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Editorial on the Research Topic
 Women in Science - Ophthalmology 2021



According to 2016 data from the UNESCO Institute for Statistics (UIS), women make up fewer than 30% of science, technology, engineering, and mathematics (STEM) researchers. Although, at the undergraduate level, the proportion of women and men studying STEM is roughly equal, women are underrepresented in top positions in medicine 1. Nevertheless, many extremely influential and accomplished women in the field of Ophthalmology are contributing to the field and solving important questions. On the other hand, female scientists continue to be underrepresented in various facets of academic life. Several initiatives to promote the visibility of women in science have lately been launched (e.g., awards for women in STEM). Under-representation, income disparities, and increased career-related problems continue to be obstacles for women in scientific disciplines. Despite decades of progress, the COVID-19 pandemic has exacerbated these issues, emphasizing the so-called “leaky pipeline,” a model that depicts how women in science, technology, engineering, and mathematics (STEM) have missed opportunities due to gender bias and structural barriers (1). The COVID-19 pandemic also widened the gender divide in academic publishing (2). Even though female academic participation in Ophthalmology has increased in past decades, recent findings demonstrate that COVID-19 has reversed this trend. During the pandemic, women's contributions to COVID-19 Ophthalmology scholarship were much lower than predicted, particularly in senior roles (2). This Research Topic is aimed to create the frame for promoting and recognizing the scientific achievements of women researchers in Medicine, specifically in the field of Ophthalmology. Herein, we discuss 11 accepted articles wherein either the first or corresponding author identifies as female, collectively representing multiple countries worldwide.

Consistent with the theme of this Research Topic, Cao et al. evaluated the extent of the gender gap in citations in Ophthalmology literature between August 2015 and July 2020. This study suggested that despite the increase in female-led papers from August 2015 to July 2020, the proportion was still found to be much lower than that of the male-led papers. With the recent worldwide SARS-CoV-2 pandemic, several papers developed novel diagnostic tools for COVID-19 based on either molecular or imaging data. Hohberger et al. used Optical coherence tomography angiography (OCT-A) to evaluate the changes in the retinal vasculature and proposed that OCT-A observations could be correlated with systemic microcirculation and serve as clinical markers of severity of COVID-19 disease.

This Research Topic also included two case reports on two genetic conditions, a congenital disorder of glycosylation-Ia and CAFDADD syndrome (Cardiac, facial, and digital anomalies with developmental delay). A case presented by Midena and Pilotto confirmed the essential role of multimodal retinal imaging, a non-invasive way to provide new insights into the retinal involvement of patients affected by CDG-Ia. Additionally, multimodal retinal imaging associated CDG-Ia with multiple, bilateral, calcific retinal astrocytic hamartomas. A case report by Paprocka et al. detected de novo variant c.1708C>G [p.(His570Asp)] in TRAF7 in two pediatric patients with the very rare CAFDADD syndrome. Their studies indicated that a TRAF7 mutation should be evaluated in patients with characteristic dysmorphic features, especially within the palpebral fissure (blepharophimosis and/or ptosis), congenital defects of the heart and skeleton, and psychomotor delay.

Two of the articles on the utility and proper clinical usage of pattern electroretinogram and in vivo confocal microscopy for better patient data interpretation were also included in this Research Topic. Firstly, a study by Friedel et al. evaluated potentially more feasible procedures for PERG recordings in daily diagnostics in psychiatry. The authors were able to methodologically improve the recording procedure by demonstrating the suitability of a higher stimulation frequency for recordings and introducing an interpersonal normalization approach for the PERG signals, further enhancing the sensitivity of the method. Next, a study by Zhang et al. reported that to minimize the likelihood of under-sampling at the participant level of a study, the average cell density value from quantifying 12 random, non-overlapping IVCM images (400 × 400 μm) should be used for corneal epithelial IC density estimates for the central cornea, and seven equivalent images should be used for the peripheral cornea instead of the traditional “three representative images” approach.

Three more clinical studies with significant findings for myopia, primary open-angle glaucoma, and diabetic retinopathy were published. In China, vitamin D insufficiency is far more common than in other countries. Li et al. conducted a study to see if vitamin D is linked to myopia in these two groups of participants, who had different vitamin D levels due to various diets and sun exposure. They discovered that total serum vitamin D content does not affect myopia growth in Chinese children and adolescents, which suggests that the links between outdoor exposure and myopia progression should be investigated further. Improved medication adherence in the days leading up to clinic visits is referred to as whitecoat adherence. Poleon et al. conducted research to assess and identify parameters linked to whitecoat adherence. Within 3 days of the clinic appointment, they noticed a considerable increase in adherence. According to the authors, patients with higher levels of adherence may also have higher levels of healthcare engagement, prompting them to focus more significantly on their adherence, particularly before the clinic appointment. Tear fluid biomarkers may provide a non-invasive technique for diagnosing diabetic patients at risk of developing diabetic retinopathy (DR), improving diagnostic accuracy and understanding of the disease's etiology. Amorim et al. looked at the tear fluid of non-diabetic individuals, diabetic patients with no DR, and diabetic patients with non-proliferative DR (NPDR) or proliferative DR (PDR) to see if there were any potential biomarkers for DR diagnosis and staging. They discovered alterations in many proteins in tear fluid linked to various biological processes related to DR, such as oxidative stress, immunological response, and inflammation. The authors also urged that their findings be validated in a more extensive study with a larger sample size and suggested that the identification of a set of biomarkers could improve the early diagnosis of DR and assure quick treatment for this vision-threatening disease.

Finally, two review pieces were published in this Research Topic. To begin, Adamus examined the role of immunological reactions in the course of retinal degeneration caused by gene mutations. Inherited retinal diseases (IRDs) are a group of clinically and genetically diverse uncommon disorders that cause retinal malfunction and photoreceptor cell death, resulting in blindness. Retinitis pigmentosa (RP), which affects 1 in every 4,000 people worldwide, is one of the most common and severe forms of these retinopathies. This review paper meticulously assembled pertinent research and offers insight into the present function of autoimmunity/immunity in RP pathogenesis. Ocriplasmin is a recombinant protease that can be injected into the vitreous cavity to treat this illness; however, there is still debate about its efficacy and safety, especially regarding patient selection. Chen et al. conducted a comprehensive analysis of articles published before August 2020 to determine the efficacy and safety of ocriplasmin treatment on symptomatic vitreomacular adhesion (sVMA). The authors concluded that ocriplasmin is a viable treatment option for sVMA based on evidence from five randomized controlled trials and 50 cohort studies.

While the pandemic has reformed the workspaces and increased challenges in female authorship, more efforts are required to bridge the gender gap. In this regard, this Research Topic is a small effort to acknowledge the contribution of excellent female scientists worldwide in the field of Ophthalmology.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which causes coronavirus disease 2019 (COVID-19), affects the pulmonary systems via angiotensin-converting enzyme-2 (ACE-2) receptor, being an entry to systemic infection. As COVID-19 disease features ACE-2 deficiency, a link to microcirculation is proposed. Optical coherence tomography angiography (OCT-A) enables non-invasive analysis of retinal microvasculature. Thus, an impaired systemic microcirculation might be mapped on retinal capillary system. As recent OCT-A studies, analyzing microcirculation in two subdivided layers, yielded contrary results, an increased subdivision of retinal microvasculature might offer an even more fine analysis. The aim of the study was to investigate retinal microcirculation by OCT-A after COVID-19 infection in three subdivided layers (I). In addition, short-term retinal affections were monitored during COVID-19 disease (II). Considering (I), a prospective study (33 patientspost−COVID and 28 controls) was done. Macula and peripapillary vessel density (VD) were scanned with the Spectralis II. Macula VD was measured in three layers: superficial vascular plexus (SVP), intermediate capillary plexus (ICP), and deep capillary plexus (DCP). Analysis was done by the EA-Tool, including an Anatomical Positioning System and an analysis of peripapillary VD by implementing Bruch's membrane opening (BMO) landmarks. Overall, circular (c1, c2, and c3) and sectorial VD (s1-s12) was analyzed. Considering (II), in a retrospective study, 29 patients with severe complications of COVID-19 infection, hospitalized at the intensive care unit, were monitored for retinal findings at bedside during hospitalization. (I) Overall (p = 0.0133) and circular (c1, p = 0.00257; c2, p = 0.0067; and c3, p = 0.0345). VD of the ICP was significantly reduced between patientspost−COVID and controls, respectively. Overall (p = 0.0179) and circular (c1, p = 0.0189) peripapillary VD was significantly reduced between both groups. Subgroup analysis of hospitalized vs. non-hospitalized patientspost−COVID yielded a significantly reduced VD of adjacent layers (DCP and SVP) with increased severity of COVID-19 disease. Clinical severity parameters showed a negative correlation with VD (ICP) and peripapillary VD. (II) Funduscopy yielded retinal hemorrhages and cotton wool spots in 17% of patients during SARS-CoV-2 infection. As VD of the ICP and peripapillary regions was significantly reduced after COVID-19 disease and showed a link to clinical severity markers, we assume that the severity of capillary impairment after COVID-19 infection is mapped on retinal microcirculation, visualized by non-invasive OCT-A.

Keywords: OCT-angiography, COVID-19, SARS-CoV-2, retina, macula, optic nerve head, microcirculation


INTRODUCTION

In December 2019, several cases of a severe and unknown pneumonia were diagnosed in Wuhan (1). Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was identified as a disease causative agent, and clinical features were summarized as coronavirus disease 2019 (COVID-19). Ranking to a worldwide healthcare problem, COVID-19 pandemic was declared on March 11, 2020. On the molecular basis, SARS-CoV-2 enters human cells via the angiotensin-converting enzyme-2 (ACE-2) receptor (2, 3). After binding via receptor-binding domain of the spike protein, a target cell protease splits the spike, enabling virus entry mediated by the spike fusion peptide (4–6). The natural target of the ACE-2 receptor, ACE-2, was first discovered in 2000 (7). ACE-2, part of the renin–angiotensin system (RAS), converts angiotensin II (Ang II) to angiotensin (Ang)-1-7. ACE-2 and Ang-1-7 are assumed to prevent atherosclerosis and protect endothelial cells via inhibition of inflammation (8). The latter one was seen to reduce oxidative stress via the MAS receptor (9, 10). Several studies have suggested a link of ACE-2 to vascular diseases (11, 12). Considering this, ACE-2 deficiency consecutively was observed to cause vascular inflammation and atherosclerosis (8, 13). In addition, e.g., expression of adhesion molecules (e.g., VCAM), monocyte chemoattractant protein-1 (MCP-1), and interleukin 6 (IL-6) were significantly increased (8, 14, 15). It is hypothesized that SARS-CoV-2 targeting the ACE-2 receptor features molecular characteristics of ACE-2 deficiency (16, 17).

Data on ACE-2 and its receptor in human retina are rare in literature up to now. The ACE-2 protein was detected in human retina by Western blotting analysis (18). Structural analysis in animal models (rodent and porcine) indicated that ACE-2 is present in the inner granular and nuclear layers (19, 20). Thus, it is assumed that involvement of SARS-CoV-2 might also be present in the retina itself. If we assume that SARS-CoV-2 infection might mimic an ACE-2 deficiency, we hypothesize that retinal microcirculation might be affected, especially, in the inner granular and nuclear layers. In addition, during COVID-19, the circulating neutrophils are activated, and the population of low-density granulocytes is highly increased. These cells are prone to form neutrophil extracellular traps (NETs). The latter have been shown to occlude pulmonary vessels in active COVID-19, which is referred to as immunothrombosis. Hepatic and glomerular vessels were also affected (21–23). We hypothesized that this kind of vasculopathy may also affect retinal microvasculature.

Optical coherence tomography angiography (OCT-A) is a non-invasive technique, visualizing retinal microcirculation. Several devices can be used right now, most of them analyzing vessel density (VD) and characteristics of microcirculation in two different retinochoroidal layers (superior vs. deep). Up to now, there is only one device available (Spectralis II; Heidelberg Engineering, Heidelberg, Germany) enabling analysis of retinal microcirculation in three layers with high resolution: superficial vascular plexus (SVP), intermediate capillary plexus (ICP), and deep capillary plexus (DCP). Those three layers correlate well with human anatomy (24). The SVP correlates with the ganglion cell layer (GCL) and part of the inner plexiform layer (IPL), the ICP with part of the IPL and inner nuclear layer (INL), and the DCP with part of the INL and outer plexiform layer (OPL), respectively (Figure 1A). This more fine resolution of OCT-A data enables an even more detailed analysis of retinal microcirculation. Recent studies investigated changes in retinal microcirculation early after COVID-19 infection (2 weeks until 1 month) by OCT-A devices, subdividing the OCT-A scan into two layers (superficial retinal capillary plexus and deep retinal capillary plexus) (25, 26). Thus, it was the aim of the present study to investigate retinal microvasculature of the macula, subdivided into three retinal layers, and peripapillary region in patients after long-term COVID-19 infection as compared with control eyes. In addition, short-term alterations of retinal findings and clinical outcome were monitored in patients with severe COVID-19 complications.


[image: Figure 1]
FIGURE 1. Morphometric and quantitative analyses of optical coherence tomography angiography (OCT-A): (A) anatomic correlation of retinal layers to superficial capillary plexus (SVP), intermediate capillary plexus (ICP), and deep capillary plexus (DCP; image courtesy by Heidelberg Engineering, Heidelberg, Germany). (B–D) Schematic sketch of quantitative OCT-A analysis of the macula (B,C) and peripapillary scans (D) with the Erlangen Angio Tool: circular (B; c1, c2, and c3) and sectorial VD (C; 12 sectors, s1-s12; à 30°).




METHODS


Subjects
 
Long-Term Effect of Coronavirus Disease 2019 Infection on Retinal Microcirculation

A prospective study was done analyzing long-term effects of COVID-19 infection on retinal microcirculation: 61 eyes of 61 persons were included: 33 eyes of patientspost−COVID (13 females and 20 males) and 28 control eyes (20 females and 8 males). Infection of COVID-19 was confirmed by a positive result of real-time, reverse transcription–polymerase chain reaction (PCR). Patientspost−COVID were recruited after hospitalization in the Department of Internal Medicine 1, University of Erlangen-Nürnberg, and from local residents, which were not hospitalized for COVID-19 infection. Time after positive SARS-CoV-2 PCR test was 138.13 ± 70.67 days (range 34–281 days). All eyes had no history of a previously known retinal or papillary disorder. No ocular laser therapy or surgery has been performed. Control eyes did not show ocular disorders or had a history of laser therapy or ocular surgery. All patients and subjects underwent measurement of best-corrected visual acuity (BCVA) and intraocular pressure (IOP). Axial length was measured by IOLMaster (Zeiss, Oberkochen, Germany). Demographic data can be seen in Table 1. The study has been approved by the local ethics committee and performed in accordance with the tenets of the Declaration of Helsinki.


Table 1. Demographic data of the prospective study cohort for long-term effects of coronavirus disease 2019 (COVID-19) infection: gender, age, best-corrected visual acuity (BCVA), intraocular pressure (IOP), and axial length in patients after COVID-19 infection (patientspost−COVID) and controls.

[image: Table 1]



Short-Term Effect of Severe Coronavirus Disease 2019 Infection on Retinal Microcirculation

Short-term effects of severe COVID-19 infection on retinal microcirculation were assessed retrospectively: 29 patients with severe complications of COVID-19 infection, hospitalized at the intensive care unit at the University of Erlangen, were monitored by an ophthalmologist for retinal findings. Mean age was 60.9 ± 15 years. Infection of SARS-CoV-2 was confirmed by a positive result of real-time, reverse transcription-PCR. Funduscopy was done at bedside during hospitalization.




Optical Coherence Tomography Angiography and Erlangen-Angio-Tool (Version 3.0)

Macula and peripapillary VD was scanned with the Heidelberg Spectralis II (Heidelberg, Germany). Macula VD was measured in three microvascular layers: SVP (thickness: 80 μm), ICP (thickness: 50 μm), and DCP (thickness: 40 μm). The scans were based on an angle of 15° × 15° and the highest commercially available lateral resolution of 5.7 μm/pixel. Scan size was 2.9 × 2.9 mm (total scan size 8.41 mm2; diameter of inner ring: 0.8 mm; diameter of outer ring: 2.9 mm). All scans were analyzed by the EA-Tool (version 3.0), which was coded in Matlab (The MathWorks, Inc., Natick, USA, R2017b). This software tool enables quantification of macula and peripapillary VD with high reliability and reproducibility (27).

EA-Tool version 3.0 is an advanced quantification software, including an Anatomical Positioning System (APS; part of Glaucoma Module Premium Edition [GMPE], Heidelberg Engineering, Heidelberg, Germany) allowing alignment of OCT-A scans to each patient's individual FoBMOC (Fovea-to-Bruch's Membrane Opening-Center) axis, during scan acquisition or retrospectively (“APS-ify”). In addition, peripapillary VD can be analyzed by implementing the BMO landmarks (BMO-based peripapillary VD). APS and BMO coordinates were exported by SP-X1902 software (prototype software, Heidelberg Engineering, Heidelberg, Germany) (28). After manual checking for correct segmentation and artifacts, the analysis was performed. Overall, circular (c1, c2, and c3) and sectorial VD (12 sectors, s1-s12; à 30°) of the macula and peripapillary scans were analyzed (Figure 1). In addition, analysis of the foveal avascular zone (FAZ) was done.



Statistical Analysis

For the variable VD of the SVP, ICP, and DCP, we applied a mixed model analysis with sectors as repetition measures. The variables gender and age were introduced in the model as covariates. The model has a random intercept and 12 time measurements defined as repetitions. The interactions between diagnosis and sectors were also calculated together with the p-values of the multiple comparisons (after the Tukey–Kramer adjustment). The 95% CI was reported together with the p-values. As the experimental design was unbalanced, we estimated the least squares (LS)-means that correspond to the specified effects for the linear predictor part of the model, and the relative confidence limits. LS-means are closer to reality and represent even more real data, when cofactors occur, compared with means. Moreover, we calculated the within-subjects effects using the interactions between the variables (patientspost−COVID and controls) * sectors.

For the variables c1, c2, and c3 of the SVP, ICP, and DCP, we applied a covariance analysis (where gender and age were set in the model as covariates). The diagnosis was set as a class variable with two levels (patientspost−COVID and controls). Type III SS test of the multiple comparisons (adjusted with Tukey–Kramer) and 95% CI were reported to evaluate the contribution of the factor. The LS-means were calculated. All the statistical elaborations were done using SAS version 9.3 (SAS Institute Inc., Cary, NC, USA).




RESULTS


Long-Term Effect of Coronavirus Disease 2019 Infection on Retinal Macula Microcirculation

The covariance models were done with age and gender as covariates. The p-values were adjusted with Tukey's test. In addition, a mixed model with the sector's variables as repeated measures, age and gender as covariates, and patients' group as variables (patientspost−COVID vs. controls) was performed.

LS-mean macula VD was 30.25 ± 0.5 (SVP), 22.74 ± 0.5 (ICP), and 24.02 ± 0.6 (DCP) in controls. LS-mean macula VD was 29.51 ± 0.5 (SVP), 21.02 ± 0.4 (ICP), and 23.08 ± 0.5 (DCP) in patientspost−COVID. Mixed model analysis yielded a significant age effect on macula VD in the SVP (p = 0.0015), ICP (p = 0.0002), and DCP (p = 0.0028). After age correction of the VD data, additional regional variations (i.e., sectorial effect) of macula VD were observed in the SVP (p < 0.0001), ICP (p < 0.0001), and DCP (p < 0.0001). Gender did not affect macula VD in all three microvascular layers (p > 0.05).

After age correction of VD data, overall macula VD was significantly reduced in the ICP between patientspost−COVID and controls (p = 0.0133). Yet overall macula VD of the SVP and DCP was not significantly different between patientspost−COVID and controls (p > 0.05), respectively.

After age correction of VD data, subgroup analysis of the three peri-macula circles (c1, c2, and c3) yielded a significant reduction of VD of c1, c2, and c3 of the ICP in patientspost−covid compared with controls (p = 0.00257; p = 0.0067; and p = 0.0345). No significant differences of macula VD were observed in c1, c2, and c3 of the SVP (p > 0.05) and DCP (p > 0.05). In addition to the analysis of peri-macula VD, a sectorial analysis was done, showing significant interactions between patientspost−COVID and controls in the ICP (Figure 2). Color-coded numbers of all significant interactions between each sector are shown in Figure 2 for the SVP, ICP, and DCP (number of significant interactions: red, n ≥ 8; pink, n = 6–7; orange, n = 5; yellow, n = 4; green, n = 2–3; and gray, n = 0–1).
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FIGURE 2. Microcirculation of the macula and peripapillary regions after coronavirus disease 2019 (COVID-19) infection compared to controls: (A) qualitative analysis of the number of significant interactions between vessel density of each sector (s1-s12) of macula optical coherence tomography angiography (OCT-A) in superficial vascular plexus (SVP), intermediate capillary plexus (ICP), and deep capillary plexus (DCP) and optic nerve head (ONH) by color coding (red, n ≥ 8; pink, n = 6–7; orange, n = 5; yellow, n = 4; green, n = 2–3; gray, n = 0–1) between controls and post-COVID-19 eyes. (B) Representative OCT-A scans of the macula (SVP, ICP, and DCP) and peripapillary regions after COVID-19 infection (⋆Areas of reduced vessel density). (C) Representative OCT-A scans of the macula (SVP, ICP, and DCP) and peripapillary region in controls.




Long-Term Effect of Coronavirus Disease 2019 Infection on Retinal Peripapillary Microcirculation

Peripapillary LS-mean VD was 42.12 ± 0.8 (controls) and 39.37 ± 0.7 (patientspost−COVID). Type 3 tests of fixed effects showed a significant influence of age (p = 0.0013), yet no gender effect on peripapillary VD (p > 0.05). After age correction of VD data, an additional sectorial effect was observed (p < 0.0001). After age correction of VD data, overall peripapillary VD was significantly reduced between patientspost−COVID and controls (p = 0.0179). In addition, c1 was significantly lowered in patientspost−COVID compared with controls (p = 0.0189), yet not c2 and c3 (p > 0.05). Considering the sectorial effect with localized and fine alterations of microcirculation, a distinct analysis of each single sector (s1-s12) was added. Figure 2 shows a color-coded number of significant interactions between each hour in patientspost−COVID and controls (number of significant interactions: red, n ≥ 8; pink, n = 6–7; orange, n = 5; yellow, n = 4; green, n = 2–3; gray, n = 0–1).



Long-Term Effect of Coronavirus Disease 2019 Infection on Foveal Avascular Zone Characteristics

FAZ was 0.28 ± 0.02 (SVP), 0.19 ± 0.02 (ICP), and 0.27 ± 0.07 (DCP) in controls. Patientspost−COVID showed a FAZ of 0.24 ± 0.02 (SVP), 0.16 ± 0.015 (ICP), and 0.35 ± 0.06 (DCP). Mixed model analysis yielded no age effect on FAZ of the SVP, ICP, and DCP (p > 0.05). Gender did affect FAZ in the ICP significantly (p = 0.042), yet not in the SVP (p > 0.05) and DCP (p > 0.05). No significant differences were observed between patientspost−COVID and controls for FAZ in all three microvascular layers (p > 0.05).



Analysis of Long-Term Effect of Coronavirus Disease 2019 Infection Between Hospitalized and Non-hospitalized Patients

We applied the same model (mixed model) to find differences in the SVP, ICP, DCP, and peripapillary region between the patientspost−COVID being hospitalized and non-hospitalized during SARS-CoV-2 infection. These groups showed overall LS-mean of 30.00 ± 0.9 (non-hospitalized) and 28.12 ± 0.9 (hospitalized) in the SVP, 21.43 ± 0.8 (non-hospitalized) and 19.58 ± 0.8 (hospitalized) in the ICP, and 24.23 ± 0.9 (non-hospitalized) and 21.00 ± 0.9 (hospitalized) in the DCP. Peripapillary LS-mean VD was 39.51 ± 1.3 (non-hospitalized) and 37.84 ± 1.3 (hospitalized).

A significantly reduced overall LS-mean VD was observed in the DCP of hospitalized patientspost−COVID compared with non-hospitalized ones (p = 0.0304, Table 2A). Contrarily, overall LS-mean of the SVP and ICP was similar between both groups (p > 0.05). LS-mean VD of the SVP, ICP, and DCP of patientspost−COVID who were hospitalized and non-hospitalized during SARS-CoV-2 infection can be seen in Table 3. Considering fine variations of VD, a circular analysis was done: VD of c2 (p = 0.0468) and c3 of the DCP (p = 0.0232) and VD of c1 of the SVP (p = 0.0465) were significantly reduced in patientspost−COVID being hospitalized vs. non-hospitalized during SARS-CoV-2 infection. Comparing this two subgroups of patientspost−COVID with controls, VD of c3 of the DCP was significantly reduced in hospitalized < non-hospitalized < controls (p = 0.015), yet not c2 (DCP) and c1 (SVP, p > 0.05). The comparison of each group with its respective p-value can be seen in Table 2B. In addition, no differences were observed for c1 (DCP); c2 and c3 (SVP); c1, c2, and c3 (ICP); and c1, c2, and c3 (peripapillary) of hospitalized vs. non-hospitalized patientspost−COVID (p > 0.05).


Table 2. Overall (A) and c3 of (B) vessel density of deep capillary plexus (DCP) of patientspost−COVID who were hospitalized and non-hospitalized during COVID-19 infection: (A) mixed model analysis showed a significantly reduced overall LS-mean vessel density (VD) for hospitalized (coded as 1) compared with non-hospitalized patients (coded as 0); (B) general linear model (non-hospitalized, hospitalized patientspost−COVID and controls) showed a significantly reduced VD of c3 of DCP for hospitalized < non-hospitalized < controls.
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Table 3. Long-term effect of COVID-19 infection on circular vessel density (c1, c2, and c3) of SVP, ICP, DCP, and peripapillary region between hospitalized (coded as 1) and non-hospitalized (coded as 0) patients: LS-mean, 95% confidence limits.
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Correlation of Clinical Data During Hospitalization and Optical Coherence Tomography Angiography Parameters

Clinical characteristics of the hospitalized patientspost−COVID (n = 17) during their hospitalization can be seen in Table 4. The non-hospitalized patientspost−COVID (n = 16; six females and 10 males) were at home during their SARS-CoV-2 infection without the necessity of being inpatients. Only few preexisting conditions were monitored in the non-hospitalized group: asthma (1/16, 6%) and status after cardiac ablation (1/16, 16%). The correlation of VD of each microvascular layer (SVP, ICP, and DCP) with clinical parameters during hospitalization can be seen in Table 5. Interestingly, negative correlations were observed for the highest level of D-dimer and the highest level of Glutamat-Pyruvat-Transaminase (GPT) with peripapillary VD (circular analysis, c1 and c2). In addition, stage at diagnosis correlated negatively with VD in the ICP (overall, c1-c3), peripapillary region (overall, c1-c3), and SVP (overall, c2 and c3). Thus, the worse the COVID-19 infection had been, the more reduced the VD was measured in OCT-A.


Table 4. Clinical data of hospitalized patients with coronavirus disease 2019 (COVID-19) infection (n = 17): preexisting condition, immunosuppressive medication (past 3 months), smoker, systemic therapy, thrombosis prophylaxis, clinical follow-up during hospitalization at the intensive care unit, and body mass index (BMI) (n = 13).
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Table 5. Correlation analysis of clinical data during hospitalization and vessel density in SVP, ICP, and DCP: time between positive SARS-CoV-2 test and OCT-A; stage at diagnosis (non-severe, severe, and critical) and the highest level of D-dimer and Glutamat-Pyruvat-Transaminase (GPT) during hospitalization.
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Short-Term Effect of Severe Coronavirus Disease 2019 Infection on Retinal Microcirculation

Twenty-nine persons with severe complications of COVID-19 infection were monitored for retinal finding during hospitalization in the intensive care unit: six persons (first wave, until August 31, 2020) and 23 persons (second wave). None of them showed an involvement of the cornea, anterior chamber, and vitreous body in terms of infection. Retinal findings (e.g., retinal bleedings and cotton wool spots) were observed in 17% (5/29 persons, Figure 3).
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FIGURE 3. Hospitalized patients with coronavirus disease 2019 (COVID-19) infection at the University of Erlangen (status February 23, 2021): a subgroup of patients of the intensive care unit was monitored by an ophthalmologist for retinal findings (subdivided by their clinical outcome).





DISCUSSION

COVID-19 infection had reached to a pandemic healthcare problem during 2020. Next to pulmonary complications, microcirculation (e.g., vasculitis and thromboembolism) is impaired during SARS-CoV-2 infection (16, 31). Endothelial cells, attacked by SARS-CoV-2, were observed to show either inclusion bodies of the endothelial cells or an endotheliitis (32). The inflammation itself or microthrombosis can consecutively be the starting point on an impaired capillary microcirculation and afterwards an endothelial dysfunction (32). An immunological component has been proposed for the microthrombosis (immune thrombosis) (33). The data of the present study emphasized that capillary microcirculation is restricted even in patients after COVID-19 infection. Especially, the retinal microvascular layer (ICP), showing ACE-2 receptor in animal models (inner nuclear and inner plexiform layer), was affected in patientspost−COVID and showed significantly reduced VD. The worse the stage at diagnosis was, the worse the VD of the ICP was observed even after a period after COVID-19 infection. In addition, peripapillary VD was significantly reduced after SARS-CoV-2 infection. Considering severity of COVID-19 disease, the more increased the level of D-dimers and GPT were observed during hospitalization, the more reduced the peripapillary VD was measured in OCT-A scans. This effect was emphasized by the finding that patientspost−COVID who were hospitalized during COVID-19 infection showed even significantly reduced VD in the adjacent microvascular layers next to the ICP (i.e., SVP, and DCP) than the patientspost−COVID who did not need hospitalization during COVID-19 infection, and even when compared with controls (c3 of DCP). These results argue for a critical impairment of retinal microcirculation after COVID-19 infection, accented in the ICP, yet affecting additional adjacent microvascular layers after even worse COVID-19 infections.

An ocular involvement of COVID-19 infection has been described for several times. Patients' symptoms vary from normal till blurred vision with accompanying epiphora, discharge, or itching (34–36). Clinical findings can be summarized as follicular conjunctivitis (35), pseudomembranous or hemorrhagic conjunctivitis (37), or keratoconjunctivitis (38). Data of animal models showed that SARS-CoV-2 might affect uveal (e.g., anterior pyogranulomatous uveitis and choroiditis) or neuronal tissue (e.g., retinitis or optic neuritis) (39–43). In vivo data of the present study yielded that none of the patients showed signs of uveitis or vasculitis. Yet self-limiting bleedings or cotton wool spots were monitored, being a marker of an impaired retinal microcirculation. This sign of capillary restriction was observed in even 17% of the COVID-19 patients during their hospitalization at the intensive care unit. To the best of our knowledge, the data of the present study show this high percentage of short-term affections of retinal findings during COVID-19 infection for the first time. The only data available in literature up to now offer percentages of 12.9–22% in patients after COVID-19 infection (26, 44).

Yet the percentage of an affected retinal microcirculation seemed to be even higher as OCT-A results suggest. Retinal microcirculation can be monitored by non-invasive OCT-A technology with a high resolution of the scanned structures. There are only two previous clinical studies up to now, investigating microvasculature of the macula with OCT-A after COVID-19 infection, yet showing contrary results. As one study yielded a significant reduction of VD in the superficial capillary plexus and DCP (25), the other one showed no alterations in OCT-A characteristics, yet funduscopic retinal alterations (e.g., cotton wool spots) (26). The data of the present study yielded that especially the intermediate layer (ICP) is affected after COVID-19 infections. Only if COVID-19 disease had shown an even worse clinical progress during SARS-CoV-2 infection were the adjacent retinal microvascular layers affected as well (SVP and DCP). Thus, the present data might explain why the two previous studies showed “contrary” results. Thus, if mild forms of COVID-19 infections would be monitored by OCT-A scans and these devices do not divide the retina into three microvascular layers (the previous studies subdivided into two layers), then mild or moderate affections of microcirculation in the ICP might be masked by the two adjacent unaffected microvascular layers, as the ICP is not scanned by its one. Furthermore, the data of the present study showed a significant impairment of peripapillary VD after COVID-19 disease. To the best of our knowledge, this is the first clinical study on BMO-based APSified peripapillary VD analysis after SARS-CoV-2 infection.

