and provides precise results of biometry parameters of the anterior eye segment, currently considered the so-called “gold standard” for axial length measurement (15). This non-contact high-resolution biometric instrument utilizes a tunable laster centered at 1,055 nm to generate B scans that enable operators to quantify ocular data (16). The IOLMaster700 can perform 44 mm scans at 22μm resolution (12), and can detect crystalline lens features including decentration or tilt as the generated B-scans are shown as full-length OCT images of anatomical details along longitudinal sections through the full eye (17). At present, this instrument cannot directly measure postoperative lens vault values, and there have been no prior publications regarding the use of the IOLMaster700 for measurements made in the context of ICL implantation. We therefore examined the repeatability of vault, C-ICL, and ACD measurements made using the IOLMaster700 and found it to exhibit good repeatability. We then compared correlations between the IOLMaster700 and AS-OCT approaches to measuring vault, C-ICL, and ACD.

There are several approaches available that can be employed to measure vault height after ICL surgery including AS-OCT, Pentacam, and UBM. However, no gold standard approach has emerged to date (10). UBM can facilitate precise analyses of anterior segment structures. However, it is an invasive examination, it cannot be used during early periods after ICL surgery. Furthermore, vault measurements made via UBM are prone to measurement errors. AS-OCT and Pentacam are more commonly used for measuring vault, and prior reports have shown that these measurement values varyed from instrument to instrument (10, 18).

In our study, vault, C-ICL and ACD values as measured using the IOLMaster700, was slightly smaller than measurement with AS-OCT, but these differences were not significant. This may be due to differences in device resolution or scan location. Differences in the refractive indices of ICL materials and the humor can also impact these measurements. Even so, we observed very strong correlations between AS-OCT and IOLMaster700, consistent with clinically acceptable differences between these two devices.

There were at least two limitations to the present study. Firstly, we used the image analysis software ImageJ to calculate these values, potentially introducing measurement error. Secondly, we did not compare vault, C-ICL, and ACD measurements with other devices, such as Pentacam or UBM.

In conclusion, the repeatability of vault, C-ICL, and ACD measurements made using the IOLMaster700 was high. Good correlation and agreement were found between IOLMaster700 and AS-OCT measurements.
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Purpose: To compare the effects of femtosecond laser-assisted cataract surgery (FLACS) and conventional phacoemulsification surgery (CPS) on subfoveal choroidal thickness (SFCT) in patients with age-related cataracts.

Methods: In this prospective consecutive study, 26 patients (26 eyes) with age-related cataracts without previous ocular surgery or other ocular diseases who had FLACS were included as the study group. Twenty-six age-matched patients (26 eyes) who underwent CPS in the same period were also included as the control group. The SFCT and the foveal retinal thickness (FRT) were measured at baseline and at 1 day (D1), 7 days (D7), 1 month (M1), and 3 months (M3) postoperatively by spectral-domain optical coherence tomography. Aqueous flare was also measured with a laser flare meter.

Results: The mean SFCTs of the FLACS group at baseline and at D1, D7, M1, and M3 were 185.2, 174.3, 184.2, 180.8, and 184.1 μm, respectively. A Bonferroni posttest showed that the choroid became thinner on postoperative D1 (P = 0.006). The measurements at 1 week, 1 month, and 3 months postoperatively showed no significant differences in the SFCTs compared with that at baseline (P = 0.66, P = 0.22, and P = 0.53, respectively). A different trend was observed in the CPS group. The choroid became thicker by the 3-month postoperative measurement, as follows: 1 day (P = 0.28), 1 week (P = 0.016), 1 month (P = 0.020), and 3 months (P < 0.001).

Conclusion: The mean SFCT significantly and temporarily decreased following FLACS. In contrast, an increased SFCT was observed following CPS.

Keywords: femtosecond laser-assisted cataract surgery (FLACS), subfoveal choroidal thickness (SFCT), foveal retinal thickness (FRT), conventional phacoemulsification surgery (CPS), aqueous flare


INTRODUCTION

The choroid being the most vascular tissue in the eye provides nutrition to the outer retina. Its role in various chorioretinal diseases such as choroidal neovascularization (1), high myopia-related choroidal atrophies (2), polypoidal choroidal vasculopathy (3), and central serous chorioretinopathy (4), have been well established. Studying the choroidal structures may provide further understanding of the pathology and mechanisms of the related underlying diseases. In 2008, a new method for visualizing the choroid, that is, enhanced-depth imaging (EDI) optical coherence tomography (OCT), has been reported (5). EDI is an innovation of image acquisition and processing that has been applied in commercial spectral-domain OCT (SD-OCT) devices. Using EDI, deep choroidal images are enhanced by the acquisition of inverted images and the use of multiple B-scan averaging to improve the signal-to-noise ratio (SNR). SD-OCT with the EDI technique has become an established method that is widely used to measure choroidal thickness for clinical and research applications (4, 6).

Conventional phacoemulsification surgery (CPS) was widely used worldwide due to the mature technique and lower complication rates. However, pseudophakic cystoid macular edema (PCME) is still a primary cause of visual loss postoperatively. Although the exact pathogenesis of PCME is not clear, several previous studies have reported a significant increase in choroidal thickness after CPS (7, 8). In Fleissig et al.’s study, choroidal thickness was increased in cases of PCME and decreased after edema resolution (9). In Xu et al.’ study, lens extraction elicited an acute pro-inflammatory gene and protein response in both retinal and choroidal tissue of the eyes in rodents (10). These previous studies indicated that the choroidal layer may participate in the inflammatory reaction after cataract surgery.

Recently, femtosecond laser-assisted cataract surgery (FLACS) has become an accepted method of surgical intervention that has several advantages (11, 12). The prominent advantage of FLACS has been suggested to be the good reproducibility and precision of the anterior capsulotomy size and centration (13, 14). In addition, FLACS reduces the cumulative dissipated energy that might reduce the release of inflammatory mediators, which might result in less macular effect (15, 16). Recently, Asena et al. conducted a study to compare the short-term changes in the retina and choroidal tissue after FLACS and CPS (17). However, it is not clear whether FLACS alters retinal and choroidal thickness in long-term outcomes. In addition, the association between the response in the posterior segment and the inflammatory reaction after FLACS was largely unknown. The goal of the present study was to determine the changes in retinal and choroidal thicknesses in patients who have undergone FLACS compared with patients who have undergone CPS and to explore the potential factors associated with the retinal and choroidal thicknesses.



MATERIALS AND METHODS

All procedures in the present study adhered to the tenets of the Declaration of Helsinki and were approved by the Institutional Review Board of Zhongshan Ophthalmic Center, Sun Yat-sen University, China. Informed consent was obtained from each of the enrolled patients. Twenty-six eyes of 26 consecutive patients with cataracts who underwent FLACS included as the study group. The cataract stages of the patients included were between N2 and N4 according to the LOCS III (18). The exclusion criteria were eyes with a history of ocular surgery, trauma, and ocular diseases, including diabetic retinopathy, high myopia, age-related macular degeneration (AMD), pseudoexfoliation, uveitis, retinal vein occlusion, and other inflammatory and vascular retinal disorders. In addition, 26 eyes of 26 age-, sex- and cataract staging-matched patients with cataracts who underwent CPS were included as the control group in the same period. The exclusion criteria for this group were identical to those previously described. Patients with poorly dilated pupils and those with floppy-iris syndrome were also excluded from both groups.


Surgical Procedures

All surgeries were performed by the same surgeon (WR.C) at the Zhongshan Ophthalmic Center, Guangzhou, China.



Femtosecond Laser-Assisted Cataract Surgery

A femtosecond laser (Alcon-Lensx, Alcon-Lensx, Inc.) was used in this study. After pupil dilation, one drop of tropicamide (0.5%) was applied every 15 min for three applications, and topical anesthesia with proparacaine hydrochloride (0.5%) was applied. The laser was docked to the eye using a curved contact lens to applanate the cornea. The anterior capsulotomy (size 5.0 mm, 6 μJ pulse energy), lens-fragmentation (10 μJ pulse energy), primary and side-port corneal incisions (6 μJ pulse energy) were created under Optical Coherence Tomography image control. Then a standardized lens-fragmentation pattern (3 cross-sections with a chop diameter of 5.2 mm and 1 central chop cylinder with a diameter of 3.0 mm) was used. The laser was disconnected, and the remainder of the surgery was performed as phacoemulsification (Infiniti Vision System; Alcon, United States). A single-piece AcrySof SN60WF IOL was implanted in the capsular bag.



Conventional Phacoemulsification Cataract Surgery

Phacoemulsification was performed through a temporal 3.2-mm clear corneal incision with the same machine and followed by implantation of IOLs. A single-piece AcrySof SN60WF IOL was implanted in the capsular bag.

Complications including iris trauma, posterior capsule rupture, vitreous loss, and prolapse through the wound were the exclusion criteria, although none of the enrolled patients experienced surgical complications.



Spectral-Domain Optical Coherence Tomography

The subfoveal choroidal thickness was measured using SD-OCT (Heidelberg Engineering, Heidelberg, Germany). The EDI images were averaged based on 100 scans using an automatic averaging and eye-tracking system. The subfoveal choroidal thickness (SFCT) was defined as the vertical distance between the retinal pigment epithelium (RPE) and the choroidal–scleral interface at the fovea. The horizontal section running through the center of the fovea was selected for further analysis. The retinal thickness was determined as the vertical distance between the internal limiting membrane (ILM) and the RPE (19).

The measurements were performed by two independent examiners using calipers and the Heidelberg Eye Explorer software (version 5.4; Heidelberg Engineering Co.). The measurements from the two examiners were averaged. The SFCT and foveal retinal thickness (FRT) values were measured before surgery, and at 1 day (D1), 7 days (D7), 1 month (M1), and 3 months (M3) after cataract surgery. The measurements were performed between 9:00 and 11:00 a.m. due to the previously reported circadian variations in choroidal thickness (20, 21).



Measurement of Aqueous Flare

Aqueous flare was measured with a laser flare meter (FC-2000, Kowa, Tokyo, Japan) as described in a previous study (22). Measurements were taken within 1 week before surgery and at D1, D7, M1, and M3 after surgery. Flare values were measured under scotopic conditions without pharmacologic pupil dilation. Two different examiners obtained five measurements from the studied eye, then the results were averaged after excluding all measurements affected by artifacts.



Statistical Analysis

The SFCT results were the basis for the calculation of the sample size. Based on pretest results, the between-group difference in the mean SFCT in 3 months after surgery was estimated to be 15.2 μm, and the standard deviation was 16.6 μm. Using PASS (PASS 11, NCSS, Kaysville, UT, United States) to calculate the sample size, the outcome was that a total of at least 20 participants were required to be included in each group (a = 0.05, power = 0.8) (23). After assuming a 20% dropout rate, it was necessary to enroll at least 25 individuals per group in the study. We added the description of sample size calculation to the methods. The data were analyzed using the Statistical Package for Social Sciences (SPSS Version 19.0 for Windows). Descriptive statistics were used to summarize the patients’ demographic and clinical information. All data are expressed as mean values ± standard deviations. Changes in the SFCT and FRT values following cataract surgery were analyzed with repeated-measures analysis of variance (ANOVA) with Bonferroni posttests. The differences in the SFCT and FRT values between the two groups were analyzed with independent t-tests. Correlation analyses were used to evaluate the strengths of the associations between the magnitude of the change in SFCT from baseline to the peak and the potential explanatory variables. A P-value of less than 0.05 was considered statistically significant.




RESULTS

The FLACS group comprised 26 eyes from 26 patients (12 males and 14 females), with an average age of 68.2 ± 7.7 years. The CPS group comprised 26 eyes from 26 patients (11 males and 15 females), with an average age of 68.3 ± 6.5 years. The patient demographics are presented in Table 1. No statistically significant differences between the groups were noted in terms of age, sex, cataract staging, axial length (AL), or preoperative SFCT or FRT (P > 0.05). All patients fulfilled the evaluation visits before and after surgery.


TABLE 1. Demographic and clinical parameters of the FLACS and CPS groups.
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The phacoemulsification time and energy were significantly greater in the CPS group than in the FLACS group (P = 0.04 and P < 0.001, respectively). The difference in preoperative aqueous flare was not statistically significant between the groups. However, the postoperative aqueous flare was significantly greater in the CPS group than in the FLACS group at D1 (P = 0.03), D7 (P < 0.001), and M1 (P < 0.001) after surgery (Table 1). In M3, the difference between the groups was insignificant (P = 0.88).

The Bonferroni post hoc tests showed that the SFCT of the FLACS group became thinner only at D1 (P = 0.006, Figure 1) postoperatively, then stayed no difference with the preoperative values from 1 week to 3 months. In contrast, the choroidal thickness exhibited significant variations from 1 week until 3 months (P = 0.001) in the CPS group. The choroid was significantly thicker at D7 (P = 0.016), M1 (P = 0.020), and M3 (P < 0.001) postoperatively (Figure 1).


[image: image]

FIGURE 1. Time courses of the subfoveal choroidal (left) and retinal (right) thicknesses before and after cataract surgery. Repeated-measures ANOVA of the choroidal changes indicated significant changes in both groups (both P < 0.01). The SFCT in the CPS group exhibited a trend toward an increase over time (PD1 = 0.28, PD7 = 0.016, PM1 = 0.020, and PM3 < 0.001). In contrast, the SFCT of the FLACS group did not change with the exception of a slight decrease at postoperative D1 (PD1 = 0.006, PD7 = 0.66, PM1 = 0.22, and PM3 = 0.53). In contrast, repeated-measures ANOVAs of the retinal changes were not significant in either group (PFLACS = 0.47 and PCPS = 0.39). *p-value < 0.05, **p-value < 0.01, ***p-value < 0.001.


There were no significant differences in the mean FRT between the groups (P > 0.05, Figure 1). Figure 2 illustrates the SFCT and FRT measurements of two representative FLACS and CPS group cases before and after cataract surgery.


[image: image]

FIGURE 2. Two representative cases illustrating the choroidal thickness and retinal thickness measurements before and after FLACS (left) and CPS (right) surgery.


Table 2 presents the results of the correlation analyses of various factors, including age, AL, preoperative intraocular pressure (IOP), preoperative flare, phacoemulsification time, phacoemulsification energy, change in IOP, and change in flare, with the peak change in the SFCT (D1 in the FLACS group and M3 in the CPS group). All the variables were not significantly correlated with the peak changes in SFCT in the two groups.


TABLE 2. Correlations of various factors with the peak change in the subfoveal choroidal thickness in the FLACS and the CPS group.
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Up to the last visit, none of these cases had postoperative complications, including PCME in the two groups.



DISCUSSION

In our prospective study, we found that the mean SFCT, as observed on EDI-OCT, showed no difference with the baseline value at 1 week after FLACS. In contrast, we observed a tendency toward an increased SFCT in the CPS group, which is in agreement with the findings of previous studies. Recently, Asena et al. have demonstrated that the central choroidal thickness did not change postoperatively in the FLACS group. However, the mean SFCT at 1 day, 1 week, and 1 month after CPS were significantly higher than that at the baseline (17). Noda et al. found an increased SFCT for at least 6 months after cataract surgery in 29 patients with senile cataracts (7). Ohsugi et al. reported a significant increase in choroidal thickness after cataract surgery starting at 3 days postoperatively and extending up to 6 months (8).

Increased choroidal thickness is found in several diseases, including exudative age-related macular degeneration, polypoidal choroidal vasculopathy, idiopathic choroidal neovascularization, central serous chorioretinopathy, and posterior uveitis, although the reason for the increased vascular permeability of the choroid is yet to be determined. Recently, Fleissig et al. found that PCME went along with transient changes in choroidal thickness, the choroidal thickness was increased in cases of PCME and decreased after edema resolution (9). The mechanism of the change in SFCT following cataract surgery is not fully understood. One speculation is that these changes may be related to postoperative inflammation because proinflammatory prostaglandins and cytokines are thought to cause macular edema after cataract surgery, and inflammatory disorders are also known to increase the choroidal thickness (24, 25). In the present study, none of these cases had PCME up to the last visit. Whether the choroidal thickness changes after cataract surgery correlated with PCME warrants further studies with a larger sample size.

In the present study, we found that the aqueous flare was significantly minor in the FLACS group than that in the CPS group in the early postoperative stage. Further, at 3 months post-surgery, there were no differences between the two groups. Similarly, Chen et al. found that postoperative aqueous flare was significantly greater in a manual cataract surgery group than in a FLACS group (26). In that study, the authors also found discrepant expression of cytokines between the two groups based on the analyses of 45 human aqueous humor mediators, including higher levels of fibroblast growth factor and tumor necrosis factor-α and lower levels of interleukin-9 and platelet-derived growth factor-BB in the FLACS group (26). In a recent study, Liu et al. found the lower aqueous malondialdehyde but higher prostaglandin E2 and interleukin-1 receptor in the FLACS group compared with the conventional group (27). Also, evaluated interleukin-6 level was found in the FLACS group compared to controls (28). Nomura et al. demonstrated that higher concentrations of CXCL13 were correlated with thicker subfoveal choroidal thicknesses in 76 eyes of cataract patients (29). As documented in a previous study (11), FLACS procedures diminish the phacoemulsification time and energy used in the surgery. However, we did not establish the relationships between the phacoemulsification time and energy with the subfoveal choroidal thickness in the present study. Therefore, whether these phacoemulsification parameters play a role in the alteration of the choroidal thickness warrants further studies.

The choroidal thickness exhibited a transient decrease in the FLACS group at D1 after surgery, which may have been due to the increased IOP during the suction. Many previous studies have demonstrated that increased IOP during the suction phase of FLACS is statistically significant compared to baseline IOP, including in porcine models and patients with cataract (30, 31). It may be speculated that a decrease in ocular perfusion pressure due to increased IOP might have influenced choroidal thickness. As demonstrated in a previous study, increased IOP during suction is temporary, and IOP at 1 h after surgery is not significantly higher than the preoperative values (30, 31); this might explain the transient decrease in the SFCT in the present study.

As with most studies, our findings need to be considered in light of our study limitations. First, we measured only the SFCT 3 months postoperatively. However, we demonstrated the differences between groups, and imaging choroidal thickness maps may provide more information regarding the overall changes. Second, the sample size in the present study was small; however, we demonstrated significant variations over time in the CPS group. Further studies with larger sample sizes may confirm our findings from the FLACS group.



CONCLUSION

In conclusion, this study demonstrated that the SFCT temporarily decreased in patients who underwent FLACS, whereas a significant increase was evident in the CPS group. The aqueous flare was significantly minor in the FLACS group compared with the CPS group in the early postoperative stage, and similar at 3 months postoperatively. Future investigations should consider whether FLACS is beneficial, for FLACS and CPS have similar excellent safety and refractive outcomes, while FLACS is shown less cost-effective.
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Background: This study qualitatively and quantitatively compared imaging characteristics between neovascular and atrophic pachychoroid spectrum disease (PSD) by optical coherence tomography (OCT), and OCT angiography (OCTA).

Methods: The subtypes of PSD were identified by multi-modality imaging approaches. Subfoveal choroidal thickness (SFCT), choroidal vascular index (CVI), and vascular density of choroidal neovascularization (CNV) were measured.

Results: The CVI and SFCT of 174 PSD eyes were 67.6% ± 5.48% and 362.2 ± 131.88 μm, respectively. After adjustment for age, linear regression indicated that SFCT was positively associated with CVI (p < 0.001), and patched hyper-reflective lesions in choriocapillaris layers (p = 0.009). Compared with neovascular PSD eyes, atrophic PSD eyes had similar patient age (57.1 ± 16.72 years, p = 0.639), SFCT (332.0 ± 111.00 μm, p = 0.51), and CVI (67.6% ± 3.94%, p = 0.527). There were no differences between polypoidal choroidal vasculopathy (PCV) eyes with aneurysmal polypoidal lesions and PCV eyes with tangled polypoidal lesions in terms of age, CVI, SFCT, vascular density, or the occurrence of double layer signs (DLSs, all p > 0.05). Logistic regression indicated that age (p = 0.003), SFCT (p = 0.003), patched hyper-reflective lesions in choriocapillaris layers (p = 0.009), and DLSs (p < 0.001) were predictive factors for CNV progression in PSD eyes (all p < 0.05).

Conclusions: Our study highlighted the similarities in SFCT and CVI between neovascular and atrophic PSD, both of which were late stage lesions. Besides, age, SFCT, patched hyper-reflective lesions in choriocapillaris layers, and DLSs were risk factors for CNV in PSD. Our results showed that atrophic PSD is an important change in the late stage of PSD disease, which is helpful for in-depth understanding of the pathological mechanism of PSD and corresponding intervention.

Keywords: pachychoroid spectrum diseases, optical coherence tomography angiography, choroidal vascular index, atrophic, aneurysmal polypoidal lesions


BACKGROUND

In 2013, Warrow et al. (1) introduced the term “pachychoroid” to identify a set of macular disorders that were generally characterized by a subfoveal choroidal thickness (SFCT) of >300 μm. Recently, Siedlecki et al. suggested regrouping pachychoroid spectrum disease (PSD) into five successive types: uncomplicated pachychoroid (UCP, type 0), pachychoroid pigment epitheliopathy (PPE, type I), central serous chorioretinopathy (CSC, type II), pachychoroid neovasculopathy (PNV, type III) with two sub-phenotypes (IIIa involves neurosensory detachment and overlaps with CSC; IIIb does not involve neurosensory detachment), and aneurysmal type 1 neovascularization/polypoidal choroidal vasculopathy (PCV, type IV) (2). Moreover, in early 2019, Cheung et al. included focal peripapillary pachychoroid syndrome (PPS) and focal choroidal excavation (FCE) in PSD (3). The common pathological characteristics were dilated veins (pachyvessels) in the Haller's layer with choroidal vascular hyperpermeability, combined with thinning of the choriocapillaris and Sattler's layers (4).

In addition to neovascular lesions in PNV and PCV, atrophic lesions have been reported in PSD. For example, pachychoroid geographic atrophy (GA) is associated with choriocapillaris obliteration (5). Furthermore, atrophy of the retinal pigment epithelium (RPE), choriocapillaris, and choroidal stroma is a major characteristic of PSD pathogenesis. With CSC progression, RPE atrophy occurs after damage to photoreceptor cells, which manifests as typical decreased blue light autofluorescence (BL-AF) (6). The absence of choriocapillaris optical coherence tomography (OCT) angiography (OCTA) changes in altered RPE adjacent to atrophic regions suggests that choriocapillaris injury is not present (7). Choroidal caverns in PSD are presumed to originate from nonperfused vessels (8). Notably, 52% of pachychoroid eyes exhibit choroidal lipid globule caverns (9).

The formation of FCE involves choroidal ischemia because of the underlying contraction of scarred choroidal connective tissue from previous/subclinical inflammatory processes, as well as focal choroidal atrophy (10). Moreover, some atrophic PSD can progress into neovascular PSD, such as choroidal neovascularization (CNV) secondary to both FCE and chronic CSC.

Age-related macular degeneration (AMD) is known to progress from early AMD to intermediate and late forms of AMD, which include neovascular AMD and GA (11). We presume that atrophy progression is an important manifestation in the late stage of PSD and may comprise its typical pathogenesis. To our knowledge, the imaging characteristics of atrophic PSD, as well as its differences from neovascular PSD, have not been comprehensively analyzed thus far. Here, we qualitatively and quantitatively compared imaging characteristics between neovascular and atrophic PSD. We also examined the activity of CNV in PSD and the types of polypoidal lesions by OCTA, in order to further explore the predictors of CNV in PSD affected eyes, and provide guidance for understanding the pathological mechanism and treatment strategy of PSD.



METHODS

This retrospective, hospital-based study adhered to the tenets of the Declaration of Helsinki, and was reviewed and approved by the Institutional Review Board of the First Hospital of China Medical University, Shenyang, China (No. AF-OG-03-1.1-02). Written informed consent were obtained from all patients for their medical information to be included in our study.


Study Participants

The PSD inclusion criteria were thinning of the choriocapillaris and Sattler's layer, and the presence of pachyvessels/dilated choroidal vessels in Haller's layer in B-scan/en face OCT, or OCTA; patients were included regardless of RPE abnormalities overlying the pachyvessels (12). The identification of PSD subtypes was performed in accordance with the methods used by Siedlecki et al. (2) and Cheung et al. (3). PCV diagnostic criteria were established using the 2005 Japanese Study Group guidelines (13), based on the characteristic polypoidal lesions at the border of the choroidal branching vascular networks (BVNs) in indocyanine green angiography (ICGA) (14). In addition, we also checked characteristic polyps with BVNs in B-scan OCTA (15) or en face OCTA (16). OCTA visualized polypoidal lesions as ring-like flow signals/incomplete round/ring-like flow signals overlaid with ring-like OCT structures inside RPE detachments, or flow signals adjacent to a RPE detachment notch (15), or tangled vascular structures with BVNs or type 2 CNV (16). Patients with diabetic retinopathy, retinal vein occlusion, uveitis, glaucoma, and the patient who had received fundus laser therapy, vitrectomy, or anti- vascular endothelial growth factor (VEGF) therapy, in either eye were excluded. Moreover, systematic diseases, such as metabolic disorders and hypertension, were also excluded from this study.



Examinations and Parameter Measurements

The following multi-modality imaging approaches were used to identify all PSD related lesions: OCTA (Spectralis, Heidelberg Engineering, Heidelberg, Germany; SSADA-OCTA, Optovue OCT, Optovue, Inc, Fremont, California, USA), OCT (Spectralis, Heidelberg Engineering; SSADA-OCT, Optovue OCT, Optovue), BL-AF (Spectralis HRA+OCT; Heidelberg Engineering), fundus fluorescein angiography (FFA, Spectralis HRA+OCT, Heidelberg Engineering), and ICGA (Spectralis HRA+OCT, Heidelberg Engineering).

Pachychoroid spectrum disease with CNV was regarded as neovascular PSD; PSD without CNV and atrophy lesions was regarded as control group; non-neovascular PSD with atrophy lesions (e.g., RPE atrophy secondary to CSC, simple RPE atrophy, pachychoroid GA, FCE, and choroidal lipid globule caverns) was regarded as atrophic PSD. Especially, GA was defined as sharply demarcated atrophic lesions of the outer retina, initially sparing the foveal center, then gradually expand and coalesce to include the fovea (17). En face OCT rendered choroidal lipid globule caverns as sharply delimited hyporeflective areas, primarily within inner choroidal stroma, similar to the size of choroidal vessels, with typical posterior hypertransmission in OCT and without flow signal in OCTA (18).

Pachychoroid neovasculopathy was divided into IIIa, IIIb, and IIIc types (PSD with type 2 CNV), as in our previous study (19). The PCV polypoidal flow was classified into aneurysmal, and tangled (16) according to their signal structures in OCTA. Moreover, the CNV activities in PSD in OCTA (e.g., PNV, BVNs in PCV, and CNV secondary to FCE) were graded as active, and inactive, in accordance with the method used by Coscas et al. (20), and a lesion was assessed to have all or at least three of the following five features: firstly, a lacy-wheel or sea-fan shaped CNV lesion; secondly, branching, numerous tiny capillaries; thirdly, the presence of loops and anastomoses; and then, the presence of a peripheral arcade; finally, the presence of a perilesional hypointense halo.

Image processing, choroidal vascular index (CVI) measurements in B-scan OCT (Figure 1), and vascular density (VD) of CNV measurements in OCTA (Figure 1) were conducted using the Niblack threshold method in Image J software (version 1.52, National Institutes of Health, Bethesda, MD, USA), in accordance with the method described by Wei et al. (21). CVI was measured in one section of 30-degree B-scan foveal OCT. VD was defined as the percentage area of vasculature (pixels) above the threshold level (22).


[image: Figure 1]
FIGURE 1. Imaging analysis of a 65-year-old PCV patient using Image J software. Left column: choroidal vascular index in B-scan OCT. Right column: vascular density measurement of CNV in OCTA.




Statistical Analyses

All data were analyzed by SPSS Statistics (version 24.0, SPSS, Inc., Chicago, IL, USA), and presented as means ± standard deviations for variables with normal distributions. Single-factor repeated measures analysis of variance (ANOVA) with post hoc LSD test, Fisher's exact test, Pearson's test, independent-samples t-test, and linear and multiple logistic regression were performed. We also calculated odds ratios (ORs) and 95% confidence intervals (CIs). p-value < 0.05, was defined as statistical significance.




RESULTS


Demographic Information

This study enrolled 131 PSD patients with the mean age of 54.1 ± 12.27 years (Table 1, Figure 2). The mean patient age of CSC eyes was 47.9 ± 11.47 years, which was significantly younger than that in PNV eyes (53.1 ± 12.84 years, p = 0.044) and PCV eyes (62.5 ± 7.14 years, p < 0.001). Moreover, the mean patient age of PNV eyes was significantly younger than that of PCV eyes (p = 0.001).


Table 1. Demographic information.
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[image: Figure 2]
FIGURE 2. CNV types in PSD patients. (A) Type IIIa PNV (red dotted box) with pachydrusen (yellow arrow). (B) Type IIIb PNV (red dotted box). (C) Type IIIc PNV (red dotted box) with type 2 CNV. (D) Naked polypoidal lesion (red arrow) in a PCV eye.


The SFCT and CVI of 174 PSD eyes were 362.2 ± 131.88 μm and 67.6% ± 5.48%, respectively. The SFCT of CSC eyes was 442.1 ± 120.80 μm, which was significantly greater than that in PNV eyes (343.8 ± 124.30 μm, p = 0.001) and PCV eyes (285.4 ± 125.80 μm, p < 0.001). However, there was no difference in SFCT between PNV and PCV eyes (p = 0.066). The CVI of CSC eyes was 69.2% ± 6.11%, which was significantly greater than the CVI of PNV eyes (66.1% ± 2.90%, p = 0.028) and comparable with the CVI of PCV eyes (67.2% ± 6.80%, p = 0.127). There was no difference of CVI between PNV and PCV (p = 0.438).

In total, 24 eyes (13.8%) showed patched hyper-reflective lesions in choriocapillaris layers during OCTA examination (Figure 3). SFCT was positively correlated with CVI (r = 0.279, p < 0.001) and patched hyper-reflective lesions (r = 0.244, p = 0.001), and negatively correlated with age (r = −0.33, p < 0.001). However, no correlation was found between CVI and age (r = 0.021, p = 0.784). Double layer signs (DLSs) of RPE were detected in 78 eyes (44.8%) by OCT, which were not correlated with CVI (r = 0.005, p = 0.948) or SFCT (r = 0.111, p = 0.143). After adjustment for age, linear regression indicated that SFCT was positively associated with CVI (t = 3.801, p < 0.001; 95%CI: 305.68–966.29), and patched hyper-reflective lesions (t = 2.656, p = 0.009; 95%CI: 17.75–120.48).


[image: Figure 3]
FIGURE 3. Patched hyper-reflective lesions in choriocapillaris layers in OCTA (red dotted box). Green arrows in upper line indicate the orientation of B-scan OCTA in lower line.


Besides, five eyes had GA lesions, three eyes had CSC-related RPE atrophy lesions, two eyes had simple RPE atrophy, and five eyes had choroidal lipid globule cavern (Figure 4). Moreover, 22 eyes had pachydrusens.


[image: Figure 4]
FIGURE 4. Atrophic lesion types in PSD eyes. (A) CSC-related RPE atrophy lesions (red arrow). (B) GA lesions (red arrow). (C) Simple RPE atrophy (red arrow). (D) Choroidal lipid globulecavern (red arrow).




Neovascular PSD and Non-CNV PSD

Optical Coherence Tomography showed that 111 PSD eyes did not have CNV and 63 PSD eyes had neovascular PSD (56 with type 1 CNV, six with type 2 CNV, and one with mixed type CNV). The VD of CNV in PSD eyes was 38.3% ± 3.30%. The VD of PNV eyes was 39.4% ± 3.18%, which was significantly greater than that of PCV eyes (37.5% ± 3.19%, t =2.361, p = 0.021). OCTA examination of the 63 CNV eyes revealed active CNV in 51 eyes and inactive CNV in 12 eyes. No differences were observed between active and inactive CNV eyes in terms of age, SFCT, CVI, or VD (Table 2).


Table 2. The comparison of influencing parameters.

[image: Table 2]

The mean patient age was significantly younger in the non-CNV PSD eyes than in the neovascular PSD eyes (51.5 ± 12.32 years vs. 58.5 ± 10.94 years, t =3.717, p < 0.001). CVI was similar in PSD eyes with and without CNV (66.7% ± 5.47% vs. 68.1% ± 5.27%, t =1.594, p = 0.113). In contrast, SFCT was significantly greater in PSD eyes without CNV than in neovascular PSD eyes (391.6 ± 125.62 μm vs. 310.4 ± 127.52 μm, t = 4.075, p < 0.001).

Among 111 PSD eyes without CNV, 20 had pachydrusen, 22 had patched hyper-reflective lesions in choriocapillaris layers, and 32 had DLSs. Among 63 neovascular PSD eyes, none had pachydrusen, two had patched hyper-reflective lesions in choriocapillaris layers, and 46 had DLSs. The proportions of eyes with pachydrusen and patched hyper-reflective lesions in choriocapillaris layers were significantly greater in PSD eyes without CNV than in neovascular PSD eyes (Fisher p < 0.001). In contrast, the proportion of eyes with DLSs was significantly lower in PSD eyes without CNV than in neovascular PSD eyes (Fisher p < 0.001).



Neovascular PSD and Atrophy PSD

Among 111 PSD eyes without CNV, 19 had atrophic PSD, and the left 92 PSD eyes were enrolled into control group. The mean patient age of control group was significantly younger than that of atrophy PSD eyes (p = 0.026), and neovascular PSD eyes (p < 0.001). However, the latter two failed to show any difference in age (p = 0.639). Additionally, the SFCT in control group was significantly thicker than that in both atrophy PSD eyes (p = 0.023), and neovascular PSD eyes (p < 0.001). However, the latter two failed to show any difference in SFCT (p = 0.51). There was also no difference of CVI among atrophic PSD eyes, neovascular PSD eyes and control group (Table 2).

Logistic regression revealed that age (B = 0.047, p = 0.003; 95%CI: 1.012–1.087), SFCT (B = −0.006, p = 0.003; 95%CI: 0.991–0.998), patched hyper-reflective lesions in choriocapillaris layers (B = −2.324, p = 0.009; 95%CI: 0.017–0.560), and DLSs (B = 2.648, p < 0.001; 95%CI: 5.766–34.625) were predictive factors for CNV progression in PSD eyes.



Polypoidal Lesions in PCV

Optical coherence tomography showed that 31 eyes had polypoidal lesions underlying RPE detachment and four eyes had naked polypoidal lesions (Figure 2); this method missed one eye with a polypoidal lesion. Furthermore, OCTA showed that 23 eyes had aneurysmal polypoidal lesions and seven eyes had tangled polypoidal lesions; this method missed six eyes with polypoidal lesions. There was no difference between OCT (97.2%) and OCTA (83.3%) in the rate of polypoidal lesion detection (Fisher p = 0.053). Moreover, there were no differences between PCV eyes with aneurysmal polypoidal lesions and PCV eyes with tangled polypoidal lesions in terms of age, CVI, SFCT, VD, or the occurrence of DLSs (Table 2).

Of 23 eyes with aneurysmal polypoidal lesions, OCT showed that 21 had polypoidal lesions underlying RPE detachment (91.3%) and the remaining two had naked polypoidal lesions (8.7%). Additionally, OCT examination of seven eyes with tangled polypoidal lesions showed that six had polypoidal lesions underlying RPE detachment (85.7%) and the remaining one had naked polypoidal lesions (14.3%). However, there was no difference between these two groups in the occurrence of naked polypoidal lesions (Fisher p = 0.254). OCTA examination of 23 eyes with aneurysmal polypoidal lesions revealed that 17 had active CNV (73.9%), which was similar to the number of eyes with active CNV (seven) among seven eyes with tangled polypoidal lesions (100%, Fisher p = 0.170).




DISCUSSION

In our study, we analyzed the imaging characteristics of 174 PSD eyes in 131 patients. Thus far, no epidemiologic data regarding PSD have been published. To our knowledge, this is the first study to compare characteristics (e.g., SFCT, CVI, and VD) between atrophic and neovascular patterns; to investigate the activity of CNV in PSD; and to use OCTA to examine the types of polypoidal lesions (e.g., aneurysmal, and tangled).

Notably, 13.8% of eyes showed patched hyper-reflective lesions in choriocapillaris layers in OCTA in our study. Previously, Lee et al. (23) reported attenuation of the inner choroidal layer on a cross-sectional B-scan, secondary to the dilatation of outer choroidal vessels, which forms inner choroidal obscuration. CSC related choroidal exudations may present as hyporeflective regions from inner to outer choroidal layer. In our study, we observed patched hyper-reflective lesions caused by the dilatation of choroidal vessels in Haller's layer, which resulted in congested choriocapillaris in the superior level of choriocapillaris layers, in contrast to hyporeflective reflex of inner choroidal obscuration (23).

The universal mean values for SFCT and CVI in our study were slightly greater than the corresponding values in healthy eyes (SFCT, 306.05 ± 55.34 μm; CVI, 66.71% ± 2.58%) (24). In contrast, Lee et al. (25) reported that the mean SFCTs of PSD were 428.5 ± 57.9 μm and 430.5 ± 68.1 μm using both spectral domain and swept source (SS) OCT, respectively, which were greater than the findings in our study. Previously, Lehmann et al. (26), reported that 395 μm was the limit of normal SFCT, based on sensitivity and specificity values of 76.4 and 60%, respectively. However, multiple factors influence SFCT, and no definitive quantitative standard for PSD has been established until now. Moreover, our results showed that SFCT had a positive relationship with CVI and patched hyper-reflective lesions, whereas it was negatively correlated with age. Because CVI is reportedly significantly correlated with pachyvessels (27), both the diameter (28) and area of choroidal hyporeflective lumina considerably contribute to SFCT, whereas choroidal stroma do not (29). Koçak et al. (24) reported that SFCT was significantly greater in participants aged ≤18 years than in participants aged >18 years. However, our participants were considerably older; this increased age may have led to stromal atrophy and vascular arteriosclerosis in the choroid, thus resulting in lower SFCT. Furthermore, CVI was reportedly significantly greater in participants aged ≤ 18 years than in participants aged >18 years (24). However, we found no relationship between CVI and age. Multiple factors influence CVI, including PSD status and subtypes. Ng et al. (27), found that exudative maculopathy with pachyvessels was associated with younger age (69.1 ± 9.4 years), increased SFCT, and increased CVI (65.4% ± 5.3%). Our participants were younger, but their CVI values were similar.

In our study, OCT revealed DLSs of RPE in 78 eyes. DLSs on B-scan OCT have been associated with preclinical type 1 macular neovascularization with good predictive values in non-exudative AMD eyes (30). Additionally, Yang et al. (28) found that DLSs occurred significantly more often in chronic CSC eyes than in acute CSC eyes. In our previous study, we suggested that an irregular near infrared pattern, together with DLSs, was significantly positively correlated with the occurrence of choroidal vascular diffuse hyperpermeability (31). However, in the present study, DLSs were not associated with CVI or SFCT. Lim et al. (32) reported that SFCT is not an accurate parameter for diagnosis of pachychoroid disease; they also indicated that SFCT does not represent the entire choroidal area. Therefore, we presumed that focal enhancement of CVI and choroidal thickness cannot fully indicate PSD status; furthermore, some PSD eyes had increased choroidal thickness outside the fovea. Importantly, we previously showed that choroidal thickness at polyp sites was positively associated with polyp size, while choroidal thickness did not significantly differ between foveal and polyp sites (33); our current findings are consistent with these results.

In this study, OCT revealed four eyes with naked polypoidal lesions. Similarly, using SS-OCTA, Bo et al. (16) observed that polypoidal lesions coexisted with type 1 and 2 CNV in the same PCV eyes. The etiology of naked polypoidal lesions might involve massive exudation from hyalinized vessels (identified on histopathological examination), increased intra-tissue pressure (triggering the erosion of polypoid choroidal vessel breaks through RPE), and Bruch's membrane disruption (34).