In addition to its diagnostic impact, the results of the present study might be the basis for subsequent analysis of pathophysiological aspects. As VD was reduced significantly even after 138.13 ± 70.67 days, we hypothesize that retinal microcirculation, being a correlate of systemic capillary microcirculation, is affected even long after SARS-CoV-2 infection. As viral SARS-CoV-2 particles were less present in tears and conjunctiva samples (0–7.14%) (45, 46), it might be suggested that clinical retinal findings were triggered by systemic factors during COVID-19 infection. We know that the transition of SARS-CoV-2 from the alveolus to the lung capillaries is crucial for systemic infection and distribution. The endocytosis via ACE-2 receptor is established as the key functional pathway not only for initial infection but also for organ dysfunction (47). However, SARS-CoV-2 is able to cross the border between alveolus and the remaining systems via lung capillaries. A high level of ACE-2 receptor is expressed on endothelial cells being a probable entry to human blood cells. From there, a distribution into any other organs may occur. This pathway is the postulated principal route for the entry into the central nervous system (CNS), leading to neurological symptoms such as dizziness or loss of taste (48). Similarly, COVID-19 enters the liver and may infect hepatocytes, cholangiocytes, and liver endothelium with a high expression of ACE-2 receptor (49). However, infection of endothelial cells is not only an entry way but also an important mediator of organ dysfunction itself. Disruption of the endothelial integrity leads to an activation of the coagulation panel, the downregulation of anti-thrombotic mechanisms (Ang 1-7/MAS 1-R), and the activation of platelets (50). This explains the high risk of thrombosis in large arterial or venous vessels leading to cerebral ischemia (arterial system) or lung emboli. In addition, similar mechanisms of activated coagulation systems have been described in septic shock or systemic inflammatory response syndrome (SIRS). Here, microthrombosis in any capillary system is common. We postulate a similar mechanism due to SARS-CoV-2 in any solid organ with an extensive microvessel system (e.g., retina). Microthrombosis leads to necrotic tissue and deterioration of organ function. This hypothesis is confirmed by the findings of microthrombosis and necrosis in histological studies (51). In addition, alterations of the complete blood count (CBC) might contribute to this pathomechanism. Neutrophilia and lymphopenia, observed in sera of COVID-19 patients, were associated with disease severity (52–55). Going along with an increased number of neutrophils, NET formation occludes the microvessels (immunothrombosis) (21–23, 56). Another important fact is the cross-link between the endothelium and the immune system. Any activation of the coagulation panel leads to a chemotaxis of neutrophils and macrophages with a high cytokine release (57). We observed an overactivation of the immune system in some COVID-19 patients with undulating levels of acute phase proteins and interleukins. Dexamethasone, an overall immunosuppressing drug, shows significant benefit on the prognosis of those patients who no longer suffer from the primary infection but from the secondary problems. Consequently, the exact evaluation of the beginning, quantity, and recovery of micro-vessel thrombosis or rarefication of the capillaries may offer an additional approach to the prediction of organ failure and immunological features such as hemolysis.

A limitation of the study is the very heterogeneous COVID-19-affected population due the disease per se, the small number of the cohort, and the relatively young population of controls. Sato et al. could not find a correlation between superficial macular VD and age in the TAIWA study (58). In addition, Park et al. could find no significant difference in parafoveal VD between the age group 20–30 years and age group 40–50 years (59). So we would postulate that the significant difference between the control and post-COVID-19 group was independent of the age difference in the present study, even as the results in the ICP were still significant after age correction of the data. We hypothesize that the severity of capillary impairment after COVID-19 infection is mapped on retinal microcirculation. Thus, the systemic affection of microcirculation might become visible by non-invasive OCT-A technique. As retinal microcirculation is a finely regulated and complex system, analysis of regional alterations of VD might extend the overall VD data. We could observe that the more severe the COVID-19 infection had been, the more alterations in the circular SVP and DCP could be observed, yet not in the overall SVP or overall DCP. These results suggest that next to measurements of overall VD in three retinal micro-vascular layers, regional analysis might increase the diagnostic value of OCT-A in diseases with impaired microcirculation for initial diagnosis and follow-ups.



CONCLUSION

Retinal microcirculation may offer a window to the systemic micro-vessel system. We found a remarkable duration of the changed VD in patients who had suffered at COVID-19 infection. The retinal micro-vascular layer in OCT-A imaging (ICP), correlating with the inner nuclear and inner plexiform layers, showed significantly lower microcirculation parameters after SARS-CoV-2 infection compared with healthy eyes, correlating with clinical marker of severity of COVID-19 disease. Future studies regarding the impact of baseline thrombosis prophylaxis might show a clinical impact of these data.
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Case Report: Blepharophimosis and Ptosis as Leading Dysmorphic Features of Rare Congenital Malformation Syndrome With Developmental Delay – New Cases With TRAF7 Variants
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Germline variants in tumor necrosis factor receptor-associated factor 7 (TRAF7) gene have recently been described in about 50 patients with developmental delay and cardiac, facial, and digital anomalies (CAFDADD). We aimed to depict further the clinical and genetic spectrum associated with TRAF7 germline variants in two additional patients, broaden the mutational spectrum, and support the characteristic clinical variety to facilitate the diagnostics of the syndrome among physician involved in the evaluation of patients with developmental delay/congenital malformations.
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INTRODUCTION

TRAF7 (Tumor necrosis factor receptor-associated factor 7) is a multifunctional intracellular protein belonging to the TRAF family (tumor necrosis factor receptor - TNF-R), which consists of seven proteins (TRAF1-7) (1, 2). It is encoded by a homonymous gene - TRAF7 – encompassing 21 exons, located within the chromosomal region 16p13.3 (2). A modular structure characterizes all members of the TRAF family. TRAF7 670-amino acid protein contains an N-terminal RING finger domain (aa 125–160), a zinc finger domain (aa 221–287) and a coiled-coil domain, but instead of the classical TRAF domain, it has seven WD40 repeats at the C-terminus (1, 3).

TRAF proteins are active in many biological processes, including embryonic development, tissue homeostasis as well as innate and adaptive humoral immune responses (4, 5). TRAF7 is involved in the process of protein ubiquitination. It is one of the critical mediators of NF-κB (nuclear factor-κB) and MAPK (mitogen-activated protein kinase) signaling pathways. It, therefore, plays an important role in many cellular processes (1–3, 6). The interaction of TRAF7 and MEKK3 (mitogen-activated protein kinase kinase kinase 3) through the WD40 domain leads to the activation of JNK and p38 MAP signaling pathways, which are responsible for cell survival, proliferation and differentiation (1–3). TRAF7 also plays a specific role in muscle function. Reduced TRAF7 expression under the influence of MyoD1 in growing myoblasts causes a decrease in NF-κB ubiquitination, exit from the cell cycle and acceleration of myogenesis (3, 6).

As a result of research conducted toward a closer understanding of TRAF7, a relationship between the protein and the development of neoplasms was demonstrated. Somatic mutations in TRAF7 have been described in meningiomas, mesotheliomas, perineural tumors of soft tissues, as well as in glandular neoplasms of the genital tract (1, 7–9). In turn, germline mutations in this gene have been described in the neurodevelopmental syndrome, encompassing cardiac, facial, and digital anomalies with developmental delay, thus termed CAFDADD (OMIM #6181640), characterized by facial dysmorphism with specific anomalies within the eyes (ptosis, epicanthic folds), congenital defects of the heart (aortic coarctation, hypoplastic left heart, double outlet right ventricle) and skeletal system (distal contractures, overlapping digits), and psychomotor delay. The described to date germline variants are heterozygous missense mutations, including frequently repeated c.1964G>A (p. Arg655Gln) and occur de novo (2, 5, 10).

We present two patients with characteristic facial dysmorphic features in whom, as a result of performed Whole Exome Sequencing (WES), heterozygous de novo variants were detected in TRAF7 gene: the c.1708C>G (p.His570Asp) in case 1 and c.1783C>G (p.Leu595Val) in case 2. Our aim is to delineate the phenotype and to underline the specific ocular findings that may facilitate the clinical diagnosis.



PATIENTS' DESCRIPTIONS


Case 1

A 2-month-old boy was admitted to the Department of Pediatric Neurology for the diagnosis of dysmorphic and ophthalmoplegic features. The boy was born in the 41st week of an uncomplicated pregnancy with the Apgar score of 10, bodyweight of 3,100 g and head circumference of 32 cm. The examination revealed a short two-vessel umbilical cord. He developed neonatal jaundice, which was treated with phototherapy. Transfontanelle ultrasound showed an asymmetric ventricular system. The patient's family history was unremarkable.

The child was diagnosed with facial dysmorphism, including swollen eyelids, small sunken eyes, which initially opened only 2–3 mm, as well as a wide nose with an upturned tip, a receding mandible and asymmetrical auricles; head circumference was 36 cm (<3rd percentile) and the frontal fontanel, sized 2 × 3 cm, was below the level of the skull bone. Moreover, the physical examination revealed a narrow chest with widely spaced nipples and significant binary stenosis (Figure 1).


[image: Figure 1]
FIGURE 1. The facial phenotype of Case 1 at 11 months. Note the significant short palpebral fissures, ptosis, epicanthic folds and high forehead with flat, broad nasal bridge.


Correct tendon-periosteal reflexes and symmetrical posture reflexes were found. Positional asymmetry with shortening of the left side and reduced muscle tension in the head-torso axis were revealed, and, for this reason, physical rehabilitation was recommended. Ophthalmoplegia was diagnosed by an ophthalmologist. The results of basic laboratory tests (morphology, urinalysis, capillary gasometry, liver function assessment, ionogram) were within the normal range.

MRI of the head and eye sockets was performed, which showed no abnormalities apart from the asymmetry of the bones of the skull cover. Suspecting the myogenic background of the described ptosis, the diagnostics was extended to include an electrostimulation test for measuring muscle fatigue, during which the right axillary nerve was stimulated with the registration of a response from the right deltoid muscle. No decrease in amplitude was found; therefore, the test result was determined as negative. In addition, the test for antibodies against acetylcholine receptors was performed, and the result was normal.

Echocardiography showed patent foramen ovale/atrial septal defect (PFO/ASD II) and patent ductus arteriosus (PDA) with a left-right shunt. The ultrasound of the abdomen and retroperitoneal space was also performed, which visualized the enlarged caliceal-pelvic system of the left kidney. E. Coli 104 was obtained from the urine culture, and therefore a nephrological consultation was recommended. The patient was discharged with recommendations for further care in specialist units: cardiology, nephrology, ophthalmology, genetic counseling and physical rehabilitation clinics.

The patient was consulted by a geneticist, who recommended an array comparative genomic hybridization (aCGH) test. The result was normal. Thus, whole-exome sequencing (WES) was recommended for the suspected blepharophimosis, ptosis, epicanthus in vs. syndrome (BPES).



Case 2

An almost 2-year-old boy is currently under the care of the Genetic Clinic because of a delay in psychomotor development and facial dysmorphic features. The boy was born by cesarean section at 40 weeks of gestation, with Apgar score of 8 points and birth weight of 4,120 g. The pregnancy was complicated by maternal infection and threatened preterm delivery. Family history was unremarkable.

After birth, no malformations of internal organs were found. Conductive hearing loss on the left side was identified. Due to clubfoot, the boy was referred to orthopedic consultation. The feet were successively plastered and splinted with good results. Cardiac ultrasound showed a bicuspid tricuspid valve. Ultrasound of the abdominal cavity showed a left-sided duplication of the caliceal-pelvic system. Cerebral NMR and angio-NMR showed hypoplasia of the middle and anterior segment of the sagittal sinus with peripheral venous circulation and slight dilatation of the supra-ventricular system as well as dilatation of brain fissures in the frontal and temporal regions and basal cisterns. TSH and CPK levels were normal. There were no abnormalities in the ophthalmological examination.

Physical examination at the age of 16 months revealed specific features of craniofacial dysmorphia such as increased head circumference (OFC 50 cm – 97 percentile), prominent forehead and prominent veins on the forehead, two hair whirls as well as wide nasal bridge, short palpebral fissures, blepharophimosis and mild ptosis of both eyelids (Figure 2).


[image: Figure 2]
FIGURE 2. The facial phenotype of Case 2 and 16 months. Not the high and broad forehead, flat nasal bridge, short palpebral fissures and ptosis, thin lips.


Palms and fingers were normal; however, the toes overlap. At 16 months of life, the weight was 10kg (25 percentile) and height 78 cm (25–50 percentile). Hypotonia was also found. The boy is intensively rehabilitated. He sat up by himself at the age of 12 months and started walking at the age of 2 years. He does not speak; however, according to his parents, he understands speech.

Cytogenetic examination showed normal male karyotype. Array CGH did not reveal any chromosomal aberrations. Clinically dysmorphic syndrome belonging to the RASopathies group was suspected in the child. Therefore, a whole-exome sequencing (WES) was performed.

For both probands, WES analysis was performed using SureSelectXT Human kit All Exon v7 - Case 1 and v5 – Case 2 (Agilent, Agilent Technologies, Santa Clara, CA). Enriched libraries were paired-end sequenced (2 × 100 bp) on HiSeq 1,500 (Illumina, San Diego, CA, USA) and analyzed as previously described (11). In brief, raw sequence readouts were initially analyzed with bcl2fastq software (Illumina) to generate reads in fastq format. After the quality control steps, including adapter trimming and low-quality read removal, reads were aligned to the GRCh38 (hg38) reference genome with Burrows-Wheeler Alignment Tool (http://bio-bwa.sourceforge.net/), and processed further by Picard (http://broadinstitute.github.io/picard/) and Genome Analysis Toolkit (https://software.broadinstitute.org/gatk/). Identified variants were annotated with functional information, frequency in population (including gnomAD (http://gnomad.broadinstitute.org/), and an in-house database of >3,500 Polish exomes), and known association with clinical phenotypes, based on both ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/) and HGMD (http://www.hgmd.cf.ac.uk) databases. In silico pathogenicity prediction was performed based on Varsome pathogenicity and conservation scores (12) and by MetaSVM (13).

Variants passing a default quality were further filtered to include only those with <1% minor allele frequency in all tested databases (gnomAD, in house database of >3,500 Polish exomes), and to exclude deep intronic variants. The final list of variants were screened against known pathogenic mutations listed in ClinVar an dHGMD databases, and then searched for biallelic mutations consistent with autosomal recessive inheritance and monoallelic variants potentially causative of an autosomal dominant. All prioritized variants were manually inspected with Integrative Genomics Viewer (14).

Enriched libraries were paired-end sequenced (2 × 100 bp) on HiSeq 1,500 (Illumina, San Diego, CA, USA). Raw sequencing data and variants prioritization were performed as previously described (11). For variants considered as disease-causing segregation analysis in probands' families was performed by amplicon deep sequencing (ADS) performed by Nextera XT Kit (Illumina) and sequenced as described for WES.

In Case 1, ultra-rare variants in LEMD3, RAI1 and TRAF7 genes were prioritized for further validation. Variants in LEMD3, RAI1 were found to be inherited from proband's healthy mother and were classified as benign (data not shown). Whereas, missense heterozygous variant in TRAF7 gene [(hg38, chr16:g.002175915-C>G, NM_032271.3: c.1708C>G, p.(His570Asp)] was absent in both parents (Figure 3A) and considered as de novo event.


[image: Figure 3]
FIGURE 3. Amplicon deep sequencing validation of TRAF7 gene variants identified by WES in (A) Case 1, de novo p.(His570Asp), (B) Case 2, de novo p.(Leu595Val). Integrative Genomic Viewer screenshots are presented.


In Case 2, ultra-rare variants in CHD1, NAV2, KIF3B and TRAF7 genes were prioritized for segregation study. Variants in CHD1, NAV2, KIF3B were inherited from healthy parents (CHD1 from a father, NAV2, KIF3B from a mother, date not shown) and were considered as benign. Missense heterozygous variant in TRAF7 gene [(hg38, chr16:g.002176085-C>G, NM_032271.3: c.1783C>G, p.(His595Asp)] was absent in both parents (Figure 3B) and considered as de novo event.

Both p.(His570Asp) and p.(Leu595Val) have 0 frequency in all tested databases (including the in-house database of >4,500 Polish individuals examined by WES). According to ACMG classification (15) p.(His570Asp) variant is classified as “Likely Pathogenic,” while p.(Leu595Val) as “Variant of Unknown Significance.” Additionally, c.1783C>G (p.Leu595Val) was predicted as damaging/pathogenic by 16 out of 21 pathogenicity predictors implemented by Varsome (including MutationTaster, SIFT, FATHMM), and as damaging by MetaSVM.




DISCUSSION

Germline mutations in TRAF7 and the associated clinical symptoms were first described in 2018 by Tokita et al. De novo missense mutations in TRAF7 were found in 7 patients with diagnosed developmental delay, congenital defects and dysmorphic features (2). Castilla-Vallmanya et al., on the basis of the identification of 45 patients, defined this disease entity as TRAF7 syndrome characterized by specific features of facial dysmorphia, especially eyelid fissure defects, congenital heart and skeletal defects, as well as motor retardation and intellectual disability (10). To date, 54 cases of patients with a germline mutation in TRAF7 have been described in the literature (2, 5, 10).

De novo variant p.(His570Asp) identified in Case 1 was previously reported in two independent CAFDADD patients (10). While p.(Leu595Val) identified in Case 2 has not been described in the literature so far.

We present a case of a patient with a de novo heterozygous TRAF7 mutation. The pathogenic nature of this variant and its participation in the clinical picture of the patient is indicated by the characteristic clinical symptoms consistent with the phenotypes of patients with diagnosed TRAF7 germinal mutations (2, 10), the applied bioinformatics programs and the exclusion of its occurrence in both parents.

The phenotype revealed in the patient, and primarily the occurrence of blepharophimosis and epicanthic folds, highlight the intensity of dysmorphic features within the eyes, which is characteristic of the CAFDADD syndrome. In addition, the described features such as broad nasal base, short neck, dysmorphic, asymmetrically placed auricles, and a retracted mandible (retrognathia) complete the picture of typical phenotype features characteristic of TRAF7 germline mutations (2, 10). The skeletal defects, manifested by significant bilateral narrowing of the skull, raise the suspicion of craniosynostosis, which is one of the most frequently described skull defects in patients with TRAF7 mutations (5, 10). Therefore, the CAFDADD syndrome should be included in the spectrum of genetic defect syndromes, in which the neurosurgical assessment of the patient and constant monitoring of their condition and development is of key importance in order to avoid possible complications of craniosynostosis through properly implemented treatment (16–18). The patent ductus arteriosus and patent foramen ovale diagnosed in the patient are typical cardiac manifestations of the CAFDADD syndrome, which indicates the need for constant cardiological supervision (2, 10). Due to the previously described developmental disorders such as psychomotor retardation, intellectual disability and speech disorders, the support of early child development as well as physical rehabilitation, aimed at compensating for frequently occurring muscle tension disorders, is of key importance (2, 5, 10).

Primarily, the CAFDADD syndrome phenotype includes distinctive dysmorphic features in the eye area, which can often be the first abnormalities noticed. Thus, it is of importance for child ophthalmologists to keep the syndrome in mind during the evaluation of the patients with such features having other developmental anomalies (physical as well as delayed psychomotor milestones). The patient's disorders of eye-opening indicated a clinical picture characteristic of ophthalmic forms of myasthenia gravis (19). The exclusion of myasthenia gravis by means of a negative result of the electrostimulation-induced muscle fatigue test led to further diagnostics toward a genetic syndrome with severe ptosis, narrow eyelid cracks and epicanthic folds.

Initially, the blepharophimosis-ptosis-epicanthus invertus syndrome (BPES) was suspected in the presented Case 1. BPES is a complex eyelid defect syndrome characterized by four main features: blepharophimosis, eyelid ptosis, epicanthus invertus and telecanthus (BPES II), as well as premature ovarian failure in BPES I (20). In both BPES and CAFDADD, a palpebral fissure defect is one of the characteristic clinical features. If BPES is suspected, it is necessary to exclude CAFDADD, in which there are both systemic complications, especially the heart and skeletal defects, as well as possible predisposition to cancer development and premature aging, absent in BPES.

In patients with a suspected TRAF7 mutation in the differential diagnosis, Ohdo's syndrome, which is characterized by blepharophimosis, ptosis, congenital disorders of the heart and limbs, and developmental delay, should also be considered (21, 22). In previously described patients, RASopathy group diseases were also suspected, e.g., Noonan syndrome and Costello syndrome (2, 5, 10). Of note, the RASopathy was initially suspected in presented Case 2. The common pathomechanism of RASopathy associated with dysregulation of the Ras/MAPK signaling pathways causes a characteristic clinical picture: features of craniofacial dysmorphia, heart defects, ocular and musculoskeletal disorders (23). The overlapping phenotypes of RASopathy and the CAFDADD syndrome and the suspected involvement of TRAF7 in the regulation of MAPK signaling pathways suggest a possible correlation in the pathomechanisms (1, 2, 5).

Somatic mutations in TRAF7 have been detected in such neoplasms as meningiomas, mesotheliomas, perineural tumors of soft tissues or glandular neoplasms of the genital tract (1, 23). Most of them are missense mutations located within the WD40 domain. The germline mutations in TRAF7 are also mostly clustered within the WD40 domain (1, 10). For this reason, constant supervision in aging patients is required to determine whether they have a higher risk of cancer development and should be included in the oncological surveillance (10).



CONCLUSIONS

The detected de novo variant c.1708C>G [p.(His570Asp)] in TRAF7 and the described phenotype correlating with it allow to extend of the genetic spectrum of the very rare CAFDADD syndrome (Cardiac, facial and digital anomalies with developmental delay). Moreover, the presented known variant - c.1783C>G, p.(His595Asp) – support the previous findings concerning the phenotypic spectrum of TRF7 germline variants. A TRAF7 mutation should be suspected in patients with characteristic dysmorphic features, especially within the palpebral fissure (blepharophimosis and/or ptosis), congenital defects of the heart and skeleton, and psychomotor delay. As we proved herein, the clinical manifestation may differ and overlaps with other, more frequent genetic condition as Noonan syndrome (RASopathies). Constant ophthalmic, neurological and cardiological assessment, as well as early development support and motor rehabilitation, are essential in the management of patients with the syndrome resulting from variants in TRAF7.
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Background: The retina has gained increasing attention in non-ophthalmological research in recent years. The pattern electroretinogram (PERG), a method to evaluate retinal ganglion cell function, has been used to identify objective correlates of the essentially subjective state of depression. A reduction in the PERG contrast gain was demonstrated in patients with depression compared to healthy controls with normalization after remission. PERG responses are not only modulated by stimulus contrast, but also by check size and stimulation frequency. Therefore, the rationale was to evaluate potentially more feasible procedures for PERG recordings in daily diagnostics in psychiatry.

Methods: Twenty-four participants (12 patients with major depression (MDD) and 12 age- and sex-matched healthy controls) were examined in this pilot study. We investigated PERG amplitudes for two steady-state pattern reversal frequencies (12.5/18.75 rps) and four sizes of a checkerboard stimulus (0.8°, 1.6°, 3.2°, and 16°) to optimize the PERG recordings in MDD patients.

Results: Smaller PERG amplitudes in MDD patients were observed for all parameters, whereby the extent of the reduction appeared to be stimulus-specific. The most pronounced decline in the PERG of MDD patients was observed at the higher stimulation frequency and the finest pattern, whilst responses for the largest check size were less affected. Following the PERG ratio protocol for early glaucoma, where similar stimulus dependent modulations have been reported, we calculated PERG ratios (0.8°/16°) for all participants. At the higher frequency (18.75 rps), significantly reduced ratios were observed in MDD patients.

Conclusion: The “normalization” of the PERG responses—via building a ratio—appears to be a very promising approach with regard to the development of an objective biomarker of the depressive state, facilitating inter-individual assessments of PERG recordings in patients with psychiatric disorders.

Keywords: pattern electroretinogram, PERG, depression, check size, dopamine


INTRODUCTION

As an ontogenetic part of the brain, the retina exhibits high levels of many neurotransmitters of the central nervous system, including dopamine (1). Since the retina represents a more accessible structure than the brain itself for related measurements, it recently gained increasing attention in other, non-ophthalmological research fields, such as neurology or psychiatry (2).

Indeed, previous studies indicate alterations in visual processing in diseases which are associated with a disturbance in the central dopaminergic homeostasis. These include Parkinson's disease (3–5), schizophrenia (6, 7) and major depressive disorder (MDD) (8–10).

Bubl et al. (8) initially reported higher contrast detection thresholds in patients suffering from MDD. In further research, they took advantage of a more objective electrophysiological approach from ophthalmology, the pattern electroretinogram (PERG), to demonstrate objective correlates of the essentially subjective state of depression (9).

The electroretinogram (ERG) uses corneal electrodes to measure the electrical activity of the retina in response to visual stimulation (11). The PERG is mostly generated by the retinal ganglion cells (12) which are stimulated by local contrast changes in black/white reversing pattern stimuli, like checkerboards (13, 14). The PERG allows both, an assessment of the macular function and a direct measurement of the retinal ganglion cell integrity (15). Therefore, it is—so far—primarily applied in ophthalmology for detecting early glaucomatous dysfunction (16–18).

In recent years, PERG has become increasingly important in psychiatric research as a possibility to map the integrity of the cerebral dopaminergic system indirectly via retinal ganglion cell function with minimal invasiveness (3, 19–22).

Bubl et al. (9), for instance, observed a remarkable reduction in the PERG contrast gain (corresponding to the increase in amplitude with ascending stimulus contrast) of about 50% in patients with MDD compared to healthy controls, with a significant negative correlation of contrast gain with depression severity. Moreover, with remission of the depressive symptoms, a normalization of the reduced retinal signals was observed (10). Therefore, it was postulated that the PERG could be a meaningful measurement tool for psychiatric disorders with the contrast gain as a state marker for depression (10). Table 1 lists preliminary and present investigations focusing on the contrast sensitivity and the PERG-based contrast gain in MDD patients.


Table 1. Previous studies on contrast sensitivity and/or PERG responses in patients with major depression.
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The International Society for Clinical Electrophysiology of Vision (ISCEV) published the current PERG standards in 2012 with recommendations for measurement parameters, calibrations and settings of PERG recordings (14). Various parameters have to be considered when recording the PERG signal.

For the standard PERG, a symmetrical black/white reversing checkerboard pattern with a constant mean luminance should be presented at a standard (15°) or large field size (≈ 30°). A check size of 0.8° (±0.2°), a reversal rate of approximately 16 rps (8 Hz) ±20% (for steady state stimulation) and a high stimulus contrast (> 80%) is recommended in the current guidelines (14). As the PERG amplitude increases almost linearly with increasing stimulus contrast (13), the PERG contrast gain can be calculated from a linear regression line (PERG contrast transfer function) as described by Bubl et al. (9). The slope of this regression line is modulated by the stimulus frequency as well as by the check sizes presented. Higher frequencies lead to a steeper slope of the PERG contrast transfer function, whereas the use of larger patterns (≈ 4°) seems to counteract this effect (25).


Aims of the Study

The recommended standard recording parameters of the ISCEV (14) for clinical PERG assessment have been adapted for ophthalmologic patients. However, it has not yet been investigated whether they are equally suitable for PERG recordings in psychiatric patients.

The aim of the current study was (1) to replicate the findings of reduced PERG responses in patients with depression (9, 10) in an independent sample and (2) to improve the PERG protocols for this patient group with a specific focus on check size and stimulus frequency.


Check Size

It is known that the PERG amplitudes attenuate with poor visual acuity (26). Proper refraction is thus mandatory for PERG recordings, but difficult to implement in non-ophthalmological settings. This effect can be bypassed by using very coarse checkerboard patterns for the stimulation, which are clearly above the visual acuity threshold. In the present study, we investigated the PERG in response to a whole set of black/white reversal checkerboards with the following check sizes: 0.8°, 1.6°, 3.2°, and 16°.



Frequency

In previous studies about PERG effects in patients with depression, a stimulation frequency of 12.5 rps was applied. Higher reversal frequencies have been reported to be capable to increase the sensitivity for detecting ophthalmological diseases like glaucoma (27, 28). In the present study, we compared PERG amplitudes for two steady-state frequencies for pattern reversals (12.5 and 18.75 rps) to assess whether they can be applied equivalently.





MATERIALS AND METHODS


Participants

The study was approved by the ethics committee of the University Medical Center Freiburg (Approval ID: 93/04) and was conducted in accordance with the Declaration of Helsinki. All participants gave their written informed consent. Patients were recruited at the Department of Psychiatry and Psychotherapy, University of Freiburg. The diagnosis of a major depressive episode was established by an experienced specialist in psychiatry according to DSM-5 criteria. A depressive episode in the context of bipolar disorder, the presence of psychotic symptoms, and comorbid alcohol abuse were defined as exclusion criteria. Initially, 17 patients with a diagnosis of major depressive disorder (MDD) were recruited. PERG measurement was performed within the first few weeks after starting antidepressant medication, without clinical response. The intake of neuroleptics, methylphenidate, or the antidepressant bupropion were defined as exclusion criteria.

In addition, 17 healthy controls without current or a history of psychiatric or neurological diseases were recruited. They had to score within the normal range of the Beck Depression Inventory [BDI; (29)] and the Hamilton Depression Rating Scale [HDRS; (30)]. The matching procedure controlled for effects of sex and age.

Exclusion criteria for both groups were defined as an age > 65 years, the presence of neurological or ophthalmological diseases or an uncorrectable low visual acuity (< 0.8).

The following questionnaires were collected from both patients and control participants: the Beck Depression Inventory [BDI; (29)] to assess the severity of depressive symptoms and the Wender-Utah Rating Scale [WURS-k; (31)] for ADHD symptoms in childhood. In addition, the Hamilton Depression Rating Scale [HDRS; (30)] was applied as third-party assessment questionnaire.



Data Acquisition

Before examination, visual acuity of each participant was assessed monocularly with the Freiburg Visual Acuity and Contrast Test [FrACT; (32)] and, if necessary, corrected with refraction. A minimum of 0.8 decimal visual acuity was required for each eye.

DTL (Dawson, Trick, and Litzkow)-like electrodes (33), placed at the lower limbus of each eye were used for PERG recordings. Gold-cup electrodes positioned at each ipsilateral eye-canthus served as reference, an ear-clip as ground.

The EP2000 system was used for stimulation and initial data collection (https://michaelbach.de/sci/stim/ep2000/index.html; retrieval date 15.10.2021). Pattern stimuli were presented at an observer distance of 57 cm on a CRT monitor with 75 Hz frame rate in 800 x 600 pixel resolution, covering a field size of 32° × 27°. Symmetrical black/white reversal checkerboards with a mean luminance of 45 cd/m2 and a Michelson contrast of 80% served as pattern stimuli. Four different check sizes (0.8°, 1.6°, 3.2°, 16°) were presented using two different reversal frequencies (12.5 and 18.75 rps) in the steady state range. Every check size was presented for a duration of 10 sweeps with a constant sweep length for both frequencies (960 ms), starting with the lower reversal rate, followed by the higher one. Blocks for the different pattern sizes were shown in ascending manner (stepwise increasing check size: 0.8°, 1.6°, 3.4°, 16°). This sequence was repeated in 10 equal cycles, with a short break in between. Responses exceeding a threshold of 120 μV were automatically rejected as artifacts. A minimum of 100 artifact free sweeps were recorded per condition and submitted to stimulus-synchronized averaging.



Data Analysis

First off-line data processing was performed in Igor Pro 7 (Wave Metrics) with the “EP2000” module. To eliminate mains hum artifacts, averaged response traces were digitally low pass filtered (40 Hz). A Fourier analysis was performed after any linear trend (e.g., due to baseline drifts) had been removed (34). PERG amplitudes were extracted from the Fourier spectra at the respective stimulation frequencies (12.5 and 18.75 Hz) and noise-corrected [as described in (34)]. The average magnitude from the direct adjacent frequencies served as noise estimate (35). Additionally, phases were extracted from the Fourier transformation.



Statistical Analysis

Statistical analysis was carried out in “R” (36) with RStudio (37) using the “tidyverse” package (38) for data handling. For the 8 stimulus conditions (4 check sizes and 2 frequencies) PERG amplitudes from both eyes were averaged for every participant separately. Psychometric data comparisons and initial testing for differences between the groups or stimulation parameters were established using Wilcoxon rank sum tests [“rstatix” package (39)]. Response times (in ms) were calculated from the extracted phase values (40). The fully crossed factorial design was analyzed with a mixed analysis of variance (ANOVA) for repeated measures [“afex” package (41)]. The factors group, check size and stimulation frequency, as well as their interactions, were evaluated for their impact on PERG amplitudes or response times. The factors check size and frequency were considered as repeated measures factors for each subject. Post-hoc analysis was limited to group comparisons [“emmeans” package (42)] with equal variance assumed. Hedge corrected (43) Cohen's d was calculated as effect size estimation for unpaired samples [“rstatix” package (39)]. Significance levels were determined by applying the Bonferroni-Holm procedure for a familywise α of 0.05 (44).




RESULTS


Demographic and Psychometric Data

Of the originally measured 17 patients, five had to be excluded. The reasons for exclusion were intolerance of the electrodes, the intake of neuroleptic medication, regular somatic medication, subsequently diagnosed psychiatric comorbidity and substance abuse. Finally, 12 patients between 19 and 51 years of age could be included in the final analysis. Four patients suffered from a first severe depressive episode, while 8 patients had a recurrent severe depressive episode. Of the 17 control participants measured, 12 were matched by sex and age to the included patients and considered in the final analysis. The psychometric data of the patient and the control groups are presented in Table 2.


Table 2. Demographic and psychometric data.
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Pattern Electroretinogram (PERG)


Group Averaged PERG Responses

In both groups, measures of one eye of each of two participants had to be excluded due to electrode displacement during the experiment. Except for these cases, the responses of both eyes were averaged before further analysis.

Figure 1 illustrates the mean PERG amplitudes for patients and controls for all stimulus conditions.


[image: Figure 1]
FIGURE 1. Mean PERG amplitudes for both groups and all stimulus conditions. Error bars indicate the standard error of the mean (SE).


The overall average of the PERG response of patients suffering from MDD was significantly lower compared to the control group (p = 0.017, unpaired, one-sided Wilcoxon test assuming lower PERG for MDD; data pooled across stimulus parameters), with a similar signal to noise ratio for both groups (p = 0.242, unpaired, two-sided Wilcoxon test, data averaged across stimulus parameters).

Although the average PERG amplitude in response to the higher frequency (18.75 rps) was significantly lower (p < 0.001; paired, one-sided Wilcoxon test assuming lower PERG at 18.75 rps; data averaged across groups and check sizes), the signal-to-noise ratio was comparable for both frequencies (p = 0.121; paired, two-sided Wilcoxon test, data pooled across groups and check sizes). Further visual inspection suggests largest amplitudes in response to the smallest check size with a slight attenuation toward coarser patterns.

The overall average of PERG response time was significantly reduced in patients with MDD compared to healthy controls (p < 0.001, unpaired, two-sided Wilcoxon test, data pooled across stimulus parameters).



Mixed ANOVA Results

With a mixed ANOVA, PERG amplitudes were evaluated for (between) group differences and influences from check size or stimulation frequency, both considered as subject-wise repeated measures (within). Possible interaction effects were included.

The ANOVA revealed a significant effect for the between factor group [F(1, 22) = 6.53, p = 0.018] and the within factors check size [F(1.52, 33.41) = 55.42, p < 0.001] and stimulation frequency [F(1, 22) = 53.02, p < 0.001], as well as a significant interaction between the two stimulus parameters [F(1.79, 39.38) = 19.24, p < 0.001] on the PERG amplitudes. Interactions between stimulus conditions and the factor group were not observed.

A separate ANOVA calculated for response times showed significant effects for the factors group [F(1, 22) = 14.70, p < 0.001], frequency [F(1, 22) = 88.14, p < 0.001] and size [F(1.48, 32.51) = 1313.83, p < 0.001].



Post-hoc Analysis for Group Differences

A subsequent post-hoc comparison of the two groups indicated significantly reduced PERG amplitudes in the MDD group for almost all stimulus parameters (Table 3), considering the uncorrected results. After correcting significance levels for multiple comparisons according to the Bonferroni-Holm procedure, group differences remained significant only for the finest pattern (0.8°). At 18.75 rps, the decline of PERG in MDD (Table 3) apparently scales with the check size of the stimulus.


Table 3. Results from the post-hoc analysis for PERG amplitudes (in μV).

[image: Table 3]

In an additional post-hoc analysis, we detected shorter response times for patients with MDD compared to healthy controls for all stimulus parameter combinations (Table 4).


Table 4. Results from the post-hoc analysis for calculated response times (in ms).
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Cohen's d Effect Size Estimation for Stimulus Parameter Combinations

Figure 2 shows that, at a stimulation frequency of 18.75 rps, the PERG response difference between patients and healthy controls is gradually smaller with increasing check size. The most prominent decay in patients' PERG amplitudes was observed with the finest pattern (0.8°) (25%, d = 1.04), while the PERG amplitudes at the coarsest checkerboard (16°) seemed to be least affected (15%, d = 0.67). Interestingly, this PERG response pattern is reminiscent of the conditions observed in early glaucoma (16, 17, 45).


[image: Figure 2]
FIGURE 2. Cohen's d (gray, left axis) as effect size estimation and mean relative PERG reduction (red, right axis, %) in MDD patients compared to healthy controls as a function of check size. Continuous lines depict 12.5 rps, dashed lines represent 18.75 rps.




PERG Check Size Ratio

Based on the “PERG ratio protocol” in early glaucoma (17, 46, 47), check size ratios for the PERG amplitudes were established for both groups and frequencies according to formula (1).

[image: image]

With regard to the application of PERG response as an objective biomarker, the calculation of PERG ratios for every subject has the advantage of minimizing inter-individual variability by amplitude normalization. Figure 3 depicts the normalized PERG amplitudes for the patient and the control group.


[image: Figure 3]
FIGURE 3. Normalized PERG amplitudes. Individual PERG ratios (0.8°/16°) corresponding to the “PERG ratio protocol” for early glaucoma (17) for both groups and frequencies. Significance levels were Bonferroni-Holm corrected. Effect sizes were estimated based on Hedge's corrected Cohen's d. *significant; ns, not significant.


A second mixed ANOVA with the between factor group, the within-factor stimulation frequency and the PERG ratio as dependent variable revealed a significant influence of stimulus frequency on the PERG ratio [F(1, 22) = 29.23, p < 0.001], no overall-group differences [F(1, 22) = 3.33, p = 0.082], but a significant interaction effect between group and stimulus frequency [F(1, 22) = 6.96, p = 0.015].

Post-hoc evaluation exhibited that the PERG ratios in the MDD group, in response to a stimulation frequency of 18.75 rps, were significantly reduced (p = 0.008, d = 1.07), whereas with the lower reversal rate (12.5 rps), PERG ratios did not differ between groups (p = 0.674, d = 0.18).





DISCUSSION

The aims of the present study were (1) the replication of the PERG amplitude effect in patients with MDD and (2) the evaluation of different stimulus conditions to further improve PERG recording procedures for this patient group. Four check sizes (0.8°, 1.6°, 3.2°, and 16°) were compared to analyze if PERG signals in MDD, in response to coarser patterns, are affected to the same extent as to smaller check sizes used in previous studies. The application of coarser patterns would be beneficial by eliminating influences due to refraction errors. In addition, two frequencies (12.5 and 18.75 rps) for checkerboard reversals were investigated in order to test if PERG responses were similarly affected at higher stimulation frequencies.


Group Comparisons for the Different Parameter Combinations

Overall, we discerned smaller PERG amplitudes in patients with MDD compared to matched healthy control participants, which replicates earlier findings with an independent sample of patients and controls (9). After correction for multiple testing, statistically reliable reductions in the PERG in MDD were only indicated with the smallest check size (0.8°).

This effect was not only present for the lower (12.5 rps), as previously reported (9, 10), but also for the higher stimulation frequency (18.75 rps) with a comparable signal-to-noise ratio for both frequencies. A follow-up study should address, whether a higher frequency can provide the opportunity to reduce total recording time. A shorter measurement time would be particularly advantageous for psychiatric patients with depressive symptoms and limited ability to uphold attention.

The higher rate for checkerboard reversals (18.75 rps) is additionally beneficial by fine-tuning group differences between MDD and control subjects through check size dependent modulations, which allow for a normalization of PERG responses via the calculation of check size ratios, similar to those used for the detection of early glaucoma (17).

Besides, our observations are not in line with the results of Fam et al. (24), who reported normal PERG contrast gain in MDD patients applying a stimulation frequency of 12 rps and the check size of 0.8°. This could possibly be due to differences in the technical implementation of the measurement protocol.

Since the PERG amplitude reduction in patients with MDD was only significant with the smallest check size (0.8°), we cannot recommend a recording paradigm which uses exclusively larger check sizes (1.6°, 3.2°, or 16°) in the context of psychiatric disorders, which would render the correction of refractive anomalies unnecessary.

Considering the dopamine-dependent regulation of the receptive field sizes in the retina (48) and the assumption of a disturbed dopamine homeostasis in MDD (49, 50), check size specific PERG alterations in MDD patients seem convincing. Particularly, dopamine is known for its modulatory role in the light adaptation of the retina, favoring daylight vision with high acuity, a mechanism provided by the decoupling of horizontal cells in the retina, thereby shrinking the antagonistic surround structures of the receptive fields (48). A disturbed dopamine homeostasis probably results in alterations in the PERG signals in response to different check sizes as it was similarly described for patients suffering from Parkinson's disease (4, 5).

Moreover, shortened response times were observed in patients with MDD for all stimulus conditions. As described in transient stimulations (51), the effect of a shorter response time with larger check sizes is observed in both groups. In patients with glaucoma, not only reduced amplitudes but also shorter response times have been similarly described by Bode and colleagues (40). At this point, the authors discuss an effect observed by Viswanathan et al. (52) that leads to a shortening of the P50 peak time when N95 is eliminated. Whether such a differential change between the N95 and the P50, which both contribute to the PERG signal, occurs in MDD and can explain the observed changes in the steady-state response time would need to be addressed in future studies.



PERG Ratio

While it would have been useful to find strong effects of depression with the very large check sizes, which would have obviated refraction, one can turn the relative constancy of these amplitudes into our favor by using them for individual normalization. Inspired by the PERG ratio protocol in early glaucoma (16, 17, 45), we compared the standardized PERG amplitudes, i.e., the amplitude ratio over the two check sizes (0.8° and 16°), between groups for both stimulation frequencies. The advantage of this “PERG ratio” approach is that it reduces inter-individual variability. We observed a significantly reduced PERG ratio in MDD patients compared to healthy controls for the high stimulation frequency (18.75 rps), but not for the low stimulation frequency (12.5 rps). This alternative analysis approach is promising since it increases interpersonal comparability and statistical power, which is particularly important for an objective biomarker. Moreover, higher stimulation frequencies could possibly reduce the time required for recording, which should be addressed in a follow-up study.



Methodological Issues and Limitations

The present study provides promising perspectives for the optimization of PERG recording procedures in psychiatric settings. However, some limitations have to be mentioned.

Due to the small number of patients, the results of the current study must be considered preliminary. Follow-up studies with larger samples sizes could yield further information about the adaptation of stimulation frequency and check size for PERG recordings in psychiatric patients. It should be noted, however, that the PERG ratio is feasible to minimize inter-individual differences.

At the time of measurement, patients had already been taking antidepressant medication for a few days or weeks. In a previous study by Bubl et al. (9), however, a reduction in contrast gain was detected in both medicated and un-medicated depressed patients. Another limitation is that smoking status was not considered as a matching factor between patients and controls. This could also have a confounding effect on results, as it could have an impact on dopamine neurotransmission (53). Lastly, the MDD group also exhibited elevated ADHD symptoms in childhood according to the WURS-k questionnaire compared to the control group. Since the PERG amplitudes from patients suffering from ADHD have been reported to be unaffected (54), we regard influences from ADHD symptoms as rather unlikely. Particularly since the so-called PERG noise, which has been shown to be elevated in ADHD patients (55), was not affected in our MDD patients (p = 0.94, one-sided Wilcoxon test comparing PERG noise between groups, data pooled across stimulus parameters).



Summary

In summary, in this methodological pilot study we could reproduce earlier findings of reduced PERG amplitudes in patients with depression as a potentially objective biomarker signal of the essentially subjective state of depression. In addition, we were able to methodologically improve the recording procedure by demonstrating the suitability of a higher stimulation frequency for recordings along with the introduction of an interpersonal normalization approach for the PERG signals, which further enhances the sensitivity of the method.
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Inherited retinal diseases (IRDs) are clinically and genetically heterogeneous rare disorders associated with retinal dysfunction and death of retinal photoreceptor cells, leading to blindness. Among the most frequent and severe forms of those retinopathies is retinitis pigmentosa (RP) that affects 1:4,000 individuals worldwide. The genes that have been implicated in RP are associated with the proteins present in photoreceptor cells or retinal pigment epithelium (RPE). Asymmetric presentation or sudden progression in retinal disease suggests that a gene mutation alone might not be responsible for retinal degeneration. Immune responses could directly target the retina or be site effect of immunity as a bystander deterioration. Autoantibodies against retinal autoantigens have been found in RP, which led to a hypothesis that autoimmunity could be responsible for the progression of photoreceptor cell death initiated by a genetic mutation. The other contributory factor to retinal degeneration is inflammation that activates the innate immune mechanisms, such as complement. If autoimmune responses contribute to the progression of retinopathy, this could have an implication on treatment, such as gene replacement therapy. In this review, we provide a perspective on the current role of autoimmunity/immunity in RP pathophysiology.
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INTRODUCTION

Inherited retinal diseases (IRDs) are clinically and genetically heterogeneous rare disorders associated with the retinal dysfunction and death of retinal photoreceptor cells. An incidence of IRD is estimated for 1 in 2,000–3,000 individuals, affecting about 2 million people in the world (1). The disease progresses over several decades of patient life and could be a rapid evolution over two decades, or a slow progression that never leads to complete blindness. A dysfunction or death of photoreceptor cells may cause vision loss and blindness. The prognosis of vision loss is difficult to determine because the disease symptoms may depend on a type of inheritance (autosomal dominant, autosomal recessive, or X-linked) and retinal regions involved that includes the periphery, the macula, and both the macula and periphery (2, 3). Furthermore, considering retinal cell contribution to pathology, IRDs can be divided into rod-dominant defect, cone-dominant defect, macular dystrophy, dysfunction of photoreceptors, and bipolar cells, vitreoretinopathies, and hereditary choroidal diseases (3). Among the most frequent and severe forms of those retinopathies is retinitis pigmentosa (RP) which affects 1:4,000 individuals worldwide (1, 4). The objective of this review is to provide a perspective on the current knowledge on the role of autoimmunity/immunity in retinal degeneration initiated by a genetic mutation.



RETINITIS PIGMENTOSA

The retina consists of two types of photoreceptor cells, rods that are responsible for night vision, and cones for daytime vision and color vision. RP is characterized by degeneration of rods and cones caused initially by the gene mutations, typically affecting rods. Vision loss occurs when the primary rods deteriorate and are eliminated, which usually causes healthy cones to decline next, resulting in blindness (5). The age of RP onset differs and depends on the gene mutations. The rod dysfunction affects the peripheral retina and loss of central vision is the consequence of cone dysfunction, which occurs usually later in life. In addition, when cone degeneration occurs first, it leaves rods mostly unaffected but can cause a severe loss of visual acuity and daylight vision. Early-onset RP is diagnosed when the symptoms of mid-stage RP are already present at 2 years of age and late-onset RP is diagnosed when the symptoms are clinically apparent at or after midlife.

More than 250 genes with about 4,500 causative mutations are identified in different IRD-related diseases (RetNet—Retinal Information Network, http://www.sph.uth.edu/retnet) (6, 7). The genes that have been implicated in syndromic and non-syndromic disease are mostly associated with photoreceptors or RPE, and they involve phototransduction, visual cycle cascade, photoreceptor transcription, and structure (2, 7, 8). Although various genetic mutations have been identified in the patients with RP, the mechanisms by which, these mutations lead to photoreceptor apoptosis, remain mostly unknown (9, 10).

Non-syndromic RP usually involves the peripheral visual field loss, pigment deposits in the fundus, loss of photoreceptor cells as shown at optical coherence tomography (OCT) of the retina, and decreased or absent rod functional responses evaluated by electroretinography (ERG) (11–13). Pigmented deposits, called bone spicules found in the periphery of the retina are a result of photoreceptor cell degeneration. Other classic triads of RP that include intra-retinal pigment migration, optic nerve pallor, and attenuated vessels are not always present on the initial examination. Death of rods can be a direct consequence of genetic mutations; however, death of cones may be caused by the initial death of rods, not to mutations in the cone proteins. Therefore, the period between the onset of rod degeneration and a patient's legal blindness often spans decades (14). To add to the complexity of RP, 20–30% of patients may have an associated non-ocular condition (15).

Most information on the IRD degenerative mechanisms was obtained from the animal models that mimic photoreceptor cell degeneration phenotypes but the knowledge of molecular signaling pathways associated with RP pathogenesis is still incomplete (16, 17). Increasing evidence shows that immune/autoimmune processes may also contribute to the pathogenesis of RP, causing additional retinal degeneration (18). Immune responses could directly target the retina or be a site effect of immunity as a bystander deterioration (19).

The retina has a unique immune defense system, consisting of innate immune cells and the complement system. The sequestration of the eye from the immune system is part of the phenomenon known as an immune privilege (20). Under normal physiological conditions, the retina resides behind the protective blood-retinal barriers, and circulating immune cells are not able to enter the retina (21). In immunologically privileged sites, such as the eye, brain, and testis, autoreactive T cells and B cells can cross from the periphery into the tissue and remain inactive due to the sequestration of antigens behind those barriers (22). However, the sequestration of retinal antigens can be broken by infectious agents or other causes of tissue damage, which may lead to disease development (23). Such an event is dependent on several factors, such as the nature and dose of an antigen, number of exposures, frequency of activated T cells, upregulation of the major histocompatibility complex (MHC), and costimulatory molecules in the affected tissues (24).



AUTOIMMUNITY IN RETINAL DEGENERATION

Autoimmunity develops when the immune responses react against the own body, causing inflammation, degeneration, tissue destruction, and organ failure. Autoimmune responses resemble normal immune responses to the pathogens but they are activated by self-antigens or autoantigens. Immune mediated destruction of self-tissue could occur through specific recognition of autoantigens or could be a byproduct of non-specific inflammation (25, 26). Autoimmune diseases have high prevalence (~7–9%) in the population, mostly affecting women, and can cause major illness and death (22). There are different triggers and pathways involved in the pathogenesis of autoimmune diseases (27). The most important feature of an autoimmune disease is the knowledge of an autoantigen involved in the pathogenic process. The retina contains a number of potent autoantigens that are expressed in the thymus and secondary lymphoid tissue, where immunologic tolerance and prevention of autoimmune disease is maintained by a variety of processes, such as clonal deletion and anergy (28–30). Thymic expression is a common feature for all the tissue-specific antigens and their levels of expression play a role in determining the susceptibility to autoimmunity against these molecules.

The other contributory factor to retinal degeneration is inflammation that activates innate immune mechanisms, such as toll-like receptors, inflammasome receptors, and complement components that initiate complex cellular cascades by recognizing or sensing different pathogen and damage-associated molecular patterns (31, 32).

Some observations corroborate that a gene mutation alone might not be responsible for retinal degeneration, e.g., sudden acceleration in photoreceptor decline does not explain degeneration caused by a gene mutation but is an indication that some other processes may be involved. The gene mutations may initiate a stress of photoreceptor cells, secretion of chemokines, and recruitment of microglia to the outer retina, which in effect induces immune (inflammatory cells, cytokines, and chemokines) and autoimmune responses (autoantibodies, autoreactive B cells, and T cells) (33–35). Accumulated microglia secrete cytokines that can cause an increase photoreceptor cell death, disruption of the blood-retina barrier, and attraction of macrophages into the retina (33). Cell death, deposition of debris into subretinal space, and antigens released from dying cells/debris may trigger an autoantibody production (32). The presence of autoantibodies (AAbs) is the consequence of breakdown of tolerance and they are an important serological feature of autoimmune diseases. Initially, circulating AAbs and minor tissue infiltrates may appear without clinical consequences, but later in life, the autoantigens released from the damaged organ may be recognized as foreign substances by the immune system and, in effect, develop pathogenic autoimmunity (autoimmune disease) (19, 26). Altogether, in RP, autoimmunity is likely to be responsible for the progression of photoreceptor cell death that was initiated by a defective gene.

In recent years, a new entity of retinal degenerative disease has been recognized as “autoimmune retinopathy” (AR). AR is often mistaken for RP, because of the overlapping clinical findings and subacute vision loss (36, 37). However, AR has distinctive features that include progressive vision loss, often sudden onset later in life, photopsias, and unique visual field defects in the patients without familiar history of RP. In addition, AR is characterized by lack of pigment deposits that often distinguish AR from RP. ARs may present as paraneoplastic syndromes, such as cancer-associated retinopathy and melanoma-associated retinopathy (38–40). Additionally, AR may present without underlying malignancy but have clinical and immunological findings similar to paraneoplastic retinopathies (36, 41, 42). The hallmark of the syndrome are serum AAbs against retinal proteins that may be involved in the pathogenic processes (43–45). Anti-retinal AAbs can persist over the evolution of retinal degeneration and perpetuate the condition (19). Furthermore, cellular immunity is involved in the condition as increased number of memory T cells, NK cells, and decreased regulatory B cell subsets were found in many patients with AR compared with normal controls (37). The role of many different pathways of the immune system in the pathogenesis and progression of AR is under investigation to help with AR diagnosis (46). However, the evidence that the immune system is involved in AR pathogenesis helps with successful treatment of the patients with AR with immunosuppressive drugs, IVIg, and rituximab (42, 47).



PATHWAYS CONTRIBUTING TO THE DEATH OF PHOTORECEPTORS

The extent of the immune system activation during RP is still unknown. One can argue that the loss of controlling mechanisms contributes to tissue damage and activation of pro-apoptotic pathways in the retina, ultimately leading to cell death (48–50). To understand its pathology, the immune and autoimmune responses must be examined when a patient first presents some aspects of visual loss. However, the age at onset varies since some patients develop symptomatic visual loss in early childhood, whereas others can remain relatively asymptomatic until mid-adulthood. In addition, the failing photoreceptor cells are phagocytized by microglia to avoid the initiation of inflammation (51, 52). Several studies emphasized that the molecular mechanisms of cell death depends on the caspase-dependent or -independent apoptotic mitochondrial pathway, involving the Bcl-2 family of proteins (53–56). Besides, anti- and pro-apoptotic Bcl-2 protein members exist in retinal cells, suggesting their role in retinal disorders (9, 57). The animal models of retinal degeneration showed that different cell-death pathways could be activated and some of them were genotype-specific (58).

In addition, degeneration of rod photoreceptor cells can be caused by an impairment of autophagy, the process which participates in cell death possibly by initiating apoptosis (59–61). Degradation of proteins by autophagy to prevent the formation of protein aggregates seems to be a necessary process to prevent retinal degeneration (62). Therefore, it is essential to identify all the steps in RP cell death pathways to provide targets for treatment unrelated to the genetic mutations (63). Findings from the animal models have shown that photoreceptor cell death occurred in mice- and rats-expressing mutant rhodopsin in a similar pattern as in humans and the animals manifest clinical signs of autosomal dominant retinitis pigmentosa (ADRP) (64).

The inflammatory cells contribute to retinal degeneration through their cytotoxic effects on photoreceptors (65). Increased levels of pro-inflammatory cytokines and chemokines, in addition to anti-retinal AAbs and immune cells, were detected in sera, aqueous humor, and vitreous of the patients with RP (18, 31, 37, 66, 67) and in the rodent disease models (68, 69). Usually, there is a significant upregulation of the inflammatory markers [interleukin (IL)-1β, IL-6, tumor necrosis factor α (TNF-α), monocyte chemoattractant protein-1 (MCP-1), and ionized calcium binding adaptor molecule 1 (IBA1)] by intraocular cells to start the inflammatory processes (70, 71). In fact, the pro-inflammatory Th1 cytokines (IL-1α, IL-1β, IL-2, IL-6, and INF-γ) characteristic of a cytotoxic response, along with anti-inflammatory Th2 cytokines (IL-4 and IL-10) were found in aqueous humor and vitreous fluid of the patients with RP (31, 66). The vitreous in patients with RP predominantly contained CD4 and CD8 T cells, as well as human leukocyte antigen (HLA)-DR activated cells and some B cells. Moreover, serum high-sensitivity C-reactive protein (hs-CRP) was significantly increased in the patients with RP, and higher hs-CRP was associated with faster deterioration of central visual function (72). The patients with an increased number of inflammatory cells showed reduced visual function (reduced visual acuity and visual fields). All those factors may contribute to the progression of the retinal degeneration, and systemic and local inflammation can change overtime with the progression of tissue degeneration in RP (31, 37).



AUTOANTIBODIES IN RETINITIS PIGMENTOSA

Autoantibodies (AAbs) are frequently found in RP and in healthy individuals. High-affinity pathogenic AAbs are produced by antigen-stimulated B cells that undergo somatic hypermutation to become long-lived plasma cells as a result of the self-tolerance breakdown (73, 74). Serum IgG autoantibody profiles are unique to an individual and may be remarkably stable over time (75). Presence of circulating AAbs specific for photoreceptor antigens raises the possibility of their pathogenic role (19).

In recent years, significant progress has been made in understanding the role of anti-retinal AAbs in pathogenesis, diagnosis, and management of AR, such as paraneoplastic retinopathies (45, 76–78). Since the ocular findings in ARs are similar to those found in many forms of RP, especially those that do not have family history of retinal degeneration, one could hypothesize that an underlying autoimmunity could cause, or at least contribute to, the progression of retinal disease. In early studies, the high levels of anti-retinal IgG and IgM antibodies were found in various cohorts of the patients with RP (79–81). However, specificities of those AAbs have not been determined by the investigators. Later studies showed ~2% sera of simplex patients with RP possessed anti-recoverin AAbs, which let the authors to hypothesis that anti-recoverin AAbs exacerbate the underlying RP disease (76). This is in an agreement with the recent study that showed the patients with RP over 50 years old with identified gene mutation and history of cancer, had serum anti-recoverin AAbs (82). Such AAbs occurred more likely in the patients with RP with cancer than in the patients without cancer. This suggests that anti-recoverin AAbs were generated in response to cancer rather than to degenerating retina due to the gene mutation, because the mutations in the tumor genome can cause tumors to express mutant proteins, such as recoverin, that is normally expressed on the retina. Moreover, anti-retinal AAbs were reported secondary to the gene defects in the patients with RP (18, 66, 72) but their role have not been fully explained.


Autoantibody Targets Are the Same Proteins as Mutated Gene Products in RP

The likely sequence of events in the generation of anti-retinal AAbs in RP is the death of photoreceptor cells induced by a gene mutation, which causes the release of antigenic proteins that are then captured by the potential antigen-presenting cells (e.g., macrophages), and breakdown of the blood-retinal barrier during that process (83). An abnormal gene may lead to an abnormal protein or an abnormal amount of a normal protein, and mutated proteins can cause pathology by misfolding and aggregation. Those proteins can be targets of the autoimmune response, especially when mutation leads to photoreceptor degeneration (69). When photoreceptors die, it would be expected that the immune system targets freed proteins from failing outer segments and elicits AAbs against those autoantigens with the help of macrophages. Some patients with RP may have serum AAbs against retinal proteins that were subject to disease-causing mutation (8, 39). For example, AAbs against arrestin were detected in the patients with RP as well in the patients with autoimmune uveitis or autoimmune retinopathy (84, 85). However, the degree of immune reactivity against arrestin and the severity of disease in the patients with RP are not strongly correlated. This observation suggests that the immune responses to the retinal autoantigens are regulated by factors other than the level of retinal damage and the release of antigens from the affected tissues. The systemic autoimmune responses may play a bigger role in formation of AAbs.

The presence of AAbs in RP led to a hypothesis that autoimmunity could be responsible for the progression of photoreceptor cell death initiated by a genetic mutation. A majority of causative mutations in RP involve proteins that participate in the phototransduction cascade, such as rhodopsin (RHO), the catalytic unit and subunits of PDE6 (PDE6A and PDE6B, respectively), the subunit of the rod cyclic nucleotide gated channel (CNGA1), and arrestin (SAG) (86). The patients with AR have AAbs against phototransduction proteins (77). Detection of anti-retinal AAbs suggests a generation of AAbs started against mutant proteins in RP. However, whether AAbs are made to a wild-type protein or mutant protein has yet to be determined. The explanation of the role of specific mutations as etiological causes for RP must mostly depend on their ability to induce the pathogenic mutant proteins that cause structural and functional changes in the cell, leading to retinal pathology (87).

Recent studies on neurodegeneration in multiple sclerosis (MS) showed that both, mutant and wild myelin protein PLP1 were able to generate the immune responses (88). Using wild type and mutant peptide microarrays, several serum AAbs against multiple mutated PLP1 have been found in those patients. Anti-mutant PLP1 autoantibody responses provided evidence that PLP1 mutations conceivably elicit the immune-mediated destruction of myelin (88). We postulate that the retinal proteins altered by a gene mutation in RP, act as new autoantigens, thus AAbs may be generated with similar specificities as to native proteins. It is not easy to determine whether the patients have autoimmunity to a native or mutant protein. Explaining the specific role of mutations as etiological factors for RP relies on their ability to induce the structural changes in proteins that have pathophysiological consequences (87). Changes in the net charge of a protein may lead to conformational modifications in the tertiary and quaternary structure of that protein, and alters the interaction with other proteins, especially human HLA molecules. This would apply only to the mutations that change the amino acid sequences in such a way that influence the structure and function of proteins (89). The mutant-proteins accumulate during retinal degeneration and can be seen by the immune system as a new and amplify the autoimmune response, eventually leading to autoimmune pathology. Also, the posttranslational modifications, such as a protein citrullination can trigger the activation of the immune system, both locally and systemically for AAbs production, contributing to disease pathogenesis in RP (35, 90, 91). These findings suggest that the presence of mutations and associated immune response could be part of the pathogenesis of RP.

Few years ago, it has been proposed that the genes encoding for the proteins that become autoantigens could have a fundamental propensity toward mutation (92). According to the study, the autoantigens contain significantly more single nucleotide polymorphisms (SNP) than other human genes do. The SNPs may represent an essential requirement for the primary generation of an autoimmune response. Structural features of a given autoantigen can be prerequisite to determine whether such an antigen is suitable to induce autoimmune response (89). Thus, the autoantibody repertoire to the retinal antigens is represented by pro-inflammatory and immunological properties of autoantigens (93, 94). The ability of new antigens released from the damaged cells and tissues may act as chemoattractants for leukocytes, which is an important step in promoting inflammation and favoring the development of autoimmunity (93). In fact, two retina-specific proteins, arrestin and interphotoreceptor retinoid-binding protein (IRBP) were found to be chemoattractants for lymphocytes and immature dendritic cells (95). These autoantigens, which have no primary or secondary structural homology to chemokines, induce cell migration by interacting with specific chemokine receptors. IRBP interacts with chemokine receptors CXCR5 and CXCR3, and arrestin interacts with CXCR3, and both the proteins can facilitate retinal damage by inflammatory and immune responses, and potentially contribute to the development of autoimmune diseases, such as autoimmune uveitis (95). Moreover, during the course of disease, specific AAbs bind stronger with the target antigens in the later stage than those occurring in the beginning (96).



Association Between Cystoid Macular Edema With Anti-retinal Autoantibodies

The patients with RP experience central vision loss in the form of cystoid macular edema (CME), which can form at any stage of RP, in one or both the eyes, and in any genetic form but is more often associated with Crumbs homolog (cell polarity complex component) (CRB1) mutations (97). The origin of macular edema remains poorly understood. CME is a major cause of vision loss in uveitis (98). Anti-retinal AAbs, vitreous traction, retinal pigment epithelium dysfunction, and Müller cell edema can contribute to the pathology of CME (97). AAbs against two enzymes, carbonic anhydrase II and enolase were detected in the patients with bilateral CME and RP, suggesting that these two enzymes play an important role in foveal function (99). The high prevalence of anti-CAII and anti-enolase AAbs in the patients with CME have also been found in a German group of patients with CME (100). The authors proposed that blocking of CAII and enolase activity by AAbs in the RPE may be a major cause of edema formation. Independently, our laboratory has also found the presence of anti-CAII AAbs in the patients with PR with CME, further corroborating their role in pathology of edema (101). In addition, the higher levels of intraocular cytokines, such as IL-2 have been found in the patients with CME, impaling their role of inflammation (66). This suggests that inflammatory mediators as well as AAbs may contribute to the development of inflammatory CME, but the exact mechanism for the CME development and its persistence is still unknown.




HLA AND RETINITIS PIGMENTOSA

A strong association between the HLA region and autoimmune disease has been established over 50 years. The HLA molecules are responsible for the induction and regulation of immune responses, and selection of T cell repertoire (102). The class II molecules, such as HLA-DR, DP, and DQ present exogenous peptides that are expressed on antigen-presenting cells (dendritic cells, macrophages, and B cells) and activated T cells. The likely mechanisms, by which HLA polymorphisms could contribute to the development of RP, may be related to the presentation of autoantigens, the shared epitope, and molecular mimicry. The only studies of HLA association and RP were performed over 30 years ago (103). HLA serological typing study of 173 patients with autosomal dominant and recessive RP was not different than the frequency of HLA antigens in control population (103). Then, the study of 10 patients with autosomal recessive RP showed a significant increase in the frequency of the antigens Cw4, Cw6, and DR11 (104). In other retinal diseases, the patients with severe diabetic retinopathy had frequent alleles on the DR3-DQ2 haplotype, such as DRB1*0301, DQA1*0501, and DQB1*0201 (105). The association between acute retinal necrosis syndrome and certain HLA specificities suggested immune predisposition to the disease (106). RPE cells phagocytose and recycle autoantigen-rich retinal rod outer segments and co-express HLA DR and DQ Class II antigens in response to IFN-gamma stimulation (107). This suggests that the RPE cells may play an immunoregulatory function in autoimmunity to the retinal antigens as primary inducers and/or as suppressors of retinal inflammation (108). Further studies are needed to understand whether the HLA polymorphism influence the development of RP.