Additionally, OCTA examination showed that 23 eyes had aneurysmal polypoidal lesions and seven eyes had tangled polypoidal lesions. Both choroidal arteriosclerosis and greater hydrostatic pressure contribute to the formation of hyalinized choroidal arteries and aneurismal dilatations, eventually resulting in PCV. Aneurysmal or polypoidal elements may represent proliferative components at the advancing edge of BVN (35). Li et al. (36) demonstrated that hyalinized choroidal arteries progress to capillary beds within the sub-RPE; a lumen with thin vessel walls can be visualized in corresponding histological sections near the aneurysmal site. Recently, Bo et al. (16) used SS-OCTA to demonstrate that previous polypoidal lesions may appear as tangled vascular structures adjacent to type 2 CNV or BVNs; we presume that the observation of “tangled PCV” without aneurysms may be a subtype of PNV or an attenuated form of PCV (19). In this study, we observed no differences between PCV eyes with aneurysmal polypoidal lesions and PCV eyes with tangled polypoidal lesions in multiple characteristics. Bo et al. (16) reported that aneurysms would presumably be unresponsive to anti-VEGF treatment, whereas a tangle of new vessels is likely to respond.

We found no difference between OCT and OCTA in the rate of polypoidal lesion detection. However, OCTA tended to have a lower detective rate, possibly because turbulent blood flow only circulates at the aneurysmal wall (37).

Chang et al. (38) reported that, compared with nonpachychoroidal PCV patients, pachychoroid PCV patients were significantly younger, with fewer AMD-like features, more CSC-like features, and less sensitive to anti-VEGF treatment. CSC, PNV, and PCV are considered signs of a continuous disease process that eventually involves choroidal malfunction (2). Notably, our study showed that the patient age was significantly lower in CSC eyes than in PNV eyes and PCV eyes; moreover, the patient age was significantly lower in PNV eyes than in PCV eyes. Age is thus important in the progressions of CSC, PNV, and PCV. Lee et al. (39) suggested that non-exudative PNV, which is frequently identified without symptoms among older patients, is a critical precursor of PCV. Arteriosclerosis in older patients can cause choriocapillaris obliteration or ischemia, as well as RPE damage (29). Age-related and hypertension-related choroidal arteriosclerosis and greater hydrostatic pressure cause the formation of hyalinized choroidal arteries and aneurysmal dilatations, eventually resulting in PCV (19). This progression is supported by the histopathologic findings of arteriosclerosis in choroidal vessels of healthy participants aged >40 years and in PCV patients (40).

Compared with PNV and PCV eyes, SFCT was significantly greater in CSC eyes. However, no difference in SFCT was observed between PNV eyes and PCV eyes, whose p-value of 0.066 was very close to 0.05, and we considered that small sample size (27 PNV eyes vs. 36 PCV eyes) may lead to this statistic error. Demirel et al. (41) reported that the threshold of SFCT was 422 μm for eyes with PNV and CSC, whereas it was 271 μm for eyes with PNV and PCV. SFCT was thicker in CSC eyes than in PCV or AMD eyes (42). Moreover, Demirel et al. (43) reported that the CVI of the fellow eyes was 74.93% ± 3.58% in the CSC group, which was similar to our CVI finding in CSC eyes. Furthermore, we found that the CVI was significantly greater in CSC eyes than in PNV eyes, similar to the trend regarding SFCT.

In a previous study, Lee et al. (29) found that the luminal-to-total choroidal ratio was higher in CSC eyes than in PNV eyes. Demirel et al. (41) also reported that the CVI threshold was 72.6% for eyes with PNV and PCV, whereas it was 73.6% for eyes with CSC and PCV. However, the mean CVI ratio did not significantly differ between the fellow eyes of patients with PNV and patients with CSC (43). Although PSD is a bilateral disease (19), variable results may be caused by differences among participants, PSD status, and measurement protocols. With respect to CNV development, both SFCT and CVI gradually decreased in PSD eyes, leading to choroidal atrophy. However, no available data including pathological investigation and fundus imaging analysis, has been published as a reference until now. Notably, we found that the CVI was comparable between CSC eyes and PCV eyes. In a previous study, CVI was lower in PCV eyes than in healthy eyes (44). Additionally, Bakthavatsalam et al. (45) found that the CVI was significantly lower in PCV eyes (64.94% ± 5.43%) than in healthy control eyes (68.53% ± 5.91%).

In this study, the VD was significantly greater in PNV eyes than in PCV eyes. However, there have been no other published studies concerning the VD of PNV eyes and PCV eyes. Our results indicate that PCV progression involve progression of hyalinized choroidal arteries to capillary beds within the sub-RPE; a lumen with thin vessel walls has been visualized in corresponding histological sections near the aneurysmal site (36). Thus, the CNV of PCV eyes exhibited more mature arterialization, resulting in lower VD.

In our study, five eyes had GA lesions and five eyes had choroidal lipid globule cavern lesions. Importantly, the newly described phenotype of pachychoroid GA is associated with choriocapillaris obliteration (46). However, Querques et al. (47) suggested that choroidal caverns come from nonperfused vessels. Loss of the normal choroidal architecture of dilated Haller's layer veins leads to choroidal caverns formation in PSD eyes; moreover, the loss of choroidal stroma and increased choroidal thickness facilitate increased lipid deposition (9). All of these phenotypes contribute to atrophic PSD.

Our study showed that neovascular PSD eyes had significantly older patient age than did PSD eyes without CNV. By far, age is suggested as the strongest risk factor, and for example, nearly all late AMD occur in more than 60 year old patients (48). The estimated prevalence of late AMD increased to 13.1% for more than 60 year old patients (49). Moreover, the mean patient age of atrophy PSD eyes, and neovascular PSD eyes were comparable in our study, indicating the late stage of PSD.

In this study, SFCT was significantly greater in PSD eyes without CNV than in neovascular PSD eyes. Similarly, Anna Lee, et al., reported mean SFCTs of 340.14 ± 61.59 μm (CSC), 335.17 ± 27.4 μm (thick-choroid PCV), 227 ± 42.45 μm (thin-choroid PCV), 167.58 ± 59.28 μm (AMD), and 393.77 ± 68.66 μm (PNV), which significantly differed among groups (50). The etiology may be similar to the mechanism we discussed above regarding the development of CNV: both SFCT and CVI of PSD gradually decreased, leading to choroidal atrophy. Correspondingly, our results showed that the SFCT and CVI of atrophy PSD eyes, and neovascular PSD eyes were comparable, also indicating the late stage of PSD.

Pachydrusen, composed of isolated or scattered yellow-white deposits with clear boundaries, are located in the posterior pole, beneath the RPE, associated with thick SFCT (1). Our study showed that the occurrence of pachydrusen was significantly more common in PSD eyes without CNV than in neovascular PSD eyes. To our knowledge, no research thus far has compared these two entities; Zhang et al. (51) presumed that pachydrusen constitutes a precursor of PCV and CSC. Thus, we propose that pachydrusen is an early sign of PSD, similar to variable drusen in AMD. Notably, we found that the occurrence of patched hyper-reflective lesions in choriocapillaris layers was significantly more common in PSD eyes without CNV than in neovascular PSD eyes. The main pathophysiology of pachychoroid disease includes choriocapillaris attenuation and abnormally dilated pachyvessels with choroidal vascular hyperpermeability. Additionally, choriocapillaris attenuation is accompanied by choriocapillaris hyperpermeability, obliteration, and advanced-stage ischemia (19). As we noted above, the presence of more patched hyper-reflective lesions in choriocapillaris layers in CSC eyes may indicate condensation and congestion of choriocapillaris secondary to the dilatation of outer choroidal vessels in Haller's layer. However, in PNV and PCV eyes, choriocapillaris atrophy results in less frequent occurrence of patched hyper-reflective lesions and contributes to CNV.

In contrast to the trends concerning pachydrusen and patched hyper-reflective lesions in choriocapillaris layers, the occurrence of DLSs was significantly less common in PSD eyes without CNV than in neovascular PSD eyes. Similarly, Lee et al. (52) reported that pigmentary changes, DLSs, and hypertension were independent risk factors for CNV secondary to CSC. Moreover, DLSs could serve as a manifestation or precursor lesion of PCV, reflecting the presence of fibrous tissue harbored by BVNs in PCV (53). DLSs are associated with more extensive choroidal hyperpermeability, which may occur in the presence of more severe RPE perturbation and in the inner choroidal layer; DLSs may impede metabolite transport, leading to exacerbation of outer retinal hypoxia. Thus, DLSs may indicate generally dormant inactive CNVs, with an increased risk of secondary CNV (52).

Importantly, we observed no differences in CVI between PSD eyes according to CNV status. CVI is associated with SFCT; in a previous study by Minsub Lee, no significant difference in SFCT was observed between CSC eyes and PNV eyes (29). With respect to PSD eyes without CNV, both choroidal vessels and stroma are equally involved in CSC, UCP, and PPE (54). Conversely, the choriocapillaris segment appears to be more affected in the presence of CSC, but not in the context of UCP or PPE (54). During PSD progression, we presume that choriocapillaris attenuation is accompanied by choriocapillaris hyperpermeability, obliteration, and advanced-stage ischemia (19), eventually leading to CNV and stable CVI.

A pachychoroid-driven process evokes pachychoroid GA, which shares features with PPE and PNV (55). Takahashi et al. (55) reported that after adjusting for age, pachychoroid GA patients had greater SFCT with more choroidal vascular hyperpermeability. However, no differences were found in age, SFCT, or CVI between atrophic and neovascular PSD patients.

In our study, OCT examination revealed six eyes with type 2 CNV and one eye with mixed type CNV. Either type 1 CNV (with or without polyps), type 2 CNV, or a mixed lesion can occur in FCE eyes because of choroidal ischemia (56) and the inflammatory process in FCE (57), leading to inflammatory CNV. Invernizzi et al. (58) suggested that from none CNV-AMD, or inactive CNV AMD to active CNV AMD, both choroidal thickness and CVI increased significantly, indicating the development or recurrence of CNV even before they are otherwise evident clinically. However, we found no differences between active CNV eyes and inactive CNV eyes in terms of age, SFCT, CVI, or VD, because enface OCTA images only allow moderate discrimination of CNV; furthermore, OCTA alone is inadequate for identification of active CNV requiring treatment (59). Nevertheless, our findings indicated that age, SFCT, patched hyper-reflective lesions in choriocapillaris layers, and DLSs were predictive factors for CNV progression in PSD eyes.

This study had some limitations. First, different devices were used to perform OCT and OCTA, which may have increased the potential for error. To our knowledge, the usage of different OCT devices is inevitable in real world analysis and multicenter studies with stable and reliable data. It is necessary to uniform the standard of imaging grading and measurement. Second, the sample size was small and may have limited the accuracy of the data. These limitations will be addressed in future studies.

In conclusion, this is the first study to qualitatively and quantitatively compare characteristics between atrophic and neovascular patterns, both of which were late stage lesions; to investigate the activity of CNV in PSD; and to use OCTA to examine the types of polypoidal lesions. Our findings revealed SFCT and CVI similarities between neovascular PSD eyes and atrophic PSD eyes. Additionally, we found that SFCT, age, patched hyper-reflective lesions in choriocapillaris layers, and DLSs were risk factors for CNV progression in PSD eyes. Similar to neovascular pattern, we hypothesize that atrophic PSD is an important component of PSD in the late stage, which will aid in understanding its etiology and developing appropriate treatment strategies.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Institutional Review Board of the First Hospital of China Medical University. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

RH and MZ: Conception and design, analysis and interpretation of data, writing, review, and revision of the manuscript. RH: Development of methodology, acquisition of data, administrative, technical, and material support. MZ: Study supervision. All authors contributed to the article and approved the submitted version.



FUNDING

This study was funded by the Beijing Bethune Charitable Foundation [Grant No. AF-OG-03-1.1-03].



ACKNOWLEDGMENTS

We thank Limin Liu (Department of Ophthalmology, First Hospital of China Medical University) for assistance with patient enrollment.



REFERENCES

 1. Warrow DJ, Hoang QV, Freund KB. Pachychoroid pigment epitheliopathy. Retina. (2013) 33:1659–72. doi: 10.1097/IAE.0b013e3182953df4

 2. Siedlecki J, Schworm B, Priglinger SG. The pachychoroid disease spectrum-and the need for a uniform classification system. Ophthalmol Retina. (2019) 3:1013–5. doi: 10.1016/j.oret.2019.08.002

 3. Cheung CMG, Lee WK, Koizumi H, Dansingani K, Lai TYY, Freund KB. Pachychoroid disease. Eye. (2019) 33:14–33. doi: 10.1038/s41433-018-0158-4

 4. Borooah S, Sim PY, Phatak S, Moraes G, Wu CY, Cheung CMG, et al. Pachychoroid spectrum disease. Acta Ophthalmol. (2021) 99:e806–22. doi: 10.1111/aos.14683

 5. Saito M, Saito W, Hirooka K, Hashimoto Y, Mori S, Noda K, et al. Pulse waveform changes in macular choroidal hemodynamics with regression of acute central serous chorioretinopathy. Invest Ophthalmol Vis Sci. (2015) 56:6515–22. doi: 10.1167/iovs.15-17246

 6. Lee WJ, Lee JH, Lee BR. Fundus autofluorescence imaging patterns in central serous chorioretinopathy according to chronicity. Eye. (2016) 30:1336–42. doi: 10.1038/eye.2016.113

 7. Cakir B, Reich M, Lang S, Buhler A, Ehlken C, Grundel B, et al. OCT Angiography of the choriocapillaris in central serous chorioretinopathy: a quantitative subgroup analysis. Ophthalmol Ther. (2019) 8:75–86. doi: 10.1007/s40123-018-0159-1

 8. Balaratnasingam C, Lee WK, Koizumi H, Dansingani K, Inoue M, Freund KB. Polypoidal choroidal vasculopathy: a distinct disease or manifestation of many? Retina. (2016) 36:1–8. doi: 10.1097/IAE.0000000000000774

 9. Sakurada Y, Leong BCS, Parikh R, Fragiotta S, Freund KB. Association between choroidal caverns and choroidal vascular hyperpermeability in eyes with pachychoroid diseases. Retina. (2018) 38:1977–83. doi: 10.1097/IAE.0000000000002294

 10. Rochepeau C, Kodjikian L, Garcia MA, Coulon C, Burillon C, Denis P, et al. Optical coherence tomography angiography quantitative assessment of choriocapillaris blood flow in central serous chorioretinopathy. Am J Ophthalmol. (2018) 194:26–34. doi: 10.1016/j.ajo.2018.07.004

 11. Ferris FL 3rd, Wilkinson CP, Bird A, Chakravarthy U, Chew E, Csaky K, et al. Clinical classification of age-related macular degeneration. Ophthalmology. (2013) 120:844–51. doi: 10.1016/j.ophtha.2012.10.036

 12. Freund KB, Fine HF. Pachychoroid disease. Ophthalmic Surg Lasers Imaging Retina. (2020) 51:206–9. doi: 10.3928/23258160-20200326-01

 13. Japanese Study Group of Polypoidal Choroidal V. [Criteria for diagnosis of polypoidal choroidal vasculopathy]. Nippon Ganka Gakkai Zasshi. (2005) 109:417–27. 

 14. Koizumi H, Yamagishi T, Yamazaki T, Kinoshita S. Relationship between clinical characteristics of polypoidal choroidal vasculopathy and choroidal vascular hyperpermeability. Am J Ophthalmol. (2013) 155:305–13.e1. doi: 10.1016/j.ajo.2012.07.018

 15. Fujita A, Kataoka K, Takeuchi J, Nakano Y, Horiguchi E, Kaneko H, et al. Diagnostic characteristics of polypoidal choroidal vasculopathy based on B-scan swept-source optical coherence tomography angiography and its interrater agreement compared with indocyanine green angiography. Retina. (2020) 40:2296–303. doi: 10.1097/IAE.0000000000002760

 16. Bo Q, Yan Q, Shen M, Song M, Sun M, Yu Y, et al. Appearance of polypoidal lesions in patients with polypoidal choroidal vasculopathy using swept-source optical coherence tomographic angiography. JAMA Ophthalmol. (2019) 137:642–50. doi: 10.1001/jamaophthalmol.2019.0449

 17. Fleckenstein M, Mitchell P, Freund KB, Sadda S, Holz FG, Brittain C, et al. The progression of geographic atrophy secondary to age-related macular degeneration. Ophthalmology. (2018) 125:369–90. doi: 10.1016/j.ophtha.2017.08.038

 18. Dolz-Marco R, Glover JP, Gal-Or O, Litts KM, Messinger JD, Zhang Y, et al. Choroidal and sub-retinal pigment epithelium caverns: multimodal imaging and correspondence with FRIEDMAN lipid globules. Ophthalmology. (2018) 125:1287–301. doi: 10.1016/j.ophtha.2018.02.036

 19. Hua R, Duan J, Zhang M. Pachychoroid spectrum disease: underlying pathology, classification, and phenotypes. Curr Eye Res. (2021) 46:1437–48. doi: 10.1080/02713683.2021.1942073

 20. Coscas GJ, Lupidi M, Coscas F, Cagini C, Souied EH. Optical coherence tomography angiography versus traditional multimodal imaging in assessing the activity of exudative age-related macular degeneration. A new diagnostic challenge. Retina. (2015) 35:2219–28. doi: 10.1097/IAE.0000000000000766

 21. Wei X, Sonoda S, Mishra C, Khandelwal N, Kim R, Sakamoto T, et al. Comparison of choroidal vascularity markers on optical coherence tomography using two-image binarization techniques. Invest Ophthalmol Vis Sci. (2018) 59:1206–11. doi: 10.1167/iovs.17-22720

 22. Shahlaee A, Samara WA, Hsu J, Say EA, Khan MA, Sridhar J, et al. In vivo assessment of macular vascular density in healthy human eyes using optical coherence tomography angiography. Am J Ophthalmol. (2016) 165:39–46. doi: 10.1016/j.ajo.2016.02.018

 23. Lee WJ, Lee JW, Park SH, Lee BR. En face choroidal vascular feature imaging in acute and chronic central serous chorioretinopathy using swept source optical coherence tomography. Br J Ophthalmol. (2017) 101:580–6. doi: 10.1136/bjophthalmol-2016-308428

 24. Kocak N, Subasi M, Yeter V. Effects of age and binarising area on choroidal vascularity index in healthy eyes: an optical coherence tomography study. Int Ophthalmol. (2021) 41:825–34. doi: 10.1007/s10792-020-01636-6

 25. Lee MW, Park HJ, Shin YI, Lee WH, Lim HB, Kim JY. Comparison of choroidal thickness measurements using swept source and spectral domain optical coherence tomography in pachychoroid diseases. PLoS ONE. (2020) 15:e0229134. doi: 10.1371/journal.pone.0229134

 26. Lehmann M, Bousquet E, Beydoun T, Behar-Cohen F. PACHYCHOROID: an inherited condition? Retina. (2015) 35:10–6. doi: 10.1097/IAE.0000000000000287

 27. Ng DS, Bakthavatsalam M, Lai FH, Cheung CY, Cheung GC, Tang FY, et al. Classification of exudative age-related macular degeneration with pachyvessels on en face swept-source optical coherence tomography. Invest Ophthalmol Vis Sci. (2017) 58:1054–62. doi: 10.1167/iovs.16-20519

 28. Yang L, Jonas JB, Wei W. Optical coherence tomography-assisted enhanced depth imaging of central serous chorioretinopathy. Invest Ophthalmol Vis Sci. (2013) 54:4659–65. doi: 10.1167/iovs.12-10991

 29. Lee M, Lee H, Kim HC, Chung H. Changes in stromal and luminal areas of the choroid in pachychoroid diseases: insights into the pathophysiology of pachychoroid diseases. Invest Ophthalmol Vis Sci. (2018) 59:4896–908. doi: 10.1167/iovs.18-25018

 30. Shi Y, Motulsky EH, Goldhardt R, Zohar Y, Thulliez M, Feuer W, et al. Predictive value of the OCT double-layer sign for identifying subclinical neovascularization in age-related macular degeneration. Ophthalmol Retina. (2019) 3:211–9. doi: 10.1016/j.oret.2018.10.012

 31. Hua R, Liu L, Chen L. The noninvasive predictive approach for choroidal vascular diffuse hyperpermeability in central serous chorioretinopathy: near-infrared reflectance and enhanced depth imaging. Photodiagnosis Photodyn Ther. (2014) 11:365–71. doi: 10.1016/j.pdpdt.2014.07.001

 32. Lim HB, Kim K, Won YK, Lee WH, Lee MW, Kim JY, et al. Comparison of choroidal thicknesses between pachychoroid and normochoroid eyes acquired from wide-field swept-source OCT. Acta Ophthalmol. (2021) 99:e117–e23. doi: 10.1111/aos.14522

 33. Chen Y, Yang Z, Xia F, Ning H, Hua R. The blood flow characteristics of polypoidal choroidal vasculopathy and the choroidal remodelling process after photodynamic therapy. Lasers Surg Med. (2018) 50:427–32. doi: 10.1002/lsm.22801

 34. Nakashizuka H, Mitsumata M, Okisaka S, Shimada H, Kawamura A, Mori R, et al. Clinicopathologic findings in polypoidal choroidal vasculopathy. Invest Ophthalmol Vis Sci. (2008) 49:4729–37. doi: 10.1167/iovs.08-2134

 35. Dansingani KK, Gal-Or O, Sadda SR, Yannuzzi LA, Freund KB. Understanding aneurysmal type 1 neovascularization (polypoidal choroidal vasculopathy): a lesson in the taxonomy of 'expanded spectra' - a review. Clin Exp Ophthalmol. (2018) 46:189–200. doi: 10.1111/ceo.13114

 36. Li M, Dolz-Marco R, Messinger JD, Sloan KR, Ferrara D, Curcio CA, et al. Clinicopathologic correlation of aneurysmal type 1 neovascularization in age-related macular degeneration. Ophthalmol Retina. (2019) 3:99–111. doi: 10.1016/j.oret.2018.08.008

 37. Hua R, Wang H. Dark signals in the choroidal vasculature on optical coherence tomography angiography: an artefact or not? J Ophthalmol. (2017) 2017:5498125. doi: 10.1155/2017/5498125

 38. Chang YC, Cheng CK. Difference between Pachychoroid and nonpachychoroid polypoidal choroidal vasculopathy and their response to anti-vascular endothelial growth factor therapy. Retina. (2020) 40:1403–11. doi: 10.1097/IAE.0000000000002583

 39. Lee GW, Roh HC, Kang SW, Kim AY, Noh H, Choi KJ. The implications of subretinal fluid in pachychoroid neovasculopathy. Sci Rep. (2021) 11:4066. doi: 10.1038/s41598-021-83650-x

 40. Kuroiwa S, Tateiwa H, Hisatomi T, Ishibashi T, Yoshimura N. Pathological features of surgically excised polypoidal choroidal vasculopathy membranes. Clin Exp Ophthalmol. (2004) 32:297–302. doi: 10.1111/j.1442-9071.2004.00827.x

 41. Demirel S, Yanik O, Ozcan G, Batioglu F, Ozmert E. A comparative study on the choroidal vascularity index and the determination of cut-off values in the pachychoroid spectrum diseases. Jpn J Ophthalmol. (2021) 65:482–91. doi: 10.1007/s10384-021-00829-5

 42. Yuan MZ, Chen LL, Yang JY, Luo MY, Chen YX. Comparison of OCT and OCTA manifestations among untreated PCV, neovascular AMD, and CSC in Chinese population. Int J Ophthalmol. (2020) 13:93–103. doi: 10.18240/ijo.2020.01.14

 43. Demirel S, Ozcan G, Yanik O, Batioglu F, Ozmert E. A comparative study of the choroidal vascularity indexes in the fellow eyes of patients with pachychoroid neovasculopathy and central serous chorioretinopathy by binarization method. Graefes Arch Clin Exp Ophthalmol. (2020) 258:1649–54. doi: 10.1007/s00417-020-04740-6

 44. Lee K, Park JH, Park YG, Park YH. Analysis of choroidal thickness and vascularity in patients with unilateral polypoidal choroidal vasculopathy. Graefes Arch Clin Exp Ophthalmol. (2020) 258:1157–64. doi: 10.1007/s00417-020-04620-z

 45. Bakthavatsalam M, Ng DS, Lai FH, Tang FY, Brelen ME, Tsang CW, et al. Choroidal structures in polypoidal choroidal vasculopathy, neovascular age-related maculopathy, and healthy eyes determined by binarization of swept source optical coherence tomographic images. Graefes Arch Clin Exp Ophthalmol. (2017) 255:935–43. doi: 10.1007/s00417-017-3591-3

 46. Jampol LM, Shankle J, Schroeder R, Tornambe P, Spaide RF, Hee MR. Diagnostic and therapeutic challenges. Retina. (2006) 26:1072–6. doi: 10.1097/01.iae.0000248819.86737.a5

 47. Querques G, Costanzo E, Miere A, Capuano V, Souied EH. Choroidal caverns: a novel optical coherence tomography finding in geographic atrophy. Invest Ophthalmol Vis Sci. (2016) 57:2578–82. doi: 10.1167/iovs.16-19083

 48. Mitchell P, Liew G, Gopinath B, Wong TY. Age-related macular degeneration. Lancet. (2018) 392:1147–59. doi: 10.1016/S0140-6736(18)31550-2

 49. Smith W, Assink J, Klein R, Mitchell P, Klaver CC, Klein BE, et al. Risk factors for age-related macular degeneration: pooled findings from three continents. Ophthalmology. (2001) 108:697–704. doi: 10.1016/S0161-6420(00)00580-7

 50. Lee A, Ra H, Baek J. Choroidal vascular densities of macular disease on ultra-widefield indocyanine green angiography. Graefes Arch Clin Exp Ophthalmol. (2020) 258:1921–9. doi: 10.1007/s00417-020-04772-y

 51. Zhang X, Sivaprasad S. Drusen and pachydrusen: the definition, pathogenesis, and clinical significance. Eye. (2021) 35:121–33. doi: 10.1038/s41433-020-01265-4

 52. Lee GI, Kim AY, Kang SW, Cho SC, Park KH, Kim SJ, et al. Risk factors and outcomes of choroidal neovascularization secondary to central serous chorioretinopathy. Sci Rep. (2019) 9:3927. doi: 10.1038/s41598-019-40406-y

 53. Kim JH, Kang SW, Kim TH, Kim SJ, Ahn J. Structure of polypoidal choroidal vasculopathy studied by colocalization between tomographic and angiographic lesions. Am J Ophthalmol. (2013) 156:974–80.e2. doi: 10.1016/j.ajo.2013.06.013

 54. Demirel S, Degirmenci MFK, Batioglu F, Ozmert E. Evaluation of the choroidal features in pachychoroid spectrum diseases by optical coherence tomography and optical coherence tomography angiography. Eur J Ophthalmol. (2021) 31:184–93. doi: 10.1177/1120672119887095

 55. Takahashi A, Ooto S, Yamashiro K, Tamura H, Oishi A, Miyata M, et al. Pachychoroid geographic atrophy: clinical and genetic characteristics. Ophthalmol Retina. (2018) 2:295–305. doi: 10.1016/j.oret.2017.08.016

 56. Chung H, Byeon SH, Freund KB. Focal choroidal excavation and its association with pachychoroid spectrum disorders. A review of the literature and multimodal imaging findings. Retina. (2017) 37:199–221. doi: 10.1097/IAE.0000000000001345

 57. Zheng-Yu C, Lei S, Wen-Bin W. Morphological changes of focal choroidal excavation. Graefes Arch Clin Exp Ophthalmol. (2019) 257:2111–7. doi: 10.1007/s00417-019-04374-3

 58. Invernizzi A, Benatti E, Cozzi M, Erba S, Vaishnavi S, Vupparaboina KK, et al. Choroidal structural changes correlate with neovascular activity in neovascular age related macular degeneration. Invest Ophthalmol Vis Sci. (2018) 59:3836–41. doi: 10.1167/iovs.18-23960

 59. Cavichini M, Dans KC, Jhingan M, Amador-Patarroyo MJ, Borooah S, Bartsch DU, et al. Evaluation of the clinical utility of optical coherence tomography angiography in age-related macular degeneration. Br J Ophthalmol. (2021) 105:983–8. doi: 10.1136/bjophthalmol-2020-316622

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Hua and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	TYPE Original Research
PUBLISHED 05 August 2022
DOI 10.3389/fmed.2022.862195






Quantitative changes in iris and retinal blood flow after femtosecond laser-assisted in situ keratomileusis and small-incision lenticule extraction

Lipu Cui1†, Wenwen Xue2†, Wenbo Yao2, Xinhui Huang2, Wen Xue2, Yulan Wang2, Shanshan Li2, Liquan Zhao2 and Haidong Zou1,2*


1Shanghai Key Laboratory of Ocular Fundus Diseases, Shanghai General Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai Engineering Center for Precise Diagnosis and Treatment of Eye Diseases, National Clinical Research Center for Eye Diseases, Shanghai, China

2Shanghai Eye Diseases Prevention and Treatment Center/Shanghai Eye Hospital, Shanghai, China

[image: image2]

OPEN ACCESS

EDITED BY
Xiangjia Zhu, Fudan University, China

REVIEWED BY
Jacqueline Chua, Singapore Eye Research Institute (SERI), Singapore
 Yang Shen, Fudan University, China

*CORRESPONDENCE
 Haidong Zou, zouhaidong@sjtu.edu.cn

†These authors have contributed equally to this work and share first authorship

SPECIALTY SECTION
 This article was submitted to Ophthalmology, a section of the journal Frontiers in Medicine

RECEIVED 25 January 2022
 ACCEPTED 13 July 2022
 PUBLISHED 05 August 2022.

CITATION
 Cui L, Xue W, Yao W, Huang X, Xue W, Wang Y, Li S, Zhao L and Zou H (2022) Quantitative changes in iris and retinal blood flow after femtosecond laser-assisted in situ keratomileusis and small-incision lenticule extraction. Front. Med. 9:862195. doi: 10.3389/fmed.2022.862195

COPYRIGHT
 © 2022 Cui, Xue, Yao, Huang, Xue, Wang, Li, Zhao and Zou. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



Purpose: To investigate the quantitative changes in iris and retinal blood flow indices after femtosecond laser-assisted in situ keratomileusis (FS-LASIK) and small-incision lenticule extraction (SMILE).

Methods: Seventy-nine patients who underwent FS-LASIK or SMILE were enrolled between July 2020 and September 2020. Participants were followed-up 1 day pre-operatively and 1 week, 1 month, 3 months post-operatively. Optical coherence tomography angiography (OCTA) was used to acquire and quantify the iris and retinal blood flow indices.

Results: The iris vessel area density (VAD) and vessel skeleton density (VSD) decreased on post-operative day 1 but recovered on day 7. In both cases, the pupil diameter was positively associated with the post-operative iris blood flow indices (p = 0.0013, p = 0.0002). The retinal VAD and VSD in the superficial and deep capillary plexuses decreased after surgery and failed to recover after 90 days. The SMILE group showed significantly lower iris and retinal blood flow indices than the FS-LASIK group. For both procedures, axial length (p = 0.0345, p = 0.0499), spherical equivalence (p = 0.0063, p = 0.0070), and suction duration (p = 0.0025, p = 0.0130) were negatively correlated with the post-operative VAD and VSD.

Conclusions: The SMILE and FS-LASIK procedures induced a short-term decrease in the iris and retinal blood flow indices, although patients finally showed full visual recovery. This phenomenon should be carefully considered, especially in patients prone to anterior segment lesions.
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  optical coherence tomography angiography, FS-LASIK, SMILE, ocular blood circulation indices, vascular quantification


Introduction

Uncorrected refractive error is the leading cause of visual impairment worldwide (1). The most commonly used surgical procedures for refractive error correction are the femtosecond laser-assisted in situ keratomileusis (FS-LASIK) and the small-incision lenticule extraction (SMILE) (2). Although intraoperative injuries are mild for both procedures, many kinds of post-operative complications can occur (3, 4). These include lesions in anterior segment structures such as the iris. In this vein, Kenan et al. reported a case of iris atrophy after FS-LASIK; the iris lesion was consistent with the femtosecond laser trace that originated during the flap creation (5). In theory, the intraoperative femtosecond laser can reach the iris and cause damage to the vasculature, and high intraoperative negative pressure can also affect the blood flow in the iris tissue. Furthermore, FS-LASIK and SMILE are both performed using a negative suction ring to facilitate the creation of a corneal flap or lenticule, which could induce intraocular pressure (IOP) above 65 mmHg (6). However, there has been no research on the changes in iris circulation and possible influencing factors after FS-LASIK and SMILE.

From 2000 to 2001, Cameron et al. reported 6 cases of post-LASIK patients with severe posterior segment complications (6–8). Cameron et al. suggested that intraoperative elevated IOP caused the posterior segment complications (5–8), which could also affect the retinal vasculature. Usually, the suction duration is longer in SMILE than in FS-LASIK, Zhang et al. found macular vessel density decreased after FS-LASIK and recovered 1 month post-operatively (9); however, Shen. et al. discovered a decreased macular vessel density recovered 7 days post-operatively (10). Further studies are needed to compare and analyze the retinal vasculature changes and the underlying factors after FS-LASIK and SMILE.

This prospective cohort study investigated the iris and retinal blood flow changes after FS-LASIK and SMILE using optical coherence tomography angiography (OCTA). Our results provide a novel insight for mitigating post-operative complications.



Methods

This prospective longitudinal cohort study was registered on the clinical trial website (NCT03631108). The study followed the tenets of the Declaration of Helsinki and was approved by the Ethics Committee of the Shanghai General Hospital, Shanghai Jiao Tong University School of Medicine (2018KY181). Investigators explained the study procedures to all participants and obtained written informed consent. Seventy-nine patients with myopia who planned to undergo corneal refractive surgery at the Shanghai Eye Disease Prevention & Treatment Center/Shanghai Eye Hospital were enrolled between July 2020 and September 2020. The inclusion criteria included: age range 18–45 years old, stable myopia for at least 2 years, best-corrected distance visual acuity of at least 20/20, refractive error <-7.00 diopters (D), spherical error <-3.00 D of astigmatism, and central corneal thickness (CCT) >480 μm. The exclusion criteria included: abnormal corneal topography (K < 39.7 D or K > 51.9 D); corneal opacity affecting laser penetration; obvious iris changes such as tumors, nodules, and neovascularization; history of trauma, surgery, and ocular fundus disease; systemic diseases such as diabetes mellitus and hypertension; and poor quality of OCTA images.

Participants were divided into two groups according to the type of surgery (FS-LASIK or SMILE). The surgeons (S. L. and L. Z.) recommended one procedure based on the patient's corneal thickness and refractive error, respecting the patient's wishes. The SMILE procedure was performed using a 500-kHz VisuMax femtosecond laser (Carl Zeiss Meditec AG, Jena, Germany) with a pulse energy of 150 nJ. The flap thickness was 120 μm. The optical zone diameter used was 8.0 mm, and the angle of the lenticular side cut was 90° (12 o'clock), with a width of 2.0 mm. For the FS-LASIK procedure, we used the 500-kHz VisuMax femtosecond laser to create a corneal flap and an Allegretto Wave Eye-Q refractive laser (Wavelight Laser Technologie AG, Erlangen, DE) to perform the ablation of the corneal stroma at a frequency of 400 Hz, with a pulse energy of 185 nJ. The flap thickness was 110 μm, and the optical zone diameter range was 6.5–7.1 mm. The duration of the intraoperative suction in FS-LASIK and SMILE was recorded as the hierarchical variables 1, 2, and 3, representing a duration of <10 s, between 10 and 20 s, and more than 20 s. The following medication was prescribed after surgery: topical steroids six times/day and gradually reduced over the following 30 days, topical antibiotics four times/day for seven days, and artificial tears four times/day for 30 days.

OCTA was performed using the Cirrus HD-OCT 5000 system (Version 9.5.2, Carl Zeiss Meditec, Dublin, CA, USA). The iris OCTA images were acquired through a 3 × 3 mm2 scan (Figure 1). Quantitative detection of iris blood flow using OCTA images was performed as previously described (11). The specific acquisition and analysis method of the iris OCTA images was interpreted thoroughly, and the inter-visit repeatability was also verified in our last article (11). The retina OCTA images were acquired over a 6 × 6 mm2 scan. Segmentation of the superficial and deep capillary plexuses was automatically performed (Figure 1). Iris and retinal OCTA image quality control were conducted as follows. Firstly, the images were assessed by the Cirrus signal strength software after each acquisition, and it was considered “qualified” when a score of 8/10 was reached. Secondly, two independent observers evaluated the presence of vascular overlap or obvious artifacts, which made the image unsuitable for analysis. Thirdly, two independent investigators assessed and classified the iris OCTA images in three levels depending on vessel visibility. Images from participants showing different vessel visibility at different time points were considered “poor quality images.” Vessel area density (VAD) was calculated as the ratio between the area occupied by the vascular system and the total area in the binary angiogram. An increase in VAD was interpreted as vasodilation and increased blood flow. Vessel skeleton density (VSD) was calculated as the ratio between the length occupied by the vessels and the total area in the skeletal angiogram. A higher VSD value represented an increase in the number of vessels (12). Ophthalmic examinations were performed at 1 day pre-operatively and at 1 day, 1 week, 1 month, and 3 months post-operatively. The ophthalmic examination included: uncorrected distance visual acuity (UDVA), measured with an Early Treatment Diabetic Retinopathy Study (ETDRS) visual acuity chart (Precision Vision, Villa Park, Illinois, USA); autorefraction, measured using a KR-800 optometer (Topcon Corporation, Tokyo, Japan); central corneal thickness, measured with an SP-2000P specular microscope (Topcon Corporation, Tokyo, Japan); IOP, measured with a NIDEK-510 tonometer (Nidek Technologies, Gamagori, Japan); wavefront aberration, measured with a Pentacam (HR) system (WaveLight Allegro Oculyzer II, Erlangen, Germany); axial length (AL), mean corneal curvature, and white-to-white (WTW), all measured using an IOL Master 700 non-invasive optical biometer (Carl Zeiss Meditec AG, Jena, Germany). In addition, we examined the eyelids, tear river height, conjunctiva, cornea, lens, vitreous, and fundus using a Topcon SL-1E slit lamp microscope (Topcon Corporation, Tokyo, Japan) and an ophthalmoscope (66 Vision Tech Co., Ltd., Suzhou, Jiangsu, China).


[image: Figure 1]
FIGURE 1
 The iris and retina OCTA images.


The sample size was calculated using the Bioequivalence Program (Sample Size and Analysis) in StatsToDo (13). Considering α=0.05, the power of test was 80%. Based on our previous studies on iris VAD and VSD, the standard deviation (SD) was considered equal to 0.07, with a critical difference of 0.1. To obtain the 95% confidence interval (CI), the sample size required was 16 patients per group.

Results were expressed as the mean ± SD (standard deviation). Based on the Kolmogorov-Smirnov normality test results, a t-test or chi-squared test was used to compare basic characteristics between two groups. The generalized estimated equation method was used to analyze repeated measures of the iris and retinal blood flow indices and the relationship between these indices and other parameters. Post-operative VAD or VSD were considered the dependent variables, while the independent variables were sex ratio, age, pre-operative spherical equivalence (SE), IOP, mean corneal curvature, WTW, CCT, AL, pupil diameter (PD), group (FS-LASIK or SMILE), or intraoperative suction duration. A p-value lower than 0.05 was considered statistically significant. SAS 9.4 (SAS Institute, Inc., Cary, North Carolina, USA) software was used for statistical analysis.



Results

Seventy-nine participants (79 eyes) were enrolled between July 2020 and September 2020. Of these, 27 eyes (34.17%) underwent FS-LASIK, and 52 eyes (65.83%) underwent SMILE. Baseline parameters are shown in Table 1. The SE and AL of the FS-LASIK group were significantly higher compared with the SMILE group (p < 0.05). Mean SE and mean UDVA of all patients on post-operative day 1 were +0.66 ± 0.63 D and 0.97 ± 0.07 logMAR, respectively. The number of subjects at each follow-up visit is displayed in Table 2. The main cause of patients' dropouts after surgery was their reluctance to frequently visit the hospital during the COVID-19 pandemic. Baseline parameters of the participants who completed the post-operative follow-ups are also shown in Table 2. No significant difference was found when compared with the overall participants.


TABLE 1 Comparison of baseline parameters of patients in FS-LASIK and SMILE.
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TABLE 2 Comparison of baseline parameters of patients at different post-operative follow-up points with overall 79 cases.
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The iris and retinal VAD and VSD data of participants who completed the follow-up visits (days 1, 7, 30, and 90 after surgery) are shown in Table 3. The generalized estimated equation results are displayed in Table 4, including the influence of time, group, and other parameters. The blood flow indices in all patients, the FS-LASIK group, and the SMILE group, are shown in Figure 2. Statistically significant interactions between time and surgical procedure were observed.


TABLE 3 Iris and retinal VAD and VSD with time.

[image: Table 3]


TABLE 4 Analyses of the repeated measured iris and retinal blood flow indices and the relationship with other parameters.
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FIGURE 2
 The postoperative changes of the iris and retina blood flow indices.