INNATE RESPONSES—CONTRIBUTORY FACTOR?

There is some evidence that chronic inflammation is associated with the pathogenesis of RP (109, 110). The indications of chronic inflammation in the patients with RP and the rodent models include the presence of serum retinal AAbs, immune cells in the vitreous cavity of affected individuals, and increased levels of pro-inflammatory cytokines and chemokines in aqueous humor and vitreous fluid of the patients with RP (31, 32).

The retina has a unique immune defense system, consisting of innate immune cells and the complement system. Microglia that includes microglia (resident macrophages), perivascular macrophages, and dendritic cells play an important role in the retinal immune defense (111, 112). They are located behind the blood-retina barriers within an immune-privileged microenvironment in the inner layers of the retina, such as the ganglion layer, inner plexiform layer, and outer plexiform layer (113, 114).

Under normal physiological conditions, microglia are resting but in the disease state, the activated microglia change their shape and perform several important functions in the retina that includes phagocytosis of debris and apoptotic cells, maintenance of synapses, and response to inflammation (114). Phagocytosis may actively induce apoptosis and those apoptotic photoreceptors are selectively eliminated from the outer nuclear layer to the subretinal space, and then phagocytosed by monocyte-derived macrophages (115). The activation of microglia contributes to retinal damage and disease progression (69, 116, 117). Microglia have different functions depending on the underlying cause of retinal degeneration (118, 119). In RP, the death of rod photoreceptors may attract resident microglia that become activated, depending on the local and systemic cytokines secretion, then migrate to the outer retina to phagocytose rod cell debris from dying cells (1, 48). Infiltrating microglia secrete pro-inflammatory cytokines that stimulate photoreceptor apoptosis (34, 63). Increased secretion of TNF-α and IL-1b was found shortly after disease onset (120). The studies from our laboratory, examining the evolution of autoimmune responses against retina in naive dystrophic RCS rats over the course of their retinal degeneration, linked the occurrence of anti-retinal autoantibodies to the entry of activated macrophage/microglia, suggesting their role in neurodegeneration (69). Microglial activation is independent of the underlying genetic defect, and it is not a side effect of hereditary photoreceptor dystrophies, but can arise by the availability of endogenous retinal proteins from the dying photoreceptors (121).

In addition, microglia are the source of complement and complement-regulatory factors that are markedly up-regulated in the human retinas with RP (122). The complement system has an integral role in maintaining immune surveillance and homeostasis in the eye microenvironment but overstimulation of the complement system can induce retinal pathology and ocular inflammation (32, 122). Complement mediates a wide range of functions in the tissue and can be activated by three distinct pathways: classical, alternative, and lectin. The studies using the animal models of RP showed an involvement of complement proteins in retinal degeneration (123). For example, in the rd10 mouse that is caused by a spontaneous mutation in Pde6β gene, at the stage when rod photoreceptors have completely degenerated, there was an increase in many classical and alternative complement pathway components, such as C1q, C1r, C3, and C4 (124). However, photoreceptor degeneration in the rd1 mouse with a naturally occurring null mutation within the gene encoding Pdeβ was unaffected by C1q component (125). In contrast, the levels of C1q progressively increased over the course of photoreceptor degeneration in the Rho–/– mouse when the mice lost all the rods over 3-month period by apoptosis. The C3 and its receptor CR3 signaling regulate the microglia–photoreceptor interactions. The deficiency of C3–CR3 lead to decrease microglial phagocytosis of apoptotic photoreceptors and increase microglial neurotoxicity to photoreceptor cells in RP (123). Another complement protein C1q is shown to be the primary component of cone photoreceptor survival factor (126). In the normal adult RPE–choroid, the choroidal cells are the predominant local source of most alternative complement pathway components and regulators (127). Moreover, the occurrence of reactive complement proteins on the surface of RPE cells may accelerate lipofuscin accumulation by inhibiting their clearance (128). These findings have potential implications for the pathological mechanisms independent of genetic mutation and new targets for therapy of retinal degeneration. Targeting the microglia (e.g., minocycline) may reduce the production of several pro-inflammatory mediators thus may result in broader beneficial effects than just inhibition of single cytokines (129).



FINAL REMARKS

Inherited retinal diseases represent a highly heterogeneous group of disorders that have one common element: abnormal visual function originating at the death of retinal photoreceptors. The gene defects can initiate death of retinal cells that can progress further to symptomatic changes mediated by immune and autoimmune responses (Figure 1). An initial gene mutation followed by sudden loss and progressive nature of retinal degeneration suggests the involvement of autoimmune responses. Since there are a variety of genes and mutations that cause retinal degeneration, gene replacement therapy approaches that are currently in development may be time-consuming and cost-prohibitive for treatment of all forms of RP. If the autoimmune responses contribute to the progression of retinopathy this could have implication on development of retinal degeneration and success of gene replacement therapy. Alternative approaches can be based on the immunological pathways that cause retinal degeneration in different forms of RP. In such cases, immunomodulatory and biologic drugs targeting B cells could be beneficial in slowing retinal degeneration caused by a gene mutation. More studies are needed to fully establish the role of autoimmunity in different forms of retinal degenerations.


[image: Figure 1]
FIGURE 1. Schematic steps in progressive retinal degeneration. Mutant-proteins accumulate during retinal degeneration and can be seen as new, which can amplify the autoimmune response, ultimately leading to autoimmune pathology. Activation of immune cells by overproduction of cellular debris due to photoreceptor death results in the inner Blood Retina Barrier (BRB) breakdown, which invites systemic macrophages into the retina. Resident and circulating macrophages can contribute to secondary retinal damage from inflammation, and in effect ameliorate retinal degeneration.
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Symptomatic vitreomacular adhesion (sVMA) impedes visual acuity and quality. Ocriplasmin is a recombinant protease, which may be injected into the vitreous cavity to treat this condition, yet controversy remains with respect to its effectiveness and safety, particularly its patient selection standard. In this systematic review, the PubMed, Embase, and the Cochrane Library were searched to identify studies published prior to August 2020 on the impact of ocriplasmin treatment on VMA release, macular hole (MH) closure, and/or related adverse events (AEs). Data were pooled using a random-effects model. Risk ratios (RRs) with 95% CIs were calculated. Of 1,186 articles reviewed, 5 randomized controlled trials and 50 cohort studies were ultimately included, representing 4,159 patients. Ocriplasmin significantly increased the rate of VMA release (RR, 3.61; 95% CI, 1.99–6.53; 28 days after treatment) and MH closure (RR, 3.84; 95% CI, 1.62–9.08; 28 days after treatment) and was associated with visual function improvement. No increased risk for overall AEs was seen in ocriplasmin treatment. The proportion of VMA release and MH closure in patients was 0.50 and 0.36, respectively. VMA release was more likely in patients with absence of epiretinal membrane (ERM). Patients with smaller MH diameter were more likely to achieve MH closure. Evidence from included studies suggests that ocriplasmin is a suitable and safe approach for treating sVMA. ERM and MH status are important factors when considering ocriplasmin treatment.

Keywords: ocriplasmin, symptomatic vitreomacular adhesion/vitreomacular traction, macular hole (MH), meta-analysis (as topic), individual participant data analysis


INTRODUCTION

Symptomatic vitreomacular adhesion (sVMA) typically occurs with incomplete posterior vitreous detachment (PVD) and leads to subsequent loss or distortion of vision (1–3). sVMA can further result in the occurrence of vitreomacular traction (VMT), often coinciding with macular hole (MH) and epiretinal membrane (ERM).

Based on its etiology, treatment of sVMA requires the release of vitreous body traction on the retina. The current standard management option for treating these adhesions is pars plana vitrectomy (PPV),which involves removing the vitreous surgically (4, 5). However, even small-gauge procedure PPV can lead to serious complications including retinal detachment, retinal tears, endophthalmitis, and postoperative cataract formation. A biological agent for non-invasive treatment of VMA known as ocriplasmin (Jetrea; ThromboGenics NV, Leuven, Belgium, UK) was approved as the first drug of its kind by the US Food and Drug Administration on October 17, 2012 (6, 7). Ocriplasmin is composed of the catalytic domain of human plasmin with proteolytic activity against protein components of the vitreous body and vitreoretinal interface. It dissolves the protein matrix responsible for VMA. The approval of ocriplasmin for clinical use was based on the MIVI-TRUST study (8). Since then, randomized controlled trials (RCTs) including MIVI-IIT and OASIS (9, 10), prospective cohort studies, and observational studies including INJECT, ORBIT, and OVIID-1 (11–13) have analyzed the efficacy of and adverse reactions to ocriplasmin. Resulting data show that non-surgical induction of PVD using ocriplasmin can offer the benefits of VMA release and MH closure while eliminating the risks associated with a surgical procedure.

Subgroup analyses on pharmacologic VMA resolution showed that subjects with certain baseline characteristics had higher VMA resolution rate included absence of ERM, presence of MH, small adhesion diameter, phakic lens status, gender, and age (11, 13, 14). Meta-analysis of Jackson et al. further demonstrated that presence of ERM and broad VMA, increasing age, and male gender were associated with decreased treatment response in RCT reports (15).

This study includes a complete search for existing data in this meta-analysis to evaluate the efficacy and safety profile of ocriplasmin for the treatment of sVMA with/without MH, across subgroups defined by the presence of ERM and MH, and also to identify factors which may affect the effectiveness of ocriplasmin including MH diameter, age, gender, and others. Based on our findings, we proposed the optimal profile of patient for treatment with ocriplasmin.



MATERIALS AND METHODS

This study is fully compliant with the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) statement (16). This study was registered with the International Prospective Register of Systematic Reviews (PROSPERO) (CRD42021228893).


Data Sources and Search Strategy

The PubMed, Embase, and the Cochrane Library were searched from inception to August 1, 2020. In addition, we checked the websites of the Association for Research in Vision and Ophthalmology (https://www.arvo.org) and the European Society of Ophthalmology (https://soevision.org/organisation) for annual conference abstracts published from inception to August 1, 2020 and the reference lists of all the relevant articles to identify additional studies. Full details of the search strategy and results are given in Supplementary File 1.



Study Selection

Randomized controlled trials and cohort studies were eligible for inclusion, if they met the following criteria: (1) participants were patients diagnosed with VMA and/or MH and (2) the effectiveness of ocriplasmin on VMA release, MH closure, or vision improvement was reported. For papers reporting data from the same participants with common authors, research centers, and overlapping enrollment periods, the most comprehensive of these was included. Reviews, editorials, letters, guidelines, and protocols as well as articles describing studies with fewer than 10 participants or focused on basic research were excluded.



Data Extraction and Quality Assessment

Two investigators (XC and ML) independently assessed the eligibility of studies and extracted data in duplicate. Any disagreement on study inclusion or interpretation of data was resolved by consulting the senior investigator (YW). The extracted data included study information (first author, publication year, sample size, region of study, and study design), characteristics of participants (age and gender), treatment details (dose), and disease characteristics (definition of cases, presence of ERM, diameter of VMA, and size of MH).

Study quality was assessed using the Cochrane Collaboration risk of bias tool for RCTs and a published quality appraisal checklist for cohort studies (17). This checklist examines the main domains including study design, population, intervention, outcome measures, statistical analysis, results/conclusions, competing interests, and sources of financial support.



Statistical Analysis

Characteristics of included studies were described. Heterogeneity between studies was quantified by the I2-test. An I2 statistic above 50% was considered to indicate substantial heterogeneity. Random-effects models were used for all the meta-analyses due to clinical heterogeneity inherent in the data. In case of zero event appeared in included studies, 0.5 was added to the event number, as Haldane–Anscombe correction referred.

Pooled risk ratios (RRs) with 95% CIs were calculated to estimate the impact of ocriplasmin vs. placebo/sham for participants with VMA and/or MH in increasing the rate of VMA release, MH closure, vision improvement, associated vitrectomy, or adverse events (AEs). Pooled proportions of eyes with VMA resolution and MH closure after ocriplasmin injection were calculated. Subgroup analyses were performed to examine whether the rate of VMA resolution after ocriplasmin injection was modified by preplanned variables including wet age-related macular degeneration (wAMD), diabetic retinopathy (DR), and retinal vein occlusion (RVO). Further, to reveal the factors associated with VMA release/MH closure, pooled mean difference/odds ratios (ORs) with 95% CIs for each potential factor were estimated as appropriate. The Begg's and Egger's tests and a funnel plot were used to evaluate publication bias.

All the data from included studies whose authors had provided the raw data were included in the individual participant data analysis (IPD) analysis. The receiver operating characteristic (ROC) curves were plotted and the area under the ROCs (AUROCs) were calculated to determine the predict ability of characteristics of participants including age, gender, VMA diameter, and ERM formation for VMA release after ocriplasmin injection. Those characteristics were included in the multivariable logistic regression models and a final model selection was performed using a backward selection process. The maximum Youden index was used to define the optimal cutoff values. Sensitivity and specificity were used to evaluate the predicted performance of each cutoff value.

P-values (two-tailed) of < 0.05 were considered as statistically significant. All the analyses were conducted using the meta package of R software, version 3.6.2.




RESULTS


Characteristics of the Included Studies

The search described above yielded 1,186 publications from the PubMed, Embase, and the Cochrane Library databases, of which 235 publications were duplicates. Of the 951 remaining articles, 784 irrelevant articles were identified by reviewing titles and abstracts and were excluded. The full text of the remaining 167 articles were reviewed, after which 110 articles were excluded due to a lack of outcomes with attention, papers reporting data from the same cohort, or participants smaller than 10. Finally, a total of 55 studies (5 RCTs and 50 cohort studies in 57 publishing articles) with 4,159 participants were included in this meta-analysis (Figure 1). All the included studies were conducted in North American and European countries, except one from Australia. The recommended ocriplasmin dose is 125 μg for single intravitreal injection and this was the intervention strategy applied in our included studies (Supplementary Table 1; Supplementary File 2 for full included studies list).


[image: Figure 1]
FIGURE 1. Flow diagram describing the literature screening process.




Therapeutic Effect of Ocriplasmin Injection in RCTs

Overall, the RR for nonsurgical VMA release was 3.61 [95% CI: 1.99–6.53; I2 = 44%; Phet = 0.15 (p-value for heterogeneity); Figure 2A] in non-wAMD participants at 28 days after treatment, which was higher than reported in wAMD [(18); RR: 2.03; 95% CI: 0.65–6.31]. MH closure was achieved more frequently with ocriplasmin than in the control group (RR 3.84, 95% CI: 1.62–9.08; I2 = 0%; Phet = 0.68; Figure 2B) at 28 days after treatment, consistent with the OASIS trial that reported the number of participants achieving MH closure at 24 months after ocriplasmin treatment was higher than sham (RR: 1.95; 95% CI: 0.72–5.28).
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FIGURE 2. Forest plots of therapeutic effect of ocriplasmin injection compared with controls in included randomized controlled trials. (A) Vitreomacular adhesion (VMA) release at 28 days after treatment; (B) Macular hole (MH) closure at 28 days after treatment; (C) At least 3-line improvement in best corrected visual acuity (BCVA) at 6 months after treatment; (D) Incidence of pars plana vitrectomy (PPV) at 6 months after treatment.


Best corrected visual acuity (BCVA) improvement of at least three lines at 6 months after treatment was more likely in participants undergoing ocriplasmin treatment than with sham injection (RR: 1.97; 95% CI: 1.08–3.57; I2 = 0%; Phet = 0.39; Figure 2C). Also, we observed that the OASIS trial reported ≥2-line improvement in BCVA (RR: 1.27; 95% CI: 0.92–1.75). Moreover, comparison of the 25-item National Eye Institute Visual Function Questionnaire-25 (VFQ-25) composite score between ocriplasmin and control treatment data showed that a larger percentage of participants treated with ocriplasmin experienced a ≥5-point (clinically meaningful) improvement in VFQ-25 composite score at 6 months after treatment (RR: 1.33; 95% CI: 1.02–1.73) in MIVI 006 and 007 trials. Accordingly, the percentage of participants with ≥ 5-point worsening was lower with ocriplasmin at 6 months after treatment (RR: 0.62; 95% CI: 0.44–0.86) in MIVI 006 and 007 trials. The OASIS trial reported that the participants receiving ocriplasmin with ≥ 5-point improvement in VFQ-25 composite score at 24 months were also more than control (RR: 1.72; 95% CI: 1.17–2.52) and participants with ≥ 5-point worsening were lower than control (RR: 0.64; 95% CI: 0.31–1.34).

In addition, fewer participants who required PPV were in the ocriplasmin group than were in the sham group at 6 months after treatment (RR: 0.67; 95% CI: 0.50–0.91; I2 = 0%; Phet = 0.73; Figure 2D), consistent with the OASIS trial that reported the number of participants requiring PPV at 24 months after ocriplasmin treatment was less than control (RR: 0.76; 95% CI: 0.53–1.07).



Incidence of AEs After Receiving Ocriplasmin Therapy

The proportion of participants experiencing at least one AE was comparable between the ocriplasmin and control groups (RR: 1.13; 95% CI: 0.95–1.34; I2 = 71%; Phet < 0.01; Supplementary Figure 1A). No significant difference between ocriplasmin and control was found in the incidence of serious AEs (RR: 1.38; 95% CI: 0.44–4.32; I2 = 64%; Phet = 0.10; Supplementary Figure 1B) and serious ocular AEs (RR: 0.88; 95% CI: 0.58–1.33; I2 = 12%; Phet = 0.33; Supplementary Figure 1D). It is worth noting, however, that ocular AEs of ocriplasmin therapy were slightly higher than control (RR: 1.20; 95% CI: 1.05–1.37; I2 = 36%; Phet = 0.18; Supplementary Figure 1C), suggesting that while ocriplasmin therapy did not raise the risk of overall AEs, it may carry a higher risk of ocular AEs.



Proportion of Ocriplasmin Therapy in Cohort Studies

In cohort studies, the overall proportion of eyes achieving non-surgical VMA release was 0.50 (95% CI: 0.47–0.53; I2 = 48%; Phet < 0.01; Figure 3). In participants without ERM at baseline, the proportion of VMA release (0.58, 95% CI: 0.53–0.63; I2 = 58%; Phet < 0.01; Figure 4A) was higher than those with ERM (0.34, 95% CI: 0.25–0.44; I2 = 0%; Phet = 0.51; Figure 4B). Participants with MH were more likely to experience VMA release (0.58, 95% CI: 0.50–0.65; I2 = 53%; Phet < 0.01; Figure 4D) than those without MH (0.48, 95% CI: 0.43–0.52; I2 = 57%; Phet < 0.01; Figure 4C). Moreover, we found that the proportion of VMA release in participants with or without ERM potentially increased with time, especially in ERM participants after 6 months (Supplementary Figure 2).
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FIGURE 3. Forest plots of proportion of VMA release in participants receiving ocriplasmin therapy in included cohort studies.
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FIGURE 4. Forest plots of proportion of VMA release in participants receiving ocriplasmin therapy in different groups. (A) In participants without epiretinal membrane (ERM); (B) In participants with ERM; (C) In participants without MH; (D) In participants with MH.


The overall proportion for MH closure was 0.36 (95% CI: 0.32–0.39; I2 = 0%; Phet = 0.91; Figure 5A). The proportion in participants with MH diameter ≤ 250 μm (0.48, 95% CI: 0.41–0.55; I2 = 0%; Phet = 0.62; Figure 5B) was higher than those with MH diameter of 250–400 μm (0.27, 95% CI: 0.21–0.34; I2 = 0%; Phet = 1.00; Figure 5C).
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FIGURE 5. Forest plots of proportion of MH closure in participants receiving ocriplasmin therapy in included cohort studies. (A) In all the participants; (B) In participants of MH diameter ≤ 250 μm; (C) In participants of MH diameter of 250–400 μm.


Approximately, 40% of participants showed at least 1-line improvement in BCVA after ocriplasmin treatment (95% CI: 0.37–0.45; I2 = 53%; Phet = 0.09; Figure 6A) and 28 or 25% of participants with at least 2-line (95% CI: 0.21–0.35; I2 = 76%; Phet < 0.01; Figure 6B) or 3-line (95% CI: 0.18–0.34; I2 = 66%; Phet = 0.03; Figure 6C) improvement in BCVA, respectively. Mean improvement was −0.13 logarithm of the minimum angle of resolution (logMAR) (95% CI: −0.17 to −0.08; I2 = 79%; Phet < 0.01; Supplementary Figure 3).
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FIGURE 6. Forest plots of proportion of visual acuity improvement in participants receiving ocriplasmin therapy. (A) ≥1-line improvement in BCVA; (B) ≥2-line improvement in BCVA; (C) ≥3-line improvement in BCVA.




Analysis of Potential Factors Affecting VMA Release and MH Closure

We further explored factors with potential to affect the rate of VMA release (VMAR) and MH closure including 556 participants from 14 studies. Participants who achieved VMAR were more likely to be female, without ERM, at a younger age, and with lower VMA diameter (Supplementary Table 2). Between participants with and without MH closure, MH closure was more likely to be achieved in participants with lower MH base diameter and minimum linear diameter (Supplementary Table 3).

In order to determine the optimal VMA profile of patient to receive ocriplasmin treatment, the ROC curve analysis was performed to find the predict ability of VMA diameter, age, ERM formation, and gender for VMA release in 5 studies including 120 participants (Supplementary Table 4). Cutoff values of VMA diameter and age were 506 μm (sensitivity: 81.13% and specificity: 56.41%) and 73 years (sensitivity: 66.18% and specificity: 57.69%; Supplementary Table 5), respectively. Specifically, the AUROC for VMA diameter < 506 μm, age < 73 years, without ERM formation, and female participants to predict VMAR were 0.71, 0.62, 0.62, and 0.59, respectively. These characteristics were entered into the multivariable logistic regression model resulted in an AUROC and its 95% CI being 0.84 (0.74–0.92). We listed the formula of Prelease for calculating the estimated probability of VMAR using the character of patient including VMA diameter, sex, and ERM status. Also, we provided several examples and their Prelease value for reference (Supplementary Table 6).

It has been recognized that sVMA may be associated with other conditions such as AMD, DR, or RVO. In addition to the above factors that directly affect the therapeutic effect, we also analyzed the causes of secondary VMA. Subgroup analysis was performed and stratified by the median proportions of AMD, DR, and RVO, all of which were found not to affect the rate of VMA release after ocriplasmin injection (Supplementary Table 7).



Assessment of Study Quality and Publication Bias

Five RCTs were found to be of high quality. The OASIS trial (10) was found to have unclear risk of performance bias and the Novack et al. (18) study had unclear risk for selection, performance, and detection bias. The MIVI-IIT trial (9) showed unclear risk for selection and performance bias and the MIVI-TRUST trial (8) showed unclear risk for attrition bias (Supplementary Figure 4). In general, quality of the 50 cohort studies was found to be acceptable as shown in Supplementary Table 8. The included cohort studies showed relatively high quality in their objectives, statistical analyses, results, and conclusions (including follow-up and adverse events reporting), but performed less well on study design, intervention and cointervention, and outcome measures. No evidence of publication bias was found in analysis using the Begg's and Egger's tests and funnel plots (Supplementary Table 9; Supplementary Figures 5, 6).




DISCUSSION

We identified 5 RCTs and 50 cohort studies including 4,159 participants. Our results demonstrated that treatment with ocriplasmin increased the likelihood of VMA release and MH closure and was associated with improvements in BCVA and questionnaire-assessed visual function. No increased risk in overall AEs was found between ocriplasmin treatment and control. The results also showed that VMAR was more likely in patients with absence of ERM. Patients with smaller MH diameter were more likely to achieve MH closure. Our findings have comprehensively demonstrated the effectiveness of ocriplasmin in VMA and MH treatment as well as patient-related factors affecting outcomes and included guidance on selection of suitable patients to receive ocriplasmin treatment in clinic.

Posterior vitreous detachment is a physiological age-related process and incomplete PVD could cause VMA due to the persistent adhesion of the vitreous to the macula, especially the fovea. Persistent asymptomatic VMA may progress to VMT, also known as sVMA, causing retinal structure deformation such as macular edema and MH and accompanied by metamorphopsia, decreased visual acuity, and other symptoms. The RCTs included in this study indicated that treatment with ocriplasmin was more likely than control intervention to result in VMA release and MH closure, reduce the requirement for PPV, and achieve visual improvement, consistent with a previous meta-analysis (19). One RCT study on wAMD (18), showed that the VMA release of patients with wAMD was lower than previously demonstrated by other RCT studies, suggesting that VMA secondary to wAMD may be less responsive to ocriplasmin. However, this study found that ocriplasmin treatment and its causing VMA release decreased the number of antivascular endothelial growth factor injection in patients with wAMD.

Furthermore, we analyzed VFQ-25 composite scores changes found in the OASIS and the MIVI-TRUST trials (20, 21). Ocriplasmin treatment was associated with visual function improvement not only in BCVA, but also in this participant-reported questionnaire-based outcome. These scores reflect the influence of visual disability and visual symptoms on generic health domains and indicate the effect of treatment on activities related to daily visual functions (22, 23). The findings are relevant to clinical decision-making, since outcomes reported by patients are powerful tools to verify the effects of a treatment on health and daily-life activities of patients, both in terms of benefits and potential adverse effects.

The strengths of this meta-analysis include the comprehensive search strategy and retrieval of all the relevant trials and the focus on detecting the optimal patient profile for ocriplasmin treatment. In the UK, the National Institute for Health and Care Excellence (NICE) guidance recommends the use of ocriplasmin for treating VMT in adults without ERM, who have a MH ≤ 400 μm diameter and/or severe symptoms (24). Several studies have demonstrated that ocriplasmin therapy might be more beneficial for patients with sVMA with specific characteristics such as relatively small adhesion diameter and absence of ERM (25). More recently, Jackson et al. included 5 RCTs in an IPD meta-analysis and found that VMA release is more likely in younger, female patients and eyes with MH and less likely in the presence of ERM, broad VMA (>1,500 μm), DR, or pseudophakia (15). In this study, we also reported that patients with absence of ERM, the treatment of ocriplasmin was more likely to induce VMA release (Figure 4). Patients with MH were more likely to experience VMA release after ocriplasmin injection, since ERM and large VMA adhesion diameters seemed to be rare in the presence of MH. However, even if a patient with MH achieves VMA release, without MH closure, PPV is subsequently required to close the MH, which would still be considered a treatment failure. For patients with MH, small diameter MH (≤ 250 μm) was more likely to get nonsurgical closure (Figure 5). Therefore, as recommended by the NICE guidelines, patients with smaller MH may have a higher closure rate.

In this study, we extracted raw data from the included studies providing baseline characteristics of each participant and applied the ROC curves and the AUROCs analysis. By using the IPD of included studies, we estimated the cutoff values and evaluated the performance of these factors as predictors of VMA release after ocriplasmin therapy in a total of 120 patients. Further, the predict ability for female patients with VMA diameter < 506 μm and without ERM was 0.84. So, in clinical practice, when we encounter patients with sVMA and consider whether to use ocriplasmin for them, the gender of patient, ERM formation, and VMA diameter were brought into the formula (PRelease). PRelease represents the estimated probability of VMA release. If PRelease is more than 0.68, the patient might probably achieve VMAR after with ocriplasmin therapy. We further provided several examples and their Prelease value in Supplementary Table 6 for reference. These findings would help doctors about patient selection strategy.

It has been recognized that sVMA may be associated with other conditions such as AMD, DR, or RVO (18, 26, 27). These pathogenic factors may lead to an abnormally strong adhesion between the posterior vitreous cortex and macula. As mentioned earlier, the therapeutic effect of ocriplasmin for secondary VMA may be poorer than that for idiopathic VMA. In this study, we attempted to analyze whether AMD, DR, or RVO may affect the therapeutic effect of ocriplasmin, but a paucity of information on health status of patient in the included studies prevented this analysis.

Several other sVMA treatment modalities exist; observation often being the first approach. Studies report that 11 to 40% of sVMA cases resolve spontaneously (28, 29), with unpredictable timeframes. Moreover, sVMA may lead to anomalies of retinal morphology, being responsible for metamorphopsia or loss of visual acuity, which increases with duration. Previous meta-analyses evaluated VMA treatment by intravitreal gas injections and found VMAR in 84% and MH closure in 59% after perfluoropropane (C3F8) gas injection (30) or VMA resolution in 47% of cases with or without associated MH 1 month after the injection C3F8 or SF6 (31). Other studies have found VMA release in 36% of eyes treated with air injection (32). Recently, the first RCT for evaluating the safety and efficacy of intravitreal gas (C3F8) injection was terminated early because of safety concerns related to retinal detachments and retinal tears (33). So, the safety issue of intravitreal gas injection still requires great attention. More studies are needed to increase understanding of the benefits of different approaches to management of sVMA including observation, PPV, ocriplasmin, and intravitreal gas injections.

A potential limitation of this meta-analysis is that few trials compared different approaches of managing sVMA including PPV, intravitreal gas injection, ocriplasmin, and observation (32, 34, 35). It was, therefore, not possible for us to compare efficacy directly between these strategies. There might introduce some bias in the predict ability in IPD analysis for only based on 5 studies with limited sample size. Also, few studies observed recurrence after ocriplasmin therapy (36). In future studies, attention should be paid to recurrence rates and timeframes in ocriplasmin-induced patients with VMAR. In addition, highly myopic patients with VMA require special attention, since treatment may be challenging in this group (37). Insufficient study to date involves observation and follow-up after ocriplasmin treatment in this group of patients. Most of the existing study has been carried out in Europe and North America and the effects in other regions and races remain unclear. More long-term follow-up data and further analyses are needed to understand therapeutic effects in VMA induced by various etiologies.



CONCLUSION

Evidence from the 5 RCTs and 50 cohort studies included here suggests that ocriplasmin is a suitable approach for treating sVMA. As clinicians, we should be increasingly cognizant of appropriate patient selection for ocriplasmin treatment and should take into account various factors such as MH, ERM, VMA diameter, age, and sex.
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Purpose: This cross-sectional study investigated the association between serum 25-hydroxyvitamin D [25(OH)D] concentration and myopia in two groups of Chinese children aged 6–14 years from different geographic and economic locations.

Methods: A total of 294 children from a lowland area and 89 from a highland area were enrolled as two groups of study subjects. The visual acuity, ocular biometry, and automated refraction were measured. The serum level of 25(OH)D was determined by chemiluminescence immunoassay. Near vision and outdoor exposure durations were assessed with a questionnaire interview. Data were analyzed for differences using Chi-square and Wilcoxon rank sum tests. The risk factors were evaluated using logistic regression analysis.

Results: We found that the serum level of 25(OH)D of the subjects from lowland area was 20.9 ng/mL which was higher than that of subjects from highland area (16.9 ng/mL). The median spherical equivalent refraction (SER) was −0.25 diopters(D) in lowland subjects and −0.63D in highland subjects. The prevalence of myopia was 45.2% in lowland subjects and 55.1% in highland subjects. The average axial length was similar, 23.6 mm and 23.1 mm in lowland and highland subjects, respectively. We found no statistical difference between the average SER and serum 25(OH)D concentration in subjects of either lowland or highland area. The ratio of myopia to non-myopia was also similar in subjects with three levels (sufficient, deficient, and insufficient) of serum 25(OH)D in these two areas.

Conclusions: There is no association between serum 25(OH)D concentration and myopia in the 6–14 years old Chinese children.

Keywords: myopia, serum 25(OH)D, children, lowland, highland


INTRODUCTION

In the past 10 years, the prevalence of myopia has increased by 23% in East Asians (1). In Chinese children, the prevalence was 51.4% in Anyang (2), 34.9% in Guangzhou (3), 60.9% in Beijing (4) and these numbers are still rising (5). The prevalence of myopia in Haidian District, Beijing, increased from 55.9 to 65.5% from 2005 to 2015 (6). Myopia is now a worldwide public health problem affecting more and more young children (4, 7). However, the reasons for this multifactorial disease and its mechanism are still unclear (8, 9).

More outdoor exposure is known to slow the onset and progression of myopia (9–12). The seasonal effect on the progression of the axial length (AL) in children is confirmed. Increase in AL slows down with longer duration of sunlight exposure and high sunlight intensity (11, 13). Myopia progression is known to be slower in summer than in winter (14, 15). In Tibetan highlands, myopia prevalence is lower than that in lowland areas, presumably attributed to less education pressure, more sunlight exposure and higher sunlight intensity (16). The notion that sunlight exposure prevents myopia progression remains a controversy (17). Dopamine decrease AL growth is the most convincing hypothesis (18, 19), although there is not enough research in humans. A more uniform refraction pattern (20), longer depth of field and fewer high order aberrations (21) in an outdoor visual environment are factors that contribute to a sharper retina image, and these factors might contribute to slower AL growth.