The iris VAD decreased on post-operative day 1 and recovered on day 7. On day 30 after surgery, no differences were found compared with baseline values. The iris VSD remained unchanged throughout the follow-up visits. For the iris circulation indices were stable at 30 days post-operatively, we didn't acquire the iris OCTA images on the last visit (day 90). The SMILE group showed significantly lower values of iris VAD and VSD on post-operative day 1 compared with the FS-LASIK group (p = 0.001, p = 0.057). Both post-operative iris VAD and VSD were positively associated with the PD.

The VAD and VSD in the superficial capillary plexus dramatically decreased after the surgery and did not recover after 90 days. The SMILE group showed significantly lower VAD and VSD in the superficial capillary plexus on post-operative days 1 and 7 compared with the FS-LASIK group (all p < 0.000). AL and SE were negatively associated with VAD and VSD in the superficial capillary plexus.

Similarly, the VAD in the deep capillary plexus significantly decreased after surgery and did not recover after 90 days. The VSD in the deep capillary plexus was lower than baseline on post-operative days 1 and 7, but no significant difference was observed on days 30 and 90. On days 1, 7, and 30 after surgery, the SMILE group displayed significantly lower values of VAD and VSD in the deep capillary plexus when compared with the FS-LASIK group (all p < 0.000). Finally, suction duration was inversely correlated with VAD and VSD in the deep capillary plexus.



Discussion

The results of the present study demonstrated that the iris blood flow indices decreased after FS-LASIK and SMILE surgeries but recovered on 7 days post-operatively. We found that the SMILE group was more vulnerable to iris blood flow changes than the FS-LASIK group. We also observed that the larger the PD, the better the post-operative iris blood flow. Regarding the retina, the VAD and VSD in the superficial and deep capillary plexuses significantly decreased after surgery and failed to recover even after 90 days. The SMILE group showed lower VAD and VSD values than the FS-LASIK group. The AL, SE, and suction duration negatively correlated with the post-operative VAD and VSD. The iris indices change after corneal refractive surgeries is not fully understood.

The negative pressure occurring during surgery is probably the main cause of ocular ischemia and hypoxia, which induce the post-operative decreased iris and macular vessel density. The suction ring-induced IOP elevation has been significantly reduced but not eliminated by updating surgical instruments such as the VisuMax femtosecond laser. When IOP is higher than the ophthalmic arterial pressure, a transient interruption of the blood flow can occur. Experiments in rabbits showed that the retinal blood flow self-regulation was disrupted when IOP was higher than 40 mmHg (14). Both FS-LASIK and SMILE groups experienced excessive IOP during surgery; therefore, a temporary interruption of the main ocular vessels increased the risk of transient ischemia. Interestingly, the suction duration was longer in SMILE than in FS-LASIK, which is in line with the former's worst blood flow indices. In summary, a series of hypoxic-ischemic events induced by intraoperative negative pressure may reduce post-operative blood flow. The femtosecond laser reaching the iris and retina may be another cause of decreased blood flow after surgery. The femtosecond laser has a wavelength of 1,053 nm and an excellent piercing ability. It penetrates the cornea and lens, but it may also affect deeper tissues such as the iris and retina, resulting in thermal and photochemical damage as well as vasoconstriction (8, 15). In particular, the thermal effect caused porcine iris pigment detachment and increased the iris temperature by 1–2°C (16). Furthermore, Hui Sun et al. reported a similar phenomenon in cadaveric retinas. In addition to the direct thermal effect, infrared light can change the energy state of the tissue, leading to subsequent thermochemical and photochemical reactions.

The surgical procedure was an influencing factor on postsurgical iris blood flow. We observed that the SMILE procedure caused more effect on the anterior segmental blood flow, probably due to the longer suction duration and the type of femtosecond laser used. Pre-operative IOP and suction duration were not influencing factors on iris indices, suggesting that the negative pressure was more relevant for the retina.

The role of the femtosecond laser in the iris damage is still a matter of debate. In a previous case report, the authors concluded that the iris atrophy shown after FS-LASIK resulted from elevated IOP-induced ischemic injury to the iris vessels (4). From our perspective, this damage was caused by the femtosecond laser itself because the iris lesion matched the laser trace. Unlike the retina, the iris presents an abundant blood supply and a better self-regulation (17). PD was positively correlated with the post-operative iris indices, indicating that larger pupils resulted in better postsurgical iris blood flow. We speculated that larger pupils reduced the laser damage during the procedure for lesser affected area (18). Interestingly, the iris VAD and VSD were not affected by patients' general characteristics (age, sex) or clinical parameters related to refractive status (SE, AL, mean corneal curvature, WTW, or CCT).

The trends in the postsurgical retinal indices in our study differed from those reported before (10, 19). Shen et al. divided the macular area into three zones: the foveal avascular zone (FAZ), the parafoveal area, and the perifoveal area. However, the exact way of dividing and measuring was not explained. The authors concluded that the vascular density returned to baseline values 1 week after SMILE in all areas except the FAZ zone (10). Using a similar division method, Gong et al. reported that 2 weeks after SMILE, the vascular density of the macular area returned to baseline levels, whereas superficial retinal vessel density (VD) in the parafoveal and perifoveal areas remained unchanged (20). Unlike our study, which used only one eye from each patient (independent sample), these two studies used data from both eyes. Therefore, the actual independent sample size was much lower than explained. Moreover, compared with these previous reports, we quantified a more extensive macular area, which gave us more comprehensive information about the retinal blood flow status.

Regarding the retina, the SMILE group showed a significant decrease in retinal blood flow compared with the FS-LASIK group. Participants in the FS-LASIK group presented higher SE and longer AL at baseline but no significant difference in pre-operative blood flow indices. Previous studies reported that patients with myopia showed reduced macular blood flow. This was attributed to elevated vascular resistance, narrowing, and fundus vessels stretching, as RE and AL increase, the situation becomes more serious (21). Curiously, in our study, the most affected patients belonged to the SMILE group, which showed lower SE and AL baseline values. Hence, we attributed these results to the longer femtosecond laser exposure and suction duration, which, in turn, elevated IOP intraoperatively and disrupted tissue perfusion. Differently, in the FS-LASIK procedure, the cornea and the lens absorbed most of the 193 nm excimer laser used to create the corneal flap, reducing its penetration to deeper tissues. In line with previous reports, we assumed that participants with higher SE and AL were more vulnerable to deficient ocular perfusion and femtosecond laser effects. Post-operative retinal blood flow indices were not associated with age, sex, mean corneal curvature, WTW, CCT, PD, or IOP. The age range of participants was relatively small in this study. Accordingly, altered retinal blood flow due to intraoperative ischemia and laser damage is generally independent of sex (20). Corneal curvature, WTW, and CCT may influence the refractive status after surgery, but their participation in intraoperative ischemic and laser damage is unlikely. Different from the iris, the PD did not prevent the laser from reaching the retina, probably due to the presence of the lens and vitreous body. Finally, pre-operative IOP was not associated with the intraoperative IOP.

We performed a quantitative OCTA examination of the iris to analyze the blood flow status. Inevitably, OCTA images of the iris presenting more pigmentation (e.g., Asian patients) showed less vasculature information. However, this was not a limitation when analyzing the differences between pre-operative and post-operative iris blood flow indices. A possible limitation of our study was that the surgical procedures were not randomly selected, resulting in significant differences in pre-operative AL and SE between the two groups.

In summary, FS-LASIK and SMILE surgeries significantly reduced the iris and retinal blood flow in the short run, although patients finally showed full visual recovery. Thus, patients prone to anterior segment lesions should be carefully considered before undergoing these procedures. In addition, iris blood flow changes should be evaluated after other surgical procedures (e.g., cataract surgery) or diseases (e.g., glaucoma). The specific mechanisms underlying the reduced blood flow after corneal refractive surgeries need further elucidation. Longer follow-ups and advanced imaging techniques may help reveal more relevant features of iris blood flow.
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Groups MFS Non-MFS P-value

Subjects (eyes) 157 (277) 90 (143)
Sex (male/female) 83/74 46744 0.790
Eyes (fight/eft) 134/143 7172 0.804
Age (years) 17.9 £125 185 £14.3 0715
AL (mm) 26.12 £3.39 2495 £2.72 <0.001
TCRP (0) 40.00 £1.53 4092 £1.77 <0.001
TCA(D) —1.57 £0.89 —1.62 £0.95 05616
ASA (um) 0.126 0,094 0155 +£0.107 0.004
PSA (um) 116 £0020  ~0.122 £0.032 0,061
TSA (um) 0.085 £0.091 0.114 £0.099 0.003
Asphericity F ~0.50 £0.20 —0.45 £0.18 0.003
Asphericity B -036 £0.20 ~032 £0.17 0.022
RMS (um) 2.133 £0.787 2157 +£0.882 0.779
RMS HOA (um) 0.485 +0.183 0.474 £0.185 0.532
RMS LOA (urm) 2.069 +£0.787 2,096 +£0.881 0.746

MFS, Martan syndrome; AL, axial length; TCRF, total comeal refractive power; TCA,
total comeal astigmatism; ASA, anterior spherical aberration; PSA, posterior spherical
aberration; TSA, total spherical aberration; ; front (ie., anterior comeal surface); B, back
e, posterior coreal surface); RMS, root mean square; HOA, higher-order aberration;
LOA, lower-order aberration. Bold value: significant.





OPS/images/fmed-08-736686/fmed-08-736686-t003.jpg
Groups

Age (years)
<10
10-19
20-29
30-39
240
P-value
Sex
Male
Female
P-value
Eye
Right
Left
P-value

N (patients/eyes)

95/153
56/97
45/79
32/57
20/34

129/214
118/206

-/205
-/215

ASA (um)

0.098 £ 0.092*
0.134 +0.085
0.148 + 0.090
0.169 + 0.088
0.226 £ 0.126*
<0.001

0.132 +£0.096
0.139+0.103
0.500

0.133 +£0.100
0.138 + 0.099
0.660

PSA(um)  TSA(um)

—0.107 £ 0.026" 0.064 + 0.088
—0.120 £ 0.027 0.091 + 0.084
—0.125 £ 0.033 0.102 & 0.090
—0.123 £ 0.027 0.122 + 0.086
—0.134 £ 0.036 0.179 £ 0.114*
<0.001 <0.001

—0.117 £0.031 0.091 & 0.093
—0.119 £ 0.029 0.098 + 0.097
0.644 0.432

—0.118 £ 0.030 0.092 + 0.095
—0.117 £ 0.030 0.097 + 0.095
0.694 0576

ASA, anterior spherical aberration; PSA, posterior spherical aberration; TSA, total
spherical aberration.
"P < 0.05, compared with the other four age groups. Bold value: significant.
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Unstandardized coefficients (B) Standardized coefficients (Beta) 95% Cl for B P-value

Age 0.001 0.169 0.001 - 0.002 <0.001
TCRP 0.010 0.184 0.006 -0.015 <0.001
TCA 0.045 0.430 0.027 - 0.063 <0.001
Asphericity F 0.221 0.451 0.184-0.259 <0.001
RMS HOA -0.196 -0.378 -0.250t0 —-0.141 <0.001
RMS LOA 0.063 0.540 0.039-0.086 <0.001

TCRR, total comeal refractive power; TCA, total coreal astigmatism; F; front (ie., anterior comeal surface); RMS, root mean square; HOA, higher-order aberration; LOA, lower-order
aberration; Cl, confidence interval. Bold value: significant.
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No. or mean & SD Range

Subjects (eyes) 247 (420) -

Sex (male/female) 129/118 =

Eyes (fight/left) 205/215 -

Age (years) 181 £13.2 3-56

AL (mm) 2572 £3.22 20.78 -34.81
TCRP (D) 4031 +£1.67 36.4-46.1
TCA(D) ~159 £091 —4.1t0-0.1
ASA (um) 0.136 £0.100 ~0.177-0.435
PSA (um) -0.118 £0.030 —0.200 to —0.023
TSA (um) 0.095 £0.095 197 - 0.380
Asphericity F ~0.48 £0.19 ~1.13-0
Asphericity 8 ~035 £0.19 -095-0.12
RMS (1) 2.141 £0.820 0.405 - 4.472
RMS HOA (um) 0.481 £0.183 0.168-1.166
RMS LOA (um) 2,078 £0.820 0.334-4.398

AL, axiallength; TCRR, total corneal refractive power; TCA, total comeal astigmatism; ASA,
anterior spherical aberation; PSA, posterior spherical aberration; TSA, total sphericel
aberation; F, front (., anterior comeal surface); B, back (ie., posterior comeal surface);
RMS, root mean square; HOA, higher-order aberration; LOA, lower-order aberration; SD,
standard deviation.
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Age (years) ACD (mm)* WTW (mm)*

18-20 3.344023 11754037
21-23 3284024 1168+ 038
24-26 3254025 1163+ 036
27-29 321:£026 11.60 4+ 0.37
30-32 3.16:£025 1156+ 037
33-35 3.13£025 11564035
36-38 3.11£027 11584039
39-40 3.02£0.23 1155+ 038
Pt <0.001 <0.001

ACD, Anterior Chamber Depth; WTW, White to White. *Presented as mean = standard
deviation. ' P-value for ACD and WTW comparison between different age groups using
Kruskal-Wallis test.
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Variables Total cohort Non-MM group MM group P-value

No. of eyes (%) 188 59 129
Age, years 4336+ 15.27 32.34 £ 12.42 48.40 + 13.75 <0.001
AL, mm 29.10+ 205 27.75 +1.06 29.72 +2.40 <0.001
mOAT, pm 7461+ 52.80 122.52  45.08 52.90 + 4031 <0.001
Total PSV count 759+ 295 9.47 +2.68 673266 <0001
Gender, no (%) 0234
Female 123 (65.43%) 35 (50.32%) 83 (68.22%)
Male 65 (34.57%) 24 (40.68%) 41(31.78%)
Cilioretinal artery, no (%) 0234
No 175 (93.09%) 53(80.83%) 122 (94.57%)
Yes 13 (6.91%) 6 (10.17%) 7 (5.43%)
HBP, no (%) 0015
No 176 (98.629%) 59 (100.00%) 117 (90.70%)
Yes 12 (6.38%) 0(0.00%) 12 (9.30%)
DM, no (%) 0311
No 184 (97.87%) 59 (100.00%) 125 (96.90%)
Yes 4(2.18%) 0(0.00%) 4(3.10%)
Anti-VEGF, no (%) 0.006
No 178 (92.02%) 59 (100.00%) 114 (88.37%)
Yes 15 (7.98%) 0(0.00%) 15 (11.63%)

MM, myopic maculopathy; AL, axial length; mChT, macular choroidal thickness; PSY, perforating scleral vessel; HBR, high blood pressure; DM, diabetes melitus; VEGF, vascular
endothelial growth factor. p-values for the difference in variables between the non-MM and MM groups are based on Wiicoxon rank-sum test or chi-square test, as appropriate.
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Case

Sex

Age, year

SE, diopter

AL, mm

Follow-up period, month
VMIA

Foveal detachment
Lamellar macular hole
Tamponade

Pre-op

BOVA, logMAR

CFT, pm

Post-op

BOVA, logMAR

CFT, um

Time of MH formation
Second operation
Anatomical resolution

20/125(0.15)
3035

20/1000.2)
1055
1 month
Y
Y

Female
53
-18
26.7
12
VMT
FD
OLMH
Air

20/125(0.15)
8355

20/167(0.12)
%
1 week
Y
Y

3

Female
i
-165
26.39
16
ERM
FD
OLMH
Air

20/125(0.15)
498

20/125(0.15)
1 week

N
N(MH)

VMIA, vitreomacular interface abnormality; ERM, epiretinal membrane; VMT, vitreomacular
traction; FD, foveal detachment; ILMH, inner lamellar macular hole; OLMH, outer lamelar
‘maculer hole; SE, spherical equivalent; AL, axial length; Pre-op, preoperative; Post-op,
postoperative; BCVA, best-corrected visual acity; logMAR, the logarithm of the minimum
angle of resolution; CFT, central foveal thickness; MH, macular hole.
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Characteristics

Age, year

SE, diopter

AL mm

Follow-up period, month
Tamponade, air/C3F8
Gauge, 23/25/27

BOVA, logMAR

Pre-op

Post-op®

Post-op®

Improvement®

CFT, pm

Pre-op

Post-op®

Post-op®

Reduction®

Rate of vision improvement
Rate of resolution within 6 months

Total (61 eyes)

52.36 +10.25
—15.15 £ 4.56
29.17 +1.65
23.55 £ 19.92
48/13
6/39/16

0.92 +0.44
0.88 £0.33
0.57 +0.40
0.34 £0.42

547.83 £ 1554.50
138.56 + 68.45
118.74 + 34.54

42566 + 166.54

60.7%
50.8%

ERM group (27 eyes)

52.62 +9.85
—16.60 £ 4.82
29.42 +£1.79
2210 + 14.69
22/5
3/18/6

0.88+£0.47
0.71£0.38
0.65+0.45
0.24 £0.46

487.12 +89.14
128.64 +51.34
119.69 & 38.30%"
367.21 4 100.53
44.4%
51.9%

VMT group (34 eyes)

52.24 + 10.69
—-13.99 £ 5.12
28.98 + 1.52
2470 £24.72
26/8
3/21/10

094£0.41
0.66 £0.53
0.61+0.36
0.42 £0.36

596.04  178.12
146.42 £ 73.52
117.98 + 31.86%
47169+ 177.64
73.5%
50.0%

P

0916"
0302t
0.305"
0004t
0.64%
0.86*

0.258"
0.279"
0.326"
0.149"

0.0011*
0.788"
0.852
0.0071
0.02%*
0.886%

ERM, epiretinal membrane; VMT, vitreomacular traction; SE, spherical equivalent; AL, axial length; Pre-op, preoperative; post-op, postoperative; BCVA, best-corrected visual acuity;

logMAR, the logarithm of the minimum angle of resolution; CFT, central foveal thickness.

P comparison between the three groups.
23 months after surgery; b, final follow-up.
*Independent sample t-tests; TMann-Whitney test.
“Chi-square test.

*Fisher exact.

$1Comparison between CFT at different timepaints in ERM group:
$2Comparison between CFT at different timepaints in VMT group:

“Significance at p < 0.05.

118.4; p < 0.001 by one-way ANOVA test.
= 107.2; p < 0.001 by one-way ANOVA test.
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Characteristics

Inner LMH
Outer LMH
Foveal
Detachment
ELM integrity
EZ integrity
Outer
Retinoschisis
Grading
(81-2/53-4)
ILM Detachment
Inner
Retinoschisis
Dome-shaped
Macula

Posterior
Staphyloma

Total (158
eyes)

69 (43.7%)
54/(34.2%)
71(44.9%)

104 (65.8%)
108 (65.2%)
28/130

54(34.2%)
93 (68.9%)

3(1.9%)

13 (8.2%)

ERM group
(75 eyes)

45 (60.0%)
16 (21.3%)
20 (26.7%)

59 (78.7%)

59 (78.7%)
19/56

20 (26.7%)
41 (54.7%)

1(1.3%)

8(10.7%)

VMT group (83
eyes)

24 (28.9%)
38 (45.8%)
51(61.4%)

45 (54.29%)
44 (53.0%)
974

34 (41.0%)
52 (62.7%)

2(2.4%)

5(6.0%)

P

0.001#*
0.001#
<0.001%*

0.001%*
0.001#*
0.017%*

0.058*
031"

1.00*

0.20"

ERM, epiretinal membrane; VMT, vitreomacular traction; LMH, lamellar macular hole;
ELM, external limiting membrane; EZ, elipsoid zone; ILM, inner limiting membrane. R,

comparison between the two groups.

#Chi-square test.

*Fisher exact probability test.
“Significance at P < 0.05.
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Sectors

Central

Inner superior

Outer superior

Inner nasal

Outer nasal

Inner inferior

Quter inferior

Inner temporal

Outer temporal

Individual
scan
(mean  STD)

274.47 £21.79

349.31 + 17.96

349.63 £ 17.15

346.13 £ 17.24

336.90 + 16.02

304.93 + 16.98

319.84 + 21.40

290.86 + 16.86

288.33 + 15.96

Allvalues are expressed in microns.
STD, standard deviation.

‘Combined
scan
(mean  STD)

277.96 +23.25

348.11 + 18,01

349.48 £ 17.94

346.28 £17.01

335.62 + 15.99

305.74 £17.43

319.93 £21.99

293.00 + 16.68

200.81 + 156.52

Mean
difference
(limits of
agreement)

-350
(~14.80107.81)
1.20
(~-8.12105.53)
0.15
(~6.16 10 6.46)
~0.15
(-5.23104.94)
038
(~3.68104.45)
-081
(~767106.10)
-0.10
(-5.10t0 4.91)
—2.14
(~10.96 10 6.68)
—2.48
(~11.64 t0 6.67)
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Sectors

Inner temporal superior

Outer temporal superior

Inner nasal superior

Outer nasal superior

Inner nasal inferior

Outer nasal inferior

Inner temporal inferior

Outer temporal inferior

Individual scan
Mean = STD

99.49 + 7.50

116.89 £ 9.00

117.09 £ 9.91

104.09 + 7.93

70.54 £ 5.49

106.90 + 10.46

11589+ 11.66

78.65 + 6.94

NFL-GCL-IPL

‘Combined scan
Mean + STD

99.08 +7.54

116.18 £ 9.22

116.86 + 10.02

103.89 & 7.63

70.63 £5.31

106.66 £ 10.07

115.00 £ 11.59

78.77 £6.67

Mean difference
(limits of agreement)

0.41
(-381104.62)

071
(-2.02103.45)
0.23
(-262103.07)
0.20
(~8.6510 4.05)
-0.09
(-3.05102.87)
0.24
(~35210 4.00)
090
(~2.6010 4.40)
-0.12
(-8.17102.99)

Individual scan
Mean + STD

78.42 £ 6.77

79.95 £7.32

79.03 + 8.40

77.75 £ 6.64

46.83 =+ 3.80

46.80 +3.82

43.49 + 4.30

45.62 +3.84

GCL-IPL

‘Combined scan
Mean + STD

78.50 % 6.81

79.04 £ 801

7864 + 898

78.36 = 6.56

46.54 + 3.84

4744 +392

44.42 + 4.56

46.13 +3.81

All values are expressed in microns. NFL, retinal nerve fiber layer; GCL, ganglion cell layer; IPL, inner plexiform layer; STD, standard deviation.

Mean difference
(limits of agreement)

-0.08
(-4.32 10 4.16)
091
(-3.90105.72)
039
(~450105.27)
-0.62
(~5.26 0 4.03)
029
(-156102.14)
—064
(-2.79101.50)
-0.92
(-3.33 10 1.48)
-052
(-2.72101.69)
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Individual scan Combined scan Mean difference
(limits of agreement)

Mean = STD (in microns) CoV (%) Mean = STD (in microns) CoV (%) (Values in microns)
Clock position 1 115.60 + 24.27 4 114.98 + 22.92 12 071
(~15.05 10 16.48)
Clock position 2 107,37 +20.97 4 110.12 £ 21.50 14 —275
(~18.7410 13.23)
Clock position 3 7119 £ 15,10 2 73.15 % 16.20 12 ~196
(~10.89t0 6.96)
Clock position 4 7162 % 14.57 2 7079 & 14.58 8 083
(-6.84108.51)
Clock position 5 108.20 + 21.66 3 105.26 + 21.29 1 294
(93210 15.21)
Clock position 6 138,07 +26.33 4 134.20 + 26.44 1 387
(~12.421020.16)
Clock position 7 152.67 20,19 3 167.50  21.50 10 —a92
(-23.30 10 13.47)
Clock position 8 8129+ 14.42 2 87.84 + 1530 8 -654
(173410 4.26)
Clock position 9 5567 £6.75 1 58.25+7.05 7 -258
(-6.85101.68)
Clock position 10 78.80 + 12.04 2 80.25 + 12.11 6 —1.44
(-732104.43)
Clock position 11 127.44 +21.94 3 180.66 + 22.53 10 -823
(-17.781011.32)
Clock position 12 133,56 20.73 4 181.48 + 2258 14 208

(~18.181022.35)

STD, standard deviation.
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Number of A-scan
Number of B-scan
Scan width (mm)

Scan area (mm?)
B-scan orientation
Interscan distance (wm)

Individual scan

Macula

1024
128
10
10x 10
Vertical
77

Optic disc

512
256
6
6x6
Horizontal
28

Combined scan

512
128
13
13x 10
Vertical
100
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Precise diagnosis

Conjunctiva Identification of abnorml vasculature areas and conjunctival
lesions

Detection of deeper intrascleral vessels

Assessment of limbal epithelial stem cell

Cornea and imbus Detection of early comeal angiogenesis
Detection of subtle abnormal vessels with comeal opacity

3D imaging of cornea layers
Scan of predetermined depth of comea
Ciliary body and iris Early detection of small capillaries and microaneurysms flow

Assessment of vascular anomalies in anterior uveitis
Identification of iris lesions

VEGF, vascular endothelial growth factor; 3D, three dimensions.

Efficacy evaluation
Longitudinal estimation of reperfusion

Early evaluation of blood flow density on fitering bleb
after trabeculectomy

Preoperative surgical planning by evaluating the depth
and area of feeder vessel

Repeatable evaluation of treatment effect by vascular
progression and regression

Better observation of coreal graft rejection

Evaluation of regressed neovascularization of the irs
during anti-VEGF therapy

Exposure of persistent neovascularization
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Quantitative analysis in functionally different MNV
subgroups (VT cutoff 8.40)

Parameter MNV Subgroups  Mean & STD p

Age Low VT MNV 78+8 088
High VT MNV/ 78+8

Speckled fluorescence  Low VT MNV 105£108 <0001

(quadrants)
High VT MNV/ 1.63+0.97

Leakage area (um?) Low VT MNV 378+ 332 033
High VT MNV/ 4.84 £538

MNV area (um?) Low VT MNV 249+ 291 022
High VT MNV/ 355 +4.13

MNV/leakage ratio Low VT MNV 059+ 0.31 <0.001*
High VT MNV/ 0.88+0.24

MNV Type (Type 1/Type  Low VT MNV 22/10/9

2/Mixed)
High VT MNV 14/8/3

LogMAR BCVA Low VT MNV 063+ 0.71 <0001

baseline
High VT MNV 028025

LogMAR BCVA 1-year Low VT MNV/ 0.24 £0.24 <0.001*
High VT MNV 043+ 032

CMT baseiine (um) Low VT MNV 484488 <0001
High VT MNV 380 + 127

CMT 1-year (um) Low VT MNV 362477 008
High VT MNV/ 324 £ 70

N. Intravitreal injections ~ Low VT MNV. 72£15 <0.001*
High VT MNV/ 52+19

VT MNV Low VT MNV 7604 <0.001*
High VT MNV/ 96+ 14

VD SCP Low VT MNV 037002 0.18
High VT MNV/ 0.38 £0.03

VD DCP Low VT MNV 037£002  <0.001*
High VT MNV/ 0.34 +0.02

VD CC Low VT MNV 045003 066
High VT MNV 0.45 +0.03

MNVs were divided in accordance with a VT cutoff value of 8.40.

MNV, macular neovascularization; BCVA, best-corrected visual acuity; CMT, central
macular thickness; VT, vessel tortuosity; VD, vessel density; SCF, superficial capillary
plexus; DCP, deep capillary plexus; CC, choriocapilaris.
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Low-high MNV Parameter Speckled MNV Baseline Final BCVA Intravitreal

VT subgroups fluorescence area/leakage BCVA injection
(quadrants) area ratio number
Tau Kendall 0.356 0299 -0322 0.290 —0.449
coeff.
P <0001 =0.003 =0.002 =0.006 <0.001
Low-high MNV VT Parameter MNV VT Baseline Final CMT VD DCP
subgroups cmT
Tau Kendall 0.700 -0.343 -0.201 -0.283
coeff.
p <0.001 <0.008 =0.01 =0.005
MNV type (Type 1, Parameter MNV area MNV Baseline Final CMT
Mixed, Type 2) area/leakage oMt
area ratio
Tau Kendall -0319 -0.373 0877 0273
coeft,
p =0.004 =0.002 <0.001 =0.006
Leakage area Parameter MNV Area VD cc
Tau Kendall 0.705 -0.281
coeff.
p <0.001 =0.003
MNV area Parameter vbce
Tau Kendall ~0.250
coeff.
p =0.003
MNV area/leakage Parameter Intravitreal MNV VT Baseline Final CMT VD DCP
area ratio injection cmT
number
Tau Kendall -0.337 0.346 -0.336 -0.201 —0.257
coeff,
p =0.008 <0.001 <0.001 =0.004 =0.005
MNV VT Parameter Baseline Baseline Final CMT VD DCP
exudation cmT
Tau Kendall -0.326 -0.256 -0.303 -0.207
coeff,
p =0.009 =0.002 =0.004 =0.005
VD DCP Parameter Speckled Baseline Final Baseline Final CMT
fluorescence exudation exudation cmT
(quadrants)
Tau Kendall —0.241 0.198 0315 0.246 0.296
coeft,
p =0.004 =0.008 =0.005 =0.004 =0.004

MNVs were divided in accordance with a VT cutoff value of 8.40. MNV, macular neovascularization; BCVA, best-corrected visual acuity; CMT, central macular thickness; VT, vessel
tortuosity; VD, vessel density; DCP, deep capillary plexus; CC, choriocapillaris.
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Clinical and Imaging data in MNV Types

Parameter MNV type Number Mean & STD p Value
1vs.2 1vs.3 2vs.3

Age Type 1 1 7T p=0.158 p=0934 p=0.142
Mixed 2 8048
Type 2 3 757

Speckled fluorescence (quadrants) Type 1 1 181 p=0242 p=0745 p=0978
Mixed 2 11
Type 2 3 141

Leakage area (um?) Type 1 1 44+35 p=0838 p=0544 p=0768
Mixed 2 38+54
Type 2 3 4241

MNV area Type 1 1 35+33 p=0964 p=0225 p=0.452
Mixed 2 26+3.1
Type 2 3 15+16

MNV/eakage ratio Type 1 1 08+03 p=003 p=0002" p=0714
Mixed 2 06+03
Type 2 3 05£02

LogMAR BCVA baseline Type 1 1 0.46 + 0.60 p=0845 p=0698 p=0751
Mixed 2 0.63+£0.78
Type 2 3 0.44 +027

LogMAR BCVA 1-year Type 1 1 0.29+0.28 p=08641 p=0565 p=0742
Mixed 2 0.35+0.27
Type 2 3 0.29+034

CMT baseline () Type 1 1 ST1£77 p=0227 p <0001 p=0.005"
Mixed 2 420 £91
Type 2 3 508 & 137

COMT 1-year (um) Type 1 1 331473 p=0478 p=0262 p=0411
Mixed 2 368489
Type 2 3 370458

N. Intravitreal injections Type 1 1 62 p=0.888 p=0956 p=0961
Mixed 2 7+2
Type2 3 742

VT MNV Type 1 1 85+ 1.40 p=0756 p=0842 p=0798
Mixed 2 85+13
Type 2 3 8107

VD SCP Type 1 1 0.38.+0.02 p=0545 p=0651 p=0498
Mixed 2 0.37 +£0.02
Type 2 3 0.38.+0.02

VD DCP Type 1 1 0.36.+0.02 p=0631 p=0492 p=0.468
Mixed 2 0.36 £ 0.03
Type 2 3 0.37 +0.02

vbco Type 1 1 0.45 +0.03 p=0825 p=0618 p=0522
Mixed 2 0.45 +0.03
Type 2 3 0.47 £0.02

MNV, macular neovascularization; BCVA, best-corrected visual acuity; CMT, central macular thickness; VT, vessel tortuosity; VD, vessel density; SCR, superficial capillary plexus; DCP.
deep capillary plexus; CC, choriocapillaris. Statistically significant values are marked by asterisks (*).
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Group M MM HM EHM

ACD (mm)* WTW (mm)® ACD (mm)* WTW (mm)* ACD (mm)* WTW (mm)* ACD (mm)® WTW (mm)*
Male 326+ 024 11.75+ 036 331025 11.75 £ 037 331025 11.70£038 329+ 030 11.57 £0.40
Female 310+£026 1157034 316025 11.56 036 319+0.25 11.54 036 3284024 11.46 038
P <0.001t <0001t <0001t <0001 <0001 <0001 0082t 0.038"

ACD, Anterior Chamber Depth; WTW, White to White; LM, low myopia; MM, moderate myopia; HM, high myopia; EHIM, extremely high myopia; ®Presented as mean + standard
deviation. * P-value for ACD and WTW comparison between different genders using two-sample t-test. *P-value for comparison among the five groups using Mann-whitney test.
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GZ sy cD WH HK Pt

Eyes (N) 2340 22565 1480 1511 307 NA
Eyes (%) 29.65% 28.57% 18.75% 19.14% 3.89% NA
Male (%) 46.41% 64.83% 61.49% 50.43% 63.84% <0.0001
Age (years)® 26.94 +5.42 23.88+5.14 24.19 £ 5.46 2539 £5.03 2397 £4.78 <0.0001
ACD (mm)* 327 £0.26 329+£026 3.27 £0.26 321£024 326 £0.25 0.0001
WTW (mm)? 11,67 +£0.38 11.67 +0.36 11.67 £0.38 11.63+0.38 11.57 £ 0.38 0.0001
SE (D -517 £2.23 -481 171 —5.27 £2.23 -5.28+1.93 —5.65 +£2.68 0.0001

N, number of eyes; ACD, Anterior Chamber Depth; WTWV, White-to-white; SE, Spherical Error; D, diopter; GZ, Guangzhou Aler Eye Hospital; SY, Shenyang Aver Eye Hospital; CD,
Chengdu Aier Eye Hospitel; WH, Wuhan Aver Eye Hospital; HK, Hankou Aier Eye Hospitel; *Presented as mean  standard deviation; ' P-value for comparison among the five groups

using Kruskal-Walls test.
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Group 1]
N (%) 945 (11.97%)
ACD (mm)® 322025
(2.73,3.72)

WIW (mm) 11.70 £ 037

(10.99, 12.42)

SE (O ~2.27 +£0.49

(132, -3.23)

4524 (57.32%)
326+026
(2.74,3.75)
11.66 038

(10.92, 12.41)

~4.49£083

(-287, -6.11)

HM

2072 (28.8%)
325025
(2.75,3.75)
11.61£038

(10.87, 12.35)
~7.0840.89

(-5.34, -8.82)

EHM

152 (1.93%)
326+027
(2.78,3.78)
11.51£039
(10.74, 12.27)
~12.65 £2.97
(~6.83, ~18.46)

P

/
0.030

<0.001

<0.001

N, number of eyes; ACD, Anterior Chamber Depth; WTW, White-to-white; SE, Spherical Error; D, diopter; LM, low myopia; MM, moderate myopia; HM, high myopia; EHM, extremely
high myopia; *Presented as mean  standard deviation (95% normal range); ' P-value for comparison among the four groups using Kruskal-Walis test. *P-value for comparison among

the five groups using one way ANOVA test.





OPS/images/fmed-08-758668/fmed-08-758668-t005.jpg
Reproducibility and repeatability of quantitative parameters

Parameter Reproducibility Repeatability
Speckled 095 096
Fluorescence

(N.of

quadrants)

Leakage area 094 095
MNV area 095 097
MNV/eakage 092 091
ratio

VT MNV 095 093
VD SCP 094 093
VD DCP 092 091

VD CC 0.95 0.96
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Parameter

Baseline
BCVA

Baseline CMT
Final BCVA
Final CMT
Final atrophy
Speckied
fluorescence
(n.of
quadrants)
MNV/leakage
ratio

DGP VD
Number of
injections

Group 1 (VT < 8.40)

0.63

484
024
362
0%

0.59

0.37
7.2

Group 2 (VT > 8.40)

0.28

380
0.43
324
30%
16

0.88

0.34
52
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6 m*6 mm area centered on fovea
Total HRD area (mm?)

Total HRD number

Hard exudate area (mm?)

Hrd exudate number

Small HRD area (mm?)

Small HRD number

Within 3mm diameters centered on fovea
Total HRD area (mm?)

Total HRD number

Hard exudate area (mm?)

Hard exudate number

Small HRD area (mm?)

Small HRD number

Within 1 mm diameters centered on fovea
Total HRD area (mm?)

Total HRD number

Hard exudate area (mm?)

Hard exudate number

Small HRD area (mm?)

Small HRD number

Rater 1

061 (IQR: 0.43-1.45)
468 (IQR: 294-800)
035 (I0R: 0.08-0.83)
83 (QR: 20-218)
032 (IR: 0.22-0.53)
368 (IQR: 258-606)

0.19 (IQR: 0.11-0.38)
142 (IQR: 80-316)
0.09 (QR: 0.03-0.24)
33 (10R: 9-114)
0.10 (QR: 0.05-0.16)
105 (IQR: 62-149)

0010 (IGR: 0.004-0.048)
11 (IQR: 5-34)
0015 (IQR: 0-0.097)

1 (QR: 0-9)
0.006 (IQR: 0.003-0.018)
9 (IR: 4-28)

Rater 2

0.46 (IGR: 0.31-1.41)
518 (QR: 358-872)
0.15 (IGR: 0.05-0.73)
45 (IQR: 17-200)
029 (IGR: 0.25-0.54)
471 (QR: 347-690)

0.15 (IQR: 0.08-0.87)
179 (IQR: 97-275)
0.11 (IQR: 0.04-0.29)
75 (IQR: 2-189)
0.04 (IQR: 0.01-0.06)
50 (QR: 24-110)

0,011 (IQR: 0.003-0.029)
18 (IQR: 5-26)
0.004 (IQR: 0.001-0.018)
5 (QR: 1-16)
0.004 (IQR: 0.001-0.008)
7 (QR: 1-11)

Proposed algorithm

0.62 (IOR: 0.33-1.46)
554 (IQR: 306-795)
0.38 (IOR: 0.13-0.89)
85 (1OR: 40-231)
0.29 (IGR: 0.18-0.45)
440 (IQR: 250-646)

0.14 (IQR: 0.09-0.43)
119 (IQR: 88-316)
0.08 (IQR: 0.03-0.14)
23 (IR: 11-84)
0.07 (IQR: 0.05-0.16)
95 (IOR: 62-236)

0.011 (IQR: 0.003-0.033)
12 (IQR: 4-41)
0.003 (IQR: 0-0.017)
1(QR: 0-6)

0.004 (IQR: 0.001-0.017)
8(I0R: 3-28)
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Parameters Total HRD area  Hard exudate area

Dice coefficient (SD)

Between 2 raters 0593 (0.136) 0580 (0.116)

Between rater 1and  0.695 (0.103) 0.724(0.106)

algorithm

ICC (95% CI)

Between 2 raters 0930 0.860
(0.822-0972) (0.546-0.950)

Between rater 1 and 0997 0.997

algorithm (0.993-0.999) (0.993-0.999)

Between rater 2 and 0927 0.886

algorithm (0.816-0.971) (0.712-0.955)

Correlation coefficient (all p < 0.001)

Between 2 raters 0962 0.946

Between rater 1 and 0995 0.996

algorithm

Between rater 2 and 0965 0.954

algorithm

HRD, hyperreflective dots; SD, standard deviation; NA, not applicable; ICC, intraclass correlation coefficient;

Small HRD area

0375 (0.102)
0.460 (0.056)

0953
(0.831-0.981)
0972
(0.843-0.991)

0943
(0.857-0978)

0.906
0.971

0.901

Total HRD number

NA
NA

0.950
(0.873-0.980)
0.986
(0.965-0.995)

0.942
(0.853-0.977)

0.906
0.973

0.892

Hard exudate number Small HRD number

NA
NA

0917
(0.642-0973)
0996
(0.990-0.998)

0948
(0.870-0.980)

0.951
0.992

0.961

), confidence interval.