The internal homeostasis of human body, especially serum vitamin D, is closely associated with outdoor activities. Serum vitamin D is composed of vitamin D3 and vitamin D2. Vitamin D3, the main source of vitamin D in the body, is formed in the skin though sunlight exposure. Vitamin D2 is absorbed through diary intake. Vitamin D3 and vitamin D2 are transformed into serum 25-hydroxyvitamin D [25(OH)D3] and 25(OH)D2, respectively, in the liver, and the serum level of 25(OH)D is the most reliable indicator of total vitamin D in the body (22).

Previous studies have investigated the relationship between the serum level of Vitamin D and myopia. Choi et al. investigated 2,038 adolescents aged 13 to 18 years old in Korea and found that serum 25(OH)D concentrations were 16.3 ± 0.3 ng/mL in the non-myopia group, 16.4 ± 0.3 ng/mL in the mild-myopia group, 16.0 ± 0.3 ng/mL in the moderate-myopia group, and 15.2 ± 0.4 ng/mL in the high-myopia group (P = 0.054) (23). A meta-analysis showed that the myopia group had lower 25(OH)D concentration than the non-myopia group (standard mean difference = −0.27 nmol/L, P = 0.001) (24). Researchers showed that lower Vitamin D is associated with increased risk of myopia (25–30). Besides refractive error, the change of AL was also reported in literature. A comprehensive cross-sectional study conducted by Tideman et al. in Netherlands showed that vitamin D was correlated with a longer AL in 6-year-old children (31). However, some of the other studies did not show any correlation between Vitamin D and refractive error (32–35). Hung-Da et al. found that the mean serum 25(OH)D concentrations were similar between the myopic and non-myopic groups (49.7 ± 13.6 and 48.8 ± 14.0 nmol/mL; P = 0.806) in 99 children with a mean age of 6.8 years (36). The prevalence of vitamin D deficiency and insufficiency is more than 80% in some age groups in China, a value much higher than those for other countries (37). Vitamin D deficiency in China is commonly seen even in developed regions like Guangzhou and Beijing (37–39). Whether vitamin D concentration, especially a relatively low concentration vitamin D, has an impact on the development of myopia is uncertain.

Vitamin D is generated in the body through light exposure and diary intake. In this study, we selected two groups of subjects from locations with substantially different diets and exposure to sunlight. Our intention was to test whether vitamin D is associated with myopia in these two groups of subjects with different levels of vitamin D concentration.



MATERIALS AND METHODS


Study Population

The study subjects were children aged 6–14 years old in both lowland and highland areas. Lowland subjects were enrolled from the Health Examination Center of the Second Affiliated Hospital of Wenzhou Medical University (WMU) (Sept 2011–Mar 2016). Their counterparts were subjects from the Highland Eye Study conducted in Tibet by the Eye Hospital of WMU (July 2013 to Aug 2013). Their inclusion criteria were: (1) Aged 6–14 years. (2) No metabolic or congenital systemic diseases. (3) No eye diseases, such as cataract, glaucoma, amblyopia, and others. (4) No history of orthokeratology contact lens wear or any other myopia control treatments such as atropine within 3 months. (5) No mental illness. (6) Children and their guardians were able to understand the aim and procedures of the study and sign the informed consent forms. The study was approved by the Ethics Committee of the Eye Hospital of Wenzhou Medical University (KYK[2014]26). Written informed consent was obtained from all subjects prior to participating in the program. The study followed the tenets of the Declaration of Helsinki.



Eye Examinations

Eye exams included slit lamp tests, refraction and biometry. Distance visual acuity was examined with an ETDRS visual chart at 4 m. Slit lamp was used to examine anterior eye structures. Auto-refraction (Topcon RT 8900) was tested several times until the readings of the refractive error became stable and the final reading was recorded. Biometry measurements were tested with Lenstar optical biometry (Lenstar 900). At least three stable tests were obtained and the readings of AL, anterior chamber depth, lens thickness, central corneal thickness, corneal diameter, corneal curvature, corneal astigmatism were recorded. If the subject and his/her guardian agreed to cycloplegia, 1% cyclopentolate hydrochloride would be used twice with a 5 min interval. Among 352 subjects in the lowland groups, 294 subjects (83.5%) who underwent cycloplegic refraction were included in the study. Subjects in the highland groups did not undergo cycloplegic refraction.



Blood Sample Collection and Vitamin D Detection

Three milliliter- fast blood sample was drawn and kept away from light for 30 min, then centrifuged (3,000 r/min) for 10 min. The blood serum was separated and frozen at −80°C refrigerator for 25(OH) D detection. Total vitamin D assay kit (SIMENS,100T) was used to detect 25(OH)D through the automatic chemiluminescence immunoassay analyzer Chemiluminescence (SIMENS, ADVIA Centaur XP, IRL26391136).



Questionnaire Interview

Demographic information, near vision duration, and outdoor duration were sought in the questionnaire. Near vision and outdoor duration were recorded for 3 conditions: on weekdays, during weekends and during summer/winter vacation.



Definitions

Myopia was defined as non-cycloplegic spherical equivalent refraction (SER) ≤-0.50 diopters(D) (40). Serum 25(OH)D concentration higher or equal to 30 ng/mL was defined as a sufficient level. Concentrations less or equal to 20 ng/mL were defined as deficient serum 25(OH)D and the concentrations between these extremes were defined as insufficient serum 25(OH)D (41).



Quality Control

Procedures for testing the subjects from both lowland and highland areas followed the same protocol. Questionnaire interviews were conducted by investigators who had good communication skills, knew local dialect and received training by the supervisors (CJ, LF) before the project began. A prior test was conducted to adjust improper procedures. The 25(OH)D detection was conducted by professional laboratory staff of the Eye Hospital of WMU.



Statistical Analysis

SER, 25(OH)D, AL and age were described as median (interquartile range) and Wilcoxon t-test was used for comparisons. Chi-square test and Fisher exact test were used for classical variables. A multivariable logistic regression model was constructed to assess the association between myopia and 25(OH)D concentration and adjusting for age, gender, and other covariates identified as being significant in univariable analysis. P < 0.05 was considered as statistically significant. Because SER and AL of both eyes were highly correlated, only data of the right eye was used in the analysis. Epidata (version 3.1.2701.2008, Chinese) was used for double-blinded data entry. SPSS (version 22.0, Chinese) was used for analysis.




RESULTS


Demographic Information and Myopia

A total of 383 subjects were enrolled in this analysis, including 294 lowland and 89 highland subjects. Compared with the lowland subjects, highland subjects were about 3 years older (12 vs. 9, P < 0.001), more girls (57.3 vs. 37.8%, P < 0.001), with lower BMI (16.7 vs. 17.4, P = 0.010), had longer duration for both near vision (28.0 vs. 16.6 h/w, P < 0.001) and outdoor activities (14.0 vs. 6.2 h/w, P < 0.001; Table 1). The median SER was −0.25 D in lowland subjects and −0.63 D in highland subjects (P = 0.163). Lowland myopia subjects were 2 years older than non-myopia subjects, with shorter outdoor duration (5.5 vs. 6.6 h/w, P = 0.009) and longer near vision duration (15.4 vs. 18.0 h/w, P = 0.010). Highland myopia subjects were 1 year older than non-myopia subjects, and their near vision and outdoor duration were similar. The AL of myopia subjects was 24.2 and 23.2 mm in non-myopia subjects in the lowland area (Table 1).


Table 1. Demographic information of subjects in lowland and highland area*.
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Relationships Between Serum 25(OH)D and Myopia

The serum level of 25(OH)D in highland subjects was lower than that in lowland subjects (16.9 vs. 20.9 ng/mL, P < 0.001) and the rate of deficiency in highland group was higher than that in the lowland group (71.9 vs. 46.9%, Table 1). We found no difference in serum 25(OH)D concentration between myopia subjects and non-myopia subjects in either lowland or highland areas (lowland: 19.6 vs. 22.5, P = 0.878; highland:17.6 vs. 16.7, P = 0.216). There was no statistical difference in the percentage of subjects with sufficient, insufficient or deficient 25(OH)D in both myopia and non-myopia groups in both areas (lowland: P = 0.158, highland: P = 0.295) (Table 1). The average SER was similar among subjects with different levels of 25(OH)D concentrations in both areas (Figure 1A). The percentage of myopia and non-myopia also showed no difference among the three levels of 25(OH)D of subjects in either location (Figure 1B). When refractive error was considered in terms of AL, no significant difference was found. The results were the same in the lowland area (F = 1.365, P = 0.257) (Figure 1C). We obtained AL measurements for only 13 subjects in the highland group and only three subjects showed 25(OH)D higher than 30 ng/ml. The medians (interquartile) of AL in the deficient group (n = 8) and the insufficient group (n = 4) were 22.8(1.17) and 23.4(1.19) respectively (P = 0.214).


[image: Figure 1]
FIGURE 1. Myopia related parameters among groups with different serum vitamin D [25(OH)D] concentration in both areas. (A,B) Average SER among groups with different serum vitamin D concentration in both areas (Wilcoxon rank sum test). (C,D) Percentage of myopia and non-myopia among groups with different serum vitamin D concentration in both areas (Lowland: Chi-square test; Highland: Fisher exact test). (E) Axial length among groups with different serum vitamin D concentration in lowland subjects (Wilcoxon rank sum test).


Multiple logistic regression analysis revealed that the serum level of 25(OH)D was not significantly associated with myopia in either lowland area (P = 0.706) or highland area (P = 0.141) after adjusting age, body mass index (BMI) and gender (Table 2). Older age (odds ratio [OR]: 1.72; 95% confident interval [CI]: 1.46, 2.03) was an independent risk factor for myopia in lowland subjects. A higher BMI [OR(95%CI = 0.94(0.88, 1.00)] seems to be a protective factor for myopia. For the highland subjects, none of the factors mentioned above was statistically significant in multiple logistic regression analysis. The results were similar to the lowland group when all subjects were included. Older age [OR(95%CI) = 1.55(1.36–1.76)] and living in lowland area [OR(95%CI) = 2.13(1.10, 4.15)] were independent risk factors of myopia after adjustment, whereas higher BMI [OR(95%CI) = 0.94(0.88, 0.99)] was independent protective factor (Table 2).


Table 2. Multiple logistic regression of the myopia risk factors in lowland and highland area.
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The SER of lowland subjects before and after cycloplegia was −0.78 ± 1.68D and −0.26 ± 1.85D, respectively, a difference of about a 0.5D. In order to know whether cycloplegia could affect the accuracy of these results, we conducted the same analysis using cycloplegic refraction data for our lowland group. Results were similar as using non-cycloplegic SER. These results demonstrated that non-cycloplegia had no confounding effect on the regression models.




DISCUSSION

The results in our study revealed that the serum vitamin D concentration does not show any protective effect toward myopia. Outdoor exposure is one of the protective factors of myopia, but its mechanism is controversial (17). One hypothesis is that vitamin D prevents myopia progression because the body synthesizes more vitamin D when outdoor exposure to sunlight increases (26). Our study involved subjects from a relatively high vitamin D concentration area and a relatively low vitamin D concentration area, yet results showed that serum vitamin D was not associated with either myopia or AL. The results of our study was similar to previous studies such as meta-analyses and prospective cohort studies (33–35). Neither vitamin D3 which formed from sunlight in the skin nor vitamin D2 from diary intake correlated with myopia, however, serum level of vitamin D was positively correlated with outdoor duration. There were also opposite results showing that subjects with higher vitamin D had shorter AL or positive SER (24, 31, 42).

In this study, the incidence of insufficient and deficient serum vitamin D of children was similar to or higher than that found in other studies (Table 3) (38, 39, 43–48). Serum vitamin D was 20.9 ng/mL in lowland subjects and 16.9 ng/mL in highland subjects. Only 19.0 and 3.4% of these subjects had optimal vitamin D level in lowland and highland areas, respectively. Thus, whether serum vitamin D didn't show its protective effect on myopia because of a relatively low concentration is worth to thinking about. To fully consider this possibility, two locations were chosen to understand the relationship between myopia and vitamin D. Subjects in highland areas came from Seda, Litang and Rangtang, small towns in the Tibetan highland, Sichuan, where both daily sunlight duration and sunlight intensity are higher than that of lowland area (Table 4). And serum vitamin D was not related to SER nor AL in either area. This result indicated that maybe for Chinese children, serum vitamin D concentration does not show any association with myopia.


Table 3. Children's vitamin D level in different regions of China.
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Table 4. Comparisons of regional characteristics of lowland and highland area.
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Although average daily sunshine duration is longer, the light intensity is higher in highland area, and highland subjects spent more time outdoors, their average total vitamin D level was lower than that in lowland subjects which was quite surprising. This phenomenon might be due to an increase in the amount of skin pigment and Tibetan robes covering most of the skin of the body, that may result in an increase in the sun-protection permitting less of the UVB radiation to reach the epidermal cells, and reduce cutaneous production of vitamin D3 (50). In addition, it is speculated that rare vitamin D2 from daily intake may also contribute to the lower total vitamin D level of highland subjects. The three highland area are all National-level Poor Counties in China. Residents living here mainly live on Zanba (made of a cereal power specially seen in Tibetan highland areas), milk tea, handmade yogurt and yak meat. These foods comprise 90% of their daily intake, and deep sea fish and animal viscera are very uncommon in their diet. Tibetan Buddhism is a prevailing religion in Tibetan highland areas and many of the residents are vegetarians who do not eat yak meat. Our lowland area was Wenzhou city, a coastal city with abundant rainfall in eastern China (Table 4). Subjects of Wenzhou came from a health examination center and patients with any health problems were excluded from participation. The average family income of these Wenzhou children was higher than the per capita income of urban residents in Wenzhou in 2016 (51). The mean BMI was higher in these lowland subjects than highland counterparts (17.4 vs. 16.7, P = 0.010, Table 1). It could be speculated that the nutritional status of the subjects in the lowland area were better than those of their highland peers. These two reasons may explain why serum vitamin D was lower in highland subjects.

The prevalence of myopia in China is reported to be lower in Tibetan highland areas than lowland areas (52). The reason why myopia rate in the highland area was higher than lowland area may be because of age. The subjects in our highland areas are on average 3 years older than lowland subject. Age as a contributing factor of myopia must be considered in the group comparisons. The lowland subjects with an average age of 9 years old probably were in the third grade. The highland subjects with an average age of 12 years old were probably in the sixth grade. The myopia of grade 6 students was about 65% in lowland areas (53), which is much higher than the highland results in this study.

Duration of near vision and outdoor activity did not show a relationship with myopia compared with results from previous studies. Perhaps this is because of our highly selected samples. Lowland subjects were recruited from a health examination center where 74.2% of them were studying in downtown schools or key elementary schools, schools that demanded more homework and extracurricular tutoring. Most highland subjects were Buddhists in a Buddhist college with daily intensive reading courses. From Supplementary Figure, the distributions of both near vision and outdoor duration show high kurtosis and skewness. A significant correlation with myopia is difficult to obtain given the small sample size. Literatures reported that outdoor time is not significant risk to myopia. And the explanation is that the outdoor time per day was far <2 h/day and could not show its protecting effect (54, 55). This was exactly the fact in this study.

The merits of our study were the selection of subjects from two regions with significant contrasts, taking sunlight exposure and diary intake into account, and both refraction and AL were measured. The limitations were that the sample in our highland group was not large enough. A validated sun exposure questionnaire was not used to account for factors such as sun cream used and clothing worn. There are many other environmental and economical difference between lowland and highland areas that may impact the prevalence of myopia and should be considered in future studies. Compared to highland area, lowland area was risk toward myopia in this study. This maybe because subjects on the highland areas were from rural areas, the multi-effect of education pressure and modern urbanization affected the progression of myopia (52, 56, 57).

In summary, the total serum vitamin D concentration has no significant effect on myopia in Chinese children and adolescents. The mechanism of outdoor exposure affecting the progression of myopia should be further explored.
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Congenital disorder of glycosylation-Ia (CDG-Ia) is a rare autosomal recessive genetic disorder, characterized by systemic and ophthalmological abnormalities. Here, we report multiple retinal astrocytic hamartomas as a new retinal finding in an adolescent affected by congenital disorder of CDG-Ia. A 15-year-old boy affected by CDG-Ia underwent full ophthalmic examination, full field electroretinography (ERG) evaluation and retinal multimodal imaging, including: fundus photography, spectral domain optical coherence tomography (SD-OCT) and blue fundus autofluorescence (FAF). Blue FAF showed multiple papillary and iuxtapapillary bilateral hyper-FAF lesions, corresponding to hyperreflective thickening of the retinal nerve fiber layer, with internal optical empty spaces and posterior dense optical shadowing at SD-OCT. These imaging findings were consistent with retinal astrocytic hamartomas. Scotopic ERG response was significantly reduced in both eyes. Macular edema and absence of the retinal outer segments layer were also detectable. Retinal multi-modal imaging provides additional insights about retinal involvement of patients affected by CDG-Ia. In particular, this case shows the presence of multiple retinal astrocytic hamartomas.

Keywords: congenital disorder of glycosylation-Ia, astrocytic hamartoma, retinal dystrophy, multimodal imaging, OCT, autofluorescence, metabolic disease


INTRODUCTION

Congenital disorder of glycosylation (CDG) Ia, also known as phosphomannomutase 2 (PMM2)-CDG, is a rare autosomal recessive genetic disorder, characterized by neurometabolic abnormalities (1–3). Main clinical features are: facial dysmorphism, abnormal fat distribution, various coagulation and endocrine defects. Neurologic, cardiac, gastrointestinal, hepatic, renal, immunologic, and skeletal abnormalities may be also present (1, 2). High myopia, abnormal eye movements, squint, cataract, nystagmus and retinal dystrophy have been reported (3–7).



CASE REPORT

A 15-year-old boy affected by, genetically confirmed, CDG-Ia complaining progressive high myopia, visual acuity impairment and night blindness, was referred to our pediatric low vision unit. His systemic history was characterized by: hypotonia, abnormal fat distribution, joint contracture, developmental delay and feeding difficulties. Eye examination showed: bilateral high myopia (−8.0 diopters), best-corrected visual acuity of 20/40 in both eyes, exotropia and hypertropia. Fundus biomicroscopy of the right eye revealed vitreous disorganization and, only in the right eye, a iuxtapapillary, white, gliotic tissue. Optic disc of the left eye appeared normal. Blue fundus autofluorescence (FAF) of the right eye showed multiple intensely hyper-FAF spots corresponding to the gliotic tissue, and an isolated hyper-FAF spot on the optic nerve head. Blue FAF of the left eye showed a mild hyper-FAF spot on the optic nerve head. Spectral domain optical coherence tomography (SD-OCT) of these lesions showed hyperreflective thickening of the retinal nerve fiber layer (RNFL) with internal moth-eaten optical empty spaces and posterior dense optical shadowing. The combined imaging techniques were diagnostic for multiple, bilateral, calcific retinal astrocytic hamartomas (Figure 1). In particular, according to the SD-OCT findings, we excluded the diagnosis of optic disc drusen. SD-OCT also showed convex scleral profile, foveal and perifoveal retinal thickening with intraretinal cysts, retinoschisis, and the absence of the retinal outer segments, outside the fovea (Figure 2). Full field electroretinography (ERG) evaluation according to ISCEV standards revealed a significant reduction of scotopic response with mild reduction in photopic response in both eyes. Brain magnetic resonance imaging and specific genetic blood tests excluded the diagnosis of tuberous sclerosis and neurofibromatosis type 1, systemic syndromes typically characterized by multiple, bilateral, calcific retinal astrocytic hamartomas.


[image: Figure 1]
FIGURE 1. Multimodal imaging of a 15-year-old patient affected by CDG-Ia. Color fundus photograph of the right (A) and left (F). Blue-autofluorescence (FAF, B,G) shows hyperautofluorescent spots. Linear SD-OCT (C–E,H,I) shows hyperreflective thickening of the retinal nerve fiber layer RNFL with internal moth-eaten optical empty spaces and posterior dense optical shadowing. These aspects are diagnostic for multiple, bilateral, calcific retinal astrocytic hamartomas.



[image: Figure 2]
FIGURE 2. Horizontal (A,B,E,F) and vertical (C,D,G,H) linear SD-OCT passing through the fovea of the same patient affected by CDG-Ia. Cystoid macular edema with foveal and perifoveal retinal thickening, intraretinal cysts, retinoschisis, and absence of the retinal outer segment, outside the fovea, are evident.




DISCUSSION/CONCLUSION

CDG-Ia is the most common congenital disorder of N-glycosylation. Mutations in the PMM2 gene, located on chromosome 16p13, cause a deficiency of PMM. This cytoplasmic enzyme has an essential role in the N-glycosylation process and in the synthesis of glycosylphosphati-dylinositol, which is used to anchor proteins to the cell membrane (1, 6, 7). Immunohistochemical studies of the mammalian retina have established that N-linked glycans are represented in all retinal layers: this may explain the previously known retinal manifestation of CDG in the human retina, namely retinal dystrophy (8, 9). The peculiarity of this case is the previously unreported combination of CDG-Ia and the presence of multiple, bilateral, calcific retinal astrocytic hamartomas. These benign retinal lesions are glial tumors located in the RNFL, arising from retinal astrocytes (10). Clinically they appear as cream-white, well-circumscribed, non-calcified or calcified, elevated lesions that may present multiple or solitary. These lesions are commonly calcified and multilobulated in appearance, as in our case, but may also present flat and semitraslucent. Multiple and bilateral retinal astrocytic hamartomas are most frequently associated with tuberous sclerosis and neurofibromatosis type 1, and rarely, retinitis pigmentosa (10, 11). In our case, any other phacomatosis were excluded. Retinal astrocytic hamartomas originate from the astrocytes in the RNFL. These cells are characteristic star-shaped glial cells located in the retina, and also in the brain and spinal cord (12). Recent findings revealed that central nervous system astrocytoma progression is correlated with the constant decrease of total N-glycosylation. In particular, Padhiar et al. demonstrated that brain astrocytoma is characterized by the loss of overall N-glycosylation (12). Since brain astrocytoma and retinal astrocytic hamartoma share the same originating cell, we hypothesize that the abnormal proliferation of retinal astrocytes may be due to the deficit of N-glycosylation. Concerning the outer retinal layers, Andreasson et al. hypothesized that in the CDG-Ia retinal disease opsin and interphotoreceptor retinoid-binding protein, the two major glycosylated proteins associated with photoreceptors, are affected (13). Therefore, the lack of PMM determines the inefficacy of these proteins and a progressive photoreceptor degeneration, which may cause, as late phenomenon, a pigmentary retinopathy (5–7). Pigment accumulation is a late stage clinical sign, reported only after significant photoreceptor cell death and migration of the retinal pigment epithelium cells toward the inner layers of the retina (5–7). Jensen et al. rarely noted pigment deposition in a series of 23 pediatric patients with CDG-Ia, but it was described by Krasnewich et al. in his adult patients (7, 13). Marked pigmentary fundus changes were undetectable in our patient, however, both SD-OCT and ERG findings were consistent with rod dystrophy. This might indicate that the patient was young or, probably, CDG-Ia retinal disease was at an early stage, and therefore the diagnosis of retinitis pigmentosa cannot be excluded.

In conclusion, the present case confirms the essential role of retinal multimodal imaging which provides, in a non-invasive way, new insights in the retinal involvement of patients affected by CDG-Ia. In particular, retinal multimodal imaging was instrumental to document the association, never reported before, between CDG-Ia and multiple, bilateral, calcific retinal astrocytic hamartomas. These new findings should be considered in the multidisciplinary evaluation of children within CDG, and retinal and/or brain astrocytic hamartoma, which share the same originating cell, should be excluded.
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Purpose: To investigate the severity and causes of gender imbalance in the counts of ophthalmology citations.

Methods: The PubMed database was searched to identify cited papers that were published in four journals (Prog Retin Eye Res, Ophthalmology, JAMA Ophthalmol, and Invest Ophthalmol Vis Sci) between August 2015 and July 2020, and those that referenced these cited papers by 2021 July (i.e., citing papers). The gender category of a given paper is defined by the gender of the first and last author (MM, FM, MF, and FF; M means male and F means female). A generalized additive model to predict the expected proportion was fitted. The difference between the observed proportion and expected proportion of citations of a paper’s gender category was the primary outcome.

Results: The proportion of female-led (MF and FF) papers slightly increased from 27% in 2015 to 30% in 2020. MM, FM, MF, and FF papers were cited as −9.3, −1.5, 13.0, and 23.9% more than expected, respectively. MM papers cited 13.9% more male-led (MM and FM) papers than female-led papers, and FF papers cited 33.5% fewer male-led papers than female-led papers. The difference between the observed proportion and expected proportion of MM citing papers within male-led and female-led cited papers grew at a rate of 0.13 and 0.67% per year.

Conclusion: The high frequency of citations of female-led papers might narrow the gender gap in the citation count within ophthalmology. These findings show that papers by female-led are less common, so the gender gap might still exist even with their high citation count.

Keywords: gender, equity, ophthalmology, citation, generalized additive model


INTRODUCTION

Women have faced societal pressures and barriers associated with gender (1–3) compared to men. For this reason, scientists have become concerned with the gender imbalance in academia (4), such as women have won fewer awards (5), published fewer papers (6), and accumulated fewer citation counts (7) even if they comprise of more than 50% Ph.D. holders in America. Accumulating evidence shows that women have been underrepresented (7), especially in the fields of science, technology, engineering, mathematics, and medicine (STEMM) (8).

Despite an increase in the proportion of female graduates in medical school (9) and the proportion of female authors in medicine (10), the representation of female ophthalmologists in academic medicine has been much lower than male ophthalmologists (11). Gender imbalance has manifested in the male/female proportion of authors in papers within ophthalmology. To illustrate, Heng Wong et al. (12) analyzed the top 100 cited papers in ophthalmology from 1975 to 2017 and found that 70% of the first authors were male. In addition, the gender imbalance can be observed not just in the proportion of authors in scientific papers but also in academic ranks, such as senior professorships (13), leadership positions (4, 9, 11), and participation in reputable conferences (14). Some have spearheaded efforts to mitigate the gender imbalance against women. For instance, Dr. Mariya Moosajee, Dr. Julie Daniels, and Dr. Maryse Bailly established the Women in Vision UK (WVUK) network to mitigate gender inequality (15).

Assessment criteria for performance in academia include academic ranks, peer-reviewed publications, salary, and funding (3, 16, 17). The number of peer-reviewed publications has been especially important in climbing up the ladder of academic ranks (9, 18–20) and securing funding for principal investigators. A recent study by Dworkin et al. (21) examines the severity of gender imbalance in the citation count of neuroscience papers. They analyzed 303,886 articles that were published in five top neuroscience journals between 1995 and 2018 and examined the link between authors’ gender and citations. They revealed that female authors have received fewer citations than expected and that this gender imbalance might not be alleviated over time.

As mentioned above, several previous studies on gender bias in ophthalmology focus on the percentage of female authors, female academic ranks, and citation count, all of which mainly measure the passive consequences of gender behavior. Using the framework of the relationship between authors’ gender and the gender makeup of their citation lists (21), one could directly measure the citation behavior itself. In our study, we were interested in investigating the severity of gender imbalance in the citation count of ophthalmology papers in ophthalmology citations. To do so, we analyzed papers published between August 2015 and July 2020 in four top ophthalmology journals (Prog Retin Eye Res, Ophthalmology, JAMA Ophthalmol, and Invest Ophthalmol Vis Sci), which had the highest h-index (22) in 2020.



MATERIALS AND METHODS


Data Collection

We have selected three research journals (Ophthalmology: 244 [h-index]; Invest Ophthalmol Vis Sci: 218; and JAMA Ophthalmol: 196) and one review journal (Prog Retin Eye Res: 152) with the highest h-index in the ophthalmology field in 2020 (Figure 1). We searched the PubMed database for papers published from August 2015 to July 2020 in these four journals and defined these papers as cited papers. Papers that referenced these cited papers by July 2021 were defined as citing papers (Figure 2A). We obtained the Author Full Name (AF), Source of Publication (SO), Document Type (DT), Publication Date (PD), and Published Year (PY) for each cited paper. We also searched PMID of Cited by lists (CL) and Times Cited Count (TC) of above-cited papers and obtained the AF, PD, and PY for each citing paper (the paper in CL) by July 2021.


[image: image]

FIGURE 1. Trends of gender among authors within the four ophthalmology journals between August 2015 and July 2020. Proportions of published papers with male as first and last authors (MM, blue), female as the first author and male as the last author (FM, yellow), male as the first author and female as the last author (MF, green), and female as the first and last authors (FF, red) are plotted as a function of time (between August 2015 and July 2020) in four ophthalmology journals: Prog Retin Eye Res, Ophthalmology, JAMA Ophthalmol, and Invest Ophthalmol Vis Sci. The overall trend of these four journals is also plotted (top panel).
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FIGURE 2. The gender gap in citation counts. (A) Definition of cited paper and citing papers. Gender category of a given paper is defined by the gender of the first and last author. In the example we provide here, a review paper from Dr. Simon was published in iOVS in 2016. We defined it as an MM cited paper using the GenderAPI database. This cited paper has been cited by 97 citing papers. (B) The degree of over- or under-citation of different gender category of cited paper. MM papers were cited 9.3% less than expected (95% CI, –10.6 to –8.0%), FM papers were cited 1.5% less than expected (95% CI, –3.1 to 0.5%), MF papers were cited 13.0% more than expected (95% CI, 10.5–15.2%), and FF papers were cited 23.9% more than expected (95% CI, 20.5–27.2%). (C) The degree of over- or under-citation after separating cited papers by the more common (i.e., led) gender and (D) by full gender. Bars represent overall over-citation and under-citation, calculated from 53,962 total citation counts (MM, 24,058, FM, 13,742, MF, 8,384, and FF, 7,778). Error bars represent the 95% of CI of each citation estimate, calculated from 1,000 bootstrap resampling iterations.




Gender Determination

Similar to Dworkin et al. (21), gender was awarded using a publicly available probabilistic database (GenderAPI).1 We attributed male (or female) to each author whose name had at least 85% probability of belonging to someone labeled as male (or female) according to the GenderAPI. We randomly selected 100 unique authors involved in the aforementioned dataset that we collected from PubMed for the manual gender verification and found that the accuracy of GenderAPI program was 98% (see Supplementary Material). In the current study, the gender of both the first and last author of 86% of the papers (both cited and citing papers) could be determined by using GenderAPI. Subsequently, we manually determined the gender of the authors by visiting lab websites for the remaining 14% papers.



Self-Citations Removal

We defined self-citation papers where either the first or last author of the citing paper was the first or last author of the cited paper. In this study, self-citations were eliminated from all analyses of gender citation behavior.



Statistical Analysis

To obtain an expected proportion that accounts for various characteristics that might be associated with gender, we fitted the same generalized additive model (GAM) as Dworkin et al. (21) on the multinomial outcome [MM (first and last authors are male), FM (first author is female and last author is male), MF (first author is male and last author is female), and FF (first and last authors are female)]. This model includes the following explanatory variables: (1) date (PD and PY), (2) team size (The number of authors), (3) source of publication (SO), (4) team seniority estimated with (TC), and (5) document type (DT). Then, we applied the model to each paper using the mgcv package in R (23), which returned the expected proportions of citing papers (MM, FM, MF, and FF) for a given cited paper. We then compared this expected proportion with the observed proportion of citations of the paper. If the expected proportion does not match, it means that the gender gap still exists after the consideration of the abovementioned variables of each paper.

In this study, we presented all estimations with a CI (95% confidence interval), a p-value, or both. The CIs were computed by bootstrapping the cited papers (e.g., randomly sampling 500 cited papers each time to get the average expected proportion for each iteration). Randomization was conducted by probabilistically drawing new gender categories for each paper according to their estimated gender probabilities by GAM. The statistical significance was adjusted for multiple comparisons; p-values were corrected according to the Holm–Bonferroni method (24).

Generally, the last author of a paper was considered the senior investigator. We defined a female-led (MF and FF) paper as the article in which the last author is female and a male-led (MM and FM) paper as the article in which the last author is male.



Hypotheses

In this study, we tested four hypotheses:

Hypothesis 1: The citation rate of female-led papers is lower than expected.

To verify this assumption, we first estimated the expected proportion of citations given to each category of authors. This expectation was calculated by summing the probabilities estimated by the GAM for all papers from 2015 to 2020. These values were compared by calculating the percentage difference between observed and expected proportions for each author’s gender group. If the hypothesis is true, the percentage difference of female-led papers will be less than 0.

Hypothesis 2: The citation of female-led papers occurs to a fewer degree in MM papers.

We used a similar method to those described above to test the second hypothesis. The primary difference is that, instead of calculating the observed and expected proportion by summing over the citations within all citing papers, we performed those summations separately for lists in papers with male-led papers and female-led papers. If this hypothesis is true, MM papers will be citing more male-led papers than female-led papers.

Hypothesis 3: The proportion of MM citations of female-led papers will be decreasing more than that of male-led papers over time.

The changes in male-led papers and female-led papers over time were estimated using linear regression. The CIs of this estimate was obtained using the article bootstrap procedure, and significance was assessed using the graph-preserving null model (21). If the hypothesis is true, the annual growth rate of MM citation count from female-led papers will be lower than that of male-led papers.

Hypothesis 4: A relationship exists between local co-authorship networks and citation behavior.

A co-authorship network of first and last authors is defined as where they established a connection by co-authoring a paper with another author before a given date. We examined how the citation behavior was affected by the co-authorship network. If the hypothesis is true, there will be a consistent citation behavior between with co-authorship networks and without networks.




RESULTS


Data Description

Our data included 8,084 cited papers, which were published in Prog Retin Eye Res (219 papers), Ophthalmology (2,265 papers), JAMA Ophthalmol (1,918 papers), and Invest Ophthalmol Vis Sci (3,682 papers) from August 2015 to July 2020 (data from the PubMed database). From those, 3,813 were MM papers (47.17%), 1,950 were FM papers (24.12%), 1,209 were MF papers (14.95%), and 1,112 were FF papers (13.76%).



Authorship’s Trends

The proportion of female-led papers slightly increased from 27% in 2015 to 30% in 2020. On one hand, this trend of female-led papers varied across journals. To illustrate, Prog Retin Eye Res decreased from 35 to 18%; Ophthalmology hardly changed (from 28 to 27%); JAMA Ophthalmol increased from 30 to 34%, and Invest Ophthalmol Vis Sci increased from 26 to 29%. On the other hand, the overall proportion of articles that had females as first or last authors slightly increased from 50% in 2015 to 55% in 2020 (Figure 1).



Citation Imbalance

To test the extent of the gender gap in the number of citations, we narrowed the 8,084 cited papers to 5,864, which were either research or review articles (with at least 1 citation count) that were published in the four ophthalmology journals. We found that these 5,864 papers had been cited by 53,962 times before August 2021. We then obtained the observed proportion in each gender category for all 5,864 papers [e.g., a given cited paper was cited by 97 (47 MM, 27 FM, 22 MF, and 1 FF) citing papers, the observed proportion was 0.48, 0.28, 0.23, and 0.01, respectively; Figure 2A].

We studied whether there were any relationships between gender and paper characteristics (e.g., date, journal, team size, author seniority, and document type). We modeled the multinomial gender category (MM, FM, MF, and FF) as a function of the above characteristics by fitting a GAM, by which we estimated the expected proportion of citing papers for a given cited paper (Figure 2B). For all 5,864 cited papers, MM papers received 42.4% citations of observed proportion, compared to 25.9% for FM papers, 17.3% for MF papers, and 14.4% for FF papers. According to the relevant proportion of paper, the expected proportions were 46.8% (MM), 26.3% (FM), 15.3% (MF), and 11.6% (FF). Therefore, MM papers were cited 9.3% less than expected (95% CI, −10.6 to −8.0%), FM papers were cited 1.5% less than expected (95% CI, −3.1 to 0.5%), MF papers were cited 13.0% more than expected (95% CI, 10.5–15.2%), and FF papers were cited 23.9% more than expected (95% CI, 20.5–27.2%). The over-citation of MF papers and FF papers does not support the hypothesis that the citation rate of female-led papers is lower than expected (Hypothesis 1).



The Effect of Author Gender on Citation Behavior

Among the abovementioned 5,864 cited papers that we screened, there were roughly 71% male-led papers and 29% female-led papers. In this section, after separating cited papers by gender, we found that, within male-led cited papers (TC: 37800), MM citing papers were cited 5.6% less than expected (95% CI, −7.0 to −4.1%, p < 0.001), FM papers were cited 0.5% less than expected (95% CI, −2.7 to 1.3%, p = 0.61), MF papers were cited 7.1% more than expected (95% CI, 4.5–10.0%, p < 0.001), and FF papers were cited 14.7% more than expected (95% CI, 11.0–18.7%, p < 0.001); within female-led cited papers (TC: 16162), MM papers were cited 19.5% less than expected (95% CI, −21.5 to −17.3%, p < 0.001), FM papers were cited 4.3% less than expected (95% CI, −7.8 to −1.0%, p = 0.01), MF papers were cited 29.1% more than expected (95% CI, 24.2–34.8%, p < 0.001), and FF papers were cited 48.2% more than expected (95% CI, 41.3–54.6%, p < 0.001; Figure 2C). Our results indicate that MM papers tended to cite fewer female-led papers (Hypothesis 2), whereas FF papers tended to cite more female-led papers.

Within the male-led group and female-led group, the citation proportion of MM and FM and MF and FF subgroups are plotted in Figure 2D. Specifically, the over-citation degrees of MM, FM, MF, and FF citing papers that cite MM cited papers gradually decreased, whereas those of MF and FF cited papers gradually increased.



Time-Trends of Citation Imbalance

In addition to the overall citation behavior, we also quantified temporal trends of citation imbalance. We examined the yearly gap between the observed and expected proportions of MM citing papers.

After splitting by gender of cited author, we found that the gaps between observed and expected proportions of MM citing papers were increasing at a rate of 0.13% per year within male-led cited papers, compared to 0.67% within female-led cited papers (Figure 3A; observed and expected proportion across citing groups are shown in Figure 3B). In fact, the gaps in MM citation within female-led papers over time have been increasing faster than that within male-led papers. This finding is in contrast with Hypotheses 3, i.e., the proportion of MM citations of female-led papers will be increasing faster than that of male-led papers over time.


[image: image]

FIGURE 3. Time-trends in citation rates across gender of the cited and citing author. (A) The degree of over-citation and under-citation of male-led and female-led papers over time. The gaps of MM, FM, MF, and FF citations between observed and expected proportions were increasing at a rate of 0.13, 0.60, –1.31, and –1.47% per year within male-led cited papers compared to 0.67, 0.39, 1.45, and –6.74% per year within female-led cited papers. The points represent overall over-citation and under-citation. (B) The observed (solid line) and expected (dashed line) proportions of citation within male-led and female-led citing papers over time. The points represent the observed or expected citation rates during a given year. Error bars represent the 95% CI of each rate, which were calculated from 1,000 bootstrap resampling iterations.




The Relationship Between Social Network and Citation Behavior

So far, we have shown that MF and FF citing papers cite female-led cited papers more often than expected (i.e., prediction from our model), whereas MM and FM papers cite less frequently than expected. One question is whether researchers are more likely to work with others of their own gender in the ophthalmology area as the findings by Ghiasi et al. (25) indicate. This could be addressed by examining the social network analytics and co-author relationship networks (26).

For a given paper f, we defined FF paper’s overrepresentation as the difference between the FF papers within f’s paper neighborhood and the overall proportion of FF papers within the network at the time of f’s publication. Specifically, the number of papers published before the given paper f is n, where the number of FF papers is FFall; the number of papers forming a co-author network with f is m, the number of FF papers is FFnet, and the FF paper overrepresentation means [image: image]. As shown in Figure 4A, co-authorship networks tended to include fewer FF papers than the base rate in the field, and overrepresentation of FF papers also differed based on the author’s gender and time. Co-authorship networks tended to cite fewer FF papers than the base rate in the overall field, but this underrepresentation phenomenon has improved over time. In this case, the median FF papers were roughly overrepresented relative to the field’s base rate within the networks of MM teams (− 0.04; 95% CI, − 0.09 to 0.02), FM teams (− 0.04; 95% CI, − 0.09 to 0.00), FM teams (− 0.03; 95% CI, − 0.08 to 0.02), and FF teams (0.01; 95% CI, − 0.03 to 0.04).
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FIGURE 4. Display of the composition measurement of the co-author network. (A) Examples of calculation of the FF paper overrepresentation (FFPor) for the specific paper, and the median FF papers in the local network composition based on author gender from 2015 to 2020. (B) Over-citation of FF papers without network (the bar graph above and the dashed graph below) and after accounting for network (the bar graph below) influence. The bar graphs represent median FF papers of different gender groups (MM, FM, MF, and FF). The error bars represent the 95% CI of each estimation, which was calculated from 1,000 bootstrap resampling iterations There is only a slight median difference in the citation behavior (MM, –0.001 and –0.004; FM, 0.024 and 0.022; MF, 0.044 and 0.043; and FF, 0.071 and 0.071).


Furthermore, we checked whether the composition of the author’s social networks accounts for the citation behavior of women. We utilized the absolute difference of FF citations between the observed proportion and the expected proportion based on the GAM. We found that, without social network, the median MM teams cited fewer FF papers by 0.1% (95% CI, − 0.8 to 1.2%, p = 0.84), whereas they cited more FF papers by 2.4% for FM teams (95% CI, 1.2–3.3%, p < 0.001), 4.4% for MF teams (95% CI, 2.8–5.8%, p < 0.001), and 7.1% for FF teams (95% CI, 4.8–7.8%, p < 0.001; Figure 4B).

However, after the social networks have been accounted for, the gender citation patterns remain. Specifically, the median MM teams still cited FF papers less by around 0.38% (95% CI, − 1.4 to 0.8%, p = 0.47), whereas they cited FF papers more by 2.2% for FM teams (95% CI, 1.33.7%, p = 0.001), 4.3% for MF teams (95% CI, 2.7–5.6%, p < 0.001), and 7.1% for FF teams (95% CI, 4.3–7.9%, p < 0.001). The citation behavior of women by other women remains after accounting for social networks (p = 0.93). These two results do support Hypothesis 4: There seems to be a relationship between local co-authorship networks and citation behavior.




DISCUSSION

We found that the overall proportion of female-led papers increased slightly from 2015 to 2020, but the proportion was only 30% in 2020. Detailed analyses indicate that our finding does not confirm Hypothesis 1: The citation rate of female-led papers is lower than expected. In fact, after considering the related characteristics of papers, we found that the proportions of citation of male-led papers were lower than expected and that of female-led papers were higher than expected. However, we found that MM papers cited other MM, FM, MF, and FF papers less by 1.6, 13.5, 16.1, and 23.5%, respectively, compared to their expected proportions. For FF papers, these values were, respectively + 6.8, +29.5, +40.0, and +57.7%. It means that MM papers have under-citation compared to female-led papers. This finding agrees with Hypothesis 2: The citation of female-led papers occurs to a fewer degree in MM citing papers. The over-citation rate of male-led papers will be growing slower than that of female-led papers over time, which is contrary to Hypothesis 3: The proportion of MM citations of female-led papers will be decreasing more than that of male-led papers over time. Our findings also agree with Hypothesis 4: A relationship exists between local co-authorship networks and citation behavior.

Our conclusions regarding Hypotheses 1 and 3 are different from those in a previous study that investigates citation behavior in the field of neuroscience field (21). It may be because scientists have put more effort into balancing the gender gap in the field of ophthalmology. For example, the proportion of women as first or last authors (10, 27), the number of women holding important positions (4, 13, 14), and the number of women winning awards (28) have increased. A comparison of the findings with those of other studies confirms that men are less likely to cite papers written by women (29–31). Similarly, we found that female scientists in the field of ophthalmology also tended to cite papers written by male authors less frequently. The result of co-authorship networks analysis may provide some support that women may consciously look for and cite work by other women to fight gender imbalance. These findings might explain how our conclusions regarding Hypotheses 2 and 4 are the same as those in the previous study that investigates citation behavior in the field of neuroscience (21).

As we all know, gender equity is not a short-term job. Since the proportion of FF papers is much lower than that of MM papers, even if the FF papers cited more female-led papers, the gender gap in citation behavior might not be alleviated. It is an important step to improve the willingness of researchers, especially men, to address the existing gender imbalance. Furthermore, addressing the current gender imbalance in ophthalmology can appropriately increase the proportion of women in senior positions and then encourage women to publish more scientific creations (32). It has also been pointed out women are consistent with men in publishing papers early in their careers (33), but women still contend with an excessive burden of family responsibilities (15, 34), resulting in reduced outcomes after they get married. To address these identified imbalances, society should encourage men to bear family responsibilities.


Limitation and Future Work

Although our study reduces the confound of journal prestige, we still agree that it does not capture the entirety of the field as we selected only four journals. We aimed to evaluate the extent of gender differences in citations to the ophthalmology literature, so the h-index of the journal was the main index for selecting target journals (35, 36). Based on the similar study in this area (21) and limited by resources, we only selected three research journals (Ophthalmology: 244; Invest Ophthalmol Vis Sci: 218; and JAMA Ophthalmol: 196) and one review journal (Prog Retin Eye Res: 152) with the highest h-index in the ophthalmology field in 2020. Furthermore, we collected more than 8,000 cited papers from these four journals, and more than 50,000 papers citing them across the whole PubMed database. Even though we believed that these datasets could be a good representation of the question we asked, we agree that an ideal way should be to consider all the journals. Further studies should explore the gender gap in citation behavior by examining more ophthalmology journals.

The previous studies on the gender bias in ophthalmology focus mainly on authors’ characteristics, such as the percentage of female authors (10, 27), female academic ranks (9, 14), and citation count (12). These previous reports provide valuable information on the consequences of gender behavior. In this study, we used the framework of the relationship between authors’ gender and the gender makeup of their cited-by lists to directly measure the citation behavior itself. Limited by the resources we collected from PubMed, we did not include the author’s characteristics (i.e., authors’ publication count, age, and academic rank) into our GAM model. We conducted citation gender analysis through papers’ characteristics rather than authors’ characteristics, not only because it has been validated in the neuroscience area but also because we used the same model for analyzing the gender bias as Dworkin et al. (21). On the other hand, it is also hard to clearly define authors’ characters through the PubMed database. To illustrate, an author might have cross-academic backgrounds; therefore, we do not have an ideal way of determining whether he/she belongs to ophthalmology or other fields. Early studies define the research disciplines of authors based on departmental affiliations (37). However, given the development of interdisciplinary collaboration, particularly to the diversity of researchers’ backgrounds, authors may not be easily classified by a single field (38). Nevertheless, we believe that the citers (people who cited the references) might not really look into the author’s gender before deciding to cite it or not. Thus, the citation bias that we found in the current study could be a reflection of women facing more gender-related obstacles in career development.

There are multiple avenues by which future works could be undertaken based on our study. For example, the paper citation might differ in different ophthalmology subfields, such as retina, cataract, glaucoma, and strabismus. Therefore, it would be interesting to further assess the difference between the ophthalmic sections in the gender gap in citation counts. Limited by the resources we got from the PubMed database, we were not able to extract the keywords and classify the papers into these different categories. Future work may combine other databases into the GAM model to address it.




CONCLUSION

In summary, despite the increase in the proportion of female-led papers from August 2015 to July 2020, the proportion was still found to be much lower than that of the male-led papers. Since the proportion of FF papers is much lower than that of MM papers, even if the FF papers cited more female-led papers, the gender gap in citation behavior might not be alleviated; this phenomenon might be related to social co-authorship networks.
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Purpose: Whitecoat adherence refers to improved medication adherence in the days surrounding clinic visits. This may lead to clinical measures that are not representative of those outside of clinical encounters. In glaucoma, whitecoat adherence to prescribed hypotensive therapy may lead to intraocular pressure readings within the target range, which may impact clinical decision-making. We aimed to quantify and identify factors associated with whitecoat adherence.

Methods: In this cohort study, patients with primary open-angle glaucoma were selected from an ongoing longitudinal NIH-funded study if they used hypotensive eyedrops, had a clinic visit during the parent study, and had adherence data during the 28 days evenly bracketing the clinic visit. Adherence within the implementation phase was measured using Medication Event Monitoring System (MEMS) caps. Wilcoxon tests were used to compare mean adherence between the following periods: Pre14−4 (days 14 to 4 preceding the clinic visit) and Pre3−1 (days 3 to 1 preceding the visit); Post1−3 (days 1 to 3 following the clinic visit) and Post4−14 (days 4 to 14 following the visit). Analyses were performed in the full sample and in patients with optimal (≥80%, n = 49) and suboptimal adherence (<80%, n = 17).

Results: Sixty-six patients were included, of which 51.5% were female. Mean age was 70.8 ± 8.1 years. In the 6 months evenly bracketing the clinic visit, mean and median adherence were 86.3% (standard deviation = 17.7) and 95.6% (interquartile range = 21.2), respectively. Overall, mean adherence increased from Pre14−4 to Pre3−1 (85.5% ± 21.2 to 88.5% ± 23.2, p = 0.01) and decreased from Post1−3 to Post4−14 (87.0 ± 23.9 to 84.9 ± 23.3, p = 0.02). In patients with optimal adherence, adherence increased from Pre14−4 to Pre3−1 (94.0 ± 11.7 to 97.7 ± 7.4, p = 0.001) and from Post1−3 to Post4−14 (95.2 ± 12.0 to 95.4 ± 5.7, p = 0.007). Whitecoat adherence was not observed in patients with suboptimal adherence.

Conclusion: We documented the presence of whitecoat adherence in this cohort. Due to its potential impact on clinical outcomes and decisions, providers should remain vigilant for this phenomenon and prioritize it during patient-provider discussions.

Keywords: glaucoma, medication, whitecoat, adherence, implementation phase


INTRODUCTION

Primary open-angle glaucoma (POAG) is a progressive eye disease that is distinguished by connective tissue remodeling at the optic nerve head and characteristic patterns of vision loss. POAG has an estimated global prevalence of over 70 million, and is the leading cause of irreversible blindness worldwide (1). Elevated intraocular pressure (IOP) is the sole modifiable risk factor for glaucoma progression, and daily instillation of hypotensive eyedrops can lower IOP and reduce pressure-induced optic nerve damage. However, despite the effectiveness of ocular hypotensive medications, research indicates that as few as 20% of patients are adherent to prescribed therapy (2). Later investigations by Friedman et al. reported a median adherence rate of 64% based on the analysis of pharmacy claims data for over 13,000 POAG patients (3). These findings are concerning as poor adherence has been associated with faster glaucoma progression (4, 5).

Whitecoat adherence describes patients' tendency to improve their adherence in the days surrounding clinic visits (6). This effect has been documented in several chronic conditions including asthma (7), diabetes (8), and epilepsy (9). In glaucoma, whitecoat adherence is clinically relevant because it can lead to IOP measurements that are unrepresentative of those outside of clinical encounters. IOP readings within the target range may lead clinicians to overestimate treatment effectiveness, which may bias the interpretation of other clinical measures (e.g., visual field imaging results). Furthermore, the obtention of IOP readings within the target range may preclude recommendations for indicated adjunctive therapy or surgical intervention. In this study, we sought to assess whitecoat adherence in patients with POAG and identify factors associated with this phenomenon. We hypothesized that there would be an increase in adherence preceding the clinic visit and a decrease following this visit.



MATERIALS AND METHODS


Study Participants

Ancillary adherence data were obtained from patients enrolled in an NIH-funded longitudinal study (NIH grant EY025756) at the University of Alabama at Birmingham (henceforth referred to as the parent study). Participants in the parent study were required to have a POAG diagnosis, visual acuity better than 20/40, mean deviation better than −12 dB, spherical and cylindrical refraction within 5D and 3D, respectively, and be above age 18 at baseline. Participants with a history of secondary glaucoma, diseases affecting the visual field, intraocular surgery (except uncomplicated cataract or glaucoma surgery), or cognitive impairment were excluded. The parent study was approved by the University of Alabama at Birmingham Institutional Review Board and patients received standard clinical care throughout. All aspects of the study complied with HIPAA regulations and adhered to the tenets of the Declaration of Helsinki.



Medication Adherence

Medication adherence describes the degree to which actual medication use corresponds with prescribed medication use. The Medication Adherence Reporting Guideline (EMERGE) was developed by the International Society for Medication Adherence (ESPACOMP), and aims to standardize the measurement, analysis, and reporting of medication adherence. EMERGE recognizes three phases of adherence: initiation—when the patient takes the first dose of a prescribed drug, discontinuation—which marks the end of therapy, and implementation—which describes the degree to which patients use their medication as prescribed from treatment initiation to discontinuation (10). In this study, medication adherence was recorded using Medication Event Monitoring System (MEMS) caps (Aardex; Liège, Belgium) during the implementation phase (10, 11). Participants were given one MEMS per prescribed medication and were instructed to store their medication inside the MEMS containers. With this bottle-in-bottle approach, patients were required to open the larger MEMS container to retrieve their medication, replace the medication in the MEMS container after use, and carefully resecure the MEMS caps. Each opening of the MEMS container is logged by the MEMS cap and the electronic measurement serves as a proxy for an instilled eyedrop. Although this method is imperfect, it has been reliably used in previous studies (12, 13). Participants did not receive reminders or feedback on their adherence but were informed at the start of the parent study that the MEMS caps recorded the date and time at which the containers were opened. During research visits, data from the MEMS caps were uploaded into MedAmigo—a web platform for data analysis and visualization—using a MEMS universal serial bus near-field communication reader. Daily adherence was calculated using the following formula:
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No penalties were applied for taking doses that exceeded the prescribed number, and extra doses were excluded from the calculations. For patients with multiple medications, daily adherence was calculated per medication and averaged across the total number of medications. Adherence data were downloaded from MedAmigo and reviewed to ensure that all changes in regimen during the parent study were accounted for. Adherence data for the first 2 months of the parent study were excluded from this analysis to minimize the influence of the Hawthorne effect, which is more marked at the start of the monitoring period (9).



Clinic Visits

To be included in this analysis, participants from the parent study needed to have attended at least one clinic visit with their eye care provider between May 10, 2018 (the start of the parent study) and March 13, 2020 (date of the declaration of the Covid-19 pandemic). We excluded clinic visits after March 13, 2020, as research indicates that adherence in glaucoma was negatively affected during the COVID-19 pandemic (14, 15). We reviewed participants' clinical charts to identify eligible clinic visit dates. To limit the influence of whitecoat adherence associated with research visits during the parent study, we excluded clinic visits that occurred within 14 days of a research visit (16). For each patient, we selected the first eligible clinic visit date and calculated mean daily adherence for each of the days in the 28-day period evenly bracketing this date.



Factors Associated With Whitecoat Adherence

To identify factors associated with whitecoat adherence, we included the demographic, clinical, and psychological data collected during the parent study. Demographic factors included patients' self-reported age, race, gender, education level, marital status, employment level, and income level. Clinical factors included mean adherence, number of prescribed ocular medications, and regimen complexity. We operationalized regimen complexity as the number of daily eyedrop instillations multiplied by the number of prescribed ocular medications (17). Mean adherence was computed for each participant over the 180-day period evenly bracketing the date of the clinic visit. Psychological factors included patients' perceptions of glaucoma, which were assessed using the Brief Illness Perception Questionnaire (BIPQ) (18). The BIPQ uses a 0–10 Likert-type scale to assess eight domains related to illness perception: consequences, timeline, personal control, treatment control, identity, concern, emotional representation, and coherence. Subscale and total BIPQ scores were computed.



Statistical Analysis

Based on previous work showing an increase in adherence within the 3-day period preceding the clinic visit (9, 19), we used Wilcoxon signed-rank test to identify significant differences in mean adherence between the following study periods: Pre14−4 (days 14 to 4 preceding the clinic visit) and Pre3−1 (days 3 to 1 preceding the clinic visit); Post1−3 (days 1 to 3 following the clinic visit) and Post4−14 (days 4 to 14 following the clinic visit). Figure 1 depicts the study design and study periods. As research indicates that whitecoat adherence may vary by adherence level (20), we stratified participants using an 80% threshold (21), where adherence <80% was deemed to be suboptimal and adherence ≥80% was deemed to be optimal. Wilcoxon signed-rank test was repeated in each adherence group. Lastly, we performed univariate linear regression to identify factors associated with whitecoat adherence, which we operationalized as an increase in adherence from Pre14−4 to Pre3−1 or a decrease in adherence from Post1−3 to Post4−14. Analyses were performed in JMP Pro (version 16), and alpha was set at 0.05.


[image: Figure 1]
FIGURE 1. Study design. Study periods within the 28 days evenly bracketing the clinic visit (red line) are depicted by black brackets.





RESULTS

A total of 66 participants were included in this analysis. Table 1 presents participant characteristics. Mean age was 70.8 ± 8.1 years and mean number of prescribed hypotensive medications was 1.6 ± 0.7. Approximately 51.5% of participants were female and 57.6% self-reported as White. Fifty-nine percent of participants attained a baccalaureate degree or higher, and approximately 30% reported a household income of $60,000 or more. Mean adherence was 86.3% ± 17.7 compared to the median value of 95.6% (interquartile range, IQR = 21.2) Median BIPQ total score was 27 (IQR = 12). The maximum possible BIPQ total score was 80, with higher BIPQ total scores indicating a more daunting outlook on glaucoma.


Table 1. Participants clinical, demographic, and psychological characteristics.
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Table 2 presents mean adherence during each study period in the overall sample, as well as in patients with optimal and suboptimal adherence. As depicted in Figure 2, patients with optimal adherence showed an increase in adherence both prior to and after the clinic visit (Pre14−4 to Pre3−1: 94.0 ± 11.7 to 97.7 ± 7.4, p = 0.001; Post1−3 to Post4−14: 95.2 ± 12.0 to 95.4 ± 5.7, p = 0.007). There was no significant change from Pre14−4 to Pre3−1 (p = 0.69) or from Post1−3 to Post4−14 (p = 0.32) in patients with suboptimal adherence. In the entire sample, mean adherence increased from Pre14−4 to Pre3−1 (85.5% ± 21.2 to 88.5% ± 23.2, p = 0.01) and decreased from Post1−3 to Post4−14 (87.0 ± 23.9 to 84.9 ± 23.3, p = 0.02). Overall, there was a small but significant increase of 3.0% ± 15.2 (range = −36.4 to 63.64%) prior to the clinic visit and a decrease of 2.0% ± 15.0 (range = −36.4 to 54.5%) afterwards. Among only patients with whitecoat adherence prior to the clinic visit (n = 29), there was an increase of 13.4% ± 14.0 (range = 1.5 to 64%). Among patients with whitecoat adherence after the clinic visit (n = 27), there was a decrease of 13.4% ± 13.0 (range = −0.7 to −54%).


Table 2. Mean adherence per study time point.
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FIGURE 2. Magnitude of the change in adherence pre- and post-clinic visit in the study population. Asterisks indicate significant differences between the Pre14−4 and Pre3−1 or between Post1−3 and Post4−14.


In the full sample, no clinical or demographic variables were associated with whitecoat adherence before or after the clinic visit. This was also true in patients with suboptimal adherence. In patients with optimal adherence, lower education level was associated with whitecoat adherence after the clinic visit (B = −4.0, p = 0.046). Table 3 presents the associations between whitecoat adherence and BIPQ scores. In the full sample, a significant negative association was observed between whitecoat adherence before the clinic visit and BIPQ total score (B = −0.40, p = 0.01). This was also true in the optimal adherence group (B = −0.39, p = 0.03). The personal control and treatment control subscales of the BIPQ were negatively associated with whitecoat adherence prior to the clinic visit in the full sample (B = −1.41, p = 0.02 and B = −1.96, p = 0.048, respectively). Similar associations were observed in patients with optimal adherence (Personal control: B = −1.52, p = 0.02, Treatment control: B = −2.06, p = 0.04).


Table 3. Coefficients for the relationship between BIPQ scores and whitecoat adherence.
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In the period following the clinic visit, no significant associations were observed between BIPQ subscale scores and whitecoat adherence in the full sample. Among patients with optimal adherence, there was a positive association between BIPQ total score and whitecoat adherence (B = 0.29, p = 0.04), as well as between the concern subscale score and whitecoat adherence (B = 1.26, p = 0.01). Among patients with suboptimal adherence, there was a negative association between the concern subscale score and whitecoat adherence (B = −5.46, p = 0.01), as well as between the consequences subscale score and whitecoat adherence (B = −3.89, p = 0.05).



DISCUSSION

Whitecoat adherence has previously been documented in several chronic conditions (7, 8, 22). In this study, we reported the presence of whitecoat adherence in patients with POAG, which supported our hypothesis. We documented higher adherence within 3 days of the clinic visit, consistent with findings by Modi et al. (9) who reported a significant increase in the use of anti-epileptic drugs in the 3 days preceding the clinic visit. A similar finding was documented by Zueger et al. (19) who found that a significantly higher number of insulin boluses were administered in the 3 days prior to clinic visits. In glaucoma, Kass et al. also observed a significant increase in adherence, specifically within 24 h of the clinic visit (23).

We observed whitecoat adherence within 3 days of the clinic visit in the overall sample as well as in patients with adherence ≥80%. This suggests that patients with higher adherence may also have higher levels of healthcare engagement, which would prompt them to place greater emphasis on their adherence, particularly prior to the clinic visit. However, Okeke et al. reported a whitecoat effect in patients with adherence below 75% (20). This discrepancy could be due to differences in the characteristics of the two cohorts. Patients included in our analysis were also participants in a 2.5-year longitudinal study, and may have higher levels of healthcare engagement compared to patients not engaged in clinical research. In this study, whitecoat adherence was not observed in patients with suboptimal adherence. This could potentially be due to the small size of this group. Although there was a large decrease in adherence after the clinic visit, high variability in adherence measurements in this group reduced our ability to detect a significant effect. Overall, there was a mean increase of 3% prior to the clinic visit and a mean decrease of 2% afterwards. Among only patients who demonstrated a whitecoat effect, there was a mean change of ±13.4% before and after the clinic visit. The magnitude of this change is sufficiently large to be of concern clinically.

Medication adherence is a complex and dynamic behavior as up to five distinct patterns have been observed in POAG (24–27). During a given period for instance, highly adherent patients may take drug holidays. As such, metrics such as mean and median adherence may not adequately capture gaps in medication use, resulting in undetected periods of uncontrolled IOP. Hypotensive eyedrops lower IOP per 12 or 24-h, which can mask periods of uncontrolled IOP prior to the clinic visit. In the absence of regular visual field testing—which may not be requested if IOP appears to be controlled—glaucomatous vision loss may not be easily detected. This line of thought is consistent with reports of progressive worsening of the visual field with IOP levels seemingly at or below the target when measured in the clinic (20). As suboptimal adherence has also been associated with faster rates of vision loss (5), it also has a significant negative impact on clinical and patient-reported outcomes. Poor and non-adherence may go undetected by providers, and the opportunity to prescribe alternative therapies or deliver interventions that could improve adherence and delay further worsening of the visual field may also be missed.

Whitecoat adherence can be attributed to several factors. For instance, increasing proximity to the clinic visit likely serves as a reminder for patients to instill their medication and prevent disease progression. Additionally, the impending clinic visit signals imminent face-to-face contact with the eye care provider. This may motivate patients to increase their adherence in an effort to avoid providers' disapproval (20). In the clinic, medication adherence is often assessed via patient reports and is frequently overestimated (28). Whitecoat adherence may contribute to this effect as patients' assessments may be biased in favor of more recent adherence behavior. As research indicates that the whitecoat effect may be more marked at the beginning of treatment (9), newly diagnosed patients should monitored more closely for poor adherence and more objective methods should be employed where possible. In addition to increased monitoring, poor adherence may be addressed in the clinic by improving the patient-provider relationship. Research conducted in a cohort of hypertensive patients suggests that patients who engaged in active vs. passive decision-making had higher adherence (29). Providers may employ a shared decision-making approach that encourages patients to become more involved in their care. This may strengthen and lengthen the patient-provider relationship, which has also been associated with higher adherence (29). The patient-provider relationship has been identified as a facilitator of good adherence (30), and research has shown that non-adherent patients were less likely to believe that their eye doctors spent sufficient time talking with them about their eye condition (31). Increased focus on patient education regarding the clinical impact of poor adherence may also help to increase engagement in eye care and improve adherence to prescribed medical therapy.

In this analysis, we found that lower BIPQ total score was associated with whitecoat adherence prior to clinic visits. Patients with a less daunting view of glaucoma (lower BIPQ total score) may experience lower levels of psychological stress, which may lead to higher levels of engagement in eye care and ultimately higher adherence. This is consistent with the finding of Jiang et al. (32) who reported that BIPQ total score was inversely associated with medication adherence The personal control and treatment control subscales of the BIPQ describe patients' perceived level of control over their illness and degree to which treatment can help their illness, respectively. These scales are inverted, with lower scores representing higher perceived ability. Lower scores were associated with whitecoat adherence prior to the clinic visit. This finding may be explained by patients' higher levels of confidence in their control of the disease and the effectiveness of treatment, which may motivate them to improve their adherence as the clinic visit approaches. Lower scores on both subscales are analogous to higher self-efficacy and treatment efficacy, which have been linked with higher adherence (33, 34).

The illness concern subscale measures patients' level of concern about their condition. Lower scores were associated with lower adherence after the clinic visit in the optimal adherence group compared to higher adherence after the visit in the suboptimal adherence group. Thus, the clinic visit may have a different impact on these patient groups. Patients with optimal adherence and low levels of concern about glaucoma may feel secure in their management of the condition and may not be driven to improve their adherence after the clinic visit. However, for patients with suboptimal adherence, the clinic visit may reinforce the need to control IOP and prevent vision loss, leading to higher adherence after the visit. This could also explain the positive association between illness consequences score—which describes the perceived impact of illness on one's life—and whitecoat adherence after the clinic visit. Given the ramifications of whitecoat adherence on clinical outcomes, prioritizing this topic during patient-provider discussions is critical for helping patients to maintain high levels of adherence throughout the course of treatment.