NA
NA

0.906
(0.764-0.963)
0.977
(0.942-0.991)

0.898
(0.742-0.960)

0.842
0.953

0.819
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IcC (95% CI) Total HRD area Hard exudate area  SmallHRDarea  Total HRD number Hard exudate number Small HRD number

Within 1 mm diameters centered on fovea

Between 2 raters 0914 0919 0610 0923 0.905 0,600
(0.783-0.966) (0.796-0.968) (0.014-0.846) (0.807-0.970) (0.761-0.963) (-0.10-0.842)
Between rater 1 and 0992 0994 0819 0.894 0.965 0.830
algorithm (0.981-0.997) (0.985-0.998) (0.543-0.928) (0.733-0.958) (0.912-0.986) (0.571-0.933)
Between rater 2 and 0915 0927 0.470° 0.893 0.861 0.425"
algorithm (0.785-0.966) (0:816-0971) (~0.340-0.790) (0.730-0.958) (0.650-0.945) (~0.453-0.772)
Within 3mm diameters centered on fovea
Between 2 raters 0913 0981 0347 0.987 0.985 0.295
(0.780-0.966) (0.827-0973) (~0.649-0.742) (0.840-0.975) (0.961-0.994) (~0.780-0.721)
Between rater 1 and 0989 0983 0713 0958 0.981 0.752
algorithm (0.971-0.995) (0.970-0.995) (0.274-0.886) (0.895-0.983) (0.952-0.993) (0.374-0.902)
Between rater 2 and 0921 0949 ~0.130" 0980 0956 -0081
algorithm (0.801-0.969) (0.872-0.980) (~1.854-0.553) (0.824-0972) (0.890-0.983) (~1.731-0572)

*P-value > 0.05; HRD, hyperreflective dots; ICC, intraclass correlation coefficient; Cl, confidence interval.
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Characteristic Patients Controls p-value

Age (years), mean  SD 30.71+066  87.88+£7.40  0.444

Gender (no. male:no. female) 15:2 13:3 0576

Axial length (mm), mediian (IQR) 2425 24.06 0656
(23.50-25.49)  (23.53-25.03)

CD4 nadir count (), 128.65 + 104.56 - -

mean & SD

Duration of HIV (mos), median 12 (4-42) - -

(QR)

HWI, human immunodeficiency virus; SD, standard deviation; IQR, interquartile range.
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Central Fovea Superior

Inferior

Temporal

F p-Value F

p-Value

F

p-Value

F

p-Value

F

p-Value

Signal strength 5139 0028 0645 0.426 0.434 0651 2686 0108 1.059 0309
Groups 2,100 0133 0671 0516 0.124 0726 0954 0393 5.050 0011
Inactive CMVR vs. controls 0.148 0.750 1.000 0541 0.028°
Active CMVR vs. controls 1.000 1.000 1.000 1.000 0.115
Active VS Inactive CMVR 1.000 1.000 1.000 1.000 1.000
INN v
Signal strength 9.002 0004" 0520 0.474 6.144 0017" 1509 0226 0.442 0500
Groups 3990 0025° 0838 0.439 4732 0014 1040 0362 5.600 0.007*
Inactive GMVR v. controls 0080 1.000 0.165 0495 0.160
Active CMVR vs. controls 0548 0644 0030 1.000 0012+
Active vs. inactive CMVR 1.000 1.000 0832 1.000 0520
o
Signal strength 1.504 0213 0004 0951 0.135 0715 2940 00038 0178 0.680
Groups 4.877 0012 4398 0018 5652 0007 4851 0012 2152 0.128
Inactive CMVR vs. controls 0011 0017 0,005 0012 0.134
Active CMVR vs. controls 1.000 0824 1.000 1.000 1.000
Active vs. inactive CMVR 0.166 1.000 0282 0.141 1.000
Rz
Signal strength 2730 0.104
Groups 3117 0053
Inactive GMVR vs. controls 0385
Active CMVR vs. controls 0856
Active vs. inactive CMVR 0053

OCTA, optical coherence tomography angiography; FAZ, foveal avascular zone; VD, vessel density; CVI, choroidal vascularity index; RNFL, retinal nerve fiber layer; GCL, ganglion cell
layer; IPL, inner plexiform layer; INL, inner nuclear layer; PR, photoreceptor; RPE, retinal pigment epithelium; CMVR, cytomegaloviral retinitis. Statistical analysis was performed using

one-way ANOVA and the Bonferroni fest.
*P.values < 0.05.
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Healthy control (n = 52)

Eyes 104

Age (years), M (IQR) 38 (31-45)
Male, n (%) 18(34.6)
LogMAR BCVA, M (IQR) 0(0-0)
Intraocular pressure, M (IQR) 140 (13.0-16.0)

Duration of VKH (months), M (IQR) -
Bilateral involvement, 1 (%) -
Panuveitis, n (%) -
Central foveal thickness (um), M (IQR) 218.0 (207.56-226.0)
Subfoveal choroidal thickness (m), M (QR) 3425 (279.3-439.5)

Inactive VKH (n = 41)

81
37 (35-54)

15 (36.6)
0.10(0.00-0.30)
14.2 (13.1-18.4)

12.0 (4.0-32.0)
41(100.0)
41(100.0)

213.0 (202.0-236.0)
351.0 (265.0-438.0)

pa

0.239
0.844
<0.001
0.133

0.476
0.767

VKH, Vogt-Koyenagi-Harad cisease; LogMAR, logarithm of the minimurm angle of resolution; BCVA, best-corrected visual acuity.

aComparisons between healthy controls and inactive VKH patients.
®Comparisons between healthy controls and active VKH patients.
Bold values: p < 0.05.

Active VKH (n = 28)

52
34 (31-53)
9(32.1)

030 (0.10-0.60)
15.0 (12.9-16.0)
3.5 (1.0-13.0)
28(100.0)
28(100.0)
247.0 (213.5-358.3)
526.0 (380.0-721.8)

0.960
0.823
<0.001
0.693

<0.001
<0.001
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Healthy control (104 eyes) Inactive VKH (81 eyes) Active VKH (52 eyes)

Mean choroidal thickness (1.m), M (IQR)

0-1mm 338,60 (273.67, 431.59) 345.16 (262.18, 426.01) 495.98 (373.87, 706.37)
1-3mm 331.55 (266,82, 424.35) 330.24 (251.21, 412.55) 481,19 (364.24, 707.11)
3-6mm 323,63 (261.21, 408.10) 331.06 (241.17, 387.08) 451,51 (337.66, 684.56)
6-9mm 301.60 (249,55, 367.97) 286.21(231.97, 339.53) 393,85 (315.40, 681.00)
9-12mm 288,30 (235,07, 328.90) 267.25 (220,64, 314.58) 363.40 (292.16, 655.91)
CVI (%), M (IQR)*

0-1mm 5852 (50.50, 62.80) 59,83 (53.16, 67.20) 69.45 (57.71,76.62)
1-3mm 56.83 (51.56, 61.12) 58,38 (47.95, 63.31) 67.63 (55.26, 75.11)
3-6mm 54.71 (50,62, 58.95) 55.77 (48.45, 60.52) 6189 (54.45, 65.32)
6-9mm 52,08 (48.35, 55.17) 52.11 (47.44, 57.66) 57.41(50.22, 60.84)
9-12mm 53.24 (48.71,56.58) 50.45 (48.48, 58.28) 5651 (53.27, 60.71)
CC flow area (mm?), M (IQR)

0-1mm 067 (0.63, 0.70) 0.61(0.54,0.67) 053 (0.41,0.62)
1-8mm 5.34(5.18,557) 5.08 (4.75,5.28) 4.81(4.27,5.19)
3-6mm 18.82 (18.17, 19.33) 17.64 (16.77, 18.61) 17.21 (15.50, 18.19)
6-9mm 30.74 (29.78, 31.68) 29.15 (27.74, 30.57) 27.79 (24.61, 29.00)
9-12mm 42.61(41.26, 43.63) 39.23(37.20, 40.84) 36.85 (33.04, 38.82)
Mean retinal thickness (i1m), M (IQR)

0-1mm 277.96 (268.23,287.51) 262.12 (243,84, 280.03) 292.40 (258.10, 366.70)
1-3mm 330,55 (330,35, 348.34) 308.78 (312.46, 345.19) 353.28 (313.51, 397.32)
3-6mm 296,44 (283.63, 807.25) 294.97 (276.10, 304.83) 304.75 (286.38, 344.71)
6-9mm 270,91 (257.80, 279.49) 268.25 (254.13, 284.96) 288.15 (268.59, 322.13)
9-12mm 245,54 (234,51, 255.75) 238,66 (227.67, 256.40) 258.13 (239.45, 200.30)

VKH, Vogt-Koyanagi-Harada disease; OCTA, optical coherence tomography angiography; CVI, choroidal vascularity index; CC, choriocapillaris.
*Only 31 of 52 eyes in the active VKH group were able to delineate the choroid luminal area in the SS-OCTA images and compute for CVI.
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Age Disease duration LogMAR BCVA

Rho N Rho P Rho 'k
Choroidal thickness
0-1mm 0277 0.001 -0.622 <0.001 0.134 0.125
1-3mm —0.288 0.001 —0.643 <0.001 0.133 0.126
3-6mm -0.313 <0.001 —0.656 <0.001 0.121 0.166
6-9mm -0.352 <0.001 —0.680 <0.001 0.123 0.160
9-12mm -0.376 <0.001 -0.702 <0.001 0123 0.160
cvi
0-1mm —0.200 0.034 0.087 0.696 -0.170 0.074
1-3mm -0.220 0.020 0.042 0.661 178 0.061
3-6mm -0.239 0.011 0.007 0.943 -0.161 0.089
6-9mm —0.206 0.029 0.043 0.656 —-0.150 0.115
9-12mm —-0.264 0.005 —0.009 0.929 —-0.150 0.114
CC flow area
0-1mm —0.240 0.005 0.009 0258 -0.174 0.046
1-83mm -0.228 0.008 0.129 0.137 -0.175 0.044
3-6mm -0.161 0.065 0.180 0.038 0175 0.043
6-9mm —0.124 0.154 0.199 0.022 .190 0.028
9-12mm 0214 0.013 0.113 0.197 -0.219 0.011
Retinal thickness
0-1mm 0.065 0.455 0.078 0.372 0.114 0.191
1-3mm —-0.003 0970 0.058 0.504 0.069 0.431
3-6mm —0.098 0.261 -0.139 0.110 0.127 0.145
6-9mm -0.277 0.001 —-0.407 <0.001 0.146 0.095
9-12mm -0.211 0.015 -0.431 <0.001 0.151 0.082

VKH, Vogt-Koyanagi-Harada disease; OCTA, optical coherence tomography angiography; LogMAR, logarithm of the minimum angle of resolution; BCVA, best-corrected visual acuity;
CVI, choroidal vasculerity index; CC, choriocapilaris.
Bold values: p < 0.05.
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Absolute prediction error' (D)
Ring
2mm
3mm
4mm
smm
Zone
2mm
3mm
4mm
smm
Mean centroid error (D @ degree)
Ring
2mm
3mm
4mm
smm
Zone
2mm
3mm
4mm
smm

D, diopters.

Mean + SD

057 £0.45
0.60 £ 0.54
0.74 £0.54
0.88 £ 0.62

0.62 £0.45
0.58 £ 0.47
0.61£0.49
0.67 £0.52

0.19@ 148
025 @ 141
0.36 @ 137
0.44 @ 130

0.28 @ 149
0.18 @ 150
021 @144
0.31 @139

*P < 0.05 were considered statistcaly significant.

* Paired Wiicoxon signed-rank test.

Corneal apex

Median (interquartile
range)

0.47 (0.20-0.90)
0.43 (0.20-0.88)
067 (0.31-1.00)"
081(0.36-1.18)"

0.55(0.20-097)
043 (0.22-0.82)
045 (0.22-088)"
055 (0.27-0.92)"

Mean + SD

0.64 £ 0.52
0.64 £ 0.55
0.74 £ 0.56
0.88 +£0.63

083 +0.61
0.69 + 0.54
0.66 £ 0.55
0.72 £ 0.556

021@141
0.25 @ 140
0.35 @137
0.43@129

0.29 @ 130
0.23 @136
0.24 @137
0.32@137

Pupil center

Median (interquartile
range)

0.47(0.22-1.00)"
0.46 (0.18-0.92)
058 (0.31-1.15)"
0.73(0.32-1.26)"

067 (0.38-1.29)"
0.47 (0.28-1.10)
0.51(0.24-1.01)"
058 (0.30-1.11)°

P value

0.010%
0.137
0.471

0.949

<0.001"
<0.001*
0.010"
0.005*
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Absolute prediction error (D)

Asymmetric group
2mm

3mm

4mm

smm

Symmetric group
2mm

3mm

4mm

Smm

D, diopters.

Mean + SD

0.49 +0.41
0.51£0.50
0.66 +0.58
0.84 £0.73

0.62 +£0.47
0.65 £ 0.57
0.79£0.52
091054

*P < 0.05 were considered statisticall significant.

* Paired Wiicoxon signed-rank test.

Ring

Median (interquartile
range)

0.33(0.16-0.89)
0.43(0.10-0.75)
0.49 (0.27-0.98)
0.73(032-1.18)

055 (0.26-0.91)
0.48 (0.22-0.97)
0.74 (0.38-1.08)
083 (0.53-1.20)

Mean + SD

0.69 +0.42
0.50 £ 0.42
0.62 +0.42
0.59 £0.53

0.63+0.48
0.64 £ 0.50
0.66 +£0.53
0.72 +£0.52

Zone

Median (interquartile

range)

0.46 (0.33-0.99)
0.33 (0.17-0.79)
0.43 (0.20-0.69)
0.49 (0.21-0.85)

0.56 (0.26-0.95)
0.56 (0.24-0.87)
059 (0.31-1.01)
0.65 (0.30-0.99)

P-value?

0.035"
0.561

0.019%
0.001*

0.787
0.504
<0.001*
0.002"
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Absolute prediction error (D) Ring Zone P-value!

Type A

2mm 092074  0.75%0.69 0.020"
3mm 1014£083  088+0.70 0221
4mm 1015071 092076 0.194
s5mm 104£052 097070 0348
Type B

2mm 059044  064%050 0231
3mm 062056  0.63:%051 0.897
4mm 076054  066+052 0071
5mm 077£060 071052 0.478
Type C

2mm 053033 056035 0.454
3mm 053039  053+035 0983
4mm 0.74:£038 053039 0.004*
s5mm 1024045 0624040 0.001*
D, diopters.

Data are mean + SD.
*P < 0.05 were considered statistically significant.
1 Paired t-test,
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ASL (mm) PSL (mm)

8 P-value 8 P-value
ASL, mm - - 0303 0.000*
PSL, mm 0303 0.000* - -
CCT, pm 0074 0.000* 0049 0.000*
WTW, mm 0320 0.000* 0.141 0.000*
ACD, mm 0471 0.000* 0426 0.000*
LT, mm 0369 0.000° ~0.187 0.000"
K, diopter ~0.002 0.000* -0.230 0.000*
CA, diopter ~0.024 0.000* -0.118 0.000*

ASL, anterior segment length; PSL, posterior segment length; CCT, central corneal
thickness; WTW, white-to-white distance; ACD, anterior chamber depth; LT, lens
thickness; K, keratometric power; CA, coreal astigmatism.

" Statistically significant (o < 0.05).
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Total (N = 59)

Age (years) 63.44 £ 14.00
Sex (male/fernale) 23/36
Eye laterality (right/left) 3/27
UCVA (logMAR) 024013
CDVA (logMAR) 0.09+0.11
AL (mm) 26,50 +2.81
Anterior chamber depth (mm) 3.18+0.46
Pupil diameter (mm) 269055
Preoperative TORP* (D) 200+£074
0L cyiinder power (D) 2.39.+1.00
SIA (D) 055038
Residual astigmatism (D) 0.62+0.41

N, number; UCVA, uncorrected visual acuity; CDVA, corrected distance visual acuity; AL,
axial length; TCRP, total comeal refractive power; D, diopters; IOL, intraoculer lens; SIA,
surgical induced astigmatism.

Data are mean  SD.

*Measured with Pentacam.
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Total (n = 23,462)

Age, years 635+ 123
Sex, male/female 10,210/13,252
Eye, right/left 11,400/12,062
AL, mm 2470 +2.78
CCT, um 545436
WIW, mm 11.70 £ 0.46
ACD, mm 307048
LT, mm 450 045
K, diopter 43.99 +1.63
CA, diopter ~1.0040.89
ASL, mm 7.58£039
PSL, mm 17122264
ASUPSL, % 45.1£62

AL, axial length; CCT, central comeal thickness; WTW, white-to-white distance; ACD,
anterior chamber depth; LT, lens thickness; K, keratometric power; CA, comeal
astigmatism; ASL, anterior segment length; PSL, posterior segment length; ASL/PSL,
the ratio of anterior segment length to posterior segment length.





OPS/images/fmed-08-688805/fmed-08-688805-t002.jpg
AL (mm) ASL/PSL (%)

<40 40-50 >50
<20 0(0.0%) 4(3.4%) 127 (96.9%)
20-22 5(0.3%) 607 (47.7%) 660 (51.9%)
22245 117 (0.9%) 10,644 (78.2%) 2,849 (20.9%)
24.5-26 234 (7.6%) 2,723 (88.7%) 113 (3.7%)
26-30 2,233 (59.1%) 1,538 (40.7%) 5(0.1%)
30-35 1,521 (09.5%) 7(0.5%) 0(0.0%)
235 75 (100.0%) 0(0.0%) 0(0.0%)
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Factors

Mild NPDR
High myopia
Cataract surgery
Moderate NPDR
High myopia
Cataract surgery
Severe NPDR
High myopia
Cataract surgery
PDR

High myopia
Cataract surgery

OR (95%Cl)

0.461 (0.274-0.777)
1.595 (0.709-3.589)

0217 (0.080-0.590)
3.955 (1.523-10.265)

0221 (0.072-0.688)
6.836 (2.672-17.490)

0.125 (0.035-0.446)
9.756 (4.216-22.574)

p-value

0.003"
0.258

0.003*
0.005"

0.008*
<0.001*

0.001*
<0.001*

Adjusted by age, sex, diabetic duration, hypertension, blood serum creatinine, total

protein, conjugated bilrubin, low density lipoprotein, and totel cholesterol,

NNPDR, Non prolerative diabetic retinopathy; POR, Proliferative diabetic retinopathy.
“Statistically significant difference at p < 0.05.
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Factors

Age (per year)

Sex (male vs. female)

High myopia (with vs. without)
Cataract surgery (with vs. without)
Duration of diabetes (per 5 years)
Hypertension (with vs. without)
Total protein (per g/L)
Conjugated bilirubin (perumol/L)
Blood Cr (perpmol/l)

LDH (per U)

K (per mmol/L)

OR (95%Cl)

1.026 (1.012-1.042)
1.323 (0.939-1.863)
0.274/(0.170-0.442)
2.106 (1.507-5.273)
1.164 (1.090-1.708)
2.189 (1.504-3.175)
1.001 (0.976-1.027)
0914 (0.814-1.027)
1.009 (1.005-1.013)
1.003 (1.000-1.006)
0.992 (0.977-1.008)

p-value

<0.001*
0.110

<0.001*
0.001*
0.007*
0.008"
0.922
0.131

<0.001*
0.064
0.331

Blood Cr, Blood Serum creatinine; LDH, Low density lipoprotein; K, Blood potassium.

“Statistically significant difference at p < 0.05.
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DR Without DR p-value

Patients, n (%) 430 (40.5) 633 (59.5)
Age (years) 64.0(55.0-71.0) 57.0(48.0-68.3) <0.001*
Sex, male, n (%) 214(49.8) 359 (56.7) 0.038*
High myopia, 1 (%) 47 (109) 117 (18.5) 0.004*
Cataract surgery, n (%) 58(13.5) 17 27) <0.001*
Duration of diabetes, (%)
<5 years 130 (30.2) 300 (48.9) <0.001*
5-10 years 122 (28.4) 158 (25.0) <0.001*
10-20 years 145 33.7) 135 (21.3) <0.001*
>20 years 24(56) 30(4.7) <0.001*
Glycosylated hemoglobin (%) 96(8.0-11.2) 92 (75-11.2) 0.161
Stage of CKD, <60 mL/min/1.73 m?, n (%) 156 (36.9) 79(12.5) <0.001*
Stage of UACR, 1 (%)
Stage 1 117 27.2) 397 (62.7) <0.001*
Stage 2 69(16.0) 129 (20.4) <0.001*
Stage 3 121 (28.1) 85(13.4) <0.001*
Stage 4 46(107) 16(25) <0.001*
Stage 5 77(17.9) 6009 <0.001*
Hypertension, with, n (%) 163 (37.9) 274(43.9) <0.001*
Blood Cr (wmol/L) 87.7 (68.9-124.0) 73.0(59.8-87.2) <0.001*
Total protein (g/L) 645467 65.546.1 0.036"
LDH (UrL) 178.0 (154.0-206.0) 162.0 (141.0-190.0) <0.001"
Conjugated bilrubin (wmol/L) 21(15-3.3) 25(1.8-3.49) <0.001"
Cholinesterase (U/L) 8,051.0(6,626.0-9,372.0) 8,167.5 (6,833.0-9,654.8) 0072
LDL (mmol) 30(26-3.7) 3.1(25-3.7) 0614
HOL (mmol/L) 1.0(08-12) 1.0(09-1.2) 0622
Triglyceride (mmol/L) 15(1.1-22) 15(10-2.8) 0675
Total cholesterol (mmol/L) 4.8(3.9-5.6) 48 (4.0-5.6) 0633
Apolipoprotein B100 (g/L) 1.0 (08-1.1) 09 (0.8-1.1) 0586
Apolipoprotein Al (g/L) 1.4 (1.0-13) 12(10-1.3) 0.422
Urea (mmol/L) 6.1(4.7-8.4) 5.1(4.1-6.4) <0.001*
Na (mmol/L) 138.4 (135.9-140.4) 138.7 (135.8-140.6) 0.808
K (mmol/L) 38(36-4.2) 38(35-4.1) 0.002*
Mg (mmol/L) 0.8 (0.8-1.0) 08(08-1.0) 0533
Cl (mmol) 108.4 (101.0-106.2) 104.1 (101.4-106.1) 0519

Results are expressed as mean=SD, percentages or as medians (IQR).

DR, Diabetic retinopathy; CKD, Chronic Kichey disease; UACR, Urinary protein creatinine ratio; LDL, Low density lipoprotein; HDL, High density lipoprotein.
p-values were obtained by Mann-whitney test, Chi-square test, and binary univariate regression.

“Statistically significant difference at p < 0.05.
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Total or mean

No. of patients (eyes) 94(110)
Age (range), years 54.3 +7.8(33-72)
Sex, male (%) 80(85.1)

BOVA (range), logMAR 039 +0.28(0.01-1.0)
Duration of onset (range), months 35.9.+33.7 (7-120)
SFCT (range), pm 4141 + 118.2 (163-857)
With vascularized FIPED, eyes (%) 55 (50.0)

CSC, central serous chorioretinopathy; FIPED, flatieguier pigment epitheliel detachment;
BCVA, best-corrected visual acuity; SFCT, subfoveal choroidal thickness.
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Avascular FIPED  Vascularized FIPED  p-value

(55 eyes) (55 eyes)

Duration of onset, 39,6386 458+ 354 0501
months
BOVA, logMAR 042028 036+ 0.28 0325
Location of FIPED, 1.000
eyes (%)

Foveal involving 44(800) 44 (80.0)

Foveal sparing 11(200) 11(200)
Angiography features in FIPED area, eyes (%)
Fluorescence leakage 40 (72.7) 35 (63.6) 0413
on FFA
CVH 52(04.5) 54(8.2) 05618
Neovascular choroidal 0(0.0) 36 (66.7) -
network on ICGA
OCT features in FIPED area
Maximum height of 65.1 £23.4 60.8 £23.5 0.429
FIPED, pm
Maximum width of 931.1 £ 486.2 1,666.4 + 731.6 <0.001"
FIPED, pm
SRF above FIPED, 33(600) 33(60.0) 1.000
eyes (%)
IRF above FIPED, 10.8) 7(127) 0,068
eyes (%)

FIPED, flatrregular pigment epithelial detachment; CSC, central serous chorioretinopathy;
BCVA, best-corrected visual acuity; FFA, fundus fluorescein angiography; CVH,
choroidal vascular hyperpermeabiity; ICGA, indocyanine green angiography; OCT, optical
coherence tomography; SRF, subretinal fluid; IRF, intraretinal fluid. *P < 0.05.
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BMO-MRW

Within normal limits ~ Borderline  Outside normal limits
Global 75 (100%) 0 0
Temporal 73(97.33%) 2 (2.67%) 0
Superotemporal 74 (98.67%) 1(1.33%) 0
Inferotemporal 74 (98.67%) 1(1.33%) 0
Nasal 75 (100%) 0 0
Superonasal 75 (100%) 0 0
Inferonasal 75 (100%) 0 0

BMO-MRW, Bruch’s membrane opening-minimum rim width; RNFL, retinal nerve fiber layer.

Within normal limits

73 (97.33%)
75 (100%)
73 (97.33%)
73 (97.33%)
56 (74.67%)
72 (96.00%)
67 (89.33%)

RNFL

Borderline

2(2.67%)
0
2(2.67%)
0
6(8.00%)
2(2.67%)
6(8.00%)

Outside normal limits

0
0
0
2(2.67%)
13(17.33%)
1 (1.33%)
2(2.67%)
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Characteristics (mean & SD)

Age (years)*

Gender, male/female®
Spherical equivalent (O
Axial length (mm)*

MD (3

PSD (3

Low myopia (n = 24)

30.50 +9.43
3721
-1.61+057
24.03+0.88
-1.36+1.36
1.36 £0.29

Moderate myopia (n =

3345+ 12.16
12/21
—4.26 +0.86
25.25 £ 0.90
-120+£1.39
1514048

33) High myopia (n = 18)

27.50 +6.33
/12
—7.26+1.32
26.11+£0.93
-1.72+1.03
152 +0.27

p-value

0.12
0.12
<0.01
<0.01
0.39
011

Low myopia: SE > —3D; moderate myopia: 60 < SE < ~3D; high myopia group: SE < —6D. MD, mean deviation of visual feld; PSD, patter SD of visual fiea; SD, standard deviation.
AKruskal-Wallis test. ®Chi-square test. ¢One-way ANOVA.
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Al groups Low myopic Middle myopic Highmyopic  p-value®  Axial length Spherical equivalent

(=15 group (1=24)  group(1=33)  group (n =18)
r o pvalie  r p-value
Global 369.75 + 61.05 368.67 + 63.64 367.76 £ 57.72 374.83 + 66.59 0.99 0.20 0.08° 0.64°
Temporal 265935550  269.13+5687 2500345598 274335502 052 022 005 054
Superotemporal 367.31 + 73.80 365.96 + 68.26 362.06 + 75.06 378.72 +81.28 0.84 0.19 0.10° 0.50°
Inferotemporal  396.67 £73.94  4O7.79£6868  884.46+7155  404.2285.18 044 017 045° o078
Nasal 404207198  89588+8083 410276442 404177549 069 017 0440 062¢
Superonasal 423497461  42108+£60.92  42570£7405  422.67 8530 083 049  0.40° 0.60°
Inferonasal 430257091 4206346881 4259446601 439008462 084 014 0240 033°

BMO-MRW, Bruch’s membrane opening-minimum rim width (umy). @Kruskal-Wallis test. ®Pearson correlation analysis. ©Spearman correlation analysis.
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All groups (n = Low myopic Middle myopic Highmyopic ~ p-value®  Axiallength  Spherical equivalent

75) group (n = 24) group (n = 33) group (n = 18)
r p-value r p-value

Global 109.25 % 9.20 11.42:£752 106.67 % 9.87 11111 £9.22 021 009 044 005 0.70°
Temporal 94.49 + 22,48 90.63 + 1451 93.76 + 25.77 101.00 = 24.44 030 033 <001° 022 0.06°
Superotemporal 153052345 155294 19.06 147.79£2560  150.72 + 28,52 028 <001°  -008 052°
Inferotemporal 173.44 % 24.41 17833+ 17.29 169.00+£21.72 17506+ 3503 0.19 03%° 014 0.24°
Nasal 73.43 £ 1429 76.42 £8.53 71.70 + 16.63 7261+ 15.85 0.40 0.37° 0.21 0.08°
Superonasal 1311942924 138.13£29.61 126423067 13067 %2555 041 046° 015 0.19°
inferonasal 11197 +23.72 11800  23.99 109912583  107.72% 19.57 0.43 <001 015 0.20°

RNFL, retinal nerve fiber layer (jum). ®Kruskal-Walls test. ®Pearson correlation analysis. °Spearman correlation analysis.
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Stages of DR and eGFR  Stages of DR and UACR

r p-value r p-value
Subgroup-analysis
With high myopia 0338 <0.001* 0.304 <0.001*
With cataract surgery 0.214 0.048" 0415 0010*
With both 0263 <0.001* 0019 <0.001*
With neither 0366 <0.001* 0521 <0.001*
Partial relation
Adjust both* 0374 <0.001* 0531 <0.001*

CKD, Chronic kidney disease; UACR, Urinary protein; DR, Diabetic retinopathy.
*#Adjusted by high myopia and cataract surgery.
“Statistically significant difference at p < 0.05.
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Material

Total diameter (mim)
Optic diameter (mm)
Haptics style
Angulation

Closed-C loop

Hydrophilic
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o
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Closed C-loop
(n=25)

*Age (years, mean + SD)  63.84 + 15.02

TAL (mm, mean % SD) 23,68 +0.88
*Eye (ight/left) 13/12
*Gender (male/female) 817

AL, axial length.

“x? test.

1 Kruskal-Wallis H test.

C-loop
(n=24)

68.08 +
9.36

2373
0.94

12/12
113

Plate
(=19

63.47 +
6.18

2351+
0.70

9/10
109

0.17

0.75

0.37
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Closed C-loop
C-loop (n=24)

(n=25)
Decentration (mm, mean & SD) 0.19£0.12 0.22+0.13
Tilt (degree, mean = SD) 5521.74° 628+ 183
“ANOVA.

Kruskal-Wallis H test.

1000
007"

Closed
C-loop
(n=25)

0.19£0.12
552+ 1.74°

Plate
(n=19)

0.12 £ 0.06
4.96 +0.89°

P

o100
020"

C-loop Plate
(h=24) (=19

022+0.13 0.12+0.06
6.28 £1.83° 4.96+0.89°

0.02*
t
0.01
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Variables Univariate

Multivariate

OR (95% Cl) p-value OR (95% Cl) p-value
Maximum width of FIPED 1.002 (1.000-1.008) <0.001" 1.002 (1.000-1.008) 0.005"
Subfoveal RPE thickness 1.082 (1.020-1.148) 0.009" 1.087 (0.999-1.182) 0.054
Maximum RPE thickness of FIPED 1.098 (1.044-1.156) <0.001" 1.056 (1.005-1.109) 0031
RPE aggregations of FIPED area 14.444 (4.020-51.904) <0.001" 7.922 (1.346-46.623) 0022
Haler's layer thickness under FIPED 1.006 (1.000-1.003) 0,056 1.002 (0.094-0.010) 0595

FIPED, flat irregular pigment epithelial detachment; CSC, central serous chorioretinopathy; RPE, retinal pigment epithelium. *P < 0.05.
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Avascular FIPED

(55 eyes)
Subfoveal RPE 263£66
thickness, um

Maximum RPE 31583
thickness of FIPED,

wm

RPE aggregations of 30 (54.5)
FIPED area, eyes (%)

SFCT, um 4130+ 1123
Choriocapilaris layer 53.0%26.7
thickness under

FIPED, pm

Haller's layer thickness ~ 307.8 % 93.2
under FIPED, um

Vascularized FIPED
(32 eyes)

334 £153

46.3 £20.5

52(94.5)

415.0 + 1236

555+38.4

36156 +£95.3

p-value

0.004"

<0.001"

<0.001"

0.938
0.742

0.050

FIPED, flatirregular pigment epithelal detechment; CSC, central serous chorioretinopathy;
RPE, retinal pigment epithelium; SFCT, subfoveal choroidal thickness. *P < 0.05.
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Variables FLACS CPS P
Age 68.2+7.7 68.3 £ 6.5 0.80
Gender, male, n (%) 12 (46%) 11 (42%) 0.78
LOCS Il NO score 3.0+0.73 3.1+0.85 0.65
AL 23.8 £ 1.1 285407 0.24
IOP 13.4+ 34 139+ 3.0 0.60
Phacoemulsification time 30.2 +£20.2 43.4 £19.5 0.04*
Phacoemulsification energy 135+6.4 271.0+78 <0.01*
SFCT baseline 185.2 £ 75.8 177.5 £ 69.9 0.70
FRT baseline 205.0+22.4 19554263 0.25
Aqueous flare

Preoperative 55419 50+14 026
Postoperative

1 Day 16.5+ 3.8 2174082 0.03*
7 Days 95+16 1224122 <0.01*
1 Month 6.6+1.4 8.1+1.3 <0.01*
3 Months 52+16 5.1 1.8 0.88

FLACS, femtosecond laser-assisted cataract surgery;

CPS, conventional

phacoemulsification surgery; AL, axial length; SFCT, subfoveal choroidal thickness;

FRT, foveal retinal thickness.

*p-value < 0.05.
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10L Master700 As-OCT

Mean of difference (95%LoA)

Coefficient (r) P-value
Vault 0.58 £0.17 059+0.18 0.00 (-0.08 to 0.08) 0.971 <0.001
c-icL 238+0.18 240+0.19 —0.02 (~0.14 0 0.11) 0.944 <0.001
ACD 3224022 324£0.22 —0.02 (~0.13 10 0.10) 0.963 <0.001
Pearson (r), Pearson correlation coefficient; LoA, limit of agreement.
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IOLMaster700 As-0CT T p-value

Vault (mm) 0.58 £0.17 0.59 £0.18 —0.453 0.652
C-ICL (mm) 2.38+0.18 2.40+£0.19 —2.574 0.121
ACD (mm) 3224022 3244022 —2.675 0.091
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icc 95%lower

95%upper p-value
Vault 0.996 0.993 0.998 <0.001

cilcL 0995 0.991 0.998 <0.001

ACD 0997 0.995

0.999 <0.001
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Time

Onset

Recovery

Max OD
Mean OD
Max OD
Mean OD

MPOD value

0.241 £0.045
0.094 £0.018
0.270 £0.048
0.104 £0.018

Visual acuity (logMAR)

0.122 £ 0.180

—0.0356 £0.122

—0.771
—0.813
—0.630
—0.451

0.015
0.008
0.069
0.224
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Characteristics Acute CSC cases Control P-value

Number 54 62

Sex (Male/Female) 44/10 50/12 0.920
Age (Mean + SD)(Range) 45.11 4+ 6.28 (28-56) 46.61 £8.94 (27-62) 0.304
BMI (Mean + SD) 22.93 +2.44 22.83 +£2.43 0.820
Smoking status (Yes/No) 32/22 40/22 0.560
Serum L (ng/ml) 409.80 + 182.52 393.38 + 202.44 0.649
Serum Z (ng/ml) 22.97 £12.23 22.16 £ 10.12 0.698

BMI, body mass index; L, lutein; Z, zeaxanthin.
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FLACS CPS

r P F P
Age —-0.13 0.58 —0.34 0.14
AL 0.16 0.49 —0.10 0.66
Preoperative IOP —-0.14 0.55 —-0.13 0.59
Preoperative flare —-0.34 0.14 0.14 0.56
Phacoemulsification time —0.15 0.53 0.21 0.37
Phacoemulsification energy 0.09 0.70 0.03 0.90
Change in IOP -0.13 0.59 0.1 0.63
Change in flare 0.35 0.13 —-0.17 0.46

FLACS, femtosecond laser-assisted cataract surgery; CPS, conventional
phacoemulsification surgery; AL, axial length.
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Section

Whole

Whole capillary

Inside disc

Inside disc capillary
Peripapillary
Peripapillary capillary
-Superior hemi
-Superior hemi capillary
-Inferior hemi

-Inferior hemi capillary
-Nasal superior
-Nasal inferior
-Inferior nasal

-Inferior temporal
-Temporal superior
-Temporal inferior
-Superior temporal
-Superior nasal

Vascular density (%)

58.04 + 2.73 (48.34 - 68.71
51.02 + 2.69 (41.94 - 61.61
65.41 +4.10 (49.79 - 77.84
56.69 + 4.95 (41.02 - 70.72
59.68 + 3.08 (50.86 —71.08
52.568 + 3.14 (43.18 - 64.23
60.00 + 3.20 (50.25 - 72.14
59.33 + 3.16 (50.84 - 70.77
52.62 + 3.37 (42.96 - 65.25
52.53 + 3.28 (42.52 - 64.39
48.73 + 4.05 (34.00 - 61.40
47.90 + 4.47 (31.10 - 62.94
50.13 + 4.27 (36.10 - 64.38
5717 + 4.51 (44.91 -72.28
56.65 + 4.40 (43.97 - 71.58
57.72 + 3.96 (45.53 - 70.92
556.561 + 4.36 (41.11 - 67.50

(

49.80 £ 4.61 (31.50 - 66.79

)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
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Parameters

FAZ area

FAZ perimeter

FAZ acircularity index
FD-300 area density
FD-300 length density

Mean =+ SD (range)

0.28 £ 0.10 (0.04 - 0.59)

2.02 +£0.38 (0.76 - 3.08)

1.12 £ 0.06 (0.97 - 1.31)
58.43 + 4.17 (42.82 - 72.56)
13.93+1.10(8.92 - 17.05)
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Section SCP ICP DCP

Whole retina 52.86 + 3.08 48.25 + 4.24 53.30 £ 6.43
(44.32 - 61.11) (34.91 - 62.11) (35.95 - 71.14)
Superior-hemi 53.19 + 3.11 49.00 + 4.37 52.82 £ 6.27
(45.33 - 61.79) (35.90 - 62.63) (35.85 - 71.95)
Inferior-hemi 52.50 + 3.18 4747 £4.32 53.78 £ 6.85
(42.11-61.32) (33.78 - 61.54) (86.05 - 70.70)
Fovea 23.90 + 6.93 40.23 £ 7.60 33.52 £ 8.57
(4.93 - 47.52) (18.50 - 62.70) (11.04 - 63.84)
Parafovea 55.82 + 3.64 51.15 £ 3.70 53.58 + 6.40
(41.39 - 66.59) (38.98 - 62.80) (36.92 - 73.50)
-Superior-hemi 56.21 + 3.63 51.45 + 3. 84 53.26 + 5. 88
(43.29 - 67.85) (38.96 - 63.89) (88.07 - 73.54)
-Inferior-hemi 55.43 + 3.90 50.85 + 3.75 53.91 £ 7.19
(39.24 - 66.8) (37.48 - 61.85) (35.78 - 74.84)
“Temporal 55.80 + 3.63 52.62 + 3.89 53.79 £ 6.57
(41.88 - 68.35) (37.82 - 66.10) (34.94 - 74.92)
-Superior 56.73 + 4.01 50.12 + 4.13 52.85 + 5.96
(39.47 - 68.53) (35.77 - 62.15) (36.78 - 72.96)
-Nasal 55.02 + 3.91 52.37 + 3.83 53.81 + 6.66
(38.82 —67.96) (38.83 - 65.56) (37.67 - 76.36)
-Inferior 55.62 + 4.33 49.49 £ 4.15 53.80 + 7.65
(40.35 - 66.89) (37.33 - 61.24) (35.88 - 75.26)
Perifovea 53.58 + 3.20 48.95 + 4.49 54.13 £ 6.87
(43.65 — 62.36) (34.92 - 64.34) (35.92 - 74.81)
-Superior-hemi 53.89 + 3.20 49.70 £ 4.52 53.33 + 6.54
(45.40 - 62.84) (36.35 - 65.22) (35.51 - 75.23)
-Inferior-hemi 53.26 + 3.36 4819 £ 4.70 54.94 + 7.57
(41.85 - 62.44) (32.67 - 63.46) (36.33 - 74.39)
“Temporal 49.54 +3.30 50.59 + 3.84 55.05 + 6.46
(37.81 - 59.49) (37.81-63.78) (37.81-74.16)
-Superior 54.00 + 3.37 49.54 + 4.96 53.21 £ 6.79
(44.38 - 63.78) (32.04 - 66.44) (36.39 - 74.74)
-Nasal 57.45 + 3.54 4815+ 5.21 52.77 £ 7.60
(46.36 — 69.46) (33.75 - 64.33) (34.12 - 76.93)
-Inferior 53.39 + 3.64 47.48 £5.25 55.48 £ 8.10
(41.35 - 63.42) (31.28 - 62.78) (36.19 - 74.34)

cC

72.96 + 4.42
(55.34 - 87.31)
73.22 £ 450
(54.62 - 88.41)
72.69 + 4.47
(56.08 — 86.22)
75.70 £ 5.19
(51.47 - 92.40)
70.31 £ 5.11
(52.07 - 84.34)
70.00 + 5.26
(50.56 — 83.55)
70.61 £5.16
(53.59 — 85.14)
72.07 £5.23
(53.70 — 87.08)
52.85 + 5.50
(51.16 - 83.32)
70.87 £ 5.44
(51.38 - 86.18)
69.70 + 5.51
(50.46 — 85.64)
73.64 £ 453
(55.46 - 88.27)
73.68 + 4.58
(54.74 - 88.76)
73.59 + 4.60
(56.19 - 87.79)
74.94 + 4.69
(57.32 - 89.49)
73.53 £ 4.79
(54.42 - 89.98)
72.58 £ 4.39
(55.09 - 85.60)
73.47 £4.92
(55.02 — 87.93)

P-value

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

SCR superficial capillary plexus; ICF, intermediate capillary plexus;, DCR, deep capillary plexus; CC, choriocapillaris.
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Parameters Correlation P-value

SCP - ICP 0.394** 0.000
DCP —0.446 0.000

CC —0.122* 0.001

Whole disc 0.280** 0.000

Inside disc 0.186** 0.000

Peripapillary 0.218% 0.000

ICP - DCP —0.628" 0.000
CC 0.057 0.114

Whole disc 0.087* 0.015

Inside disc 0.187** 0.000

Peripapillary 0.040 0.265

DCP - CC 0.075* 0.037
Whole disc —0.117* 0.001

Inside disc —0.151* 0.000

Peripapillary —-0.017 0.636

CC - Whole disc —0.070 0.050
Inside disc 0.040 0.270

Peripapillary —0.020 0.571

Whole disc - Inside disc 0.371* 0.000
Peripapillary 0.910* 0.000

Inside disc- Peripapillary 0.216™ 0.000

VD, vascular density; SCP, superficial capillary plexus; ICP, intermediate capillary
plexus; DCR, deep capillary plexus; CC, choriocapillaris. *P < 0.05 and **P < 0.01.
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Dependent variable SCP ICP DCP cC FAZ area FD-300

B P B P B P B P B P B P
Constant 35.751 0.000 19.534 0.000 70.379 0.000 62.434 0.000 0.873**  0.000 49.927*  0.000
Gender 0.144 0.361 0.455 0.082 0.609 0.077 0.068 0.727 0.023**  0.004 0.503 0.073
Age 0.001 0.999 0.081 0.232 —0.138 0.12 0.073 0.143 0.003 0.118 0.002 0.98
AL 0.070 0.521 —0.243 0177 0.947**  0.000 0.401*  0.003 —0.028"  0.000 —0.134 0.487
SER —0.088 0.200 —0.163 0.152 0.025 0.869 —0.079 0.352 —0.002 0.567 —-0.116 0.342
SSl 0.192**  0.000 0.421**  0.000 —0.579"  0.000 —0.056"  0.002 0.001 0.174 0.156**  0.000
CFT 0.345 0.082 0.243 0.461 0.152 0.726 —0.198 0.417 0.010 0.328 0.415 0.239
CFV —439.07 0.081 —301.89 0.469 —191.64 0.727 259.389 0.401 —12.539 0.313 —-537.68 0.228
Dependent variable Inside disc Peripapillary

B P B P

Constant 44.46 0.000 63.375 0.000
Gender 0.398* 0.044 0.468** 0.003
Age 0.116* 0.029 —0.032 0.458
AL 0.173 0.202 —0.279** 0.01
SER —0.216* 0.014 0.106 0.132
SSl 0.146** 0.000 —0.027** 0.009
Disc area 0.001 0.845 0.013* 0.011
TS 0.687** 0.001 0.923** 0.000

B, Unstandarized beta; *P < 0.05 and **P < 0.01 were marked as red color. SCP, superficial capillary plexus; ICF, intermediate capillary plexus; DCR, deep capillary plexus;
CC, choriocapillaris. AL, axial length; SER, spherical equivalent refraction; SSI, signal strength index; CFT, central foveal thickness; CFV, central foveal volume.
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Parameters

Age (year)

Gender (boys: girls)

Axial length (mm)

SER (D)

Astigmatism (D)

Macular SSI

Overall quality index of macula
Disc SSI

Overall quality index of disc

Disc area (mm?)

Mean =+ standard deviation

9.84 +1.98
375: 401
24.50 + 0.96
—2.16 + 1.44
—0.51 £ 0.54
71.86 +5.43
8.34 4+ 0.60
74.89 +7.53
8.56 £+ 0.60
241.16 £ 18.02
0.19 4 0.01
89.77 + 13.34
2.2540.46

Range

6-16
21.73 - 28.61
—6.00-0.00
—3.50-0.00
55.78 - 86.49

7.00-9.00
56.01 -91.12
7.00-10.00

187.80 - 378.20

0.15-0.30

41.10-164.40

1.00 -4.60

VD, vascular density; SSI, signal strength index; SCP: superficial capillary plexus;
ICP: intermediate capillary plexus; DCP: deep capillary plexus; CC: choriocapillaris;
CFT: central foveal thickness; CFV: central foveal volume; TS, total thickness of
never fiber; SER, spherical equivalent refraction.
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Parameters

Age 26.03  4.05 (19 10 36)
Sex (fernale, male) 24/19

Manifest refractive sphere(D) —10.41 £ 817 (~4.75 0 —19.5)
Manifest refractive cylinder(D) —1.98+1.34 (010 -56.5)
Axial length (mim) 28,01 1.71 (24.89 0 31.98)
TICL/ICL (n) 58/29

Follow-up (months) 5.04 = 5.20 (range 1-13 months)

D, diopter; n, number; mm, millimeter.
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Characteristics

Age (Mean = SD, years)
Gender

Male, n (%)

Female, n (%)

8D, Standard deviation.

Cataract
(N =81 persons, 81 eyes)

615+ 10.6

43(53.1)
38(46.9)
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10L Model Implantations (n) Eyes (%)

Alcon Acrysof SABOAT 13 18.57
Alcon Acrysof MAGOMA* 21 30

Alcon Acrysof SNEOWF 17 2429
Rayner Superflex 920H" 5 744
Rayner M-flex 630F 2 2.86
AMO Tecnis ZCBOO 11 16.74
Alcon Acrysof SNEOAT 1 1.43

0L, intraoculer fens. *Including 10 I0Ls with negative power and 1 with zero power.
*including 1 IOL with negative power.
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All groups

Parameter n=10
Age (years) 56.21 & 12.02
AL (mm) 29.86 +1.59
Implanted IOL power (D) 6.24£557
K1 (D) 42.29 + 1.96
K2 (D) 43.66+2.24
ACD (mm) 350 0.44

Group A
n=24

56.83 + 13.30
28.48 +£0.28
9.94 £297
41.82+1.24
42.80 + 1.62
3.49 £0.36

Group B
n=31

54.30 + 12.51
20.68 £ 0.47
6.45 + 4.42
42.50 + 2.46
43.94 +2.64
3.59 £ 0.52

Group C
n=15

55.93 + 8.07
8248+ 1.24
-0.13+£5.32
4261+ 154
44.42 £1.76
3.33 £0.30

P

0.88
<0.001*
<0.001*

035

0.06

0.16

AL, axial length; K1, horizontal corneal power; K2, vertical corneal power; ACD, anterior chamber depth (measured from corneal epithelium to lens); IOL, intraocular lens; D, diopter;
‘mm, millimetre. Group A: 28.00mm < AL < 29.00 mm; Group B: 29.00mm < AL <31.00 mm; Group C: AL = 31.00mm. *P < 0.05, Significant difference between each groups.
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Device Pairings

AL (mm)
COT (um)
AQD (mm)
ACD (mm)
Km (D)

Jo (O)

Jas (D)
D (mm)

Mean + SD

-0.08 +0.03
10.80 = 5.41
0.01+0.04
0.03 £0.04
-0.19+0.14
0.01£0.10
—0.01 +£0.08
-0.20+0.15

P Value

< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
0.242
0.302
< 0.001

95% LoA

—0.09 t0 0.02
0.181t0 21.41
-0.07 10 0.10
—~0.061t00.11
—0.48t0 0.09
-0.18100.20
-0.17t00.15
-0.50t0 0.09

AL, axial length; CCT, central comeal thickness; AQD, aqueous depth; ACD, anterior
chamber depth; Km, mean keratometry; CD, corneal diameter; SD, standard deviation.





OPS/images/fmed-09-861745/inline_4.gif
1336/ L-K
140.012(1.336/ L- K)






OPS/images/fmed-09-861745/inline_3.gif





OPS/images/fmed-09-862195/fmed-09-862195-t004.jpg
Parameter z P Parameter z P

Tris VAD Iris VSD
Intercept 022 0826 Intercept 023 0814
Day 1 -327 0001 Dayl -19 0057
Day7 033 0741  Day7 —081 0415
Day 30 111 0268 Day30 0.08 0938
Group —039 0697 Group ~037 0707
SE 053 0599 SE 027 0.790
PD 321 0001 PD 368 <0001
AL 05 0618 AL 052 0.600
Suction time 015 0879 Suction time 056 0575
10p —0.86 0389 I0P ~077 0439
Superficial plexus VAD Superficial plexus VSD

Intercept 1038 <0001 Intercept 135 <0.001
Day 1 —854 <0001 Dayl -751 <0001
Day7 —569 <0001 Day? —605 <0001
Day 30 —402 <0001 Day30 —417 <0001
Day 90 —402 <0001 Day9 —411 <0.001
Group o011 0914 Group —0.01 0.989
SE —443 0006 SE ~346 0.007
PD —075 0451 PD ~0.48 0.629
AL ~285 0034 AL ~164 0.049
Suctiontime  —101 0311 Suctiontime  —0.49 0621
10p —025 0804 IOP —047 0638
Deep plexus VAD Deep plexus VSD

Intercept 9 <0001 Intercept 1092 <0001
Day 1 ~7.68 <0001 Dayl -532 <0001
Day7 -6 <0001  Day7 —543 <0001
Day 30 —268 0007 Day30 ~186 0.062
Day 90 -279 0005 Day90 -193 0053
Group 029 0768 Group 041 0.683
SE 041 0681 SE 0.44 0.656
PD —095 0312 PD ~037 0.709
AL —0.89 0374 AL 005 0.961
Suction time  —4.64 0002  Suctiontime  —4.18 0013
10p —033 0737 10P —071 0.480

Dependent Variable: Iris VAD and VSD, retinal superficial plexus VAD and VSD, deep
plexus VAD and VSD. Model: (Intercept), time, group, SE, PD, AL, suction time, IOP.
(Parameters like CCT, sex, and age failed to reach statistically significant P-value and
weren't shown here) FS-LASIK was st o zero as the control group and SMILE was set
tol.
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Time

Pre-operatively

Post-1 day

Post-7 days

Post-30 days

Post-90 days

FS-LASIK, femtosecond laser in situ ke

Group

Overall subjects
ES-LASIK
SMILE

Overall subjects
FS-LASIK
SMILE

Overall subjects
ES-LASIK
SMILE

Overall subjects
ES-LASIK
SMILE

Overall subjects
ES-LASIK
SMILE

tomil

Iris VAD

0231 0,064
0243 0,058
0222 0,062
0.196 0,058
023140071
0.193 0,054
0211 0,063
0214 0,049
0207 # 0.060
0204 0,071
02130072
0.194 2 0,079
/

Iris VSD

0.152 4 0034
0.154 % 0.041
0.151 % 0,028
0.144 £ 0033
0152 4 0032
0.133 4 0032
0.143 % 0,029
0.150 % 0.031
0.140 £ 0,033
0.134 % 0,041
0.138 % 0,027
0132 0038

Superficial
plexus
VAD

05180022
05120023
05240022
0.493 0034
05030016
0483 £ 0032
0.498 0022
0502 0.020
0496 4 0.032
0510 0.021
0509 0.022
05110020

05130022
0.498 4 0.021
05140022

Superficial
plexus
VSD

0.132 £ 0001
0.132 £ 0.001
0.131 0001
0.130 £ 0,001
0.130 £ 0.001
0.131 £ 0.001
0.132 £ 0001
0.130 £ 0.001
0.132 4 0.001
0.130  0.001
0.132 0001
0.130 0001
0.1324 0,001
0.132 £ 0.001
0.133 £ 0.001

ssel area density; VSD, vessel sk

Deep
plexus
VAD

0478 £ 0023
0474 £ 0018
0.483 0022
0.464 0,024
0463 £ 0014
0458 £ 0019
0.463 0022
0462 £ 0018
0459 #0024
0470 £ 0018
0469 £ 0.017
0.470 £ 0022
0470 £ 0022
0462 £ 0019
0472+ 0012

ton densit

Deep
plexus
VSD

0.132 0,001
0.132 0,001
0.131 0,001
0.132 0,001
0.132 4 0,001
0.131 0,001
0.132 0,001
0.132 0,001
0.132 4 0.001
0.131 0,001
0.132 0,001
0.131 0,001
0.132 0,001
0.130 4 0.001
0.132 0,001
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Before adjusting mean PE After adjusting mean PE to zero

Formula ~ MeanPE+SD(D) Range(D) MAE+SD,MedAE(D) pi  MAE£SD,MedAE(D)  p2 The proportions of the
eyes with PE within £
0.50 D and = 1.00 D (%)

#+0.50D #+1.00D
Haigis 006+ 1.31 —-2.69,2.45 1.05 +0.79, 0.86 0.485 1.05 £ 1.02,0.75 0.49 343 62.9
Hoffer Q 0.42 £1.34" -2.30,2.70 1.16 £0.80, 1.20 1.07 £ 1.00, 0.90 314 4.3
Holladay 1 0.66 + 1.29" -193,291 1.20 +0.81, 1.00 1.02 £+ 1.08,0.73 37.1 64.3
SRK/T 021£1.30 -228,2.73 1.01£0.79,0.86 1.10 £ 1.00, 0.84 314 61.4
T2 0.04 £1.33 —2.67,2.68 1.06 +0.85,0.81 1.10+£0.97,0.89 30.0 62.9
Barrett -0.08 + 1.33 -272,2.15 1.09+0.76,0.88 1.08 £ 1.06, 0.71 329 60.0

ULIB, The User Group for Laser Interference Biometry; MAE, mean absolute error; MedAE, median absolute error; PE, predictive error; D, dioptre. *Significantly different from the mean
PE of zero (o < 0.05). p1, p-value of the MedAE by Friedman test among all formules. p2, MedAE by Friedman test among all formulas after adjusting mean PE to zero.
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Parameters

COT (um)
Mean  SD
Range
Anterior K (D)
Mean  SD
Range
Anterior K (D)
Mean  SD
Range

Real K; (D)
Mean  SD
Range

Real K (D)
Mean  SD
Range

ACD (mm)
Mean  SD
Range

AQD (mm)
Mean  SD
Range

LT (mm)
Mean  SD
Range

CASIA2

530.96 + 34.25
452-644

43.53 +1.59
39.80-47.10

44.30 + 1.66
40.10-47.70

42.46 +1.57
38.80-46.10

43.26 + 1.62
39.30-46.60

336404
2.18-4.13

283404
1.65-3.78

4.38 £0.54
3.23-5.67

IOLMaster 700

545.78 + 34.40
458-640

43.45 +1.61
39.85-47.00

4431 £1.67
40.09-47.98

43.45 & 1.61
39.85-47.00

4431 £1.67
40.09-47.89

3.23£0.39
2.07-42

2.68+0.39
1.52-3.66

4.36 £0.52
3.24-5.67

Mean diff + SD

—-1481£7.78

0.09 +0.20

-0.02+0.23

-0.99+0.25

-1.06 +£0.29

0.13+0.06

0.15 £ 0.06

0.02 £0.04

P-value

P <0.001

P <0.001

P =0.483

P <0.001

P <0.001

P <0.001

P < 0.001

P <0.001

ICC, P-value

0.892, P < 0.001

0.991, P < 0.001

0.991, P < 0.001

0.827, P < 0.001

0.817, P < 0.001

0.937, P < 0.001

0.926, P < 0.001

0.997, P < 0.001

K, keratometry; ACD, anterior chamber depth; AQD, aqueous depth; LT, lens thickness; CCT, central corneal thickness; D, diopter; mm, milimeter; wm, micron; SD, standard deviation;
diff, difference; ICC, intraclass coefficient.
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Before adjusting Mean PE After adjusting Mean PE to zero

Formula MeanPE+SD (D) Range (D) MAE +SD,MedAE(D)  p1 pP’  MAE£SD,MedAE(D) p2  The proportions of the
eyes with PE within +
0.50 D and  1.00 D (%)

=+ 0.50D #+ 1.00D
Haigis 0.19 £ 1.49 -5.94,3.62 1.06 £ 1.02,0.79 <0.001 1.06 £ 1.02,0.76 0.49 343 62.9
Hoffer @ 0.72 +1.46 —5.05,3.50 1.29 + 1.08, 1.00" 0.003" 1.07 % 1.00, 0.90 31.4 64.3
Holladay 1 0.80 + 1.45* —5.56,3.53 129+ 1.08, 1.02" 0.008" 1.02 +£1.03,0.73 37.1 64.3
SRK/T 043+ 151 —5.60,3.04 1.13 £ 1.00,1.07 1.000 1.10 £ 1.00,0.84 31.4 61.4
T2 0.28 +1.48" —5.35, 2.87 1.124£0.98, 0.96 1.000 1.10£0.97,0.89 30.0 62.9
Barrett -0.23+ 1.63 —7.06,2.68 1.10 £ 1.08, 0.86 1.000 1.08 + 1.06,0.71 329 60.0

ULIB, The User Group for Laser Interference Biometry; MAE, mean absolute error; MedAE, median absolute error; PE, predictive error; D, dioptre. *Significantly different from the mean
PE of zero (p < 0.05). p1, p-value of the MedAE by Friedman test among all formulas. p1", adfusted p-value by Bonferroni correction with the MedAE of each formula with that of the
Haigis. p2, p-value of the MedAE by Friedman test among all formulas after adjusting mean PE to zero. T Significantly different from the MedAE of Haigis (o < 0.05).
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R with A R with F A with F

Avg. of diff. o011 031 021
95% LoA -1.20-1.41 -1.87-2.00 -0.90-1.31
Data points beyond the consistency it 2.78% (2/72) 2.78% (2/72) 6.94% (5/72)
Absolute value of the maximum in the consistency limit 113 1.78 1.16

R, spherical equivalent refractive velues obteined by retinoscopy; A, spherical equivalent refractive values obtained by automatic refractometer; ; refractive values calculated according
to the vergence formula. diif., difference; LoA, limits of agreement.
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F
diff. Rvs. A
iff. R vs. F
diff. Avs. F
abs.diff. Rvs. A
abs.diff. Rvs. F
abs.diff. Avs. F

diff, difference; abs.diff., the absolute difference; Min, minimal; Max, maximal; Cl, confidence interval: N, number of eyes measured.

N

2
72
72
72
72
e
72
72
72

Mean

13.01
12.90
12.70
0.11
031
0.21
0.44
0.64
0.46

SD

3.27
3.23
3.40
0.67
0.88
0.66
0.51
0.65
0.38

Min

6.38
6.50
5.34
-0.88
-1.32
-1.54
0.01
0.01
001

20.25

2025

20.30
326
3.95
ki
325
3.96
177

95% ClI

12.28-13.72
12.18-13.63
11.92-13.45
-0.04-0.27
0.14-0.52
0.08-0.34
0.34-0.57
0.51-0.80
0.38-0.55
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Age at surgery

Mean  SD,(Range)

Follow-up interval

Mean = SD, (Range)

Gender (female/male)

No. of eyes included

Causes of aphakia

Congenital cataract

Persistent hyperplastic primary vitreous
Retinal detachment

Familial exudative vitreoretinopathy
Retinopathy of prematurity
Retinoblastorna

Congenital retinoschisis

Lens dislocation(Hyperhomocysteiernia)
Ocular toxocariasis

Maijor associated signs and symptoms

Nystagmus
Microphthalmia

Iris colobomna

Biometry measurement
Keratometry

Mean + SD, (Range)
Axial length

Mean  SD, (Range)

8D, standard deviation.

(Months)
21.75 £ 33.31, (2-114)
(Months)

59.21  85.27 (1-151)
22125
72
No. of eyes (% in the cohort)
54 (75%)

7 (9.3%)

4(5.6%)

1(1.4%)

1(1.4%)

1(1.4%)

2(2.8%)

1(1.4%)

1(1.4%)

No. of eyes (% in the cohort)
38 (52.8%)

18 (25%)

10 (13.9%)

(D as Average of K1 and K2)
44.97  2.72, (40.25-55.00)
(mm)

2239 +2.07, (17.36-27.93)
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51 active CNV
eyes

12 inactive CNV/
eyes

19 atrophy PSD
eyes
92 control group
eyes

63 neovascular
PSD eyes

23PCV eyes
with aneurysmal
polypoidal
lesions

7 POV eyes with
tangled
polypoidal
lesions

Age (years)
58.1 % 11.20

60.0 £ 10.07(t = 0.528,

57.1£16.72

50.4  10.98 (Compared
with atrophy PSD:
P =0026)
58.5  10.94 (Compared
with control group:

p <0.001; Compared
with atrophy PSD:
p=0639)
63.17.59

61.4.+6.35(t = 0.537,
p=059)

SFCT (m)

306.6 & 120.21

331.3  159.35 (¢ = 0.625,
p=0584)

332.0 + 111.00

403.9  125.47(compared
with atrophy PSD:
p=0029)

310.4 + 127.52
(Compared with control
group: p < 0.001;
Compared with atrophy
PSD:p = 051)

281.1 £ 123.33

250.3 + 116.62 (¢ = 0.584,
p=0564)

oV (%)

66.2 + 4.54

688831 (=148,
p=0.144)

67.6 +3.94

68.1 2 5,51 (compared
with atrophy PSD:
p=0684)

66.7  5.47 (Compared
with control group:
p=0.103; Compared with
atrophy PSD: p = 0.527)

67.5+£7.25

68.4 3,57 (t=0.29,
p=0774)

VD (%)
385+ 354

3744186
(t=1.043,
p=0301)

37.5+£3.20

365 +3.60
(t=0742,
p=0.464)

DLSs

18 oyes

5 eyes (Fisher
p=0532)
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Gender
Mean age
Subtypes

16 UCP

eyes (9.29%)

24 PPE eyes
(13.8%)

2PPS eyes
(1.1%)

131 PSD patients (174 eyes)

83 men; 48 women
54.1 % 12.27 years

11FCE eyes (6.3%; oneeye 47 CSCeyes 27 PNV eyes (15.5%; 12 type llia

with nonconforming FCE and (27.0%) eyes, 10 type Il eyes, and five

10 eyes with conforming FCE) type llic eyes)

36 POV eyes
(20.7%)
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Male (number, %)

Age (year, mean = SD)
Pre-Spherical equivalent
(Diopter, mean = SD)
1OP (mmHg, mean # SD)
Mean corneal curvature
(Diopter, mean % SD)
WTW (mm, mean % SD)
Central corneal thickness
(m, mean = SD)

AL (mm, mean % SD)

Surgical methods (SMILE, %)

Signal strength

Suction time (represent case

numbers and percentage of
<108, 10-208, >20S)

Overall
subjects
(79 cases)

22,27.84%
2831721
—5.26 % 1.65

16.06 £2.47
4345+ 138

11.60 £ 037
539.25 + 23.00

2551+ 1.03
52,65.82%
87840.68
4(5.06%), 14
(17.72%), 61
(77.21%)

Subjects
post-1 day
(70 cases,

88.6%)

20,27.78%
28154714
—523%1.72

15.93 £2.44
43.46 £ 142

1161 £039
539.45 £ 22.10

25.49 £ 1.05
47,65.28%
856077
4(5.56%), 12
(16.67%), 56
(77.78%)

herical equivalence; IOP, intraocular pressure; WTW, white to wh

Subjects
post-1 day
vs. baseline
(statistical

value, P)

0.007,0964
0.19%,0.852
0.14,0.886

043, 0.667
0.10%,0.924

10.802
0.07*,0947

0.13%,0897
0.117,0.743
0.51%,0.611
0937, 0.627

Subjects
post-7 days
(77 cases,
97.4%)

21,27.27%
28174724
527+ 1.65

16.15+2.45
4341138

1160 0.37
539.37 £23.16

2551+ 1.04
50,64.94%

8634094

4(5.19%), 14

(18.18%), 59
(76.62%)

Subjects
post-7 days
vs. baseline

(statistical

value, P)

0.507,0.479
0.17%,0.864
0.08°,0.939

031%,0759
0.19%,0.848

0.00°, 1.000
0.04%,0.967

001%,0993
1.07%,0.302
035°,0727
0.617,0738

Subjects

post-30

days (68
cases,

84.8%)

18,26.47%
2853£7.28
—527+1.70

16,07 £2.57
4345 146

11614032
538.64 4 23.44

2553 1.08
44,64.71%
8734084
3(441%),13
(19.12%), 52
(76.47%)

D, pupil diameter; AL, axial length. * Denotes t-test,  Denotes

Subjects
post-30 days
vs. baseline
(statistical
value, P)

0.467,0.497
0.25%,0.804
0.047,0967

0.08%,0935

031%,0.760
0.19%,0.851

0.11%,
0.27%,0.602
033,074
0987, 0.612

913

Subjects
post-90 days
(54 cases,
68.3%)

12,22.22%
2852696
—5.31 % 1.59

15.95 £2.52
43.69 £ 1.36

1157 £032
538.46 £ 23.87

25.47 2094
36,66.67%
895 0.68
2(3.7%), 11
(20.37%), 41
(75.93)

Subjects
post-90 days
vs. baseline
(statistical
value, P)

2.69%,0.101
022%,0.826
—0.247,0.809

031,075
131°,0.195

0.55%,0.584
021°,0833

027°,0.789
005%,0816

—0.03,0.977
133%,0512





OPS/images/fmed-09-861745/fmed-09-861745-t004.jpg
Patient
no.

T IO TMMmMOO®W>»

Retinoscopy (R)

The pupil was too small
The pupil was too small
195
195
1025
10
10
2425
2

Automatic
refractometer (A)

16.13
16.00
Poor fixation
Poor fixation
Pupiliregularity

Poor fixation

Poor fixation
Beyond measuring range
Beyond measuring range

Keratometry

46.63
46.13
46.63
47.13
44.77
46.25
46.13
46.13
46.13

Axial length
(by I0Lmaster)

20.03
20.41
Poor fixation
Poor fixation
23.87
Poor fixation
Poor fixation
16.62
16.80

Axial length (by
type A ultrasonic)

None
None
18.40
18.80
None
23.60
23.70
None
None

Formula (F)

16.18
15.69
19.81
18.60
9.88
921
9.12
24.28
23.84

Diff. RvsF
or AvsF

-0.05
031
-0.31
0.90
037
0.79
0.88
-0.03
216
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Male (number, %)

Age (year, meanck SD)
SE (Diopter, mean = SD)
10P (mmHg, mean  SD)
Mean corneal curvature
(Diopter, mean = SD)
WTW (mm, mean  SD)
CCT (m, mean  SD)
PD (mim, mean = SD)
AL (mm, mean  SD)
Suction time (represent
case numbers and

percentage of <105,

10-208, >208)

WIW, »

SD, standard deviation;

FS-LASIK
(N=27)

6,2222%
28.11£7.58
—598 %178
1621£2.32
4308 1.41

1161 045
53228 2421
686091
25834120
4,14.81%;
14,51.85%;
9,33.33%

SMILE
(N =52)

16,30.77%
2842£7.08
489+ 146
1599 £2.57
43594 1.36

11.60 £ 0.38
543842124
6614080
25304085
0,0.00%;
0,0.00%;
52,100.00%

ce; IOP, intraocular pressure;
T, central corneal thickness; PD, pupil diameter; AL, axial
statistical si

Statistical
value,
P-value

0.65%,0.421

—0.18%,0856
—2.92°

035%,0724
—1.25%,0215

0.14%,0886
~1.95%,0.057
079%,0384
205%, 0045
44.897,
<0.000°

ificance.
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Cornea

Pterygium

Final

Visual
inspection
results

Surgery

Surgery

Observed

Prediction
result

Observed

Observed

Surgery

wp
(mm)

256

267

3.26
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DME (95%Cl) (N/ Total N)

Sensitivity 47.37 (34.18-60.91) (27/57)
Specificity 93.99 (91.65-95.71) (547/562)
PPV 2000 (13.80-27.93) (27/135)
NPV 95.95 (94.19-97.20) (710/740)

CARE, Comprehensive Artificial Inteligence Retinal Expert; DME, diabeic macular edema;
N, number; PPV, positive predictive value; NPV, negative predictive value.
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Threshold (mm) ~ Accuracy ~ Specificity  Sensitivity PR Fi

3 0.8983 0.8831 0.9048 0.8261 0.8636
317 0.9237 0.9351 0.9024 0.8809  0.8916
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Sensitivty
Specificity
PPV
NPV

Any DR (95%C1)
(N/Total N)

75.19 (69.47-80.17) (200/266)
93.99 (91.65-95.71) (547/582)
85.11 (79.76-89.28) (200/235)
89.23 (86.44-91.52) (547/613)

mtmDR (95%Cl)
(N/Total N)

78.97 (73.06-83.90) (184/233)
9252 (90.07-94.41) (569/615)
80.00 (74.12-84.85) (184/230)
92.07 (89.58-94.02) (569/618)

VDR (95%Cl)
(N/Total N)

33.93 (25.41-43.56) (38/112)
97.69 (96.25-98.61) (719/736)
69,00 (55.03-80.48) (38/55)
90.67(88.37-92.56) (719/793)

CARE, Comprehensive Artficial Inteligence Retinal Expert; DR, diabetic retinopathy; mtmDR, more-than-mild diabetic retinopathy; viDR, vision-threatening diabetic retinopathy; N,
number; PPV, positive predictive value; NPV, negative predictive value.
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Subgroup

Age, years

Sex

Men (%)

Wormen (%)

Course of diabetes melitus, years
BMI

BMI, body mass index.

52,00 % 11.51

283 (63.88%)
160 (36.12%)
508501

2452 + 362
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Sub-group N Odds ratio (95% CI) P-value

X = No. PSV
Gender
Female 123 066 (0.56,0.79) <0.0001
Male 65 058 (0.44,0.77) 00002
Age, years
<35 64 0.63(0.46, 0.87) 00045
285, <55 79 0.72(0.59, 0.88) 0.0016
=65 45 067 (0.46,0.97) 00392
AL, mm
<28 70 088 (0.69, 1.11) 0.3497
228, <30 55 0.41(0.25, 0.65) 00002
=30 63 0.75 (0.58, 0.96) 00254
mChT, um
<50 79 0.76 (059, 1.00) 00680
250, <100 49 0.65 (0.48, 0.87) 00045
>100 58 1.01(0.71, 1.43) 0.9754
Giliretinal artery
No 175 0.64 (0.55, 0.75) <0.0001
Yes 13 055 (0.28, 1.31) 0.1758

Odds ratios were derived from multivariate logistic regression analysis and adjusted for
gender, age, AL, mChT, cilloretinal artery, HBR DM, and anti-VEGE. mChT, macular
choroidal thickness; AL, axial length; HBR. high blood pressure; DM, diabetes melitus;
VEGF, vascular endothelial growth factor.
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PSV count Non-adjusted Adjust | Adjust It

OR (95%Cl) P OR (95%Cl) P OR (95%Cl) P
MAM
Total 067 (058, 0.77) <0.0001 090(0.76, 1.07) 02452 090(0.75, 1.07) 02419
Fovea 1.01(058, 1.78) 09683 1.81(0.84,3.91) 0.1318 1.87 (085, 4.07) 0.1175
Parafovea 0.84 (0.66, 1.07) 0.1610 0.99 (0.70, 1.38) 0.9333 1.00(0.71, 1.41) 0.9871
Perifovea 0.64(0.55,0.75) <0.0001 086 (0.71,1.04) 0.1158 0.85 (0.70, 1.03) 0.1028
MT™M
Total 0.69 (0.60, 0.80) <0.0001 093(0.77,1.12) 0.4421 0.94 (0.7, 1.16) 05678
Fovea 0.72 (0,39, 1.35) 03075 095 (0.42,2.14) 0.89% 1.06 (047, 2.40) 0.8935
Parafovea 0.84(0.65, 1.09) 0.1915 092 (0.64, 1.33) 06718 094 (0.64, 1.38) 0.7609
Perifovea 0.68(0.59, 0.79) <0.0001 0.94(0.77, 1.16) 0.5604 095 (0.76, 1.18) 0.6267
MNM
Total 0.64(0.55, 0.74) <0.0001 081 (0.68,0.96) 0.0180 0.78 (0.64, 0.95) 0.0149
Fovea 0.61(0.34,1.09) 0.0962 0.76 0,37, 1.58) 0.4687 0.81(0.37, 1.77) 05992
Parafovea 085 (066, 1.08) 0.1838 094 (068, 1.29) 0.7000 090(063, 127) 05458
Perifovea 0.63(0.53,0.73) <0.0001 081 (0.67,0.97) 0.0256 0.80 (0.65, 0.98) 0.0209

ORS were derived from multivariate logistic regression analysis. Adjust | model adjusted for age, AL, mChT, gender; and cilioretinal artery. Adjust Il model adfusted for age, AL, mChT,
gender, ciloretinal artery, HBR, DM, and anti-VEGF treatment. mChT, macular choroidal thickness; AL, axial length; HBR. high blood pressure, DM, diabetes melltus; VEGF, vascular
endothelial growth factor.
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PSV count Total cohort

Total 7.69+£295
Fovea 029 £051
Parafovea 1.80+1.18
Perifovea 5.51£268

Non-MM

9.47 £2.68
0.29 + 0.49
193+1.27
7.25£260

6.73 £2.66
0.294+0.52
174+ 1.14
471£23

MAM

6.20 +2.72
029+ 054
1.68+1.14
432 £229

MT™M

5924228
0.23 +£0.50
1.64 % 1.12
4.05 £ 2.00

MNM

6.09 £ 2.47
0224044
168+ 1.12
419£223

Pa

<0.001
0.871

0.425
<0.001

Pb

0.794
0.726
0.977
0.742

Pavalue for the difference in variables between the non-M group and MM group. Pb value for the difference in variables among MAM, MTM, and MNM groups. MAM, myopic atrophic
maculopathy; MTM, myopic tractional macuiopathy; MNM, myopic neovascular maculopathy.
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Images
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029.PNG
033.PNG
035.PNG
036.PNG
076.PNG
079.PNG
080.PNG
083.PNG
086.PNG
116.PNG
119.PNG
120.PNG
124PNG
152.PNG

RD

208
204
208
208
208
212
212
212
196
208
196
208
212
216
204

MD

208
204
208
208
208
51

2B YR

145
165
128
162

WP (mm)

oo oo

o

417
3.83
3.26
4.68
391
1.43
113
1.87
137
5.41

CLASS

M=% 2NN NMNNOOO OO

Area (mm?)

oo oo

)

8.95

9.88

9.14

1037
16.27
1.86

172

414

1.65
18.50





OPS/images/fmed-09-958937/fmed-09-958937-t001.jpg
Male/female

Age (years)
Handedness
Duration (years)
Best-cormected VA-L
Best-conrected VA-R
1oP-L

OP-R

OH

9/9
51.18 £5.22
18R
1.12£032
1.00+0.10
1.05£0.15
27.56 + 6.67
o7 8] £ 5839

HC

99
50.36 + 5.42
18R
NA
1.05+0.156
0.95£0.10
15.69 + 4.86
14.7844.39

T-value

NA
0.325
NA
NA
0.989
0.086
12.087
11.637

P-value

>0.99
0.872
>0.99
N/A
0.121
0.127
0.012
0.009
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Variables

No. of eyes
Age, years
AL mm
mChT, wm
Total PSV count
Gender, no (%)
Female
Male
Giliretinal artery
No
Yes
HBP
No
Yes
DM
No
Yes
Anti-VEGF
No
Yes
MAM
MTM
MNM

MAM group

97
48.96 & 14.01
30.12£1.98
44.34 £ 3421
6.20£2.72

68 (70.10%)
29 (29.90%)

92 (04.85%)
5(5.15%)

86(88.66%)
11(11.34%)

86 (88.66%)
11(11.34%)

87 (89.69%)
10(10.31%)
/

51 (52.58%)
68 (70.10%)

MTM group

64
54.12 +12.89
30.20 £2.06
40.13 £ 30.67
5.92£228

53 (82.81%)
11(17.19%)

61(95.31%)
3 (4.69%)

54 (84.38%)
10 (15.629%)

54 (84.38%)
10 (15.62%)

58(90.62%)
6(9.38%)
51 (79.69%)
/

46 (71.88%)

MNM group

90
49.61 £ 13.75
30.17 £2.07
46.34 £ 37.22
6.00 £247

61(67.78%)
29 (32.22%)

86(95.56%)
4(4.44%)

80 (88.89%)
10 (11.11%)

80 (88.89%)
10 (11.11%)

75 (83.33%)

15 (16.67%)

68 (75.56%)

46 (51.11%)
/

P-value

0.072
0.977
0.578
0.794
0.095

0.974

0.653

0.985

0.294

MAM, myopic atrophic maculopathy; MTM, myopic tractional maculopathy; MNM,
myopic neovasculer maculopathy; VEGF, vasculer endothelial growth factor. p-velues for
the difference in variables among MAM, MTM, and MNM groups based on Wilcoxon
rank-sum test or chi-square test, as appropriate.
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Model ACC Dice miou
U-Net++ 0.9901 0.8678 0.8644
The proposed model 0.9905 0.9020 0.8944

ACC is the accuracy, Dice is the Dice coefficient, miOU is the Mean Intersection Over
Union.
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Brain areas MNI coordinates BA Number of voxels T-value

X X z
HC > OH
LAC -3 18 27 31 341 55535
HC < OH
LP -6 =51 51 67 95 -3.762

Multiple comparisons were corrected using Gaussian Random Field (GFR)theory (two-
tailed, voxel-level P < 0.01, cluster-level P < 0.05).

HC, Healthy control; OH:Ocular hypertension;MNI, Montreal Neurological Institute; BA,
Brodmann Area; LAC, left anterior cingulate; LP, left precuneus.
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OH HC T-value  P-value

Male/female 99 99 NA >099
Age (years) 51.18+522 5036+542 0325 0872
Handedness 18R 18R NA >0.99
Duration (years) 1.12+£0832 N/A N/A N/A

Best-corrected VA-L 1.00£0.10 1.05+£0.15 0.989 0.121
Best-corrected VA-R 1.05 £0.15 0.95 £ 0.10 0.086 0.127
IOP-L. 2756 =667 1560+ 4.86 12.087 0.012
IOP-R 27.61+5.32 14.78+4.39 11.637 0.009

Independent t-tests comparing the age of two groups (P < 0.05) represented
statistically significant differences). Male/female and Handedness were analyzed using
chi-squared test.

OH, ocular hypertension; HCs, healthy control; N/A, not applicable; VA, visuel acuity; R,
right; L, left; IOP, intraocular pressure.
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Mean age (SD), years
Male, n (%)

Mean intraocular pressure (SD), mmHg

Mean time since diagnosis of diabetes (SD), years
Mean time since first diagnosis of DME (SD), months
Mean HbA1c (SD), %

Diabetic retinopathy stage, n (%)

Non-proferative diabetic retinopathy

Proliferative diabetic retinopathy

Previous treatment more than 6 months ago
Photocoagulation treatment, n (%)

Mean number of ranibizumab injections (SD), n

FB, foveal bulge; DME, diabstic macular edema; HbATc, glycosylated hemoglobin; SD, standard deviation.
*Unpaired Mann-Whitney Test;  Chi-square Test.