This study has several strengths. We assessed adherence using electronic monitoring, which provides objective measurements. A drawback of this approach is that patients using electronic monitors are susceptible to the Hawthorne effect, which can produce artificially high measurements. However, we guarded against this by excluding the first 2 months of monitoring data. We were also able to identify psychological factors associated with whitecoat adherence, providing potential insight into this phenomenon. This study is not without limitations, which include the surrogate nature of the adherence data collected with MEMS. However, this method has been shown to yield more accurate data than self-report. While direct observation would be more accurate, it is not practical in glaucoma where patients instill eyedrops daily. A second limitation associated with the longitudinal cohort used in this study was our inability to assess whitecoat adherence over multiple clinic visits. This was not possible as the number of research visits during the parent study reduced the number of eligible clinic visits for our analysis. Another limitation is the possible presence of a whitecoat effect throughout the parent study. Participants enrolled in the parent study were required to complete 12 research visits over a 2.5-year period. This may have contributed to a consistent whitecoat effect throughout the parent study which could have minimized the magnitude of the effect detected during the period of our analysis. We minimized this limitation by ensuring that no research visits occurred within the 28-day period evenly bracketing the clinic visit. Nonetheless, our ability to detect whitecoat adherence in this cohort suggests that the effect may be even more marked in the wider patient population. Lastly, the relatively small number of patients with suboptimal adherence reduced our ability to detect a whitecoat effect in this group.

In this study, we documented a significant increase in adherence within 3 days of the clinic visit. This supported our hypothesis. Beliefs about personal control, treatment control, illness concern, and illness consequences were associated with whitecoat adherence. Providers should remain vigilant for these factors and prioritize discussions regarding medication adherence during clinic visits. Future research should assess whitecoat adherence using electronic monitoring to determine whether this finding is consistent in the wider patient population.
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Purpose: Tear fluid biomarkers may offer a non-invasive strategy for detecting diabetic patients with increased risk of developing diabetic retinopathy (DR) or increased disease progression, thus helping both improving diagnostic accuracy and understanding the pathophysiology of the disease. Here, we assessed the tear fluid of nondiabetic individuals, diabetic patients with no DR, and diabetic patients with nonproliferative DR (NPDR) or with proliferative DR (PDR) to find putative biomarkers for the diagnosis and staging of DR.

Methods: Tear fluid samples were collected using Schirmer test strips from a cohort with 12 controls and 54 Type 2 Diabetes (T2D) patients, and then analyzed using mass spectrometry (MS)-based shotgun proteomics and bead-based multiplex assay. Tear fluid-derived small extracellular vesicles (EVs) were analyzed by transmission electron microscopy, Western Blotting, and nano tracking.

Results: Proteomics analysis revealed that among the 682 reliably quantified proteins in tear fluid, 42 and 26 were differentially expressed in NPDR and PDR, respectively, comparing to the control group. Data are available via ProteomeXchange with identifier PXD033101. By multicomparison analyses, we also found significant changes in 32 proteins. Gene ontology (GO) annotations showed that most of these proteins are associated with oxidative stress and small EVs. Indeed, we also found that tear fluid is particularly enriched in small EVs. T2D patients with NPDR have higher IL-2/-5/-18, TNF, MMP-2/-3/-9 concentrations than the controls. In the PDR group, IL-5/-18 and MMP-3/-9 concentrations were significantly higher, whereas IL-13 was lower, compared to the controls.

Conclusions: Overall, the results show alterations in tear fluid proteins profile in diabetic patients with retinopathy. Promising candidate biomarkers identified need to be validated in a large sample cohort.

Keywords: diabetic retinopathy, tear fluid, inflammatory cytokines, metalloproteinases, proteome, exosomes


INTRODUCTION

Diabetic retinopathy (DR) is the most common complication of diabetes (1). It is the leading cause of significant vision loss and blindness in the working-age population, with significant socio-economic and quality-of-life implications (1–4). DR incidence increases with the duration of Type 2 Diabetes (T2D), the most common form of diabetes, and within 20 years of diagnosis, almost two thirds of people with T2D will have some degree of retinopathy. Based on the typical retinal microvascular lesions that become fundoscopically detectable, DR can be diagnosed and classified into two main classes: nonproliferative (NPDR) and proliferative (PDR) (5). DR is a progressive pathology, with a dynamic and varied nature from individual to individual, characterized by a set of complex changes in several key signaling pathways that coordinate communication between different retinal cells (6–8). Regular follow-up of diabetic patients could result in early detection and treatment of vision-threatening DR, enabling the prevention of up 98% of vision impairment to this condition (9). However, due to a lack of reliable markers, its diagnosis in asymptomatic patients is insufficient.

Besides neurovascular changes in the retina, a high percentage of diabetic patients develop complications in the anterior segment of the eye, including dry eye syndrome, corneal erosion, and impaired wound healing of the cornea (10). Diabetic patients can have decreased corneal sensitivity and decreased tear function. It has been reported that the impaired blood flow seen in DR can modulate the composition of tear fluid, suggesting that tears can reflect retinal changes even though there is no direct contacts between retina and tear fluid (11, 12). These alterations found in ocular surface are usually associated with inflammation, which can increase susceptibility to corneal infection and blindness (10, 13). The production of antimicrobial peptides (AMPs), which normally protect the ocular surface from bacterial infection and aid corneal wound healing by acting as anti-inflammatory mediators, is altered in tears from DR patients (13). Patients with PDR are more susceptible to impaired tear functions (14). A growing body of evidence links inflammation with diabetes-associated retinal perturbations. Upregulation of various proinflammatory cytokines, including TNF, has been reported in the vitreous/aqueous samples of diabetic patients with retinopathy (15–17). It seems that chronic inflammatory processes may also occur at the ocular surface of diabetic patients. Dysregulated inflammatory cytokine levels (MCP-1, IP-10, TNF) and decreased ratios of antiangiogenic and angiogenic cytokines were reported in T2D patients without or with DR (18, 19). Chronic hyperglycemia also triggers ocular surface changes (10). Several studies have found evidence of proteome changes in tear fluid of DR patients (12, 20, 21). Increased levels of lysozyme and low levels of lipocalin in the tear fluid were found in patients with DR (22). On the onset of PDR, lower amounts of lactoferrin and lipocalin, as well as a decrease in tear film function, were reported (22). It was also reported that diabetic and DR patients have increased levels of apolipoprotein A-1 (22). However, these studies did not assess the progression of DR or the assessment was made in a pool of tear samples prepared with different amounts of each sample (19). Therefore, tears may provide important information, namely biomarkers such as AMPs and inflammatory mediators, with clinical relevance for the diagnosis, staging and monitoring of DR.

To the best of our knowledge, a detailed examination of changes in the proteins, including AMPs, and inflammatory mediators from ocular surface of patients with diabetes and their relationship to DR has not been performed to date. In the present study, we investigated the impact of chronic hyperglycemia on ocular surface AMPs and inflammation-related proteins present in the tear fluid in diabetic humans with NPDR and PDR.



MATERIALS AND METHODS


Patient Enrollment

This cross-sectional, non-interventional study was approved by the Ethics Committee of Centro Hospitalar e Universitário de Coimbra (CHUC; Coimbra, Portugal), with the identification CHUC-059-18. An informed consent from all participants was obtained after a detailed description of the aim and design of the study, as well as the possible complications. All procedures used in this study adhere to the tenets of the Declaration of Helsinki.

Patients with T2D, without or with DR (NPDR or PDR), as well as healthy subjects (control group) aged 40-75 years-old were included in this study. The exclusion criteria were as follows: cataract, glaucoma, or other eye diseases compromising visual acuity; systemic diseases potentially associated with tears abnormalities including rheumatoid arthritis, lupus, Sjögren's syndrome, thyroid related disorders such as Grave's disease, Hashimoto's and thyroiditis, asthma, allergies; use of anti-inflammatory, anti-bacterial or immunomodulatory drugs in the last 3 months; previous punctal plug; ocular surgery or trauma; active ocular infections or inflammations; use of contact lens within the previous 3 months; eyelid problems such as entropion, ectropion, Meibomian gland dysfunction and other anterior segment disorders and, kerato-refractive procedures (LASIK, LASEK, PRK) in the last year.

Fifty-four T2D patients with more than 5 years of diabetes duration and, under insulin therapy and/or other oral antidiabetic agents, were included in the study: 13 patients without DR, 25 patients with NPDR, and 16 patients with PDR. Twelve healthy subjects were in the control group. All criteria-satisfying control and patient groups underwent an ophthalmic examination. This ensured that inclusion and exclusion criteria were met and confirmed the stage of DR. We collected data and tear samples from both eyes of each subject whenever possible.



Schirmer Test Type 1 and Tear Sample Collection

To measure total tear secretion and collect tear samples, a Schirmer test type 1, using Schirmer filter paper strips (Dina strip Schirmer-Plus, Dina-Hitex, Bucovice, Czech Republic), was performed. From each eye, sterile Schirmer filter paper strips were placed without anesthetic at the junction of the lateral and middle thirds of the lower eyelid and kept in place for 5 min, while subjects closed their eyes. The wet length of Schirmer strips (in mm) was registered. After tears collection, the wet portion of the strip was immediately soaked in 200 μl of 0.9% NaCl for 1 h to elute tear proteins, as previously reported (23). Eluted protein fractions were aliquoted and frozen at −80°C until analysis. Total tear protein concentration of each sample was determined by the Pierce BCA Protein Assay kit (Pierce Biotechnology Inc.), using bovine serum albumin as standard.



Tear Film Breakup Time

TBUT test was assessed for tear film stability. Fluorescein (0.5%) was instilled into participant's tear film and the interval between instillation and appearance of the first dry spots on the cornea was measured using a broad beam of slit lamp with a blue filter. A TBUT of <10 s was considered abnormal, indicative of tear instability.



Proteomics Analysis
 
Sample Preparation

Protein levels changes in tear samples were evaluated using mass spectrometry (MS)-based shotgun proteomics. A total of 32 samples was prepared for LC-MS/MS analyses. Proteins were denatured by addition of urea to a final concentration of 8 M in 20 mM HEPES, reduced by addition of 15 mM dithiothreitol (DTT) and incubation for 30 min at 55°C. Then proteins were alkylated by addition of 30 mM iodoacetamide (IAA) for 15 min at room temperature in the dark. Samples were diluted with 20 mM HEPES pH 8.0 to a final urea concentration of 4 M and proteins were digested with 1 μg lysyl endopeptidase (Wako) (1/100, w/w) for 4 h at 37°C. Samples were again diluted to 2 M urea and digested with 1 μg trypsin (Promega) (1/100, w/w) overnight at 37°C. The resulting peptide mixture was acidified by the addition of 1% trifluoroacetic acid (TFA) and desalted on a reversed phase (RP) C18 OMIX tip (Agilent). The tip was first washed 3 times with 100 μl pre-wash buffer [0.1% trifluoroacetic acid (TFA) in water/acetonitrile (ACN, 20:80, v/v)] and pre-equilibrated 5 times with 100 μl of washing buffer (0.1% TFA in water) before loading the sample on the tip. After peptide binding, the tip was washed 3 times with 100 μl of wash buffer and peptides were eluted twice with 100 μl elution buffer [0.1% TFA in water/ACN (40:60, v/v)]. The combined elutions were dried in a vacuum concentrator.



LC-MS/MS Analysis

Peptides were re-dissolved in 20 μl loading solvent A [0.1% TFA in water/ACN (98:2, v/v)] of which 2 μg were injected for LC-MS/MS analysis on an Ultimate 3000 RSLCnano system in-line connected to a Q Exactive HF mass spectrometer (Thermo). Trapping was performed at 10 μl/min for 4 min in loading solvent A on a 20 mm trapping column [made in-house, 100 μm internal diameter (I.D.), 5 μm beads, C18 Reprosil-HD, Dr. Maisch, Germany]. The peptides were separated on a 250 mm Waters nanoEase M/Z HSS T3 Column, 100Å, 1.8 μm, 75 μm inner diameter (Waters Corporation) kept at a constant temperature of 45°C. Peptides were eluted by a non-linear gradient starting at 1% MS solvent B [0.1% formic acid (FA) in water/ACN (2:8, v/v)] reaching 33% MS solvent B in 63 min, 55% MS solvent B in 87 min, 99% MS solvent B in 90 min followed by a 10-min wash at 99% MS solvent B and re-equilibration with MS solvent A (0.1% FA in water). The mass spectrometer was operated in data-dependent mode, automatically switching between MS and MS/MS acquisition for the 16 most abundant ion peaks per MS spectrum. Full-scan MS spectra (375-1,500 m/z) were acquired at a resolution of 60,000 in the Orbitrap analyzer after accumulation to a target value of 3,000,000. The 16 most intense ions above a threshold value of 15,000 were isolated with a width of 1.5 m/z for fragmentation at a normalized collision energy of 28% after filling the trap at a target value of 100,000 for maximum 50 ms. MS/MS spectra (200-2,000 m/z) were acquired at a resolution of 15,000 in the Orbitrap analyzer.



Data Analysis

Analysis of the mass spectrometry data was performed with MaxQuant (version 1.6.11.0) with mainly default search settings including a false discovery rate set at 1% on PSM, peptide and protein level. Spectra were searched against the human proteins in the Reference proteins database (database release version of January 2020 containing 20,365 human protein sequences, downloaded from http://www.uniprot.org). The mass tolerance for precursor and fragment ions was set to 4.5 and 20 ppm, respectively, during the main search. Enzyme specificity was set as C-terminal to arginine and lysine, also allowing cleavage at proline bonds with a maximum of two missed cleavages. Variable modifications were set to oxidation of methionine residues, acetylation of protein N-termini. Matching between runs was enabled with a matching time window of 0.7 min and an alignment time window of 20 min. Only proteins with at least one unique or razor peptide were retained. Proteins were quantified by the MaxLFQ algorithm integrated in the MaxQuant software. A minimum ratio count of two unique or razor peptides was required for quantification. A total of 312,428 peptide-to-spectrum matches (PSMs) were performed, resulting in 9,707 identified unique peptides, corresponding to 1,407 identified proteins. Further data analysis of the results was performed with the Perseus software (version 1.6.2.1) after loading the protein groups file from MaxQuant. Reverse database hits were removed, LFQ intensities were log2 transformed and replicate samples were grouped. Proteins with less than three valid values in at least one group were removed and missing values were imputed from a normal distribution around the detection limit leading to a list of 682 quantified proteins that was used for further data analysis.




Multiplex Analyses of Matrix Metalloproteinases and Cytokines in Tears

A set of three matrix metalloproteinases (MMP-2, MMP-3 and MMP-9) and eleven cytokines (GM-CSF, IFNγ, TNF, IL-1β, IL-2, IL-4, IL-5 and IL-6, IL-12p70, IL-13, IL-18,) were analyzed using a preconfigured panel ProcartaPlex Human MMP Panel II 3plex (Thermo Fisher Scientific, Vienna, Austria) and ProcartaPlex Human TH1 TH2 11plex (Thermo Fisher Scientific), respectively. These analyses were performed using xMAP-based technology (Luminex) at the Laboratory of Immunology and Oncology (CNC-UC) and at the Blood and Transplantation Center of Coimbra (IPST). After thawing, tear samples were mixed firstly by vortex and then centrifuged at 10,000xg for 10 min, to remove eventual particulates. After, the supernatants were transferred to new Eppendorf microcentrifuge tubes. The assay workflow was performed according to the manufacturer's manual. Briefly, after 120 min incubation at room temperature of the magnetic beads with standards or samples, the wells were incubated for 30 min with detection antibody mixture and subsequently 30 min with streptavidin bound phycoerythrine solution. Between incubation times, thorough washing steps were performed. After adding reading buffer, the beads were analyzed with the Luminex instrument. Standard curves were generated by using the reference cytokine samples supplied by the manufacturer. Raw data were analyzed by ProcartaPlex Analyst 1.0 Software to obtain analyte concentrations in tear samples.



Isolation of Small Extracellular Vesicles From Tear Fluid

Small EVs were isolated using the total Exosome Isolation Reagent (Invitrogen, Thermo Fisher Scientific, Vilnius, Lithuania), according to the manufacturer. Briefly, after an overnight incubation at 4°C of the mixture of tear fluid with isolation reagent (2:1), samples were centrifuged at 10,000xg at 4°C for 1 h. The pellet was suspended in 50 μl of filtered phosphate-buffered saline (PBS) or 150 mM NaCl, 50 mM Tris (pH 7.5), 5 mM ethylene glycol tetraacetic acid, 1% Triton X-100 (Tx-100), 0.5% sodium deoxycholate and 0.1% sodium dodecyl sulphate (SDS), supplemented with 1× protease inhibitor cocktail (Roche, Indianapolis, IN, USA), 2 mM of phenylmethylsulfonyl fluoride and 2 mM of iodoacetamide (IAD) for Nanoparticle Tracking Analysis (NTA) or Western Blotting, respectively.



Nanoparticle Tracking Analysis

Small EVs were analyzed by performing NTA using a NanoSight NS300 instrument (Malvern Panalytical Limited, Malvern, UK). NTA acquisition settings were optimized, and the videos were used to perform the analysis and estimate the mean size and modal size and concentration of particles. Data were processed using NTA 3.3 analytical software (Malvern Panalytical Limited, Malvern, UK).



Transmission Electron Microscopy

An aliquot of small EVs resuspended in PBS were fixed with 2% paraformaldehyde (PFA) for TEM. After deposition of PFA-fixed small EVs on Formvar-carbon coated grids (TAAB Laboratories Equipment, Berkshire, UK), grids were contrasted with uranyl acetate for 5 min. Observations were carried out under TECNAI G2 Spirit BioTWIN electron microscope (FEI) at 100 kV.



Western Blot Analysis

Tear samples or small EVs were denatured with Laemmli buffer 5x without reducing agents (125 mM Tris-HCl (pH 6.8), 5% SDS, 20% glycerol and 0.01% bromophenol blue). Samples were loaded on polyacrylamide gels and proteins were separated by SDS-PAGE and transferred to polyvinylidene difluoride Amersham™ Hybond™ membranes (GE Healthcare, Cleveland, Ohio, USA). The membranes were blocked in 5% (m/v) nonfat milk in TBS-T (20 mM Tris, 150 mM NaCl, Tween 0.2%, pH 7.6) and probed with antibody against exosome markers CD63 (1:500; SICGEN, Cantanhede, Portugal) and flotillin-1 (1:250; Santa Cruz Biotechnology, Dallas, Texas) overnight at 4°C. After washing, the membranes were incubated with secondary anti-goat IgG-HRP-linked antibody (1:10,000; Bio-Rad, Hercules, California, USA) or anti-mouse IgG-HRP-linked antibody (1:10,000; Bio-Rad). The immunoreactive bands were detected by enhanced chemiluminescence (ECL) substrate using an imaging system (LAS500, GE Health Life Sciences, Chicago, Illinois, USA).



Bioinformatics and Statistical Analysis

Using the Gene Ontology (GO) knowledgebase (http://geneontology.org/), a database that until 2022-01-13 had 43,786 GO terms, 7,965,896 annotations, 1,566,018 gene products, 5,128 species, a GO enrichment analysis with the 682 quantified proteins as input list was carried out. Through the database, the input list was connected to an analyzing tool of the PANTHER Classification System. A PANTHER Overrepresentation Test (Released at 2021-02-24) with Homo sapiens as reference list was performed and molecular, biological processes and cellular components annotations data set were available considering Fisher's Exact test with FDR correction (FDR p < 0.05). From a reference list containing 20,595 protein IDs, a total of 624 proteins were mapped, remaining 38 proteins unmapped (24, 25). Protein-protein interactome analysis was performed using STRING (https:// string-db.org, version 11.5), a database that currently covers 24,584,628 proteins from 5,090 organisms (26–37). The analysis considered both functional and physical protein associations with 0.700 (high confidence) as minimum required interaction score. Before statistical analysis, MS data were log2 transformed.



Statistical Analysis

GraphPad Prism version 8.00 was used to perform data analysis. A t-test was performed (FDR = 0.05 and s0 = 1) to compare tear samples between control group and T2D, NPDR and PDR groups, and between NDPR and PDR groups, and a volcano plot was generated. For multiple comparison analysis, parameters were checked for normal distribution, given a p < 0.05 of the Shapiro-Wilk test. For normal distribution, one-way ANOVA followed by post-hoc analysis (Tukey test) was carried out to test for significance for a specific protein or analyte. Whenever a variable did not reach the normality assumption the non-parametric Kruskal-Wallis test followed by Dunn-Sidak test post-hoc test was performed. Differences between groups were considered significant at p < 0.05. The diagnostic power of biomarkers was evaluated with receiver operating characteristics (ROC) curves (AUC, confidence interval).




RESULTS


Characterization of the Study Population

The subjects enrolled in this study were 42-75 years old in the nondiabetic control group and 40-75 years old in the T2D group, with an average age of 62 years for the entire study population. Out of 66 participants, 42 (62.1 %) were males and 24 (37.9 %) were females. Between them, 12 were healthy, nondiabetic controls (control group) and 54 T2D patients, with 13 having no DR, 25 having NPDR, and 16 having PDR (Table 1). To investigate if tear secretion and tear stability were altered, we performed Schirmer's I test and TBUT, respectively. In T2D, the Schirmer I test values reduced significantly (p < 0.05), with 68% of diabetic individuals having values < 10 mm/5 min. Also, 61% of T2D with NPDR and 74% with PDR had a Schirmer test < 10 mm/5 min, with Schirmer values also significantly reduced compared to the control group (p < 0.001) (Figures 1A,B).


Table 1. Clinical characteristics in control subjects (CTRL), T2D patients without DR, T2D patients with NPDR and T2D patients with PDR.
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Figure 1. (A,B) Tear function tests in healthy, nondiabetic controls and T2D patients without DR or with NPDR or PDR. (A) Schirmer test I showing significantly reduced scores in diabetics compared to controls (Kruskal-Wallis test). (B) Above 60% of diabetics have <10 mm/5 min of tears volume, suggesting impairment of tears secretion or production. (C) Tear break-up time (TBUT) showing significantly decreased (One-way ANOVA) values in NPDR and PDR subjects, reflecting changes in tear stability in DR. Values are expressed as mean ± S.D. *p < 0.05, **p < 0.001 vs. CTRL. CTRL, healthy, nondiabetic control; T2D, type 2 diabetes; NPDR, nonproliferative DR; PDR, proliferative DR.


Compared with the control group, TBUT values in the NPDR and PDR groups were significantly decreased (p < 0.05) (Figure 1C). The results of the TBUT test indicate that individuals with DR (NPDR and PDR) have an average value below 10 s, reflecting changes in tear stability compared to controls.



Comprehensive Global Proteome Profiling of Tear Fluid

To investigate whether tear fluid proteomic composition in DR is altered, we performed LC-MS/MS of 8 samples/group. Spectra against human protein sequences were searched in the Swiss-Prot database after LC-MS/MS runs. In all 32 samples, 312,428 peptide-to-spectrum matches (PSMs), 9,707 peptides, and 1,407 protein groups were identified in the tear fluid with a FDR at 1% at the protein and peptide spectrum match levels (Supplementary Table S1), and a total of 682 protein groups were reliably quantified (Supplementary Table S2). We checked for well-known tear markers such lipocalin-1, serum albumin, lysozyme, lactotransferrin and lactoperoxidase to guarantee the quality of our samples.

The number of proteins in each tear sample was then determined. Although there was a trend toward an increased number of proteins in tears from T2D patients with DR compared to nondiabetic control group, there were no significant differences (Supplementary Figure S1).

To analyze what biological processes, molecular functions and cellular components got overrepresented, GO enrichment analysis was performed with the quantified proteins (Figures 2A–F; Supplementary Tables S3A–C), using bioinformatics tools of the PANTHER Classification System. From a reference list containing 20,595 protein IDs, 624 proteins were identified from a list created with 682 proteins, remaining 58 unidentified. Biological process analysis revealed that “small molecule metabolic process” and “regulation of biological activity” were the most significant terms. For molecular functions, proteins were mainly enriched in “protein binding” and “cadherin binding.” The cellular components most populated were “extracellular exosome” and “extracellular vesicle” (Figures 2A–C).
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Figure 2. (A–F) Gene Ontology enrichment analysis for GO biological process, molecular function and cellular component terms. Each diagram displays the bar plot of GO category terms along the y-axis and the corresponding degree of enrichment by the –log10 (p-value) on x-axis. Top-ranked 20 enriched significant (A) Biological processes, (B) Molecular functions and (C) Cellular components of quantified proteins by LC-MS/MS. (D–F) Enriched significant biological processes, molecular functions and cellular components of 682 quantified proteins by LC-MS/MS that might be associated with the retina. [Fischer's exact test (FDR p < 0.05)]. (G–J) Tear fluid and tear-derived small EVs from healthy, nondiabetic subjects. (G,H) Transmission electron microscopy images showing small EVs. Small EVs were obtained using Total Exosome Isolation Reagent. Scale bar of panel G: 100 nm. (I) Nanoparticle tracking analysis, showing the small EVs size distributions, mean size, modal size and concentration of particles. (J) Western blot analysis of small EVs using antibodies against CD63 and Flotilin-1.


Regardless of the statistical degree of enrichment analysis, for each of the GO categories, a representation of GO terms that were considered related or relevant to the physiology and/or pathogenesis of diabetes and/or DR was made. This analysis of enriched significant Biological processes, Molecular functions and Cellular components of 682 quantified proteins, revealed that highly expressed proteins might be related to response to glucose and to the retina, being involved in retina homeostasis, gliogenesis, retinoic metabolic process, regulation of endothelial cell migration and maintenance of blood vessels homeostasis by renin-angiotensin (Figures 2D–F). Moreover, the highly expressed proteins were mainly associated with regulation of proteolysis, innate and humoral immune responses, oxidative stress, and response to cytokine, among others (Figures 2D–F).

Since the cellular components were most populated with exosomal proteins, we next assessed the presence of small EVs in the tear fluid. Transmission electron microscopy of tear fluid from nondiabetic healthy controls revealed the presence of “non-vesicles” and “vesicles.” Tear fluid-derived small EVs were shown to be cup-shaped or spherical vesicles, surrounded by a well-defined membrane (Figures 2G,H). NTA revealed that these vesicles were present in the tear fluid in a high concentration (2.26 x 109 ± 1.65 x 108 particles/ml), where the modal size was 152.42 ± 10.81 nm, which is characteristic of small EVs (Figure 2I). Moreover, the exosome markers CD63 and Flotillin-1 were detectable in our samples, as revealed by Western blot analysis (Figure 2J).



Protein Composition Changes in Tear Fluid of T2D Patients Without or With DR

To assess whether there were statistically significant differences in expression levels of each protein between the nondiabetic healthy control group and the experimental groups, a Student's t-test (with a correction by Benjamin and Hochberg, with FDR = 0.05 and S0 = 1) was performed. For this analysis, all the quantified proteins were considered (n = 682), in which a comparison was made between the samples of each group in relation to the control group. Volcano plots show the log10 p-values for each protein vs. the respective log2 fold-change. These values, as well as the statistical significance, given as a value -log p, for each protein, were plotted on a volcano graph, with fold change values shown on the X axis and –log p-values on the Y-axis (Figures 3A–C). Only one protein [hemoglobin subunit beta (HBB)] was upregulated in T2D tear samples, according to the volcano plot analysis (Figure 3A, Supplementary Table S4A). The volcano plot of comparison between NPDR samples and control samples, revealed 38 proteins (CALML5, EEF1B2, TXNL1, GLUL, SET/SETSIP, ALCAM, APOBEC3A, KRT8, GLRX, GGCT, AHNAK, NAMPT, VCL, SH3BGRL, ABHD14B, GRHPR, TFF3, HNRNPA2B1, PDIA3, CRIP1, DDT/DDTL, NAPRT, AKR7A2, CAPS, GSTO1, TPT1, TMSB4X, GFPT1, CRYZ, PPP2R1A, TALDO1, GOT1, CAST, IQGAP1, RNPEP, CALML3, ADH1C, PPA1) significantly downregulated (Figure 3C, Supplementary Table S4B). In PDR samples, the volcano plot showed 24 proteins (NUTF2, APOBEC3A, HBB, NCCRP1, NAMPT, SET/SETSIP, ABHD14B, DEFA3/DEFA1, GLRX, PDIA3, CAST, TYMP, GLUL, PPP2R1A, RAB1A, TXNRD1, CALML5, IGKV3D-11, IGKV2-24/IGKV2D-24, CALR, LAP3, WARS, CALML3, PPA1) significantly upregulated and 2 proteins (SERPINF2 and CTSL) significantly downregulated compared to those in control group (Figure 3C, Supplementary Table S4C). Interestingly, we did not find differences in proteins expression between the PDR and NPDR groups (Supplementary Figure S3). Heatmaps of all proteins identified to be differentially expressed are shown in Figures 3D,E. To further examine the differentially expressed proteins, GO enrichment analyses were performed. Enrichment analysis for the cellular component term, demonstrated that these proteins were mainly located in extracellular vesicles, including small EVs in NPDR group (Supplementary Table S5B, Figure 3F), or associated to MHC class I peptide loading complex and endocytic vesicle lumen in PDR group (Supplementary Table S6B, Figure 3G). In both groups, the proteins overexpressed are mainly associated with disulfide-reductase activity (Supplementary Tables S5A, S6A).
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FIGURE 3. Overview of significantly regulated proteins in diabetic subgroups compared to control group. (A–C) Volcano plots of proteomic data. Volcano plots were generated in the software Perseus, comparing the differential protein expression in tear fluid between nondiabetic healthy controls and (A) T2D group, (B) T2D with NPDDR, and (C) T2D with PDR. The points indicate different proteins that display magnitude fold-changes (Log2; x-axis) and the p-values (–Log10; y axis) of all proteins quantified in control group and each one of the other groups (two-sample t-test; FDR = 0.05, S0 = 1). Proteins with significant increases are indicated by red circles. Proteins with significant decreases are depicted by blue circles. (D,E) Heatmaps of the differentially expressed proteins. Protein expression values were log2 normalized. Data corresponding to the proteins differentially expressed when comparing (D) NPDR and (E) PDR with the controls. Red indicates a high expression level; blue indicates a low expression level. (F,G) Bubble plots showing the enrichment for GO cellular component terms for the significantly expressed proteins in NPDR and PDR groups. The log2 (fold change) in x-axis represents the ratio of total proteins identified and the different proteins expected to be related to each cellular component; the size of the bubble represents the number of proteins for each cellular component and color represents the –log10 (p-value), which indicates the statistical significancy. No statistically significant enrichment was found in biological process (not presented).


To identify the significant differences in the proteomics profile of the different groups, we compared all the groups with each other, performing an ANOVA test (using S0 = 0 and FDR = 0.05). In this analysis, 32 proteins were significantly changed (Supplementary Figure S4; Supplementary Table S4D; Figure 4A). Nine proteins (S100A13, CSTB, SERPINF2, MTPN, GSN, PGD, NQO2, CFL1, and IMPA1) were differentially regulated in T2D patients with NPDR and PDR, compared with T2D patients without signs of DR. Significant changes in the levels of two proteins (NQO2 and IMPA1) were found in the PDR group compared with the NPDR group (Supplementary Figure S4). After differentially expressed proteins being identified between all groups, it was possible to found that 10 proteins (CALML3, CALML5, GLUL, SET/SETSIP, APOBEC3A, CTSL, GLRX, NAMPT, ABHD14B, and PDIA3) were common among NPDR and PDR, when performed a comparison between each diabetic subgroup to the control group or in multiple comparison, and 13 proteins are common to NPDR and PDR groups (Figure 4B). CALML3 and CALML5, like TXNDC17, TXNRD1, GLRX, PGD, and PDIA3, show a significant relationship, according to STRING analysis of the differentially regulated proteins (Supplementary Tables S8A,B; Figure 4C). In GO analysis of the 32 regulated proteins, we found that “glutathione oxidoreductase activity” and “regulated exocytosis” occurred significantly more frequently in the GO annotations (for molecular function and biological process, respectively) (Supplementary Tables S8C,D, Figure 4D), and “myelin sheath” and “ficolin-1-rich granule lumen” as the most enriched GO cellular components (Supplementary Table S8E, Figure 4E).
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FIGURE 4. Multiple comparison analysis between the diabetic subgroups and the control group. (A) Heatmap of the 32 significantly expressed proteins across replicates among diabetic subgroups and control group, showing a clear distinction between all the groups, and NPDR and PDR subgroups compared to control group. (B) Venn diagram displaying the overlapping statistically significant proteins between each diabetic subgroup vs. control group and, the comparison of the different groups with each other (multiple comparison). (C) STRING network interactome analysis of statistically significant proteins in multiple comparison. PPI enrichment p-value: 0.00357. Each node represents the 32 statistically significant proteins, the 11 edges represent the protein-protein associations (functionally or physically) and each edge strength represents the confidence of interaction. (D) Bubble plot displaying the significantly enriched GO Molecular function terms for significantly expressed proteins. The log2 fold change in x-axis represents the ratio of proteins; the size of the bubble represents the number of proteins and color represents the statistical significancy. (E) Bubble plot displaying the significantly enriched GO Cellular component terms for the differentially expressed proteins in multiple comparison analysis. Extracellular vesicle and extracellular organelle represented by overlapping yellow bubbles, are the most significant cellular component. No statistically significant enrichment was obtained in biological process (data not shown).