Statistically analysi

FB (+) (n = 65)

58,00 (0.52)
36(55.38)
14.43 2.72)
894 (5.36)
872 (4.56)
8.16 (1.57)

43(66.15)
22(33.85)
47 (72.31)
23(35.39)
4.23(1.52)

FB () (n = 100)

60.28 (10.80)
48 (48.00)
14.89(2.89)
7.91(5.19)
8.18(5.19)
8.12(2.26)

64 (64.00)
36 (36.00)
79 (79.00)
31(31.00)
4.29(1.85)

0.065"
0.354"
0.249"
0.173*
0.196*
0.277*
o777t

0.323
0.558"
0572*
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Haigis
Hofer Q
Holladay 1
SRK/T

™

Barrett

0.087
0.121
0.080
0.201
0.172
0.120

0.473
0317
0.509
0.094
0.156
0323
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Before adjusting mean PE After adjusting mean PE to zero

Formula ~ MeanPE£SD(D) Range (D) MAE+SD,MedAE(D) pl  MAE+SD,MedAE(D)  p2 The proportions of the
eyes with PE within +
0.50 D and = 1.00 D (%)

+0.50D #+1.00D
Haigis 0.01+1.88 -5.94,2.28 1.31+1.35,0.89 0.078 1.26 + 1.42,0.70 0.082 20.0 60.0
Hoffer @ 0.87 +1.90° —5.05,3.25 1.74 4 1.16,1.65 1.37 4 1.33,0.98 133 26.7
Holladay 1 0.50 + 1.89" —-5.66,2.79 1.63 & 1.26, 1.40 1.14 + 1.63,0.68 133 333
SRK/T 021£201 -5.60,2.73 1.54 £0.30, 1.13 1.41 % 1.44,0.82 133 26.7
T2 0.41+1.93 —5.35,2.87 153 +1.25,1.20 1.44 + 1.30,0.92 200 20.0
Barrett —0.79 £2.04 —7.06, 1.44 1.39 + 1.69,0.75 1.36 £ 1.62,0.90 40.0 64.5

ULIB, The User Group for Laser Interference Biometry; MAE, mean absolute error; MedAE, median absolute error; PE, predictive error; D, dioptre. *Significantly different from the mean
PE of zero (p < 0.05). p1, p-value of the MedAE by Friedman test among al formulas. p2, MedAE by Friedman test among all formulas after adjusting mean PE to zero.
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Formula  Mean PE  SD (D)

Haigis 037 £1.31
Hoffer Q 0.88 +1.26*
Holladay 1 1.00 £ 1.28*
SRK/T 0.47 +1.30
T2 0.40 £1.26
Barrett -0.07 + 1.26

Before adjusting mean PE

Range (D)

-2.71,3.52
—2.24,3.50
-2.13,3.53
—2.44,3.04
—2.65,2.86
—2.83,2.68

MAE + SD, MedAE (D)

096+ 0.97,0.49
1174 0.99,0.85"
1.2541.04,081"
1.02 £ 094,064
0984089, 0.65
097 £081,085

pl

0.042

P

0012
0012
0.436
0821

0,688

After adjusting Mean PE to zero

MAE +£SD,MedAE(D)  p2  The proportions of
the eyes with PE
within £ 0.50 D and
£1.00D (%)

+0.50D +1.00D

0.96 +£0.91, 0.66 0.984 51.6 64.5
0.92 +0.87,0.62 355 61.3
0.96 + 0.88, 0.72 258 58.1
0.99 4+ 0.86,0.76 45.2 58.1
0.98 £0.82,0.73 452 61.3
0.95 £0.85, 0.63 323 64.5

ULIB: The User Group for Laser Interference Biometry; MAE: mean absolute error; MedA: median absolute error; PE: predictive error; D: diopter.

*Significantly different from the mean PE of zero (p < 0.05).

p1: p-value of the MedAE by Friedman test among all formulas.
p1": adjusted p-value by Bonferroni correction with the MedAE of each formula with that of the Heigis.
p2: p-value of the MedAE by Friedman test among all formulas after adjusting mean PE to zero ' Significantly different from the MedAE of Haigis (o < 0.05).
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References

Disease

fALFF method applied in ophthalmologic and other diseases.

Ophthaimologic  Li et al. (41)

diseases Huang et al. (36)
Fang et al. (44)
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Other diseases ~ Chen et al. (46)

Seidel et al. (49)
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Aoetal. (51)

Piao et al. (52)

Primary Open-Angle Glaucoma (POAG)
Reinitis Pigmentosa (RP)

Monocular Blindness (MB) (44)

Comitant Exotropia (CE)

Normal-tension Glaucoma (NTG)

Primary Angle-Closure Glaucoma (PACG)
Neovascular Glaucoma (NVG)

Congenital Blindness (CB)

Acute Incomplete Cervical Cord Injury
(ACO)

Anorexia Nervosa (AN)
Bipolar disorder (BD)

Alzheimer's disease (AD)

Parkinson’s disease (PD)

Intable Bowel Syndrome with Diarrhea
(BS-D)

Systematic Lupus Erythematosus (SLE)
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Formula comparison

Holladay 1 vs. Holaday 2
Holladay 1 vs. Hoffer @
Holladay 1 vs. SRK/T
Holladay 1 vs. SRK Il
Holladay 2 vs. Hoffer Q
Holladay 2 vs. SRK/T
Hoffer Q vs. SRK/T
Hoffer Q vs. SRK I
SRK/T vs. SRK Il

MD, mean difference; 95% CI, 95% confidence interval; RR, relative risk.

3
7
7
5
4
4
9
6
6

PE

MD (95% Cl)

0.03(-0.22,0.29)
~0.05 (-0.22,0.12)
001 (-0.11,0.13)
0.02(-0.41,0.45)
—-0.18(-0.47,0.01)
0.10(~0.16, 0.35)
0.17 (-0.07, 0.40)
0.17 (-0.35, 0.69)
0.04(-0.21,0.28)

45.1%
63.2%
30.7%
92.8%
26.2%
58.3%
88.3%
97.1%
86.8%

Aa~No0o0a | Z

3

© o

APE

MD (95% CI)

~0.06 (-0.23,0.11)
~0.11 (~0.28,0.01)
~0.01(~0.09, 0.08)
~0.07 (~0.40, 0.27)
~0.08(-0.33,0.18)
0.13(~0.18,0.39)
0.7 (-0.01,0.35)
0.12(-0.24, 0.48)
~0.09 (~0.80, 0.13)

36.2%

89.4%
53.8%
55.0%
79.8%
94.4%
84.0%

FN e I RN

APE prediction < 0.5 D

RR (95% Cl)

0.98(0.86, 1.11)
0.99(0.94, 1.06)
1.00 (0.94,1.07)
1.03(0.96, 1.10)
1.04(0.91,1.19)
1.03 (098, 1.14)
1.01(0.95,1.07)
1.04 (097, 1.11)
1.02 (096, 1.09)

74.0%
67.8%
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References  Country Study design Eyes Sex Age (months)® Axial length (mm)°  Measurement (weeks)® 0L power

) (M/F) calculation

formulas

Eppleyetal.,  US Retrospective cohort 64 32/32 708 42.7 (17.5-185.4) 22.6 £ 1.6(19.6-26.3) 72+36(3-16) Holladay 2, Hoffer

©0) Q, SRK/T, Barrett

Changetal.,  China  Retrospective cohort 68  35/33 841+£246 211+14 4 Holladay 1,

@1 Holladay 2, Hoffer
Q, SRK/T, SRK I,
Haigis, Barrett

Kouetal, (39 China  Prospectivecohort 102 NA 41.4(6-84) 21.8(18.1-25.9) 4 Holladay 1,
Holladay 2, Hoffer
Q, SRK/T, Haigis

Lietal,(32)  China  Retrospectivecohort 377 194/183 552280(9-150) 21.5£19(17.9-615) 6027 (37-144)  Holaday 1, Hoffer
Q, SRK/T, SRK Il

Leeetal,(33) Korea  Retrospective cohort 481 182/156 43.630.1(11-210)  21.3:£17 (162-27.5) 4-10 Hoffer Q, SRK/T,
SRK Il

Vasavada etal, US Retrospective cohort 117 NA 356+ 35.6 (2.4-1656) 209:28(17.1-26.1)  4.0£24(20-68  Holaday 1,

B4 Holladay 2, Hoffer
Q, SRK/T

Joshietal, (35) Nepal  Retrospectivecohort 28  13/6  79.2+480(24-168)  19.2 0.9 (17.1-20.0) >6 Holladay 1, Hoffer
Q, SRK/T, SRK Il

Vanderveenet  US RCT 43 NA 2515 181 %11 4 Holladay 1,

al., (36) Holladay 2, Hoffer
Q, SRK/T, SRK Il

Kekunnayaet  India  Retrospectivecohort 128 41/43  11.7:+£62(1.528)  19.9:+17(163-25.7) 4 Holladay 1, Hoffer

al., (21) Q, SRK/T, SRK Il

Tivedietal,  US Retrospective cohort 45 NA  46.8:+34.8(12-1248) 21.7+20(16.8-27.6) 7.8+28(38-150)  Holladay 1,

©n Holladay 2, Hoffer
Q, SRK/T

Nihalaniand ~ US Retrospective cohort 135 51/45 76.8(1.1-216) 22.2(17.7-27.8) 4-8 Holladay 1, Hoffer

VanderVeen, Q, SRK/T, SRK Il

(20)

Mezeretal, ~ Canada Retrospective cohort 59 34/15 89.0 (22-216) 267 (19.2-26.7) 8-24 Holladay 1, Hoffer

©8) Q, SRK/T, SRKII

M, Male; F; Female; IOL, intraccular lens; RCT, randomized comparative trel; NA, not availabe.
3Age: mean i standard deviation (SD) and/or range.

b Axiallength: mean = SD and/or range.

©Measurement: mean + SD and/or range.
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Variable Visit1: baseline Visit2: postoperative
2-6 weeks
Group Normal  Low CCD Normal Low CCD

Preoperative craniopharyngioma 8512 3.4+ 1.4

size (om)
Postoperative decompression 37022 22/413

grade (0/1/2)

BCVA 058029 021016 057+£024 0.18+009
MD —46+1.1 —99£23 22408 -783x22
PSD 47£09 87%13 3203 62+08
ceo 479+88 284+21  473+31 229+19

P1: Differences between Normal and Low CCD group in baseline (Visit1).

P2: Differences of changes (Visit2-Visit1) from visit 2 to 1 between Normal and Low CCD group.
P3: Differences of changes (Visit3-Visit1) from visit 3 to 1 between Normal and Low CCD group.
P4: Differences of changes (Visit3-Visit2) from visit 3 to 2 between Normal and Low CCD group.

Visit3: postoperative
9-15 months

Normal Low CCD

0.65+024 022x0.11
-09+02 -35+12
2102 4506
586+34 274+22

P1

0.742

0.672

P2 P3
0.642  0.036
<0.001  0.001
0.012  0.008
0792  <0.001

P4

0.039
0.014
0.006
<0.001
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Age

Gender (Male/Female)
Refractive error (D)
Axial length (mm)
BOVA

Craniopharyngioma
group

11.8+£27
2018
0.08 +0.41
2362+ 143
0.56 £ 0.34

Normal control
group

116+£28
20/18
0.10 £0.37
23.48 £0.21
1.01 £0.19

P-value

0.71
1.00
0.56
0.37
<0.01
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Case No. Pre-op Goal Initial Spherical Final postop Follow-up Regression Preop Initial Final postop Preop Postop

Sphere Refraction (D) postop correction refrac- (years) (D/year) cylinder (D) postop cylinder (D) UDVA UDVA
diopter (D) Refraction (D) achieved (D) tion (D) cylinder (D)
1 Righ -9 1.64 —-1.25 £:15 —4 4 —0.68 1:5 1.25 0.5 0.1 0.3
2 Left —-10 1.91 1 11 -1.8 4 -0.67 1 1 0.75 NA 0.5
3 Righ —42 —-2.15 2 44 -2 3 -1.3 2 15 1.5 0.03 0.3
3 Left —26.5 —-2.18 0 26.5 -3 3 -1.0 3.5 3.5 85 0.04 0.3
4 Righ —-10 0.38 1.5 11.5 -0.5 3 -0.67 1.75 3 1.25 0.1 0.5
4 Left —-12 0.54 0.75 12.75 -0.5 3 —-0.41 1.75 2 1 0.1 0.6
5 Left —156.5 —0.38 —2.25 13.25 -1.5 3 0.25 4.5 3.5 3.5 0.04 0.6
6 Righ -19 —0.65 -0.5 18.5 -1.5 2 -0.5 1 1.5 1.5 0.1 0.7
6 Left -21 —-1.97 -2 19 -3 2 -0.5 1 1 1 0.1 0.4

Pre-op, preoperative; D, diopter; UCVA, uncorrected visual acuity (presented as Snellen decimal visual acuity).
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Optic nerve parameter Individual scan Combined scan Mean difference

(limits of agreement)
Mean+STD  Repeatability limit ~ CoV (%) Mean+STD  Repeatability limit ~ CoV (%)

Disc area (mm?) 205035 005 2% 2064035 0.14 7% -001
(-0.12 10 0.11)
Rim area (mm?) 141049 004 3% 1,32+ 055 0.10 7% 009
(-0.64100.82)
Cup volume (mm®) 0112012 004 A 0.110.12 007 NA ~001
(~0.0710.0.06)
Cup-disc ratio vertical 0.44 % 0.19 003 A 0.4 % 0.20 0.04 NA 0.00
(~0.0610.0.05)
Cup-disc ratio horizontal ~ 0.48  0.21 003 A 0.48 0.22 0.06 NA 0.00
(~0.07 0 0.07)

CoV, coefficient of variation.
N/A, values not applicable due the high standard deviation.
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Case No. Age at Previous Age at Surgery Pre-op Follow- Pre-op Endpoint  Pre-op Endpoint  Pre-op End- Pre-op Endpoint

the sphere surgery Sphere up BCVA BCVA MTFoutofft MTFoutofs osl point AXL AXL
onset diopter (y) diopter (D) time (cpd) (cpd) osl (mm) (mm)
v) (D) (month)
1 Right 2 NA 4 Phaco + IOL + central -9 48 0.16 1.0 1.54 37.08 8.7 23 24.4 26.76
capsulorhexis + anterior
vitrectomy
2 Left 3 -5, 5 Phaco + IOL + central -10 48 NA 0.6 3.04 17.50 10.3 3.9 24.2 25.34
—8.75 capsulorhexis + anterior
vitrectomy
3 Right 3 —26.5, 11 Phaco + IOL —42 36 0.05 0.5 5.03 44.77 9.1 1 32.44 32.54
—29,
-25
3 Left 3 -12, 11 Phaco + IOL(YAG —26.5 36 0.16 @:5 9.31 4514 8.6 1 29.17 29.32
—15, or PCO at 1 year)
-18
4 Right 5 —-8.75 7 Phaco + IOL -10 36 0.6 0.8 14.30 18.25 6 4 27.34 29.22
4 Left 5 -10.5 7 Phaco + IOL -12 36 0.6 0.9 9.24 20.93 8 3.1 28.1 29.95
5 Left 5 NA 25 Phaco + IOL(YAG —-156.5 36 07 1.0 11.16 40.95 3.6 0.8 26.51 26.43
or PCO at 1.5 year)
6 Right 5 NA 15 Phaco + IOL(YAG -19 36 0.4 1.0 9.65 39.68 3.2 0.8 27T 28.07
or PCO at 1.5 year)
6 Left 5 NA 15 Phaco + IOL(YAG —21 24 0.3 1.0 7.35 31.98 4.7 1.1 28.41 28.78
or PCO at 1.5 year)

Pre-op, preoperative; D diopter, BCVA best-corrected visual acuity (presented as Snellen decimal visual acuity); AXL, axial length; MTFcutor, modulation transfer function cutoff frequency; cpd, cycles per degree; OS,
objective scatter index; N, not applicable; YAG, yttrium—aluminum-garnet laser; PCO, posterior capsular opacity; Phaco, phacoemulsification; IOL, intraocular lens implantation.
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Mean LogMAR BCVA

Mean OSI
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Formula comparison

Holladay 1 vs. Holladay 2
Holladay 1 vs. Hoffer Q
Holladay 1 vs. SRK/T
Holladay 1 vs. SRK Il
Holladay 2 vs. Hoffer @
Holladay 2 vs. SRK/T
Hoffer Q vs. SRK/T
Hoffer Q vs. SRK II
SRK/T vs. SRK I

N

3
4
4
2
3
3
4
2
2

AL <22mm

MD (95% CI)

005 (-0.24,0.35)
~0.14(-0.50, 0.22)
0.08(~0.24,0.29)
~0.09 (~0.86, 0.67)
—0.37 (~0.65, ~0.10)*
0.15(~0.23,052)
026 (~0.36, 0.88)
-0.07 (-1.30, 1.16)
~0.07 (~0.49, 0.34)

I3

13.0%
68.8%
44.7%
89.2%
0
44.9%
89.4%
95.7%
66.4%

N

AL 22-24.5 mm

MD (95% Cl)

~0.10 (-0.52,0.32)
~0.13 (~0.32, 0.06)
0.12(-0.07, 031)

NA
0.08(-0.39, 0.45)
027 (<0.15, 0.70)
0.25 (0.06, 0.44)*

NA

NA

AL, axial length; MD, mean difference; 95% CI, 95% confidence interval; NA, not available.

*Indicates statistical significance.

o

(2N SO I N NN

Age < 24 months.

MD (95% Cl)

0,06 (~0.27, 0.40)
0.15(~0.10,0.39)
~0.11(~0.29,0.08)
~027 (~0.91,037)
—0.07 (-0.72,057)
0,02 (~0.32,0.35)
~0.16 (~0.55, 0.29)
~030(~1.20,061)
NA

r

0
34.8%
0
87.6%
73.1%
0
73.9%
93.7%

[SEESEECRF SRSy

Age 24-60 months

MD (95% CI)

0.23(-0.25,0.71)
0.09(-0.08,0.26)
~0.09(~0.25, 0.08)
~0.12 (<051, 0.26)
~0.24 (~1.06, 0.58)
~0.20(~0.98, 0.53)
0.04(-0.29, 0.37)

NA

NA

r

51.7%
0
0
58.0%
83.1%
78.9%
0
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Stage

I (20eyes)

11 20 eyes)

Il (41 eyes)

Intracameral injection group

Before treatment (Initial statement) ~ After treatment

035+0.15 0.29 £0.12
0.63+0.22 0.49£0.14
1.82 40,67 1.12:£033

Intravitreal injection group

Before treatment (Initial statement) ~ After treatment

039 £0.15 0.34 £0.10
059 £0.18 0.47 + 0.09
1.80 +0.59 117 £032
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NVG stages  Eyes (n)

| Intracameral
Intravitreal

Il Intracameral
Intravitreal

1} Intracameral
Intravitreal

10
10
10
10
21
20

Mean initial IOP

(mmHg)

174427

282429

43.1+£36

Mean BCVA
(Log MAR)

037 +0.15

0.61£0.19

181+ 062

0

NVI

*At stage l, because of the comeal edema or severe pain, gonioscopy could not be conducted in 22 eyes.
IOR, Intraccular pressure; BCVA, Best-corrected visual acuity; NVI, Neovascularization of iris; NVA, Neovascularization of angle; PAS, Peripheral anterior synechia; 114, 2/4, 3/4, 4/4,
Quadrants of the anterior chamber angle with NVA or PAS.

et

39

NVA (/4)
2 3
) 0
12 4
o 5

PAS (/4)

3
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Vascular density (%)
scp

e

Fractal dimension
scp

e

Treatment

P

LP+IVR

Combined PPV

AL, mm

SCP, superficial capillary plexus; DCP, deep capilary plexus; LP, laser photocoagulation; IVR, intravitreal injection of Ranibizumab; PPV, pars-plena vitrectomy; AL, axiallength.
Statistics: *Unpaired t-test. * Fisher's exact test. Values in bold font are statistically significant at P < 0.05.

Improved

47.69 £ 4.41
47.60 + 6.69

1.62 +£0.06
1.62 £ 0.06

5 (45.4%)
3(27.3%)
3(27.3%)

22.630.86

Refractory

42,73 £ 4.36
40.39 + 6.29

1.60£0.06
1.61£0.07

5(33.3%)
4(26.7%)
6 (40.0%)

2251083

P-value

0.009*
0.010*

0.620%

0.604*
0.763

0.740
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Characteristic Patients (n = 74)

Agely), mean(range) 64.2(39-79)
Male sex, n (%) 51(689)
Cause of neovascularization

PDR, n (%) 43(58.1)

CRVO, n (%) 31(41.9)

Eyes (n = 81)

66.8 (39-79)
56 (69.1)

50(61.7)
31(383)
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Vessel density (%)

SCP (SD)

DCP (SD)

Fractal dimension

SCP (SD)

DCP (SD)

Retinal thickness

Foveal whole layer, pm
Parafoveal whole layer, um
AL, mm

Contralateral Eyes

53.29 + 4.06
59.67 +£3.49

1.659 + 0.038
1.659 + 0.039

219.38 +26.58
331.87 £21.59
2293 +0.76

ALL

44.84 +4.97
43.45 £7.29

1.605 + 0.052
1.612+0.053

332.19 + 161.81
410.59 £ 75.98
2257 +£0.83

Affected eyes

Stage 2B

45.80 £ 4.75
45.08 + 6.60

1.61+0.06
1.62 £ 0.06

320.93 + 161.09
406.20 + 77.09
22.63 +0.87

SCR, superficial capillry plexus; DCR, deep capillry plexus; SD, standrd deviation; AL, axial length.
Statistics: P' value: comparisons between affected eyes and contralateral eyes, Paired t-test. P value: comparisons between affected eyes in stage 28 and stage 34, Unpaired t-test.
Values in bold font are statistically significant at P < 0.05.

Stage 3A

4131 £4.29
38.01 +£7.40

1.58 £0.03
1.67 £0.07

369.75 + 173.47
42526 £77.14
22.34 +0.66

0.045
0.035

0.196
0.081

0.556
0.609
0.468

<0.001
<0.001

<0.001
<0.001

0.001
<0.001
0.108
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Presence of macular microvascular abnormalities on OCTA

Existence in SCP, No. (%) Existence in DCP, No. (%)
Existence of macular edema
Yes 8/13 (61.5%) 12/13 (92.3%)
No (simple macular exudation) 13 (7.7%) 8/13 (615%)
x2 8.327
Palue 0.004
Location of macular lesions
Intraretinal 814 (57.1%) 13/14 (92.9%)
Subretinal 112 (8.3%) 712 (58.3%)
x? 6.801 4338
P-value 0.009 0.037

No, number; SCR, superficial capillry plexus; DCR, deep capillry plexus.
Mecular lesions (cystoid or exudates) were divided as intrarefinal lesions and subretinal lesions respectively, intraretinallesions in the macular region were defined as cystoid or exudates
involving the neuroretina, whereas subretinal lesions were defined as exudates or fuid located only under the neuroretina.

Statistics: Pearson’s x2 test. Values in bold font are statistically significant at P < 0.05.
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Simple or concomitant macular edema

Number of eyes (%) 13 (60.0%)
Mean age  SD, years 12,624 4.44
Gender, males / females 12/1
BOVA at baseline, logMAR, mean = SD 1.40 £ 101
BCVA at follow-up for 18M, logMAR, mean & SD 181+ 1.10
Stage No. (%)

28 8

3A 5

No, number; BCVA, best corrected visual acuity.

Simple macular exudation

13 (50.0%)
1263 £3.79
12/1
092 +0.83
0.87 £0.77

10

Al

26 (100.0%)
12.57 + 4.05
26/2
1.16+£098
1.10 097

18

Statistics: P value: comparisons between the simple or concomitant macular edema group and simple macular exudation group. T Unpaired t-test. *Fisher's exact test.

/
0. 96'
1,000
019"

ul
025
0.67"
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Univariate analysis Multivariate analysis

OR (95% CI) P OR (95% CI) P
Pre-treatment factors

Mean age, years; quartiies 0.72(0.54-0.97) 0.029" 0.66 (0.46-0.94) 0.020°
Mean baseline BOVA, logMAR; quartiies 027 (0.17-0.42) <0001 028 (0.18-0.44) <0001
Mean baseline GFT, um; quarties 062 (0.46-0.89) 0.001* 062 (0.43-0.88) 0.007*
Post-treatment factors

Mean 6M BOVA, logMAR; quartiles 024 (0.16-0.36) <0001 0.45 (0.26-0.78) 0.005*
Mean OS length, um; quartiles 18.30 (7.57-44.26) <0.001* 11.31(4.63-27.64) <0.001*

OR, odds ratio; Cl, confidence interval; BCVA, best-corrected visual acuity; CFT, central foveal thickness; 6M, 6 months after the loading treatment; OS, outer segment.
“Statistically significant (P < 0.05).
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FB (4) (n = 65)

Mean baseline BOVA (SD), logMAR 0.38(0.19)
Mean baseline GFT (SD), pm 452.20 (158.97)
Detection of SRD at baseline, n (%) 25 (36.76)
Mean baseline height of SRD (SD), pm 94.54 (127.82)
Mean baseline height of non-SRD (SD), jm 357.66 (133.43)
Baseline disruption of ELM, n (%) 24 (36.92)
Mean 6M BCVA (SD), logMAR 0.10(0.16)
Mean 6M CFT (SD), pm 202.95 (23.26)
Mean outer nuclear layer thickness (SD), pm 102.15 (14.94)
Mean inner segment length (SD), jm 31.78 (2.86)
Mean outer segment length (SD), pm 44.00(5.62)

FB () (n = 100)

059 (0.18)
541.87 (171.57)
55 (55.00)
161.28 (186.71)
380.59 (150.44)
54 (54.00)
037 (0.16)
202.23 (20.38)
106.36 (15.35)
31.73(3.22)
3296 (2.99)

P

<0001
<0001
0.038"
0.034*
0.323"
0.032"
<0001
0.580"
0.084*
0.987*
<0.001*

FB, foveal bulge; BCVA, best-corrected visual acuity; CFT, central foveal thickness; SRD, serous retinal detachment; ELM, external limiting membrane; 6M, 6 months after the loading

treatment; SD, standard deviation.
Statistically analysis: *Unpaired Mann-Whitney Test; T Chi-square Test.
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Stage  Injection route Initial

| Intracameral
Intravitreal

n Intracameral
Intravitreal

n Intracameral

cooooo

Intravitreal

mo is for Month; NVI, neovascularization of Iris.

1day

100
100
100
50
81
40

2days

3 days (1 day after trab)

Time after Injection

1 week

100
100
100
80
100
60

1mo

100
100
100
100
100
100

3mo

100
100
100
100
90.5
100

4mo

100
100
100
100
100

4mo

100
100
100
100
100
100

6mo

100
100
100
100
100
100
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Parameters ocT Histology Difference 95% CI t  Pevalue Pearson
correlation
coefficient (R)

Mean retinal thickness (um) 175.06 + 27.66 138.87 £7.10 36.18 18.25,54.12  4.56 0.001 0.56
Mean choroidal thickness (jm) 69.00 + 21.92 46.40 + 15.09 22.60 10.37,34.83  4.18 0.002 0.65

OCT, optical coherence tomography; Cl, confidence interval.

P-value for R

0.093
0.044
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Parameters Observer 1 Observer 2

Mean retinal thickness (um) 174.05+2613  177.08+2568
Mean choroidal thickness (um) ~ 63.68  16.95 63.05 + 16.38
Mean BMO diameter (um) 84038+ 12182 82108+ 12145

BMO, Bruch’s membrane opening; Cl, confidence interval.

Difference

-3.03
0.63
19.36

95% ClI

—4.62, -1.43
-0.85,2.11
12.09, 26.63

Pearson correlation coefficient (R)

0.98
0.96
0.98

P-value

0.000
0.000
0.000
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Parameters Measurement 1 Measurement 2 Difference

Mean retinal thickness (m) 177.50 +£24.38 176.66 + 27.90 0.84
Mean choroidal thickness (j.m) 62.87 + 16.08 63.24 + 17.38 -0.37
Mean BMO diameter (um) 808.58 & 124.19 833.47 + 121.06 —24.89

BMO, Bruch’s membrane opening; ICC, intraclass correlation coefficient; Cl, confidence interval.

95% ClI

-2.55,4.24
—2.66, 1.93
—36.08, —13.71

icc

092
0.92
0.94

95% CI

0.86,0.96
0.84,0.96
0.89, 0.97

P-value

0.000
0.000
0.000
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Quadrants

Total
Temporal
Nasal
Superior
Inferior
Central Fovea

Image acquisition during optical coherence tomography (OCT) was performed by scanning a 6 x 6 mm region around the optic disc and macula. The central fovea of macular refers to

Control

95.8(103)
833 (15.1)
62.3(14.6)
1122 (22.1)
102.5 (23.9)

Peripapillary RNFL thickness

Prediabetes

80.7 (10.7)
736 (13.9)
62.0(14.7)
102.7 (28.6)
1020 (19.7)

p value

<0.0001
0011
0.934
0.092
0.465

Control

207.3(11.9)
2350 (23.7)
287.2 (12.2)
304.8 (10.5)
306.3 (16.7)
2923 (17.7)

1 x 1mm in the macular scanning region. Resulls are expressed as mean (+SD); p values were obtained by t test.

Retinal thickness in the macular region

Prediabetes

279.0 (138)
225.2 (19.0)
272.6 (12.5)
284.1 (14.4)
284.3(24.2)
274.8(25.3)

p value

<0.0001
0.008

<0.0001

<0.0001
0.001
0.287
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Parameters Right eyes Left eyes
Mean axial length (mim) 812£008  8.12£005
Mean retinal thickness (jum) 1642 +£17.2 187.0+£ 285
Mean choroidal thickness (um) ~ 61.3+ 164 65.4:%17.2
Mean BMO diameter (um) 8047 £1216  856.7 % 1190

BMO, Bruch’s membrane opening; Cl, confidence interval.

Difference

0.00
—22.76
-4.05
-51.99

95% Cl

—-0.03,0.02
—-34.4,-112
-11.5,3.4
—104.6,0.6

t

—0.46
-4.13
—1.14
—2.08

P-value

0.66
0.001
027

0.063

Pearson
correlation
coefficient ()

0.82
0.64
0.57
0.59

P-value for r

0.000
0.017
0.011
0.008
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Variable Control Prediabetes p value

(n=20) (n=21)

Age (years) 46(9.22) 44(6.85) 0.15
Male gender n (%) 16(32.0) 55(36.2) 076
BOVA (logMAR) 0.02(0.02) ~001(0.04) 009
I0P-NCT (mmHg) 14.62 (3.04) 13.07 (4.02) 036
Spherical equivalent (D) -1.2(3.18) 0.38 (1.64) 024
Axial length (mm) 23.22(1.10) 23,07 (1.32) 0.44

Results are expressed as mean (SD); n, number of eyes; BCVA, best corrected visual
acuity; IOR, intra-oculer pressure; D, diopter
p values were obtained by t tests.
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By stimulating the parasympathetic system, the intermittent fasting
diet increases the BDNF factor, which results in a decrease in systolic
and diastolic blood pressure. Additionally, stimulation of the vagus nerve
Gults in a drop in heart rate, which results in a decrease in blood pressure.
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Variables Univariate Multivariate

OR P Value OR (95%Cl) P value
Age y) 0947 0.101
Sex 0.729 0.655
Trauma History ~ 2.6110° 0,999
AL (mm) 3769 0017 051
ACD (mm) 0033 001 053

ACD Difference 151050 0.004° 1510.50(10.50-217237.26)  0.004*
(mm)

* Value with statistical significance.

AL, axial length; ACD, anterior chamber depth; ACD difference, ACD (fellow eye) — ACD
(affected eye); OR, odd ratio; Cl, confidence interval.

Factors with P < 0.10 in the univariate model (AL, ACD, ACD Difference) were applied to
the multivariate model.
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Sample

EENTO1

EENTO2

EENTO3

Gene

CPAMDS8
CPAMDS8
CPAMDS8
CPAMDS8
CPAMDS8
CPAMDS8

Variants

c.4825C > T
€.3226G > A
c.4825C>T
€.3955G > C
€.3349C > T
€.949_950delAC

Feature

New
New
New
New
New
New

Effect

Missense
Missense
Missense
Missense
Missense
Frameshift-deletion

MutationTaster

Disease causing
Disease causing
Disease causing
Disease causing
Polymorphism
Disease causing

ACMG

Likely pathogenic
VUS
VUS
VUS
VUS
VUS

Heredity

AR
AR
AR
AR
AR
AR
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Variables

APAC BOVA®
I0P (mmHg)*
AL (mm)°
K1 (D)
K2 (O
ACD (mm)P®
ASAC-LS  BOVA®
I0P (mmHg)*
AL (mm)*
K1 (DP
K2 (D
ACD (mm) ®

Affected eye

1.38 £0.99
41.27 £ 10.36
2249 £0.77
44.25 + 1.56
4523 +1.62
1.68 £0.23
130 £1.17
27.43 +13.86
23.96 +2.60
4379+ 1.14
44.74 £ 1.24
1.284£0.38

Fellow eye

0.80 £ 1.42
16.06 & 6.57
2237 £0.70
43.80 = 1.76
4530 = 1.66
1.72+£027
023+0.28
16.34 £90.45
2359+ 1.28
43.68 + 1.69
4464 %151
221+0.44

aMann-Whitney U test; ©T Test; * Value with statistical significance.
APAC, acute primary angle closure; ASAC-LS, acute secondary angle closure associated
with lens subluxation; BCVA, best corrected visual acuity; IOL, intraocular pressure; AL,
axiallength; D, diopter; K1, minimum comeal curvature; K2, maximum comeal curvature;

ACD, anterior chamber depth.

P Value

0.002*
0.000*
0.586
0.380
0.930
0.066
0.000*
0.007*
0.586
0.380
0.930
0.000"
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IOLMaster 700 Pentacam HR UBM P-value
ACD (mm) 415 4+1.22 3.74 £1.09 418+ 0.96 0.009
WTW (mm) 123+ 0.5 12.24 £+ 0.47 NA <0.001*
UBM vs. IOLMaster ICC (95% CI) UBM vs. Pentacam ICC (95% ClI) IOLMaster vs. Pentacam ICC (95% CI)
ACD (mm) 0.74 (0.43, 0.9 0.624 (0.28, 0.82) 0.832 (0.17, 0.95)
WTW NA NA 0.680 (—0.53, 0.96)

ACD, anterior chamber depth; WTW, white-to-white; ICC, intraclass correlation coefficient. *P < 0.05.
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Variables

Affected eye BCVA 2

IOP (mmHg)®

AL (mm)*

K1 (D

K2 (OF

ACD (mm)®
Fellow eye BCVA?

IOP (mmHg)*

AL (mm)®

K1 (0F

K2 (Df

ACD (mm)*
ACD difference (mm)®

APAC

1.38 £0.99
41.27 £ 10.36
2249077
44.25 + 1.56
4523 + 1.62
1.68 £0.23
080 £ 1.42
16.06 + 6.57
2237 +0.70
43.80 + 1.76
4530 + 1.66
1724027
0.16£0.19

ASAC-LS

130 £ 1.17
27.43 + 13.86
23.96 +2.60
4379+ 1.14
4474 £124

128+0.38

023£0.28

16.34 +£ 9.45
2359+ 128
43.68 + 1.69
44.64 £ 151

221+044

0.99 £0.52

P Value

0.763
0.001*
0.001*
0.292
0.411
0.004*
0.032"
0.583
0.000
0.824
0.193
0.000"
0.000"

Mann-Whitney U-test; ®Corrected T Test; © T Test; “Value with statistical significance.
APAC, ecute primary angle closure; ASAC-LS, acute secondary angle closure associated
with lens subluxation; BCVA, best corrected visual acuity; IOL, intraocular pressure; AL,
axial length; D, diopter; K1, minimum comeal curvature; K2, maximum comeal curvature;
ACD, anterior chamber depth; ACD difference, ACD (fellow eye) - ACD (affected eye).
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Ocular structure

Anterior chamber
Iris

Pupil

Lens

Ciliary ring
Posterior segment

Pathology

Deep anterior chamber
Atrophy of the iris
Posterior iris bowing
Hypoplasia of the pupil dilator muscle
Inadequate pupillary dilatation
Early onset cataracts
Lens subluxation
Enlarged ciliary ring
Posterior staphyloma
Retinal breaks

AM, anterior megalophthalmos.

AM eyes

30/30 (100%)
11/30 (36.67%)
20/30 (66.67%)

2/30 (6.67%)
4/30 (13.33%)
11/30 (36.67%)
22/30 (73.33%)
16/30 (53.33%)

9/30 (30%)

1/30 (3.33%)
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Variables APAC ASAC-LS P Value

No. of subjects 21 20

Age (y)* 66.71:£9.72 61.05=11.28 0.04*
Sex (Male:Female)® 5:16 6:14 0.655
Eyes (Right:Leftf° 11:10 o1 0.636
Surgery History® 8 3 0.095
Trauma History® 0 7 001"

Mann-Whitney U test; ®Chi-squared Test; ©Fisher Exact Test; *Value with
statistical significance.

APAC, zcute primary angle closure; ASAC-LS, acute secondary angle closure associated
with lens subluxation. Surgery history contains laser peripheral iidectomy (LP) or LPIand
Argon laser peripheral iridoplasty (ALP).
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Subjects/eyes
Eyes (right: left)
Age (years)
WTW (mm)
ACD (mm)

IOP (mmHg)

Central ECC (cells/mm?)
Corneal pachymetry (um)

AL (mm)

Km F (D)
Astig F (D)
Km TCRP (D)

TCA (WFA) (4 mm zone) (D)

WFA Z40 (um)
WFA HO RMS (m)

Female group

7/14
14 (7/7)
33.81 & 18.31
1214 +0.26
427 £ 0.62
15.93 £2.9
2735.08 £ 472.7
540.2 & 44 61
2473 +1.4
41.06 £2.79
1.25+£0.92
40.15 £ 1.76
0.43 + 0.81
0.18 +£0.13
0.14 + 0.06

Male group

8/16
16 (8/8)
41.21 +£19.88
12.29 + 0.65
4.01 £ 1.61
156.14 £3.76
2861.83 +317.91
500.67 £+ 43.28
27.58 £ 4.13
43.03 £ 1.45
1183+ 0.73
4254 £1.15
11564078
0.21 £0.1
0.15 £ 0.06

P-value

1
0.067
0.475
0.573
0.386
0.586

0.029*
0.147

0.011*
0.682

0.001*
0.053

0.26
0.386

AM, anterior megalophthalmos; IOP, Intraocular pressure; BCVA, best-corrected
visual acuity; ECC, endothelial cell count; WTW, white-to-white; LT, lens thickness;
AL, axial length; Km, mean keratometry; F, front (anterior corneal surface); Astig,
astigmatism; TCRF, total corneal refractive power; ACD, anterior chamber depth;
Cornea, corneal diameter (horizontal); TCA (WFA) (4-mm zone), total corneal
astigmatism in the 4-mm zone around the corneal apex; WFA Z40, total corneal
spherical aberrations (Z4,0) in the 6-mm zone around the corneal apex; WFA HO
RMS, root mean square of the total corneal high-order aberrations calculated in the

4-mm zone around the corneal apex. * P < 0.05.
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Subjects/eyes
Sex (female: male)
Eyes (right: left)
Age (years)

WTW (mm)

ACD (mm)

IOP (mmHg)

Central ECC (cells/mm?)
Corneal pachymetry (um)

AL (mm)
KmF (D)
Astig F (D)
Km TCRP (D)

TCA (WFA) (4 mm zong) (D)

WFA Z40 (um)

WFA HO RMS (um)

AM group

15/30
7/8
30 (15/15)
37.27 £19.1
12.22 £0.51
413 +£1.22
156.63 £ 3.31
2795.92 &+ 402.77
518.64 £47.33
26.04 +3.25
42.01 +£2.06
1.1+ 0.59
42 £2.42
—-0.79+0.85
0.2+0.11
0.156 £ 0.06

Control group

30/30
11/19
30 (17/13)
31.43 + 19.69
11.8+04
3.17 £ 0.26
14.94 £3.23
2866.44 4+ 378.18
532.36 £ 35.62
23.33 £ 0.78
43.36 + 1.18
1.04 £0.75
43.06 + 1.26
—0.87 £ 0.84
0.256 +£0.19
0.15 £ 0.06

P-value

0.398
0.224
0.249
0.023*
0.001*
0.512
0.518
0.283
<0.001*
0.004*
0.77
0.046*
<0.001*
0.243
0.883

AM, anterior megalophthalmos; IOP, intraocular pressure; BCVA, best-corrected
visual acuity; ECC, endothelial cell count; WTW, white-to-white; LT, lens thickness;
AL, axial length; Km, mean keratometry; F, front (anterior corneal surface); Astig,
astigmatism; TCRF, total corneal refractive power; ACD, anterior chamber depth;
Cornea, corneal diameter (horizontal); TCA (WFA) (4-mm zone), total corneal
astigmatism in the 4-mm zone around the corneal apex; WFA Z40, total corneal
spherical aberrations (Z4,0) in the 6-mm zone around the corneal apex; WFA HO
RMS, root mean square of the total corneal high-order aberrations calculated in the
4-mm zone around the corneal apex. * P < 0.05.
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HC

Age (years) 33.47 £ 9.01
Sex (male/female) 1711

Vision () 097 £0.07
Vision (L) 082+0.15
IOP (R) 14.98 + 1.39
0P (1) 15,20+ 1.78
ESR 16.42 +2.87
CRP 308+2.14

Systolic pressure(mmHg)  129.08  16.29
Diastolic pressure (mmHg) ~ 82.83 + 6.68
Duration (years) =
SLEDAI-2K -

sl -

SLE

33.76 £9.08
1M
0.76 +£0.29
0.70 £ 0.25
16.22 +2.88
16.23 £2.38
2317 +21.91
6.96 £ 17.10
125.83 +£6.71
78.08 £8.20
4.33 +2.56
4.256 +283
5.26 +2.83

HC, Healthy control: SLE, Systemic lupus erythematosus; IR, Intraoculer pressure;
SLEDAY; 2K, Systemic Lupus Erythematosus Disease Activity Index—2000; SDI, Systemic
Lupus Erythematosus Intemational Cooperative Clinic/American College of Rheumatology
Injury Index; ESR, Erythrocyte sedimentation rate; CRP, C-reactive protein; R, Right;

L, Left.
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Group A
Group B
Group G
Group D
Total

No. of eyes

a1

92

67
108
358

Sex (F/M)

27/64
26/66
20/47
34/74
107/251

Age, mean  SD (year)

411£11.9
436 £9.1
42.6 100
478 +£8.4
435101

Group A, duration <1 month; Group B, 1<duration=3 months; Group C, 3 <duration<6
months; Group D, duration >6 months; F, female; M, male; SD, standard deviation.
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Bofore
injection

month
after
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3
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after
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6
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injection
Wald
X2/F

P

TA

065
(058,
1.055)
030
(0.175,
0.325)

0.21
©.15,
0.22)

020
0.075,
0.27)

0.16
(0.00,
0.22)

With DM

BCVA

Ranibizumab P

080
(.70,
1.00)
0.40
(0.30,
0.40)

020
©.10,
0.40)

0.40
©0.20,
050)

020
©.10,
030)

1,106.482 104.218

<0.05

<0.05

>0.05

>0.05

>0.05

<0.05

>0.05

TA

080
©.70,
092)
022
(0:20,
0.30)

020
©.10,
022)

0.10

©.10,
020)

Without DM

Ranibizumab P

0.80
(.70,
1.00)
030

(0:225,
030)

0.20
(0.125,
0.275)

0.10
(.10,
0.175)

0.10
(0.025,
0.175)

492567 872.826

<0.05

<0.05

>0.06

>0.05

>0.05

>0.05

>0.05

TA

610.50
(631.75,
649.00)
241.00

(240.00,
263.25)

225,00
(210.25,
245.25)

191.00
(1875,
247.25)

214.00
(209.50,
227.25)

950.792

<0.05

With DM

CcMT

Ranibizumab P

609.00
(446.00,
634.00)
298,00
(230.00,
350.00)

237.00
(220.00,
253.00)

466.00
(226.00,
498.00)

223,00
(215.00,
246.00)

145.803

<0.05

>0.06

>0.05

>0.05

<0.05

>0.05

TA

577.00
(459.00,
612.00)
230,00

(211.00,
249.00)

198.00
(190.00,
220.00)

209.00
(200,00,
216.00)

197.00
(190.00,
203.00)

Without DM

5105
(422.25,
617.00)
233.00
(21600,
240.75)

215.50
(20950,
220.75)

208.50
(203.25,
218.50)

208.50
(19950,
217.25)

292986 799.477

<0.05

<0.05

Ranibizumab P

>0.05

>0.05

>0.05

>0.05

>0.05

TA

16.56
+
157
16.20
+
1.46

15.90
ch
179

15.03
+
187

15.65
+
1.87

0.510

>0.05

Without DM

14.76 +
290

15.26 +
3.15

16.04 =
242

15.50 &
276

1407 +
1.94

0.706

>0.05

0P

Ranibizumab P

>0.06

>0.05

>0.05

TA

14.41
*
1.98
15.60
+
181

16.14
+
2.04

15.96
+
2.02

15.27
+
1.87

2.460

>0.05

Without DM

16.26
1.96

15.00 £
2.46

14.99 £
1.61

14.69 £
2.18

14.60 £
283

0.242

>0.05

Ranibizumab P

>0.06

>0.05

>0.05

>0.05

>0.05
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Observation I index

Time

Before injection

2 weeks after injection

1 month after injection

3 months after injection

6 months after injection

Wald 2/F
p

*There was a significant difference compared with that before injection (P < 0.05).

BCVA (log MAR)
TA Ranibizumab
080(0.70, 0.80(0.70,
0.96) 1.00)
030 (020, 0.30(0.30,
030" 0.40
0.20(0.10, 0.20(0.10,
022" 030
0.10(0.10, 0.20(0.10,
0.20) 0407
0.10(0.10, 0.10(0.10,
0.15) 0201
941858 223,683
<005 <005

>0.05

>0.06

>0.06

CMT (um)
A Ranibizumab
57800 566,00
(469.00, (446.00,
620.00) 634.00)
240,00 237.00
(219.50, (219.00,
250.00)" 298.00)"
206.00 220,00
(193.50, (21300,
221.00)" 251.00)"
205.00 220,00
(191.00, (207.00,
215.00)" 466.00)"
200,00 215.00
(191.50, (202.00,
214.00)" 223.00)"
709.391 250,192
<005 <005

>0.05

>0.05

>0.06

<0.05

>0.05

10P (mmHg)
A Ranibizumab
14.68 = 1502+
1.92 236
1474+ 1512+
172 270
16.08 = 15.48 =
1.94 202
16.74 = 15.06 &
1.98 241
15.36 + 14.35 +
184 239
1304 0.721
>005 >005

>0.05

>0.06

>0.06

>0.06

>0.05
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Cluster 1

Optical coherence tomography (OCT) (1,121)
Optical coherence tomography angiography (OCTA)
(397)

Spectral domain optical coherence tomography
(SD-OCT) (260)

Retina (115)

Choroidal thickness (99)

Imaging (82)

Fluorescein angiography (78)

Foveal avascular zone (58)

Enhanced depth imaging optical coherence
tomography (EDI-OCT) (53)

Vessel density (51)

Cluster 2

Age-related macular degeneration (103)
Diabetic retinopathy (90)

Choroidal neovascularization (69)

Diabetic macular ederma (48)
Macular edema (48)

Macular hole (47)
Vitrectomy (40)

Myopia (40)

Uveitis (39)

Gentral serous chorioretinopathy (31)

The numbers in brackets represent the frequency of keywords according to the co-occurrence analysis.

Cluster 3

Glaucoma (253)
Retinal nerve fiber layer (139)

Anterior segment optical coherence tomography
(AS-OCT)(118)

Optic nerve head (49)

Retinal nerve fiber layer thickness (40)

Cornea (33)

Trabeculectomy (31)

Optic nerve (30)

Keratoconus (26)

Anterior chamber angle (23)
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RAL :Yinsightioo = 0.6126"Xcasiaz + 3.300(P < 0.001)

RPL Vinsighiioo = 0.8503*Xcasiaz + 1415(P < 0.001)
LT Vinsigheton = 09076 Xcasiaz — 001326(P < 0.001)
LD Yinsightioo = 0.4845*Xcasiaz + 4.245(P < 0.001)
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Rank

Co-cited reference

Huang D. Science.
1991;254:1178

Jia YL. Opt Express.
2012;20:4710

Spaide RF. Jama Ophthalmol.
2015;133:45

Spaide RF. Am J Ophthalmol.
2008;146:496

Spaide RF. Retina-J Ret Vit Dis.

2015;35:2163

Margolis R. Am J Ophthalmol.
2009; 147:811

Jia YL. Ophthalmology.
2014;121:1435

Jia YL. Ophthalmology.
2014;121:1322

Bland JM. Lancet. 1986;1:307

Fujiwara T. Am J Ophthalmol.
2009;148:445

Title
Optical coherence tomography.
Spit-spectrum amplitude-decorrelation angiography with optical coherence tomography.

Retinal vascular layers imaged by fluorescein angiography and optical coherence
tomography angiography.
Enhanced depth imaging spectral-domain optical coherence tomography

Image artifacts in optical coherence tomography angiography.

A pilot study of enhanced depth imaging optical coherence tomography of the choroid in
normal eyes.

Quantitative optical coherence tomography angiography of choroidal neovascularization in
age-related macular degeneration.

Optical coherence tomography angiography of optic disc perfusion in glaucoma.

Statistical methods assessing agreement between two methods clinical measurement.
Enhanced depth imaging optical coherence tomography of the choroid in highly myopic
eyes.

Citations

407

344

324

284

193

171

165

163

150
130





OPS/images/fmed-08-710492/fmed-08-710492-t004.jpg
Formula comparison AL <22 mm AL 22-24.5 mm Age < 24 months Age 24-60 months

N MD(95%Cl) P N MD(95%Cl) P N MD(95%Cl) P N MD(95%CI) P
Holladay 1vs. Holaday2 4 -009(-033,0.14) 0 2 015(-028,057) 0 2 —025(-058,009) O 2 -025(-058,008 0
Holladay 1vs. HofferQ 5 -0.15(-0.38,008) 416% 8 002(-0.17,021) 0 4 —018(-038,003) 14.4% 3  0.15(-0.15,046) 51.6%
Holaday 1vs. SRK/T 5 —001(-0.19,0.16) 11.2% 3 —-004(-029,021) 15.9% 4 0.11(-008,029) 0 3 0.15(-0.26,056) 72.4%
Holladay 1vs. SRKII 3 —0.39 (~0.56, ~0.21)" 0 NA 3 0.08(-058074) 886% 2 —030(-048,-0.12* 0
Holaday 2vs. HofferQ 4 —0.17(-0.48,0.14) 431% 2 008(-034,050) 0 2 023(-0.11,056 0 2  054(0.21,0.88)" o
Holaday 2vs. SRK/T 4 0.21 (~0.02, 0.44) 0 2 —042(-1.14,081) 635% 2 082(-0.01,066 0 2  0.60(0.26,0.99)* o
Hoffer Q vs. SRK/T 5 021(-0.19,060) 79.5% 8 —-022(-0.68,025) 662% 5 0.28(0.06,051) 485% 4 009(-020,037) 76.1%
Hoffer Q vs. SRK I 3 -024(-058,0.11) 63.7% NA 4 028(-026,082) 90.1% 3 —-003(-060,0.55) 94.2%
SRK/T vs. SRK I 3 —037 (-0.63, ~0.12)* 87.3% NA 4 007(-027,042) 756% 3 —-009(-034,017) 69.7%

AL, axial length; MD, mean difference; 95% Cl, 95% confidence interval; NA, not available.
*Indicates statistical significance.
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Study

Current study

Fukuda (8)

Shoji et al. (7)
Liuet al. (6)

Lietal. (10)

Participants
Number Age (mean,
(subjects, eyes) range)
96, 96 34.42 (23-74)
50,50 30.1
78,135 724
30,30 356
59,59 19-87
25,25 32.92 (22-66)

Device

Insight 100
CASIA2
CAsIA2
CASIA2
CASIA2
CASIA2

Scheimpflug

Insight 100
CASIA2

RAL
Mean = SD (mm) icc
10.308 + 1.530 0.987
11.441 +1929 N/A
12.16 = 1.60 0996
966+ 1.41 0993

104£15 0857 0.914
10.38 £1.78 N/A

8.12:£ 140 0.996 0.947
11.90 £2.42 N/A
11.88 £ 1.84 N/A

RPL

Mean & SD (mm)

6.388 + 0.752
5.849 + 0.534

6.09 + 0.40
5.81+£0.56
58+04
N/A
N/A
6.37 £ 1.66
5.74+051

Parameters

T
icc Mean & SD (mm)
0.890 3.564 + 0.345
N/A 3.941 +0.366
0987 377020
0674 456 % 0.39
08790.933 39+03

N/A NA

N/A NA

N/A 350+ 0.35

N/A 384+0.38

RAL, radius of anterior lens surface curvature; RPL, radius of posterior lens curvature; LT, lens thickness; LD, lens diameter; ICC, intraclass correlation coefficient.

icc

0974
NA
0.998
0.995
0.987 0.992
NA
NA
NA
NA

LD

Mean = SD (mm)

9.032 + 0.387
9.880 + 0.461
10.03 + 0.32
10.14 £ 0.61
N/A
NA
NA
9.76 £ 0.54
9.74+ 043

icc

0816
NA

0.924

0.827
N/A
N/A
NA
N/A
NA
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Rank Journal Country Count % of 4,270

1 Investigative Ophthalmology and Visual Science United States 512 12,0
2 Retina-the Journal of Retinal and Vitreous Diseases United States 437 102
3 American Journal of Ophthaimology United States 305 7.4

4 British Journal of Ophthalmology England 224 52
5 Graefes Archive for Clinical and Experimental Ophthalmology United States 218 5.1

6 Journal of Glaucoma United States 168 39
7 Ophthalmology United States 165 39
8 Ophthalmic Surgery Lasers and Imaging Retina United States 159 37
9 Acta Ophthalmologica United States 140 33
10 Journal of Ophthaimology England 125 29
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CASIA2 (Mean  SD, mm)

RAL 11.441 £1.929
RPL 5.849 +£0.534
s 3.941 +£0.366
LDs 9.880 +0.461

Insight 100 (Mean  SD, mm)

10.308 +1.530
6.388 £0.752
3.564 £0.345
9.032 +£0.387

Mean Difference (95% Cl)

1.183(0.884 to 1.381)
—0.539(-0.661 t0-0.417)
0.377(0.357 t0 0.398)
0.848(0.768 10 0.928)

P value

<0.001*
<0.001*
<0.001*
<0.001*

95% LoA

—3.637 to 1.271
—~0.646 to 1.724
0.179t0 0.575
007210 1.623

R

0.772
0.604
0.961
0577

icc

0.622
0.427
0615
0.191

RAL, radlus of anterior lens surface curvature; RPL, radius of posterior lens curvature; LTs, lens thickness in semiautomated measurement; LDs, lens diameter in semiautomated
measurement; LoA, the limit of agreement; ICC, intraclass correlation coefficient; Bold': Statistically significant difference (P < 0.05).
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Rank Author Count Co-cited author

1 Duker JS 86 Spaide RF 1,620
2 Sadda SR 85 Ja YL 846
3 Huang D 80 Leung CKS 695
4 Querques G 63 Quigley HA 548
5 Bandello F 64 Huang D 508
6 Waheed NK 58 Hood DG 422
7 Weinreb RN 55 Mwanza JC 376
8 Souied EH 50 Medsiros FA 349
° Keane PA a7 Jonas JB 349
10 Sanef O 46 Ehlers JP 218
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Mean (mm?) SD (mm?) Mean difference (95% CI) Pvalue Interobserver reproducibility

95%LoA icc

RAL Observer 1 10.308 1.530 —0.079(—0.128 to —0.030) 0.002* —0.392 to 0.549 0.987
Observer 2 10.229 1.562

RPL Observer 1 6.388 0.762 0.142(0.077 to0 0.207) <0.001* —0.770t0 0.486 0.890
Observer 2 6.530 0.724

LT Observer 1 3564 0.345 0.022(0.006 to 0.037) 0.006* —-0.170t0 0.127 0974
Observer 2 3.586 0.342

LDs Observer 1 9.032 0.387 0.115(0.074 to0 0.157) <0.001* —0.51610 0.286 0816
Observer 2 9.148 0368

RAL, radius of anterior lens surface curvature; RPL, radius of posterior lens curvature; LT, lens thickness; LD, lens diameter; LTs, lens thickness in semiautomated measurement; LDs,
lens diameter in semiautomated measurement; LoA, the limit of agreement; ICC, intraclass correlation coefficient.
Bold": Statistically significant difference (P < 0.05).
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Rank Organization Country Documents (%) Citations

1 University of California Los Angeles USA 126 (3.0) 3,010
2 University of Miami USsA 121 28) 3677
3 Medical University of Vienna Austria 98 (2.3) 1,008
4 Duke University USsA 89 (2.1) 1,657
5 Oregon Health and Science University USA 842.0) 3536
6 Singapore National Eye Center Singapore 82(1.9) 1,610
7 University of California San Diego USA 81(1.9 2882
8 Moorfelds Eye Hospital England 69(1.6) 1,823
9 Moorfields Eye Hospital NHS Foundation Trust England 69(1.6) 1,340
10 National University of Singapore Singapore 66 (1.5) 1,361

The percentages were calculated by dividing the number of row count by the total number of (n = 4,270).
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Rank Country/District Count (%) Citations

1 USsA 1,871 (82.1) 37,578
2 China 462 (10.8) 7,263
3 Japan 401 (9.4) 7,624
4 Italy 355 (8.3) 6,108
5 South Korea 350 8.2) 6,029
6 England 267 (6.3) 5,153
7 Turkey 267 (6.3) 1,951
8 India 256 (6.0) 2,851
9 Germany 222(5.2) 4,657
10 France 190 (4.4) 4,340

The percentages were calculated by dividing the number of row count by the total number
of publications (n = 4,270).
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Parameter Mean & SD Range

Age (y1) 64.21 + 8.06 (46,83)
Gender, n (%)

Male 33(29.73%)

Female 78 (70.27%)

Eye, n (%)

Right 63(56.76%)

Left 48 (40.54%)

Mean K (D) 44592 1.56 (40.16, 49.10)
Flat K (D) 44.11%1.56 (3931, 48.56)
Steep K (D) 4507 +1.63 (4102, 49.63)
AL (mm) 22.42 £ 0.87 (1968, 24.50)
ACD (mm) 231£024 (1.69,2.90)
LT (mm) 497 £032 (4.33,5.78)
WTW (mm) 1134+ 0.48 (10.14, 12.60)
CCT (um) 552.67 + 37.68 (475.00, 643.77)
0L power 24.00 +2.38 (1600, 30.00)
10L model, n (%)

Rayner 920H 29(26.13%)

Rayner 970G 82 (73.87%)

AL, axial length; K, keratometry; ACD, anterior chamber depth; LT, lens thickness; CCT,
central corneal thickness; W2W, white to white distance; IOL, intraocular lens; D, diopter.
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D s 1 o P-value

Maximumbasal ~ 11.74£28 120£25 121£86 12537 0311
diameter, mm

Minimum basal 104427 105£24 106+32 11.1£27 0409
diameter, mm

Maximum 76+23 63+20 49+20 62+24 <0.001
thickness, mm
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Attribute

Precision No FT
Light FT
Moderate FT
Severe FT
Total

Recall No FT
Light FT
Moderate FT
Severe FT

F1-score

Weighted-average Fi-score

Ordinal logistic
regression

0.1957
0.9268
0.6474
0.0676
0.7712
0.4821
0.8128
0.6657
0.7143
05446
0.7419

Ordinal probit
regression

0.1667
09312
0.6419
0.0676
0.7706
0.4694
0.8098
0.6676
0.7143
0.5382
0.7390

Ordinal
log-gamma
regression

0.1739
09312
0.6281
0.0676
0.7683
0.4706
0.8080
0.6647
0.6250
05293
0.7371

Ordinal
forest

02174
0.9083
0.6364
0.1081
0.7601
0.3846
0.8085
0.6696
0.6667
0.5376
0.7367

Neural
networks

0.2681
0.9085
0.5604
0.1892
0.7503
0.4111
0.8114
0.6559
0.3333
05145
0.7332
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Attribute

Precision NoFT
Light FT
Moderate FT
Severe FT
Total

Recall No FT
Light FT
Moderate FT
Severe FT

Fi-score

Weighted-average F1-score

Ordinal logistic
regression

0.1950
0.9208
0.6535
0.0851
0.7730
0.6556
0.8217
0.6340
0.5000
0.5334
0.7458

Ordinal probit
regression

0.1312
0.9299
0.6477
0.0022
0.7730
0.5692
0.8162
0.6392
0.4815
0.5240
0.7408

Ordinal
log-gamma
regression

0.1596
0.9330
0.6360
0.0709
0.7742
05921
08158
0.6416
0.4762
0.5254
0.7422

Ordinal
forest

0.3475
0.9373
0.7003
0.2482
08128
0.7101
0.8458
0.7065
0.8537
0.6505
0.7984

Neural
networks

0.1986
0.9262
0.6974
0.3262
0.7950
0.5657
0.8281
0.6964
0.8846
0.6236
0.7743
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Age
Gender

FTD

FTD?
Threshold 1
(no FM)
Threshold 2
(ight FT)
Threshold 3
(moderate FT)

Threshold 4
(severe FT)

P < 0.001; **P < 0.07; *P < 0.05.

Ordinal logistic
regression

Coefficient (SE)

0.0575"* (0.0051)
~0.2026" (0.0889)
35.6489""" (2.4007)
—24.4600" (5.0442)
<3.7389

8.7389, 10.5053)
[10.5053, 13.9323)

>13.9323

Ordinal probit
regression

Coefficient (SE)

00330 (0.0027)
~0.0964* (0.0481)
17.2249"* (1.1994)
~95187"* (2.5911)
<19527

[1.9527, 5.5435)
65435, 7.4299)

>7.4299

Ordinal
log-gamma
regression

Coefficient (SE)

00317 (0.0028)
-0.0835" (0.0488)
17.1730*** (1.1980)
~8.0721" (2.6208)
<2.0456

2.0456, 5.6847)
6.6847, 7.6508)

>7.6598

Ordinal forest

Importance

00216
0.0001
02327
02090

0. 0.3078)

0.3078, 0.3347]
0.3847, 0.4048]

(0.4048, 1)

Neural
network
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Manual grading of FT FTD Age Gender

Attribute  Size N (%) Mean (SD) Mean (SD) Male N (%) Female N (%)

No FT 282(8.25) 0.07 (0.04) 50.458.30) 85(5.88) 197 (9.98)
Light FT 2,812 (67.62) 0.15(0.07) 51.43 (8.70) 919 (63.60) 1,398 (70.57)
Moderate FT 684 (20.01) 0.28 (0.07) 59.66 (8.55) 366 (25.33) 318 (16.11)
Severe FT  141(4.12) 033 (0.06) 65.04(7.21) 75(5.19)  66(3.34)
Total 3419 0.18(0.09) 5355(@.51) 1445 1,974
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Unassisted

Expert ophthalmologist 0.966
(0.955-0977)

Competent ophthalmologist 0910
(0.901-0919)

Novice ophthalmologist 0.807
(0.783-0.831)

Average 0.894
(0.888-0.899)

Accuracy

Al-assisted”

0969
(0.958-0.979)
p=0999
0.941
(0.925-0.956)
p=0032
0.890
(0.866-0.914)
p=0041
0.933
(0.927-0.939)
p <0.001

XAl-assisted”

0971
(0.946-0.996)
p=0650
0.948
(0.934-0.961)
p=0.006
0.907
(0.869-0.944)

09

0942
(0.933-0.951)
p <0.001

Unassisted

0954
(0.926-0.983)

0.887
(0.852-0.922)

0.764
(0.736-0.793)

0.869
(0.858-0.879)

Sensitivity
Al-assisted?”

0.966
(0.941-0.990)
p=0999
0.916
(0.894-0.937)
p =003
0.885
(0.847-0.923)
p =0.007
0.922
(0.913-0.932)
p <0.001

XAl-assisted”

0.964
(0.942-0.985)
p=0.152
0.927
(0.891-0.964)
p <0.001
0.891
(0.849-0.933)
p=0002
0.927
(0.916-0.939)
P <0.001

Unassisted

0976
(0.968-0.983)

0930
(0.910-0.950)

0.847
(0.812-0.831)

0917
(0.910-0.925)

Specificity
Al-assisted”

0972
(0.944-0.999)
p=0999
0.963
(0.951-0.975)
p=0.142
0.894
(0.868-0.920)
p=0225
0.943
(0.935-0.951)
p=0014

XAl-assisted”

097
(0.9950-1.004)
p=0999
0.966
(0.959-0.974)
p=0022
0.921
(0.885-0.956)
p=0.035
0.955
(0.946-0.963)
p <0.001

Al, artificial inteligence; XAl, explainable artificial inteligence. Statistically significant values are shown in bold. The resuits are expressed as the mean (95% Confidence Interva). ©The statistical significance level of the index in

AlXAl-assisted conditions compared to that in unassisted conditic

n is shown as p.
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Low TIA group (N = 54) High TIA Group (N = 64) Group Time  Group‘time

im 12m im 12m P P P

LogMarUDVA -0.08 +0.07* —0.09 + 0.07° —0.05 + 0.06* —0.05 + 0.06° 0.003 0.14 0.45
LogMarCDVA —0.11£0.07 -0.11£0.07 —0.09 £ 0.06 —0.10 £ 0.06 0.12 0.11 0.1

SE(D) —0.06 +0.26 —0.05 + 0.22° —0.05 +0.279 —0.12 +0.23% 0.46 0.006 0.003
Cylinder diopter by MR(D) -0.31 £0.17° —0.26 +0.15° —~0.36 £ 0.209 —-0.29 £ 0.19° 021 <0.001 0.30
CA(D) 1.49 £ 0.48™ 1.43 +£0.47% 2.43+0.61* 2.40 +0.66° <0.001 0.02 0.40
Vault (1m) 538.41 £ 176.71° 534.07 £ 176.59° 517.86 % 163.77¢ 51031 £ 164.13¢ 0.48 <0.001 0.48
IoP 15.08 £2.14 14.97 £2.39 156.14 +£2.56 15.04 + 2.66 0.89 0.26 093
Refractive SIA 1.00£0.372 1.02 +0.35° 242 £0.72% 2.48 £ 0.68% <0.001 0.025 0.38
Comeal SIA 0.30 +0.16* 0.27 £ 0.21° 0.39 + 0.26* 0.39 + 0.28° 0.004 0.42 0.62
Cl 0.85 £0.23* 0.88+0.17° 0.93£0.10* 0.96 + 0.09° 0.001 0.07 0.77
Ios 0.28 +0.18* 0.23 4 0.14% 0.15 £ 0.10% 0.12 £ 0.09% <0.001 <0.001 0.43

TIA, target induced astigmatism; CDVA, corrected distance visual acuity; UDVA, uncorrected distance visual acuity; SE, spherical equivalence; MR, manitest refraction; CA, comeal
astigmatism; SIA, surgical induced astigmatism; IOP, intraocular pressure; I0S, index of success; Cl, correction index. 2The low TIA group at post 1 month vs. the high TIA group at
post 1 month; ®the low TIA group at post 12 months vs. the high TIA group at post 12 months; “the low TIA group at post 1 month vs. the low TIA group at post 12 months; “the high
TIA group at post 1 month vs. the high TIA group at post 12 months. *Stands for interaction between Group and Time.
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Unassisted
Al-assisted
XAl-assited

p<0.05
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Low ORA group (N = 53) High ORA group (N = 65) Group Time Group*time

1m 12m 1m 12m P P P
LogMar UDVA ~0.05 4 0.07 ~0.07 +0.07 ~007 0,07 ~0.0840.07 087 069 0.10
LogMar CDVA ~0.07 +0.07% ~0.10 +0.07° ~0.10+0.07% ~0.1040.07 024 001 <0.001
SED) ~008+0.26 ~0.11+0.24 ~0.04 + 0.26% ~0.07 +0.22¢ 043 0.08 085
Cylinder diopter by MR(D) ~0320.18° ~0.26 +0.16° ~0340.20° ~0.28.+0.18 052 001 083
CAD) 2.00+073 1.97 £080 200+0.72 1.95+£0.72 093 031 0.49
Vault (um) 520.13£19191° 52418+ 192.12°  52563+14853% 51857 + 148.78¢ 091 <0.001 0.16
0P 14.88 +2.50 14.75 £ 264 1531224 15.23 +2.43 025 0.15 0.69
Refractive SIA 1.90 £0.99 1.98+£0.98 1.66 + 0.85 1.67 £ 0.84 0.14 0.63 0.93
Corneal SIA 0.35+0.25 031025 035 +0.20 035 +0.26 053 070 034
cl 0.89+0.17 094014 090+0.19 0912014 076 038 022
108 049 +0.14¢ 0.15+0.10° 022+0.16% 0.19.+0.15 0.19 0.02 094

ORA, ocular residual astigmatism; CDVA, corrected distance visual acuity; UDVA, uncorrected distance visual acuity; SE, spherical equivalence; MR, manifest refraction; SIA, surgical
induced astigmatism; CA, comeal astigmatism; IOR, intraoculer pressure; I0S, index of success; Cl, correction index. @ The low ORA group at post 1 month vs. the high ORA group at
post 1 month; Pthe low ORA group at post 12 months vs. the high ORA group at post 12 months; “the low ORA group at post 1 month vs. the low ORA group at post 12 months; “the
high ORA group at post 1 month vs. the high ORA group at post 12 months. *Stands for interaction between Group and Time.
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Year

2010
2011
2012
2013
2014
2015
2016

Number screened

69

84

140
13
161

146
208

Any ROP, (N, %)

o
2(2.4%)
8(5.7%)

18(11.5%)
9(6.6%)
8(5.5%)

31(15.3%)

Type 1 ROP, (N, %)

0
0
0
2(1.8%)
3(1.9%)
3@21%)
7 3.4%)

ROR, retinopathy of prematurity; N, number; BW, birth weight; GA, gestational age.

GA of type 1 ROP (mean, range)

0
0
0
34.3(33-35.6)
325 (20.7-35.9)
34.0(31.7-36.3)
30.4 (26.6-36.3)

BW of type 1 ROP (mean, range)

o
0
0
2,130 (1,800-2,460)
2,069 (1,976-2,180)
2,040 (1,950-2,170)
1,520 (900-2,950)
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Group F/M Age Sphere RA SE LogMAR cA ORA cylindrical 0P ECD

CDVA power of
TIcL

LowORA 8520  28.46+419  -042+247  —207+097 -1046+252 002+006  1.80+071 0824010  207+£097 1477261 28333631602
=55 (20-87) (1510475  (-4to—1)  (-1610-55) (-0.1t00.15) 05-33) (0.12-05) (1-4) (10-21) (2,118-3,715)
HighORA  88/35  2859+480  -893+2.16  —179+078 -984%215 000+007 188066  085+£027 1794078  1515+£230  2,780.81 £31504
N=63) (1988)  (-137510-850) (-4to—1) (-1475t0-45) (-0.1100.15  (0.3-3.4) (0.53-2.09) (1-4) (11-20) (2.085-3,798)
Pvalue 071 062 025 009 0.15 027 0.49 <0.001 009 039 0.46

Low TIA 25/20 27.85+52 -9.23+£2.34 -1.15+023 -9.81+£234 0.00 £ 0.07 1.35+0.45 0.61£0.35 1.16£0.23 14.86 £2.24 2,776.93 £ 270.55
=54 (19-88) (-15t0-4.75)  (-15to—1) (~1575t0-55) (<0.1100.15) 03-28) 0.18-2.09) (1-15) (10-21) (2214-3,450)
HighTA  39/34  2884+303  -9.10+281  -258+067 -1039£232 001+007  225:054  060+033 258066 1507262  2838.11£347.62
(N=64) (22-87) (-1510-850)  (-4to-2)  (-16to-45) (-0.1t00.15) (1-34) (0.12-1.36) @4 (10-20) (2,085-3,798)
P-value 0821 025 076 <0.001 0.18 069 <0.001 094 <0.001 064 030

F, female; M, male; SE, spherical equivalence; RA, refractive astigmatism by manifest refraction; CA, comeal astigmatism; ORA, ocular residual astigmatism; LogMAR, log minimum angle of resolution; CDVA, corrected distance visual
acuity; IOR, intraocular rressure; ECD, endothelal cell density; TIA, target induced astigmatism (equal to refractive astigmatism by manifest refraction).
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Exceeding infants Any ROP Stage (1:2:3) Type 1 ROP

US (GA < 30 weeks and/or BW < 1,5009) 708 (77.2%) 37 (52.1%) 25:11:1 9(60%)
UK (GA = 32 weeks and/or BW < 1,500g) 633 (69.5%) 31(43.7%) 21:10:0 8(53.3%)
China (GA < 34 weeks and/or BW < 2,000g) 321 (35.2%) 18 (25.4%) 1:7:0 6(40%)

In these countries, infants with an unstable clinical course would also be screened even they have a BW or GA a litle exceed the national screening criteria. These infants had not been

accounted for in the analysis due to the uncertainty, so the estimates for percent of infants missed i this study is an upper bound.
ROP, retinopathy of prematurity.
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Model 1* Model 2
RR (95%Cl) P RR (95%Cl) P

BMI categories

Nomal/underweight 1.0 (Reference) 1.0 (Reference)

Overweight 049(0.12-200) 0318 063(0.13-302) 0567

Obese 037(0.09-148) 0.159  0.45(0.10-2.14) 0317
WHR categories

Tertie 1 1.0 (Reference) 1.0 (Reference)

Tertie 2 1.20(0.30-4.81) 0795 267 (0.43-16.68) 0293

Tertie 3 1.07 (0.26-4.64) 0927 2.79(0.42-1862) 0.290
BMiper 1-SDincrease  0.52(0.20-0.93) 0.028  0.63(0.32-121) 0.163
WHR per 1-SDincrease  1.06 (0.46-2.42) 0.898 182 (0.68-4.84) 0232

BM, body mass index; WHR, waist to hip ratio; SD, standard deviation; DR, diabetic
retinopathy; RR, relative risk; Cl, confidence intervel.

“Adjusted for age and sex.

* Additionally adfusted for HbATe, duration of diabetes, use of insulin, SBR DBR, total
cholesterol, and triglycerides. Bold indicates statistical significance.
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Any ROP Premature infants without ROP OR (95% Cl) P
Number of ROP 19 (6.7%) 263 (93.3%) - =

Male 42.1% (8/19) 51.3% (135/263) 069(0.27-1.77) 044
Gestational age, weeks (mean, range) 35.8(35-36.7) 36.4(32.4-38.6) 0.96 (0.44-2.10) 092
Birth weight, grams (mean, range) 2,331 (1,920-2,780) 2,347 (1,750-8,200) 1,00 (0.99-1.00) 0.83
Multple birtht 36.8% (7/19) 50.2% (132/263) 063 (0.24-1.64) 034
Vaginal delivery 52.6% (10/19) 19.0% (60/263) 4.73 (1.83-12.26) 0001
Respiratory distress 15.8% (3/19) 8.4% (22/263) 2.05 (0.56-7.60) 028
Blood transfusion 5.3% (1/19) 1.2% (4/263) 3.60 (0.38-33.88) 026
Oxygen administration 31.6% (6/19) 31.6% (83/263) 1,00 (0.37-2.73) 0.99
Duration of oxygen administration, days (mean, range) 2(1-8) 4.3(1-80) 077 (0.48-1.23) 027

Except vaginal delivery; the P-values of all factors were much larger than 0.05 by univariate analysis, so the multivariate analysis were not further performed.
ROR, retinopathy of premeturity; OR, odds ratio; Cl, confidential interval.

Twins or multiplets.
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Model 1*
RR (95%Cl)
BMI categories
Normal/underweight 1.0 (Reference)
Overweight 0.12 (0.01-0.96)
Obese 0.12(0.08-057)

BMiper 1-SD increase 0.2 (0.11-0.43)
WHR categories

Tertile 1 1.0 (Reference)
Tertile 2 1.67 (0.35-7.14)
Tertile 3 1.85 (0.40-8.58)

WHR per 1-SD increase 1,26 (0.63-2.52)

P

0.046
0.008
<0.001

0.556
0.434
0519

Model 2

RR (95%Cl)

1.0 (Reference)
0.18(0.02-157)
0.26 (0.05-1.39)
0.37 (0.17-0.78)

1.0 (Reference)
2.82(0.48-16.43)
3.36 (0.55-20.36)

1.78 (0.69-4.60)

0.120
0.116
0.009

0.250
0.187
0.230

BMI, body mass index; WHR, waist to hip ratio; SD, standard deviation; VTDR, vision
threatening diabetic retinopathy; AR, relative risk; Cl, conficence interval.

*Adjusted for age and sex.

T Adcitionally adjusted for HbATc, duration of diabetes, use of insulin, SBF, DBR total
cholesterol, and triglycerides. Bold indicates statistical significance.
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Nurmber of any ROP
Male

Gestational age, weeks (mean, range)

Birth weight, grams (mean, range)

Type 1 ROP

Multiple birth?

Vaginal delivery

Blood transfusion

Respiratory distress

Oxygen administration

Duration of oxygen administration, days (mean, range)

ROR, retinopathy of prematuriy.
FTiwins or multiplets.

#p < 0.05, significant difference by Pearson chi-square test.
#p < 0.05, significant difference by Fisher’s exact test.

‘p < 0.05, significant diifference by independent t-test.

Infants >35 weeks and >1,750 g

19
42.1% (8/19)
35.8(35-36.7)

2,331 (1920-2,780)
21.1% (4/19)
36.8% (7/19)
52.6% (10/19)
5.3% (1/19)
15.8% (3/19)
31.6% (6/19)

2(1-9)

Infants <35 weeks or <1,750 g

52
61.5% (32/52)
30.5 (26.4-36)

1,492 (700-2,280)
21.2% (11/52)
48.1% (25/52)
44.2% (28/52)
32.7% (17/52)
71.2% (37/52)
86.5% (45/52)

14.4(1-45)

X2

2.14

071
0.40
17.34

20.77
-3.06

1.00
0.40
0.53
0.028"
<0.001*
<0.001"
0.02"
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BMI categories
Normal/underweight
Overweight
Obese

BMI per 1-SD increase

WHR categories
Tertile 1
Tertile 2
Tertile 3

Model 1%

RR (95%Cl)

1.0 (Reference)
0.28 (0.20-0.40)
0.15(0.11-0.20)
031(0.26-0.38)

1.0 (Reference)
1.05(0.77-1.45)
1.61(1.18-2.21)

WHR per 1-SD increase  1.47 (1.27-1.71)

P

<0.001
<0.001
<0.001

0.754
0.003
<0.001

Model 2"

RR (95%Cl)

1.0 (Reference)
028 (0.20-0.40)
0.14(0.10-0.20)
031 (0.25-0.37)

1.0 (Reference)
1.02 (0.73-1.42)
1.59(1.15-2.21)
1.49 (127-1.74)

P

<0.001
<0.001
<0.001

0.805
0.005
<0.001

BMI, body mass index; WHR, waist to hip ratio; SD, standard deviation; DR, diabetic
retinopathy; AR, relative risk; Cl, confidence interval

“Adjusted for age and sex.

T Addtionally adjusted for HbATc, duration of diabetes, use of insulin, SBR. DBR, totel
cholesterol, and triglycerides. Bold indicates statistical significance.
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Number screened

Male

Gestational age, weeks (mean, range)
Birth weight, grams (mean, range)
Any ROP

Type 1 ROP

Type 2 or milder ROP

Multiple birth'

Vaginal delivery

Blood transfusion

Respiratory distress

Oxygen administration

Duration of oxygen administration, days (mean, range)

ROR retinopathy of prematurity.
wins or multiplets.

#p < 0.05, significant difference by Pearson chi-square test.
“p < 0.05, significant difference by independent t-test.

Infants 35 weeks and 1,750 g

262
50.7% (143/282)
35.8(35-37.6)
2,346 (1,750-3,200)
6.7% (19/282)
1.4% (4/282)
5.3% (15/282)
49.3% (139/282)
21.3% (60/282)
1.8% (6/282)
8.9% (25/282)
31.6% (89/282)
6.1 (1-30)

Infants <35 weeks or <1,750 g

629
53.7% (338/629)
32.3(26.4-36.9)
1,708 (640-2,950)
8.3% (52/629)
1.7% (11/629)
6.5% (41/629)
46.4% (292/629)
21.9% (138/629)
30.2% (190/629)
66% (415/629)
80.6% (507/629)
13.8(1-116)

X2/t

0.72

0.63

0.49

0.64

0.05
99.04
257.54
207.03
-6.19

0.49

0.42

0.82
<0.001*
<0.001*
<0.001*
<0.001
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Characteristics

N

Female, %

Use of insulin, %

Age, year

Duration of diabetes, year
HbA1c, %

Body mass index, kg/m?
Waist to hip ratio

SBP, mmHg

DBR, mmHg

Total cholesterol, mmol/L
Triglycerides, mmol/L.
HDL-c, mmol/L

No

853 (71.4%)
493 (57.8%)
138 (40.4%)
65.0 804
833652
661104
259+2.49
0.88+0.08
1815+ 182
702 £10.0
480+ 109
238+ 168
1.80 £0.40

Incident DR
With

342 (28.6%)
199 (68.2%)
77 (9.0%)
62.9+8.64
886+ 685
7.06 £ 1.40
237 £ 221
090+ 007
182.2 % 18.1
71.1+£10.1
470+095
284+ 172
1.25+£036

P

0901
0.010
<0.001
0.208
<0.001
<0.001
<0.001
0532
0.165
0.133
0.722
0.035

Incident VIDR

No

1,363 (99.2%)
770 (56.5%)
274/(20.1%)
64.3:£8.15
8944685
683+ 125
261 +£2.69
089+ 008
1323+ 183
70.4 £ 100
477 £1.07
239+ 1.71
1294039

With

11(0.8%)
9(81.8%
4(36.4%)

64.6 £7.67

16.1:+£5.47

885+ 1.72

216288

0.90 0,05

142.1 % 192

680+ 10.0

4.98 +1.04

1.85+£082

1,60 £0.36

P

0.091

0.181

0917
<0.001
<0.001
<0.001
0.738
0.079
0.431

0516
0.298
0.067

DR progression

No

160 (91.4%)
75 (46.9%)
56 (35.0%)
63.8+ 801
12.4£7.70
749154
242301
091006

1862 19.1
69.2+9.7
481119
247 £ 187
1,20+ 0.37

With

15 (8.6%)
12 (80.0%)
5(33.3%)

61.9+£8.42

144 £674

847 £1.75

224 £2.71

0.90 +0.05

1413+219

714116

5154094

226+1.02

1.88 £037

P

0.014
0.897
0.397
0.399
0.020
0.010
0.582
0335
0.418
0.296
0.681
0373

SBR systolic biood pressure; DBR, diastolic blood pressure; DR, diabetic retinopathy; VTDR, vision threatening diabetic retinopathy; HDL-c, high-density lipoprotein cholesterol. Bold

indicates statistical significance.

All data presented as mean = standard deviation unless otherwise indicated.
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Model Coefficient p value 95% Confidence
estimate interval

Dependent variable: Total peripapillary RNFL thickness

Prediabetes 139.3 <0.0001 120.4 to 158.3
2h OGTT -3.886 0.0011 —6.107 to —1.665
FBG —4.467 0.0191 —-8.159 to —0.7742
Dependent variable: Total retinal thickness in the macular region
Prediabetes 334.3 <0.0001 307.9t0 360.7
2h OGTT -5.811 0.0005 —8.896 to —2.725
FBG -0.5042 0.8434 —5.634 t0 4.626

Reference category: control group; p values were obtained by linear regression models.
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Study title

Duration

Eye microcirculation and blood pressure

Gokmen and Ozgur
(25)

Inan et al (15)

Atleast 10 days

1 month

Retinal and choroidal thickness

Uyar et al. (114)

Gokmen and Ozgur
25)

Ersan et al (30)

Intraocular pressure
Kerimoglu et al. (42)

Beyoglu et al. (34)

Oltulu et al. (43)

Uysal et al. (44)

1 month

At least 10 days

Atleast 20 days

1 month

ND

ND

1 month

Preoptic biological parameters

Beyoglu et al (34)

Oftulu et al. (43)

Uysal et al. (44)

ND

ND

1 month

Subjects

Healthy male and female volunteers
over the age of 18 with no known
systemic disease, and who fasted

regularly during Ramadan
28 eyes of 28 normal subjects without
ocular disease

Asingle eye of 87 healthy individuals

Healthy male and female volunteers
over the age of 18 with no known
systemic disease, and who fasted

regularly during Ramadan

42 healthy subjects with no
ophthalmic or systemic disease

31 healthy subjects

50 healthy fasting individuals in
Ramadan (study group) and 50
healthy non-fasting subjects (control
group)

Seventy-two eyes of 72 fasting
subjects (study group), and 62 eyes of
62 non-fasting subjects (control group)

36 healthy fasting male subjects

50 healthy fasting individuals in
Ramadan (study group) and 50
healthy non-fasting subjects (control
group)

Seventy-two eyes of 72 fasting
subjects (study group), and 62 eyes of
62 non-fasting subjects (control group)

36 healthy fasting male subjects

Projection

Ramadan fasting. Healthy subjects
were measured at the same time each
day (1:30 PM.—2:00 PM))

Ramadan fasting after 14 h. The first
measurements were performed in the
fasting conditions and blood pressure,
heart rate, and intraocular pressure
were measured by color Doppler
presentation after 1 month.

Ramadan fasting. Eyes were
evaluated twice a day around 8.00
a.m. and 4.00 p.m. during Ramadan.
Evaluations were repeated at the
same time of the day, 1 month
following Ramadan on the same
subjects.

Ramadan fasting. Healthy subjects
‘were measured at the same time each
day (1:30 PM.-2:00 PM)

Ramadan fasting. Measured within
12 h after 21 consecutive days of
fasting

Ramadan fasting. Measurements were
taken at 0800 and 1600 h during
Ramadan fasting and at 1 month

during non-fasting periods.

Ramadan fasting. All measurement
procedures are done between 16:00
and 17:00

Ramadan fasting. The participants of
the control group were asked to
consurme daily meals of breakfast and
lunch with adequate liquid on the day
of ocular response analyzer (ORA)
measurements. Measurements were
taken between 17:00 and 18:00,
approximately 14 h after the end of
the fast
Ramadan fasting. All measurements
were recorded at 8:00 am and 4:00
p.m. during Ramadan and during a
1-month follow-up after Ramadan was
over.

Ramadan fasting. All measurement
procedures are done between 16:00
and 17:00

Ramadan fasting. The participants of
the control group were asked to
consume daily meals of breakfast and
lunch with adequate liquid on the day
of ocular response analyzer (ORA)
measurements. Measurements were
taken between 17:00 and 18:00,
approximately 14 h after the end of
the fast
Ramadan fasting. All measurements
were recorded at 8:00 am and 4:00
p.m. during Ramadan and during a
1-month follow-up after Ramadan was
over.

Results

There was no significant difference in
superficial and deep vascular density
index between fasting and non-fasting
period
Non-fasting people had higher peak
systolic velocity in the ophthalmic
artery, central refinal artery, and
temporal short posterior ciliary artery
than fasting-healthy volunteers. The
central retinal artery's peak diastolic
velocity was similarly higher in
non-fasting people. Non-fasting
individuals had a higher ophthalmic
artery resistive index.

During fasting, temporal CT at 8 a.m.
and foveal, temporal, and nasal CTs at
4 p.m. were significantly reduced.
During fasting, the diurnal fluctuations
in foveal and temporal CTs were
significantly higher than the controls.
In all segments measured at 4.00
p.m,, retinal thicknesses were
considerably decreased after fasting
compared to controls.

The choroidal thickness under the
fovea center was found to be higher in
the fasting period than in the
non-fasting period. The mean total
choroidal thickness was found to be
reduced in the non-fasting period,
although not to a statistically
significant degree.

GFT values were similar for fasting
period and non-fasting period. The
SFCT was significantly higher after
consecutive fasting days toward the
end of Ramadan, compared to the
SFCT after 1 month of no fasting
(1 month after Ramadan ended).

Comparison of measurements
between fasting and non-fasting
periods at 0800 h revealed
significantly higher values for IOP.
Conversely at 1600 h, IOP was
significantly lower during fasting
There was a significant difference
between Ramadan morning and
control month morning. There was a
significant difference between morning
and afternoon of Ramadan. There was
no significant difference between
afternoon and dusk (after breaking
one’s fast) in Ramadan.

While fasting did ot lead to any
change in LD and CCT, it caused a
‘small decrease in ACD and ACV, and
asigniicant decrease in CD values.

There was statistically significant
difference within the two groups in
I0Pg and IOPcc.

The diference of IOP between the two
groups was statistically significant, and
the IOP value decreased significantly

CH and CRF significantly decreased in
fasting periods compared with
non-fasting periods.

No difference in the ORA
measurements including CH and CRF;
CCT and OV values between fasting
and non-fasting periods or within a
single day (diumnal changes).

ND, no data; CH, corneal hysteresis; CRF, corneal resistance factor; CT, choroidal thickness; CCT, central cormneal thickness; ACD, anterior chamber depth; ACV,
anterior chamber volume; CD, comneal density; LD, lens density; IOP-GAT, IOP with Goldmann applanation tonometer; IOPg, Goldman-correlated IOP; CFT, central foveal
thickness; SFCT, subfoveal choroidal thickness; Ramadan fasting: after sunrise, no food and no water until sunset.
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Variable Total pRNFL thickness Total retinal thickness in the PRNFL thickness T Retinal thickness in the macular

macular region region N
p value r p value r pvalue r p value r
2h OGTT 0.0001 -0.58 0.0158 -0.38 0.5037 -0.11 0.0041 -0.45
FBG 0.0040 -0.45 0.0056 -0.43 0.1138 —0.26 0.2941 —0.17
HbAlc 0.0391 ~031 0.0222 -037 0.0049 —0.44 0.4492 -0.12
BMI 00448 -0.28 0.0913 -027 02976 —0.17 03410 -0.15
Urea 00454 -024 02899 -016 06899 008 09355 -0.02
Uric Acid 02733 ~0.09 0.1439 -020 06992 -0.08 0.8421 -0.03
Creatinine 0.0783 -0.16 0.3599 0.13 0.8397 -0.06 0.9772 0.01
Cholesterol 00472 -0.23 0.0863 -028 0.3803 —0.14 08263 003
Triglyceride 0.3522 -0.08 0.0772 -0.31 0.3122 -0.13 0.4008 -0.13
HDL 05347 0.03 05627 004 05799 -0.10 09289 -0.02

LDL 0.0562 —~0.20 0.5238 —-0.04 0.2838 =0T 0.0038 —-0.33
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Parameters

Zernike/Ocular HOASs (um)
Goma (um)
Trefoil (wm)
SA (um)

Zemike/Comea HOASs (um)
Coma (um)
Trefoil (wm)
SA (um)

Zemike/Internal HOASs (um)
Coma (um)
Trefoil (1m)
SA (km)

HOAs, higher-order aberrations; SA, spherical aberration.
Bonferroni Correction (aes = 0.0042).

High myopia
(=75

0.35£0.12
0.17 £0.10
020 £0.12
0.12£0.08
0.40£0.11
0.21£0.11
0.14 £0.09
0.26 +0.07
0.38£0.13
0.20 £+ 0.10
0.17 £0.10
0.20£0.12

Low-to-moderate myopia
(=15

0.38£0.13
0.17 £0.10
023£0.13
0.12+0.08
0.43£0.15
0.21£0.13
0.19£0.10
0.27 £ 0.09
0.40£0.16
0.20 £0.10
0.18£0.13
0.21£0.10

—1.438
—0.488
—1.428
0.102
—1.487
0.059
—2.789
-0.856
—-0.987
-0.026
—-0.898
—-0.606

0.152
0.626
0.156
0.919
0.183
0.953
0.006
0.3%4
0.325
0.98
0371
0.546
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Alleyes

(n = 150)
Age 23.84.+4.33
(vears) (18-33)
Sphere —558+£2.00
©) (-10.00
t0 -0.50)

Astigmatism  —0.86+0.58

(~3.2510.0.00)
©
Spherical —6.01£201
equivalent (-10.38
) to —1.00)
Axial 26.06 4 1.04
length (23.941020.21)
(mm)
CDVA —0.01+003
(logMAR) (~0.1010.0.00)

High myopia
(n=75)

2420 +4.19
(18-33)
~7.21£1.00
(-10.00to
~6.25)
~0.87 + 061
(~325100.00)

~7.65+ 104
(-1038t0
-6.25)
26,59 +0.92
(23.391029.21)

—0.01+003
(~0.1010.0.00)

Values are represented as mean < standard deviation.
CDVA, corrected distance visuel acuity; logMAR, logarithm of the minimum angle

of resolution.

Low-to-
moderate
myopia
(n=175)

2348 + 4.57
(18-33)
—8.95+1.27
(-5.75t0 ~0.50)

~0.85 +£0.56
(25010 0.00)

-433:£1.27
(~6.00to ~1.00)

2552+0.86
(28.94 10 27.56)

—0.01 004
(-0.10100.00)
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Parameters

Spherical equivalent
Mean anterior coreal radius
Anterior comeal astigmatism
Anterior comeal eccentricity
Anterior comeal asphericity
Mean posterior comeal radius
Posterior corneal astigmatism
Posterior cormeal eccentricity
Posterior comeal asphericity
Central comeal thickness
Corneal volume-3mm
Corneal volume—5mm
Corneal volume—7 mm
Corneal diameter

Anterior chamber depth
Anterior chamber volume

P/A ratio, Posterior to anterior comeal radi ratio; AK, Difference between True-K and Sim-K: Cl, Confidence interval.

-0.014
0.061
—0.089
0.001
0.003
0.482
-0215
-0.363
0373
—0.402
-0.438
-0512
—0.594
0.369
0215
0.302

P/A ratio

95% ClI

(~0.036, 0.009)
(0.039,0.084)
(~0.091, ~0.046)
(~0.022, 0.024)
(~0.020, 0.026)
(0.465, 0.500)
(-0.236, ~0.198)
(-0.383, ~0.343)
(0.354,0.393)
(-0.421, ~0.383)
(~0.456, ~0.419)
(-0.529, ~0.495)
(~0.609, ~0.579)
(0.349,0.388)
(0.193,0.236)
(0.281,0.328)

P

0.230
<0.001
<0.001

0.938

0.791
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

-0.014
0077
-0.077
—0.004
0.008
0.505
-0.224
-0.370
0.380
-0.410
—0.447
-0.524
-0.609
0219
0314
0.383

AK

95% ClI

(~0.036, 0.000)
(0054, 0.100)
(~0.100, ~0.055)
(-0.027,0.019)
(~0.014,0.081)
(0.488, 0.522)
(~0.246, —0.203)
(~0.389, —0.350)
(0.361, 0.400)
(~0.429, —0.391)
(~0.465, ~0.429)
(~0.540, ~0.507)
(~0.623, ~0.594)
(0198, 0.241)
(0293, 0.334)
(0.364, 0.402)

0.227
<0.001
<0.001

0.729

0.462
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
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Demographics Ophthalmic centers

Gz sy WH <) HK Pooled P-value*
Patients® 2,340 (29.6%) 2,255 (28.6%) 1,511 (19.1%) 1,480 (18.8%) 307 (3.9%) 7,893 (100.0%) A
Female® 1,254 (36.1%) 793 (22.8%) 749 (21.5%) 570 (16.4%) 111(3.2%) 3477 (44.1%) <0.001
Male® 1,086 (24.6%) 1,462 (33.1%) 762 (17.3%) 910 (20.6%) 196 (4.4%) 4,416 (55.9%) <0001
Age (years)® 26.94 +5.42 23.88+5.15 26.39+5.08 2419 +5.46 23.97 +4.78 2614 +5.41 <0.001
SE (D —5.47 £2.18 —481£1.71 ~528+1.93 —5.27 223 —5.65+2.68 ~5.18+2.05 <0.001
P/Aratio® 081 0,014 082 £0014 0820013 0810014 082 +0.012 0.82.+0.014 <0001
Sim-K® 4205+ 132 4183£1.26 4186+ 1.32 4188+ 131 4176+ 1.42 4191 %131 <0.001
cor 54234£2862  54544+2880  54050+£27.49  54587+2014  54380+£2075 543612855 <0.001
ACV 195403150  207.84+3164 1972642972 2085748174  20699+£30.77 2012943166 <0.001

apresented as number (%)
bPresented as mean = standard deviation.
*Comparison among the five ophthaimic centers using Kruskal-Walls test.

SE, Spherical equivalent; D, diopter; P/A ratio, Posterior to anterior corneal radii ratio; Sim-K, Simulated comeal curvature; CCT, Central comeal thickness; ACV, Anterior chamber

volume; GZ, Guangzhou aier eye hospital: SY, Shenyang aier eye hospital: WH, Wuhan aier eye hospital: CD, Chengdu aier eye hospital: HK, Hankou aier eye hospital.
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High myopia

Low-to-moderate myopia t P
(n=75) (n=715)

Halo radius, 5 cd/m? (arc min) 80.80  20.45 84.27 £23.14 —0972 0333
Halo radius, 1 cd/m? (arc min) 232,80 £51.77 240,67 + 52.69 ~0922 0358
Age (years) 2420 +4.19 23.48 +4.57 1,006 0316
Spherical equivalent (diopter) ~7.65+1.04 —438+1.27 —17.225 0.000
Initial pupil diameter (mm) 4834059 4.89%0.56 ~0675 0501
Maximum pupil diameter (mrm) 5.0+ 0.69 5.34.+0.56 -0.394 0694
Minimum pupil diameter (mm) 288+ 0.39 2.89+0.41 -0.234 0815
Average pupi diameter (mm) 4304 0.49 4.36 40,49 -0.740 0.460
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Variates

Sex
Female

Male

LVEF, %

NT-proBNP, pg/mL.
Retinal VD of SCP, %
Mean

Parafovea

Superior hemi in parafovea
Inferior hemi in parafovea

CTO, coronary total occlusion; OR, odd ratio; Cl, confidence interval; LVEF, left ventricular ejection fraction; NT-proBNR, N terminal pro-brain natriuretic peptide;
J capillary plexus. *p < 0.05 is considered statistically significant.

superficiz

Univariate model

OR (95% Cl)

Reference
4540 (1.651-12.486)
0916 (0.883-0.951)
1.001 (1.001-1.002)

1,254 (1.135-1.385)
1,300 (1.177-1.435)
1.331 (1.202-1.474)
1,200 (1.114-1.311)

p-value

0.003*
<0.001*
<0.001*

<0.001%
<0.001*
<0.001*
<0.001*

Multivariate model
OR (95% Cl) p-value
Reference
5.609 (1.181-26.641) 0.030*
0916 (0.880-0.954) <0.001*
0.772 (0.685-0.870) <0.001*

VD, vessel density; SCR.
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Number
Age (years)
Males (%)
Females (%)

Normaleyes PACSeyes  PACeyes  PACGeyes

164 112 80 8
50.37 £16.46 6245+7.94 59.75%10.40 59.58 + 12.60
76(46.3%)  30(268%)  27(33.8%)  29(34.9%)
88(63.7%)  82(732%)  53(662%)  54(65.1%)
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Retinal vasculature parameters Overall Non-CTO cTo p-value”

(n=218) (n=116) (n=102)

RNFL thickness (1m), mean & SD

Mean 11452 % 188 11428 115 11479 % 16.0 0884
Superior 13850 23.3 137.86 % 15.9 13928+ 20.7 0.799
Inferior 14689 % 18.7 147.06 % 17.2 14671204 0748
Temporal 77.16 £ 106 77.02£97 7733116 0881
Nasal 10015 % 17.8 99.95 £ 15.1 10038 & 20.5 0418
RPC density (%), mean % SD

Mean 55,68 +3.0 561526 55.14£3.2 0387
Peripapilary 57.94+36 58,50 + 3.0 57.31+4.1 0.445
Superior-hemi 58.49 3.8 59.11£32 57.78 £ 4.3 0.259
Inferior-hemi 57.34£3.7 57.82+3.1 56,80 +4.2 0728
RPC capillary density (%), mean % SD

Mean 4883 £2.9 493325 482682 0257
Peripapilary 5124 36 517932 50,62+ 4.0 0272
Superior-hemi 5151 +89 521184 50.82+4.3 0.101
Iferior-hemi 50.94 3.7 514332 5038 +4.1 0640
Macular VD (%), mean  SD

Mean SCP 4888+3.3 4985+2.4 4777 £8.7 0.024*
Parafovea SCP 5117 £38 52.56+2.7 4958+43 0.026*
Superior hemi in parafovea SCP 51.37 £3.8 5288+ 2.7 4964 4.2 0.036*
Inferior hemi in parafovea SCP 50.97 4.1 522530 495146 0.026*
Mean DCP 4931565 50.10£ 5.2 4841567 0.677
Parafovea DCP 5377 £4.1 54.37 £ 4.0 53090 +4.2 0.467
Superior hemi in parafovea DCP 54.15+4.2 547939 534243 0369
Inferior hemi in parafovea DCP 5340 +4.3 5395+ 4.2 527743 0608
FD300 5296+ 4.4 54.07+39 5170+ 46 0283

CTO, coronary total occlusion; OR, odd ratio; Cl, confidence interval; RNFL, retinal nerve fber layer; RPC, racil peripapillery capilary; VD, vessel density; D, foveal densiy; LVEF left
ventriculer ejection fraction; hs-TnT. high-sensitivity troponin T: NT-proBNP, N terminel pro-brain natriuretic peptide. *p < 0.05 is considered statistically signifcant. *Adjusted for sex,
age, total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), history of BP grade, history of diabetic mellitus, smoke, LVEF, hs-TnT, NT-proBNP. and Gensini score.
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Age (years), mean & SD
Males, n (%)
Hypertension, n (%)
BP grade, n (%)

Grade | (reference)

Grade Il

Grade Il
Diabetic melitus, 1 (%)
Smoker, n (%)
BMI (kg/m?), mean + SD
LVEF (%), median (QR)
Systemic treatments, n (%)
Beta- blockers
Calcium channel blocker
ACEVARBs
Aspirin
Clopidogrel
Statin
TC (mmol/L), median (QR)
Triglycerides (mmol/L), median (IQR)
HDL-C (mmol/L), median (IQR)
LDL-C (mmol/L), median (IQR)
HbA;C (%), median (IQR)
hs-TnT (pg/mi), median (QR)
NT-proBNP (pg/mL), median (IQR)
Gensini score, median (QR)

Overall
(n=218)

5825486
191 (87.6)
116 (53.2)

18(8.9)
41(188)
56(25.7)
39(17.9)
74(33.9)

2451 +80

64.00 (58.00-68.00)

53(24.3)
42(19.3)
70(32.1)
218(100)
219 (100)
220 (100)

4.20 (3.55-5.17)
1.56 (1.17-2.14)
0.95 (0.82-1.10)
2.81(2.21-3.56)
5.90 (5.60-6.20)
12.45 (9.10-34.33)

103.60 (46.15-395.55)

54.00 (28.00-85.00)

Non-CTO group
(n=116)

5774483
94 81.0)
61(52.6)

108.6)
20(17.2)
31(26.7)
20(17.2)
3731.9)

2468 3.1

66.00 (63.00-69.00)

26 (22.4)

19 (16.4)

38(32.8)

116 (100)

116 (100)

116 (100)
416 (3.66-5.16)
1.56 (1.17-2.16)
0.93(0.80-1.13)
279 (2.22-3.51)
5.80 (6.60-6.13)

10.25 (7.78-20.03)

58,65 (30.88-120.28)

33,50 (22.75-56.00)

CTO group
(n=102)

58.83+8.9
97 (95.1)
55(53.9)

8(7.8)
21(206)
25 (24.5)

19 (18.6)
37(36.3)
2431 2.9
60.00 (45.00-65.25)

27 (26.5)
23(22.5)
32(31.4)

102 (100)

102 (100)

102 (100)
430 (3.48-5.17)
157 (1.17-2.14)
0.95 (0.83-1.06)
2.86 (2.14-3.56)
5.90 (5.60-6.30)

18.15 (11.08-40.90)

303.70 (83.30-674.20)
97.00 (67.00-121.50)

p-value

0.352
0.002*
0.844
0.793

0.790

0.496

0.382
<0.001*

0.486
0.249
0.827
1.000
1.000
1.000
0.989
0.765
0.732
0.879
0317
<0.001*
<0.001*
<0.001*

CAD, coronary artery disease; CTO, coronary totel occlusion; B biood pressure; BM, body mass index; LVEF, left ventricular sjection fraction; TC, total cholesterol; HDL-C, high-density
lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; HibA1C, hemoglobin A1C; hs-TnT, high-sensitivity troponin T: NT-proBNP, N terminal pro-brain natriuretic peptide.

The BP grade (SBP/DBP) were defined as:

140-159/90-99 mmHg;

160-179/100-109 mmHg; il = > 180/110 mmHg. *p < 0.05 is considered statistically significant.
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Clinician 1
Clinician 2
Senior student 1
Senior student 2
Junior student 1
Junior student 2
Junior student 3
Junior student 4
Machine

Diagnosis accuracy

No Al

0838 (0.801-0.874)
0833 (0.796-0.869)
0.758 (0.715-0.800)
0.753 (0.710-0.795)
0588 (0.539-0.636)
0.630 (0.582-0.678)
0.460 (0.411-0.509)
0.695 (0.650-0.740)
0.893 (0.862-0.928)

With Al

0885 (0.854-0.916)
0875 (0.842-0.908)
0.798 (0.758-0.837)
0863 (0.829-0.896)
0820 (0.782-0.858)
0.758 (0.715-0.800)
0813 (0.774-0.851)
0.875 (0.842-0.908)

P-value

0.024
0.024
0.059
0.000
0.000
0.000
0.000
0.000

Diagnosis accuracy and progression prediction accuracy are presented with 95% Cls.
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Clinician 1
Clinician 2
Clinician 3
Senior
student 1

Senior
student 2

Junior
student 1

Junior
student 2

FGGDL

Octopus

Accuracy

0.873 (0.819-0.927)
0.800 (0.735-0.865)
0.787 (0.720-0.853)
0.727 (0.655-0.799)

0.700 (0.626-0.774)

0.560 (0.480-0.640)

0.613 (0.534-0.692)

0.853 (0.796-0.911)

p-value

0614
0.171
0.114
0.006

0.002

0.000

0.000

Humphrey

Accuracy

0.840 (0.804-0.876)
0800 (0.761-0.839)
0.815(0.777-0.853)
0.788 (0.747-0.828)

0.775(0.734-0.816)

0.768 (0.726-0.809)

0.783 (0.742-0.823)

0.895 (0.865-0.925)

p-value

0.008
0.000
0.000
0.000
0.000
0.000

0.000

Accuracy is presented with 95% Cls. Bold text indicates the highest accuracy in each
category and overall. HFA, humphrey field analyzer. *There is no p value.
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Internal dataset -

Patients

Age mean (SD)
Meale (n%)
Eyes

VFs

Right (n%)

MD mean (SD)
SLV mean (SD)

VF, visual field: MD, mean deviation; sLV, square root of loss variance; right, right eyes; SD, standard deviation.

Octopus
185
47.02 (18.57)
95 (51.35%)
243
377
188 (49.87%)
~1.26(0.96)
1.96 (0.40)

332
4828 (18.48)
174 (52.41%)
434
677
339 (50.07%)
~8.14(1.07)
2.79(0.74)

Category
3

454
53.19 (18.05)
223 (49.12%)
608
1,008
487 (48:31%)
—6.65 (2.19)
5.33(2.06)

483
5879 (16.10)
251 (51.97%)
629
1019
512 (50.25%)
—14.07 (4.48)
7.06 (1.45)

150
58.54 (17.46)
62 (42.00%)
189
324
172 (53.09%)
—16.03 (7.34)
4.44 (1.95)

Total

1,221
53.72 (18.16)
612 (50.12%)

1,907
3405
1,698 (49.87%)
-8.47(6.33)
489 (2.38)
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Category Name

1 Clear VF

2 Mild VF defect

3 Moderate VF
defect

4 Severe VF
defect

5 Diffuse VF
defect

VF, visual field.

Main characteristic

Only relative defects.
Spot-like, stroke-like,
or arcuate absolute
defects, having no
connection to the biind
spot.

Arcuate absolute
defects already
connected to the biind
spot, with or without a
nasal break-through
into the periphery.
Extensive ring-shaped
or half ring-shaped
defects, with a central
island of sensitiity
maintained.

Central island collapse,
with only the temporal
visual field area
remaining.

Subtypes

Nasal step defect;
Paracentral

scotoma defect;
Temporal wedge defect

Partial arcuate defect;
Arcuate defect;
Alitudinal defect

Double arcuate defect;
Tubular vision

Diffuse defect; Total
visual loss.
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Univariate

Kane Barrett Il Hoffer @

Age  098(0.93,1.03) 099(0.94,103)  1.01(0.96,1.06)
Female 1.50(0.66,3.47) 0.63(0.28,0.99) 0.5 (0.41,2.16)
AL 1.72(1.1,2:81) 051 (031, 0.81)* 0.46 (0.27, 0.75)"*
MeanK 0.83(0.64,1.05) 1.28(1.00,1.67)- 125 (0.98, 1.63)-
ACD  122(0.25,6.13) 071(0.14,355) 0.86(0.17,4.33)
[y 062(0.19,2.08) 0.81(0.24,2.65)  0.43(0.12, 1.42)
COT  1.00(0.99,1.01) 1.00(0.99,1.01)  1.00(1.00, 1.01)
WIW  094(0.43,2.08) 0.47(0.20,1.08)}  0.56 (0.24, 1.25)

Data was presented as odds ratio (95% confidence interval).

SRK/T

1.00 (0.95, 1.04)
0.70(0.30, 1.59)
062 (0.38, 0.97)*
1.18(092, 1.51)
058 (0.11,2.86)
057 (0.17, 1.87)
1.00 (0,99, 1.01)
087 (0.39, 1.91)

Kane

1.03 (0.98, 1.09)
052 (0.20, 1.32)
0.41 (0.19,0.82)*
1.01 (0,71, 1.44)
1.01(0.14, 7.11)
1.49 (0.38, 6.10)
1.00 (0.99, 1.01)
1.84(0.69, 5.12)

Multivariate (full model)

Barrett Il

0.99 (0.94, 1.05)
0.37 (0.13, 0.94)*
050 (0.23, 1.01)-
1.04 (073, 1.48)
0.75 (0,10, 5.35)
0.85(0.21,3.42)
1.00 (099, 1.01)
0.99 (0.94, 1.05)

Hoffer @

1.03(0.17,0.75)
0.65 (0.24, 1.66)

0.37 (017, 0.75)"*
0.94 (0.65, 1.34)
0.68 (0.09, 4.91)
035 (0.08, 1.41)
1.00 (099, 1.01)
1.17(0.43,8.17)

AL, axial length; Mean K, mean keratometry; ACD, anterior chamber depth; LT, lens thickness; CCT, central comneal thickness; W2W, white to white distance.

P <0.1,"P <0.05"P <001

Bold values represents that they were statistically significance at a = 0.05 level.

SRK/T

1.00 (0.95, 1.06)
0.52 (0.20, 1.30)
051 (0.25, 1.00)-
1.01(0.72,1.42)
031 (0.04,2.08)
0.40 (0.10, 1.55)
0.99(0.99, 1.01)
1.58 (0.60, 4.30)
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Formula ME (D) MAE (D) MedAE (D)®

Kane —0.06 £ 0.86 0.66 £ 0.55 0.49 (0.70)
Barrett Il —0.07 £0.89 0.68 £ 0.57 0.56 (0.80)
Hoffer Q —0.26 £ 0.90™ 0.72 £ 0.59 0.57 (0.73)
SRK/T -0.21 £0.87* 0.69 £ 0.57 0.51(0.86)
P-value - 0.148 0.148

ME, mean prediction error; MAE, mean absolute error; MedAE, median absolute error;
D, diopter

2One-sample T-test analysis.

Friedmen test analysis.

"P<0.05.
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Mean
difference

SE (D) 00522 +
1.2828
AL (mm) 00429 +
05650
ACD (mm) ~00182 £
0.0827
PD (mm) ~03770 +
06300
LT (mm) 00101 +
0.0950

95% CI
upper

—2.4622

—1.0644

—0.1804

-1.6112

-0.1760

95% ClI
lower

2.5666

1.1502

0.1439

0.8579

0.1963

Range of
agreement

5.0288

22146

0.3243

2.4691

0.3723

Mean
difference

—0.0974
0.8484
0.0364 +
0.3360
0.0070 +
0.0429
—0.0809 £
0.4908
—0.0004 £
0.0474

95% Cl
upper

—1.7603

-0.6222

-0.0771

-1.0230

—0.0033

NCP

95% Cl
lower

1.5655

0.6950

0.0911

0.9011

0.09256

Range of
agreement

33258

13172

0.1682

1.9241

0.1858

XT, concomitant exotropia; NCP, normal control particioants; SE, spherical equivalent; AL, axial length; ACD, anterior chamber depth; PD, pupil diameter; LT, lens thickness.
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XT NCP

icc Pearson’s Pearson’s Icc Pearson’s Pearson’s

(P-value) correlation correlation P (P-value) correlation correlation P
SE 0877 0876 <0001 0943 0944 <0.001
AL 0914 0915 <0.001 0971 0972 <0001
ACD 0955 0956 <0001 0.987 0.987 <0.001
PD 0767 0826 <0.001 0944 0945 <0001
LT 0924 0924 <0001 0972 0974 <0.001

XT, concomitant exotropia; NCF, normal control participants; ICC, intraclass correlation coefficient; SE, spherical equivalent; AL, axial length; ACD, anterior chamber depth; PD, pupil
diameter; LT, lens thickness.
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XT mean (SD) NCP mean (SD) T-value (P-value) Mann-Whitney U-test

AnisoSE (0) 0878 (0.931) 0577 (0.625) 2.369 (0.019") 0034
AnisoAL (mm) 0.395 (0.404) 0.208(0.265) 3.423 (0.001") <0.001
AnisoACD (mm) 0.060 (0.059) 0.032 (0.030) 3.782 (<0.001%) 0.001
AnisoPD (mim) 0557 (0.476) 0.340 (0.357) 3.229 (0.002') 0.001
AnisoLT (mm) 0.060 (0.073) 0.031(0.086) 3.136 (0.002') 0003

XT, concomitant exotropia; NCP, normal control participants; AnisoSE, absolute values of intereye differences for spherical equivalent; AnisoAL, absolute values of intereye differences

for axial length; AnisoACD, absolute values of intereye differences for anterior chamber depth; AnisoPD, absolute values of intereye differences for pupil diameter; AnisolT, absolute
values of intereye differences for lens thickness.

“Results with equal variances not assumed and reanalyzed with Mann-Whitney U-test.
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Characteristics Total ERMgroup  VMT group P

Number, eyes/ 158/121 75/58 83/65

patients

Age, year 5360+ 10.63 5248+ 1085 54.60+1023 027%

SE, diopter —1319+441 —1304+554 -1332+4.27 096

AL, mm 293341560 2950179 2018+137 031

BOVA logMAR 085045  074+046 094041 <0001t

CFT, um 507.60 + 47259 53923+ 0001
187.68 187.24 183.49

ERM, epiretinal membrane; VMT, vitreomaculer traction; SE, spherical equivalent; AL, axial
length; BCVA, best-corrected visual acuity; logMAR, the logarithm of the minimum angle
of resolution; CFT, central foveal thickness. P, comparison between the two groups.
*#Independent sample t-tests.

*Mann-Whitney test.

“Significance at p < 0.05.
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Parameter

AL (mm)
CCT (um)
AQD (mm)
ACD (mm)
Km (D)

Jo (O)

Jas (D)
D (mm)

Mean + SD

24.37 +1.49
535.19 + 20.56
2.86+0.45
3.40 £ 0.45
43.70 + 1.55
—0.26 + 0.42
0.00 £0.21
11.54 £ 0.39

Sw

0.02
214
0.01
0.02
0.08
0.04
0.04
0.04

TRT

0.06
5.92
0.04
0.04
017
0.12
0.12
0.12

CoV (%)

0.09
0.40
051
0.46
0.14

0.38

ICC (95% CI)

1.000 (1.000-1.000)
0.995 (0.993-0.996)
0.999 (0.998-0.999)
0.999 (0.998-0.999)
0.999 (0.998-0.999)
0.989 (0.985-0.992)
0.957 (0.940-0.969)
0.987 (0.982-0.991)

AL, axial length; CCT, central corneal thickness; AQD, aqueous depth; ACD, anterior chamber depth; Km, mean keratometry; CD, comeal diameter; SD, standard deviation;

S, within-subject standard deviation; TRT, test-retest repeatability (2.77 Sy,); CoV, within-subject coefficient of variation; ICC, intraclass correlation coefficient.
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Parameter

AL (mm)

COT (um)

AQD (mm)

ACD (mm)

Km (D)

Jo (O)

Jas ()

D (mm)

Observer

1st
2nd
1st
2nd
1st
2nd
1st
2nd
1st
2nd
1st
2nd
1st
2nd
1st
2nd

Mean + SD

24.37 £1.49
2438 £1.49
535.35 + 20.68
535.04 £ 20.56
2.87 +0.45
286 +0.45
3.40 + 0.45
3.40 £0.45
43.70 &+ 1.65
43.70+ 1.56
—0.26 + 0.42
—-0.25+0.42
0.00 £ 0.21
0.00 + 0.20
11.53 + 0.39
1154 £0.38

Sw

0.04
0.04
373
3.49
0.02
0.02
0.02
0.02
0.10
0.10
0.06
0.06
0.07
0.07
0.06
0.08

TRT

o1
0.10
10.33
9.67
0.05
0.05
0.06
0.05
0.28
027
0.17
0.17
0.19
0.19
0.18
0.17

CoV (%)

0.16
0.15
0.70
0.65
0.68
0.61
0.62
0.56
0.23
022
-23.16
—23.97
—-1,417.77
1,490.90
0.56
0.55

ICC (95% Cl)

0.999 (0.999-0.999)
0.999 (0.999-1.000)
0.984 (0.979-0.988)
0.986 (0.982-0.990)
0.998 (0.997-0.999)
0.999 (0.998-0.999)
0.998 (0.997-0.998)
0.998 (0.998-0.999)
0.996 (0.994-0.997)
0.996 (0.995-0.997)
0.979 (0.973-0.985)
0.979 (0.972-0.985)
0.895 (0.864-0.922)
0.894 (0.862-0.921)
0.974 (0.965-0.980)
0.974 (0.965-0.980)

AL, axial length; CCT, central corneal thickness; AQD, aqueous depth; ACD, anterior chamber depth; Km, mean keratometry; CD, comeal diameter; SD, standard deviation;

Sy, within-subject standard deviation; TRT, test-retest repeatability (2.77 S,,); CoV, within-subject coefficient of variation; ICC, intraclass correlation coefficient.
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References ConditionAge/y ~ OD/OS  Ocular biometry /mm Lens biometry/mm

AL Kn/D LT Device ALR/mm PLR/mm APD# ACD# EqDia# MDL# RPL#
/mm /mm /mm /mm /mm /mm /mm

ALRs ALR¢ ALRp PLRs PLR¢ PLRm

Curent  MSP 22 oD 2666 4200 527  SS-OCT 460 542 501 403 412 408 539 300 742 - -
study
os 2684 4216 535 497 532 514 403 425 414 549 887 722 - -
oL 19 o 2616 4237 428 598 695 646 488 464 451 445 258 838 - =
os 2614 4244 437 437 644 541 380 483 436 458 242 800 - -
PL 4 oD 2089 4631 388 891 915 903 475 564 520 886 264 907 - -
os 2142 4662 399 894 945 919 188 176 167 407 242 89 191 028
Chanetal. MSP 9 oD 2168 - 477 Scheimpflug - . 62 - e 63 = 1.574 < < =
(18) camera
os 2179 - 489 - - 63 = . 56 = 1374 . = -
Burakgezi MSP 26 o 233 - NA - - - - - - - 263 75 - -
etal. (19)
os 250 - - - - - - - - 2.40 80 - -
Lmeta.  MSP 37 o 2203 - - Caliper - - - - - - 70 - 675
(20)
os 2174 - - - - = = - - 675 = 650
Shakrawal MSP 13 o 2087 - 406 UBM - - - - - - - 097 656 - -
etal. (21)
0s 23.01 4.09 et = = & b et ot 0.5 6.87
Luetal.  MSP 7 o 2207 - 507 Color - - - - - - - 353 62 - -
©2) ultrasound
os 2261 - 505 - - - - - - - 3.40 63
Chenetal. PL 315+ 2104+ - - Scheimpfiug  — - - - - - - - - - 080+
(16) 3438 147 camera 0.43
Tokuheiet  Healh 266+ Random 253+ - 87£02 SS-OCT - - 15+ - - 61x04 - - - - -
al. (23) control 4.3 one 14 13
472+ 242+ - 42£03 - 95%13 - - 58%03 - - - - -
6.5 15

ACD, anterior chamber depth; AL, axial length; ALR, anterior lens racius; APD, anteroposterior distance; CL, coloboma lentis; Eq Dia, equatorial diameter; K, keratometry; MDL, maximum diameter of the lesion; MSR. microspherophakia;
PL, posterior lenticonus; RPL, rear projection length; PLR, posterior lens radius; UBM, ultrasound biomicroscopy; m, mean; 1, flat; s, steep; NA, not applicable.
# Measured in the horizontal section.
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Parameters

Averaged response

Temporal response

PD, pupil diameter.

Initial PD, mm
Amplitude of
contraction,
mm

Latency of
contraction,
ms

Duration of
contraction,
ms

Velocity of
contraction,
mm/ms
Latency of
dilation, ms
Duration of
dlation, ms
Velocity of
dilation,
mm/ms
Maximum PD,
mm
Minimum PD,
mm

Average PD,
mm

Disk halo size (arc min)

5cd/m? (1 P)

0.259, 0.001

0.153, 0.062

—0.154, 0.060

0.130,0.113

0.072, 0.380

0.049, 0.554
—-0.053,0.518

0.207,0.011

0.313, 0.000
0.294, 0.000

0.297, 0.000

1 cd/m? (1, P)

0.260, 0.001

0.167,0.041

—0.134,0.103

0.121,0.140

0.051,0.539

—0.061, 0.461
—-0.084,0.307

0.171,0.037

0.297,0.000
0.271,0.001

0.291, 0.000
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