To understand how diabetes and DR progression affect the levels of inflammation related cytokines, we assessed the concentrations of inflammatory mediators in tears of controls and T2D patients without retinopathy and with NPDR or NPDR by multiplex immunoassays (Figure 5). We found an upregulation of pro-inflammatory cytokines, in particular IL-2, IL-18, IL-5 and TNF in NPDR group compared to nondiabetic control group (Figures 5E,F,H,J). To validate these inflammatory mediators as potential biomarkers able to differentiate NPDR group from control group, calculation of ROC was performed. High AUC revealed that IL-2 (AUC = 0.7519; CI 95% [0.5957; 0.9081]), IL-5 (AUC = 0.9218; CI 95% [0.8335; 1.000]), IL-18 (AUC = 0.8324; CI 95% [0.7024; 0.9624]) and TNF (AUC = 0.7724; CI 95% [0.6245; 0.9203]) show specificity and selectivity for NPDR group, when comparing to these tear inflammatory mediators measured in control individuals.
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FIGURE 5. Inflammation-related mediators in nondiabetic controls and T2D patients having no DR or with NPDR or PDR. (A–L) Th1- and Th2-type cytokines (GM-CSF, IFNγ, IL-1β, IL-12p70, IL-18, IL-2, IL-4, IL-5, IL-6, TNF, IL-13) were measured in the tear fluid by multiplex immunoassays. The concentrations of IL-2,−4,−5,−13,−18 and TNF were significantly changed. Increased concentrations of IL-18 and IL-5 were found in NPDR and PDR groups compared to control group, and TNF and IL-2 were found to be increased only in NPDR group. IL-4 and TNF concentrations were also significantly increased in NPDR compared to T2D group. Interestingly, the concentrations of TNF and IL-13 were significantly decreased in PDR group compared to NPDR group. (M) Heatmap of the expression of Th1/Th2 cytokines across replicates among control group and diabetic subgroups. (N–P) Multiplex analysis of MMPs in tear fluid. The concentration of MMP-2 was higher in NPDR group compared to control group. Increased concentrations of MMP-3 and−9 were also found in NPDR and PDR groups. MMP-3 concentration was found to be significantly increased in T2D group. (Q) Heatmap of the MMP's expression across replicates among control group and diabetic subgroups. (n = 17-26 samples/group; Kruskal-Wallis test; *p < 0.05, **p < 0.01, ***p < 0.001 vs. CTRL. ****p <0.0001 vs. Control, #p <0.05 vs T2D, ##p <0.001 vs T2D.


IL-4 and TNF were also significantly increased in this group compared to the T2D without retinopathy group (Figures 5G,J). ROC analysis revealed that IL-4 (AUC = 0.7848; CI 95% [0.6375; 0.9322] and TNF (AUC = 0.7908; CI 95% [0.6449; 0.9367]) enabled the identification of NPDR patients when compared to T2D patients without signs of DR.

Interestingly, we found that only IL-18 and IL-5 were regulated in the same way in both PDR group and NPDR groups, and for TNF and IL-13, a decrease in these cytokines was observed compared to NPDR group (Figures 5E,H,J,L,M). High AUC of IL-5 (AUC = 0.9323; CI 95% [0.853; 1.000]) and IL-18 (AUC = 0.8158; CI 95% [0.6740; 0.9575]) was obtained allowing the identification of PDR group, when compared to AUC of IL-5 and IL-18 of control group. ROC analysis revealed that IL-13 (AUC = 0.8209; CI 95% [0.684; 0.9569]) and TNF (AUC = 0.7724; CI 95% [0.6245; 0.9203]) levels predicted the classification of NPDR, when comparing to the PDR group.

MMP-2,−3 and−9 protein concentrations were also assessed. We found increased MMP-2,−3 and−9 protein levels in the tear fluid from T2D patients without or with DR compared to nondiabetic healthy controls (Figures 5N–Q). ROC analysis revealed that MMP-3 (AUC = 0.8930; CI 95% [0.7904; 0.9956] for NPDR and (AUC = 0.9500; CI 95% [0.8747; 1.000] for PDR) and MMP-9 (AUC = 0.7919; CI 95% [0.6473; 0.9366] for NPDR and (AUC = 0.8609; CI 95% [0.7306; 0.9912] for PDR) tear levels predicted the identification of NPDR and PDR groups, when comparing to the control group. MMP-2 showed a lower AUC (AUC = 0.5711; CI 95% [0.3844; 0.7577], and so cannot be considered a reliable biomarker to identify the NPDR group, when compared to the control group.




DISCUSSION

In recent years, the interest in tear fluid as a potential source of biomarkers to diagnose several diseases has been increasing, due to its relatively easy non-invasive access and simple composition compared to other body fluids, such as blood and serum. Besides that, a gentle collection of tears, such as the one used in this study (with Schirmer test strips), enables the assessment of tear components (proteins/AMPs and inflammatory mediators) that eventually may be associated with DR. Herein, we designed a cross sectional, non-interventional study comprising nondiabetic, healthy controls, patients with T2D without retinopathy, with NPDR and PDR to investigate whether the tear fluid can be a source of biomarkers for diagnosis of DR.

According to several studies, dry eye syndrome is more common in diabetic individuals, which might be explained by reduced tear production or secretion mainly due to autonomic nervous system dysfunction (13, 38–42). In the population studied, with an average of 62 years, we found a significant proportion of individuals with decreased tear secretion, even in the healthy group. This is consistent with the fact that tear production declines with age due to the involution of the lacrimal and Meibomian glands and nerve activities that regulate them (43). Even though we did not conduct a comprehensive study, including a McMonnies' dry eye questionnaire or other questionnaires (44–47), to validate some of the symptoms associated with dry eye, such as foreign body sensation or itching, we detected dry eye using Schirmer's test. In addition, we performed another tear function assay, the TBUT. Schirmer and TBUT values were significantly reduced in NPDR and PDR groups, meaning a dysfunction of tear fluid production and stability in DR. These results are corroborated by some reports (39, 48) which suggest that diabetic individuals are more likely to suffer from dry eye syndrome than their age-matched peers and that with the progression of diabetes and DR, the risk is even greater. A study reported that autonomic neuropathy is present in 75% of diabetic patients with PDR (49). Chronic hyperglycemia, peripheral autonomic neuropathy, reduced insulin levels, and microvascular dysfunction, are risk factors for dry eye, that in diabetic subjects cause the decreased density of neuronal fibers of lacrimal glands and cornea, modifications of the cornea and conjunctiva epithelium, and increased osmolarity of the tear film (42). Altogether, they contribute to an inflammatory environment. These results suggest that dysfunction of the lacrimal functional unit may be related to the progression to dry eye disease in T2D patients. However, we should be cautious and should not discard that most of the diabetic patients take drugs, such as beta blockers and diuretics, commonly used to treat hypertension, which can also inhibit the production of tears.

In this study, we used Schirmer test strips to collect tear samples for proteomics analysis and assessed proteins of interest by a bead-based multiplexed immunoassay. We performed label-free quantitative proteomics analysis to compare the tear fluid of nondiabetic, healthy controls with T2D diabetic patients with no retinopathy, T2D patients with NPDR or PDR. There have been a few proteomics studies on the tear fluid in DR, however, most of them did not compare the four groups as we did (20, 21, 50–55). Overall, we identified 1,407 protein groups from tear fluid, being 682 proteins reliably quantified. In general, many of these proteins have already been described to be present in tear fluid in previous proteomics studies (56–58). However, a complex analysis involving healthy, diabetic patients without retinopathy and diabetic individuals with the main stages of retinopathy, to our knowledge, had not yet been performed.

We used gene enrichment analysis to find the enrichment of expressed proteins in biological processes, cellular components, and molecular function. We noticed that the proteomics profile of our enriched results indicated that significantly high expressed proteins in tear fluid are involved in key processes for the preservation of retinal homeostasis, including regulation of endothelial cell migration (fibroblast growth factor (A0A2I2YE38), annexin (G3QPT3), fibroblast growth factor (G3QIJ1), multifunctional fusion protein (FGF1), PRCP isoform 3 (PRCP)] and maintenance of vessel diameter [(transforming protein RhoA (RHOA), angiotensinogen (AGT) and alpha-1-antiplasmin (SERPINF2)]. The retinal vascular network is arranged hierarchically and plays a key role in homeostasis and disease. Endothelial cells form a single cell layer that lines all blood vessels and can respond to a variety of biomechanical stimuli in their environment, leading them to migrate and promote vascular morphogenesis or angiogenesis (59). The retina is a complex structure with intricate anatomical connections between the microvasculature, neurons, and glia. The local renin-angiotensin system (present in retinal microvessels, macroglial Müller cells, and ganglion cells) (60) has a key role in systemic vascular control and electrolyte homeostasis, and dysfunction in this system is often associated with diseases of retinal vasculature, such as DR (61). Moreover, other proteins that are highly enriched in tear fluid are related to the processing of antigens (MHC II molecules), regulation of proteolysis, oxidative stress, and response to cytokine, which are critical modulators of innate immune responses in DR (62, 63).

Among the 682 proteins, we identified 13 proteins that were commonly changed among diabetic subjects with different stages of retinopathy, implying that the amounts of proteins in tear fluid might indicate the presence of DR. Moreover, this knowledge can be used to better understand the molecular mechanisms underlying DR and identify target candidates of the disease. In the multiple comparisons between the four groups, 32 proteins were found to be differentially expressed, with 10 of them [Calmodulin-like protein 5 (CALML5), Glutamine synthetase (GLUL), Protein SET; Protein SETSIP (SET/SETSIP), DNA dC->dU-editing enzyme APOBEC-3A (APOBEC3A), Cathepsin L1 (CTSL), Glutaredoxin-1 (GLRX), Nicotinamide phosphoribosyltransferase (NAMPT), Alpha/beta hydrolase domain-containing protein 14B (ABHD14B), Protein disulfide-isomerase A3 (PDIA3), and Calmodulin-like protein 3 (CALML3)] not known to be highly expressed in tear fluid. These immunomodulatory proteins are associated with oxidative stress response and are relevant in angiogenesis and the healing process (13). For example, the proteins Thymidine phosphorylase (TYMP), Glutamine synthetase (GLUL), Alpha-2-antiplasmin (SERPINF2), and Tryptophan–tRNA ligase (WARS1) form a cluster related to blood vessel morphogenesis and development. These proteins significantly changed in the PDR group compared to the control group. With this information, we can infer a probable implication in the pathogenesis of retinopathy. Cathepsin L1 (CTSL), Thymidine phosphorylase (TYMP), DNA dC->dU-editing enzyme APOBEC-3A (APOBEC3A) and F-box only protein 50 (NCCRP1) form a cluster related to carbohydrate derivative catabolic process, while Cathepsin L1 (CTSL), Ras-related protein Rab-1A (RAB1A) and F-box only protein 50 (NCCRP1) form a cluster related to glycoprotein metabolic process. These findings are relatively attractive because the levels of these proteins were shown to be significantly changed when a multiple comparison test was performed between the four groups, implying a relation with diabetes progression and microvascular complications such as DR. Ig kappa chain V-III region VG (IGKV3D-11) and Immunoglobulin kappa variable 2-24 (IGKV2D-24) are involved in the production of molecular mediators of immune response, immunoglobulin production and adaptive immune response processes, with the first two proteins being significantly changed only in the PDR group compared to the control group.

A previous study reported 20 proteins differently expressed in tears from diabetic individuals compared to healthy individuals by the ESI-Q-TOF MS/MS analysis (21). Among these, 2 were up-regulated (beta-2 microglobulin and DJ-1 protein) and the others were down-regulated (S100A4/A8/A9, adenine phosphoribosyl transferase isoform, envelop protein, keratin 31, SAP1 protein, lipocalin 1-like-1, lipocalin, cytokeratin 4, lipocalin 1 precursor, HSP27, beta globin phosphohistidine phosphatase, phosphohistidine phosphatase). In other studies, NPDR patients had reduced levels of lipocalin-1, HSP27, beta-microglobulin in tears and increased levels of endothelin and neuron-specific enolase, while PDR subjects had increased levels of nerve growth factor, APOA1, lipocalin 1, lactotransferrin, lacritin, lipophilin A and Immunoglobulin lambda chain (21). Some of these proteins were also identified in our study, although without statistically significant differences, probably due to the small sample size. This might limit the interpretation of the results obtained. Nevertheless, these proteins are described as being involved in immune processes, inflammatory and oxidative stress processes. Although they are described as abundant proteins in the tear fluid, it is not yet known if they have a direct implication in DR pathophysiology. However, certain aspects such as the type of study and groups involved, as well as, the type of tears collected, the extraction procedures, and the proteomics techniques chosen for each type of study, must be considered in this comparative analysis between the present study and those previous studies. Furthermore, before being translated into clinical practice, proteomic findings must be confirmed using a larger cohort of samples and other methodologies.

Currently, there are a few promising circulating biomarkers for which verification evidence is now available (64). HbA1c levels, for example, have been shown to be a good predictor of DR risk and a useful clinical indicator when combined with other markers (65). Besides HbA1c, other protein biomarkers identified in circulation, saliva, vitreous or tears include basement membrane and extracellular matrix turnover markers [Collagen IV, Matrix metalloproteinases (MMPs)], enzyme inhibitors [cystatin C, α-2-macroglobulin (A2MG)], plasma protein transport regulators [afamin (AFM), apolipoproteins, retinol binding protein 4 (RBP4)], coagulation cascade mediators (complement cascade proteins and serpinA4), inflammatory mediators such as lipoprotein-associated phospholipase A2 (Lp-PLA2), leucine-rich alpha-2-glycoprotein (LRG1), Interleukin-6, TNF, and other circulating factors such as advanced glycation end products and vascular endothelial growth factor (VEGF). Some of them were reported to be elevated in early and intermediate phases of NPDR (for example, IL-6, VEGF, and AGES) (64). Serum levels of transforming growth factor β (TGF- β1) have been recently shown to be predictive of DR progression from NPDR to PDR (66). Moreover, recent evidence has shown a correlation between specific miRNA and intraretinal hyper-reflective spots, assessed by optical coherence tomography (67).

One of the enrichments analyses, the GO cellular component, showed that most of the quantified proteins are associated with the extracellular space and are present in extracellular vesicles, including exosomes. These data corroborate a study that states that proteins enriched in tear fluid (from principal and accessories lacrimal glands, as well as from cells of the ocular surface) are mostly from the extracellular region, whereas proteins from the lacrimal fluid (exclusively from lacrimal gland) are mostly cytosolic, followed by the extracellular proteins. Considering that the tears were collected using the Schirmer test, the samples contain proteins secreted not only by the tear glands but also by the epithelial cells of the ocular surface, stromal immune cells and meibomian and gland acinar cells, justifying the results obtained. Although we found that tear fluid is enriched in small EVs, we did not investigate whether their number or the levels of small EVs proteins are altered in the tear fluid of subgroups of T2D patients. Furthermore, we found the presence of structures with typical characteristics of small EVs both in the total tear fluid and in samples of isolated small EVs. Interestingly, other distinct structures were also observed. It was previously reported that exosome isolation using a precipitation-based approach, such as the one used in this work, can result in the presence of contaminating structures such as “non vesicles,” microparticles, cell debris, and macroaggregates (68). In this work, the isolation method consists of the use of the polymer polyethylene glycol, to dehydrate and precipitate the vesicles. However, besides their precipitation, other extracellular vesicles, protein aggregates, and extracellular proteins can also be concomitantly isolated. To unveil the biological information these vesicles can be conveying, and the cells implicated in their production, further studies are required to carefully test and characterize the extracellular vesicles-derived tear fluid, not just from a physical standpoint but primarily from a composition one.

Studies indicate that the inflammatory environment associated with lacrimal functional unit dysfunction, and the pathophysiological of diabetes/ DR, are mediated by changes in inflammatory mediators (7, 8, 69–73). In this study, we analyzed 11 cytokines, from which, IL-2, IL-1b, TNF, IL-12p70, GM-CSF, and IFNγ are produced primarily by human CD4+ T-helper (Th) 1 cells, and IL-4, IL-5, IL-6, IL-13, IL-12p70, and IL-18 are mainly produced by Th2 cells. Th1 and Th2 cells are linked to inflammation and hypersensitivity and enhance both cellular and humoral immune responses. Previous reports demonstrated the presence of Th1 and Th2 cytokines in vitreous samples (74). We assessed the levels of these cytokines in our study to get a better understanding of the inflammatory process in T2D with DR. We found increased concentrations of various inflammatory cytokines (IL-2,−4,−5,−18, and TNF) in T2D patients with NPDR. The diagnostic power of biomarkers evaluated with ROC curves revealed that tears IL-2 and TNF present in tears can be considered acceptable biomarkers, and IL-18 and IL-5 can be excellent biomarkers for the discrimination of NPDR patients from control individuals.

We also found increased concentrations of IL-4 and TNF in the NPDR group compared to the T2D group. In this case, IL-4 and TNF can be considered acceptable biomarkers to discriminate NPDR group from T2D patients without signs of DR. Although no statistically significant changes in GM-CSF, IFNγ, IL2p70 and IL-6, there was a trend toward an increase in their concentrations in the NPDR group compared to control group. As a result, it is plausible that a disruption of the balance of pro-inflammatory and anti-inflammatory factors, required for retinal homeostasis, underly NPDR. Activated microglia, endothelial cells, macroglia, and neurons can produce increased levels of pro-inflammatory cytokines in the early stages of DR and contribute to exacerbating inflammatory response throughout all cell types of the retina. It has been reported that these mediators, with exception of IL-18, are also increased in serum and ocular (aqueous or vitreous samples) of both diabetic patients with NPDR and PDR. Interestingly, we did not find gradual increases in concentrations with the degree of DR, and we only found significantly higher concentrations of IL-5 and IL-18 in the PDR group than in the control group. Like in the NPDR group, the two interleukins revealed to be potential biomarkers for the discrimination of PDR patients from control individuals. IL-18 has been associated with retinal degenerative diseases, playing a critical role in angiogenesis (75). In the samples of tear fluid from the PDR group, there was a down-regulation of the anti-inflammatory cytokine IL-13 compared to the NPDR group, suggesting a decrease of anti-inflammatory activity in the tears of individuals with PDR. We also found decreased levels of TNF in the PDR group compared to the NPDR group, while other authors have detected higher TNF levels in the tear fluid of the PDR group (50). To understand the association between the lowered levels of protein factors and DR, more research into the precise roles of TNF- and other cytokines in the development of DR is needed.

Based on previous findings showing the role of MMPs on pathological processes related to DR (76, 77), we analyzed MMP-2,−3, and−9 in the tear fluid of control subjects, diabetic patients without signs of DR and diabetic patients with NPDR or PDR. We found increased levels of MMP-3 and−9 in the tear fluid of diabetic individuals with DR, which were shown to be promising biomarkers of DR, having an AUC close to 1. Although MMP-2 levels were also increased in the tear fluid of the NPDR group, it did not present a high AUC value in the ROC curve, meaning that it is not a good predictive biomarker for DR. Elevated levels of MMP-2 and−9 were previously reported in the vitreous and retina in patients with DR and animal models of the disease (76, 78, 79). Moreover, they were shown to act as pro-apoptotic, accelerating the apoptosis of retinal neuronal and endothelial cells (76, 79). Additionally, they were shown to play an important role in the development of DR, more specifically, their increased levels in the diabetic retina facilitate the increase in vascular permeability, through proteolytic degradation of the tight junction complexes (76). MMPs have also been reported to act on pro-inflammatory mediators, playing an important role in the switch in acute and chronic inflammation (77). MMPs also facilitate neovascularization in the advanced stages (77).

Although inflammatory mediators were not detected in proteomics analysis, some of the proteins that were identified by proteomics as significantly differentially expressed in multiple comparisons have been described as related to inflammation in DR. For example, S100A13 was significantly upregulated in diabetic individuals with NPDR. It has been reported to be involved in angiogenesis and cell apoptosis and has a moderately strong binding to receptors for advanced glycation end products (RAGE) which are involved in inflammatory processes of diabetes (80). Another example is GLRX, which was significantly increased in both stages of retinopathy. It was previously reported an increase in GLRX in the retinas of diabetic rats and retinal Müller glial cells cultured in high glucose. GLRX regulates NF-κB activation and induction of the inflammatory mediator intercellular adhesion molecule-1 (ICAM-1) (81). In the multiplex bead immunoassay, the quantification of inflammatory mediators allowed us to verify this trend, with an increase of the pro-inflammatory cytokines IL-2, IL-18, IL-5 and TNF particularly in diabetic individuals with NPDR.

The proteomic study and multiplex immunoassay of the tears from patients with DR revealed valuable molecular information regarding already identified and novel proteins that are changed in tears in the context of this disease. After validating proteomics data using a larger cohort of individuals and a different methodological approach, a set of biomarkers can be identified and validated for DR diagnosis. These changes could also contribute to gaining a better understanding of DR.



CONCLUSIONS

In this study, we identified several proteins in tear fluid that are changed in the context of DR. Our findings not only confirm the presence of dry eye syndrome in patients with DR, but also unveil specific protein profile changes that are not present in DR patients. The altered proteins in tear fluid are associated with various biological processes, such as oxidative stress, immune response, and inflammation, characteristic of DR. Although a major limitation of this study is the small number of samples, the information presented here offers a foundation for future research into biomarkers in tear fluid and eventually in tear fluid-derived extracellular vesicles. A study with a larger sample size should be performed to validate our results. The identification of a set of biomarkers can improve the early diagnosis of DR and ensure prompt treatment for this vision-threatening disease.



DATA AVAILABILITY STATEMENT

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (82) partner repository with the dataset identifier PXD033101 and 10.6019/PXD033101.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Comissão de Ética para a Saúde do CHUC, E.P.E. - Centro Hospitalar e Universitário de Coimbra, Praceta Prof. Mota Pinto 3000-075 Coimbra. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

EC, EL, FR, AFA, and RF: study design. GT, CG, JS, PB, IM, CF, and RS: clinical management. MA, BM, TR-R, PR-S, FC, and RF: data collection and analysis. MA, HG, and RF: data curation. MA and RF: writing—original draft preparation. HG, AFA, and RF: writing—review and editing. RS, and RF: supervision. RF: funding acquisition and project administration. All authors have read and agreed to the published version of the manuscript.



FUNDING

This study was funded by Faculty of Medicine, University of Coimbra/Santander-Totta (PEPITA Program), Study Group In Fundamental and Translational Research (GIFT) of the Portuguese Society of Diabetology (SPD), Portuguese National Funding Agency for Science and Technology (FCT) and Strategic Projects UIDB/04539/2020 and UIDP/04539/2020 (CIBB), and COMPETE-FEDER (POCI-01-0145-FEDER-007440); Centro 2020 Regional Operational Program: BRAINHEALTH 2020 (CENTRO-01-0145-FEDER-000008).



ACKNOWLEDGMENTS

The authors acknowledge the VIB Proteomics Core, Gent, Belgium, for the support in Proteomics study. The authors would like to thank Mónica Zuzarte of iLAB—Microscopy and Bioimaging Lab, Faculty of Medicine, University of Coimbra, a node of PPBI (Portuguese Platform of BioImaging, POCI-01-0145-FEDER-022122) for technical assistance in transmission electron microscopy. The authors would also like to thank the help of António Martinho and the Blood and Transplant Center of Coimbra (IPST, Portugal) with xMAP-based technology analyses.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmed.2022.873483/full#supplementary-material



ABBREVIATIONS

DR, Diabetic retinopathy; NPDR, nonproliferative diabetic retinopathy; PDR, proliferative diabetic retinopathy; T2D, Type 2 Diabetes; GO, Gene ontology; AMPs, antimicrobial peptides; MMP, matrix metalloproteinase; LFQ, label-free quantification; SDS, sodium dodecyl sulphate; FDR, false discovery rate.



REFERENCES

 1. Biswas S, Sarabusky M, Chakrabarti S. Diabetic retinopathy, lncrnas, and inflammation: a dynamic, interconnected network. J Clin Med. (2019) 8:1033. doi: 10.3390/jcm8071033

 2. Cheung N, Mitchell P, Wong TY. Diabetic retinopathy. Lancet (2010) 376:124–36. doi: 10.1016/S0140-6736(09)62124-3

 3. Rodriguez ML, Perez S, Mena-Molla S, Desco MC, Ortega AL. Oxidative stress and microvascular alterations in diabetic retinopathy: future therapies. Oxid Med Cell Longev. (2019) 2019:4940825. doi: 10.1155/2019/4940825

 4. Youngblood H, Robinson R, Sharma A, Sharma S. Proteomic biomarkers of retinal inflammation in diabetic retinopathy. Int J Mol Sci. (2019) 20:4755. doi: 10.3390/ijms20194755

 5. Duh EJ, Sun JK, Stitt AW. Diabetic retinopathy: current understanding, mechanisms, and treatment strategies. JCI Insight. (2017) 2:e93751. doi: 10.1172/jci.insight.93751

 6. Aboualizadeh E, Ranji M, Sorenson CM, Sepehr R, Sheibani N, Hirschmugl CJ. Retinal oxidative stress at the onset of diabetes determined by synchrotron Ftir widefield imaging: towards diabetes pathogenesis. Analyst. (2017) 142:1061-72. doi: 10.1039/C6AN02603F

 7. Barrett EJ, Liu Z, Khamaisi M, King GL, Klein R, Klein BEK, et al. Diabetic microvascular disease: an endocrine society scientific statement. J Clin Endocrinol Metab. (2017) 102:4343-410. doi: 10.1210/jc.2017-01922

 8. Santiago AR, Boia R, Aires ID, Ambrosio AF, Fernandes R. Sweet stress: coping with vascular dysfunction in diabetic retinopathy. Front Physiol. (2018) 9:820. doi: 10.3389/fphys.2018.00820

 9. Solomon SD, Chew E, Duh EJ, Sobrin L, Sun JK, VanderBeek BL, et al. Diabetic retinopathy: a position statement by the American Diabetes Association. Diabetes Care. (2017) 40:412-8. doi: 10.2337/dc16-2641

 10. Han SB, Yang HK, Hyon JY. Influence of diabetes mellitus on anterior segment of the eye. Clin Interv Aging. (2019) 14:53-63. doi: 10.2147/CIA.S190713

 11. Sherwin JC, Kokavec J, Thornton SN. Hydration, Fluid regulation and the eye: in health and disease. Clin Exp Ophthalmol. (2015) 43:749-64. doi: 10.1111/ceo.12546

 12. von Thun Und Hohenstein-Blaul N, Funke S, Grus FH. Tears as a source of biomarkers for ocular and systemic diseases. Exp Eye Res. (2013) 117:126-37. doi: 10.1016/j.exer.2013.07.015

 13. Csosz E, Deak E, Kallo G, Csutak A, Tozser J. Diabetic retinopathy: proteomic approaches to help the differential diagnosis and to understand the underlying molecular mechanisms. J Proteomics. (2017) 150:351-8. doi: 10.1016/j.jprot.2016.06.034

 14. Lv H, Li A, Zhang X, Xu M, Qiao Y, Zhang J, et al. Meta-analysis and review on the changes of tear function and corneal sensitivity in diabetic patients. Acta Ophthalmol. (2014) 92:e96-104. doi: 10.1111/aos.12063

 15. Funatsu H, Yamashita H, Noma H, Mimura T, Nakamura S, Sakata K, et al. Aqueous humor levels of cytokines are related to vitreous levels and progression of diabetic retinopathy in diabetic patients. Graefes Arch Clin Exp Ophthalmol. (2005) 243:3-8. doi: 10.1007/s00417-004-0950-7

 16. Demircan N, Safran BG, Soylu M, Ozcan AA, Sizmaz S. Determination of vitreous interleukin-1 (Il-1) and tumour necrosis factor (Tnf) levels in proliferative diabetic retinopathy. Eye. (2006) 20:1366-9. doi: 10.1038/sj.eye.6702138

 17. Schwartzman ML, Iserovich P, Gotlinger K, Bellner L, Dunn MW, Sartore M, et al. Profile of lipid and protein autacoids in diabetic vitreous correlates with the progression of diabetic retinopathy. Diabetes. (2010) 59:1780-8. doi: 10.2337/db10-0110

 18. Liu J, Shi B, He S, Yao X, Willcox MD, Zhao Z. Changes to tear cytokines of type 2 diabetic patients with or without retinopathy. Mol Vis. (2010) 16:2931-8.

 19. Hagan S, Martin E, Enriquez-de-Salamanca A. Tear fluid biomarkers in ocular and systemic disease: potential use for predictive, preventive and personalised medicine. EPMA J. (2016) 7:15. doi: 10.1186/s13167-016-0065-3

 20. Csosz E, Boross P, Csutak A, Berta A, Toth F, Poliska S, et al. Quantitative analysis of proteins in the tear fluid of patients with diabetic retinopathy. J Proteomics. (2012) 75:2196-204. doi: 10.1016/j.jprot.2012.01.019

 21. Kim HJ, Kim PK, Yoo HS, Kim CW. Comparison of tear proteins between healthy and early diabetic retinopathy patients. Clin Biochem. (2012) 45:60-7. doi: 10.1016/j.clinbiochem.2011.10.006

 22. Nguyen-Khuong T, Everest-Dass AV, Kautto L, Zhao Z, Willcox MD, Packer NH. Glycomic characterization of basal tears and changes with diabetes and diabetic retinopathy. Glycobiology. (2015) 25:269-83. doi: 10.1093/glycob/cwu108

 23. Cruz A, Queiros R, Abreu CM, Barata C, Fernandes R, Silva R, et al. Electrochemical immunosensor for Tnfalpha-mediated inflammatory disease screening. ACS Chem Neurosci. (2019) 10:2676-82. doi: 10.1021/acschemneuro.9b00036

 24. Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et al. Gene ontology: tool for the unification of biology. The Gene Ontology Consortium. Nat Genet. (2000) 25:25-9. doi: 10.1038/75556

 25. Gene Ontology C. The gene ontology resource: enriching a gold mine. Nucleic Acids Res. (2021) 49:D325-34.

 26. Szklarczyk D, Gable AL, Nastou KC, Lyon D, Kirsch R, Pyysalo S, et al. The string database in 2021: customizable protein-protein networks, and functional characterization of user-uploaded gene/measurement sets. Nucleic Acids Res. (2021) 49:D605-12. doi: 10.1093/nar/gkaa1074

 27. Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S, Huerta-Cepas J, et al. String V11: protein-protein association networks with increased coverage, supporting functional discovery in genome-wide experimental datasets. Nucleic Acids Res. (2019) 47:D607-13. doi: 10.1093/nar/gky1131

 28. Szklarczyk D, Morris JH, Cook H, Kuhn M, Wyder S, Simonovic M, et al. The string database in 2017: quality-controlled protein-protein association networks, made broadly accessible. Nucleic Acids Res. (2017) 45:D362-8. doi: 10.1093/nar/gkw937

 29. Szklarczyk D, Franceschini A, Wyder S, Forslund K, Heller D, Huerta-Cepas J, et al. String V10: protein-protein interaction networks, integrated over the tree of life. Nucleic Acids Res. (2015) 43:D447-52. doi: 10.1093/nar/gku1003

 30. Franceschini A, Lin J, von Mering C, Jensen LJ. Svd-Phy: improved prediction of protein functional associations through singular value decomposition of phylogenetic profiles. Bioinformatics. (2016) 32:1085-7. doi: 10.1093/bioinformatics/btv696

 31. Franceschini A, Szklarczyk D, Frankild S, Kuhn M, Simonovic M, Roth A, et al. String V9.1: protein-protein interaction networks, with increased coverage and integration. Nucleic Acids Res. (2013) 41:D808-15. doi: 10.1093/nar/gks1094

 32. Szklarczyk D, Franceschini A, Kuhn M, Simonovic M, Roth A, Minguez P, et al. The string database in 2011: functional interaction networks of proteins, globally integrated and scored. Nucleic Acids Res. (2011) 39:D561-8. doi: 10.1093/nar/gkq973

 33. Jensen LJ, Kuhn M, Stark M, Chaffron S, Creevey C, Muller J, et al. String 8–a global view on proteins and their functional interactions in 630 organisms. Nucleic Acids Res. (2009) 37:D412-6. doi: 10.1093/nar/gkn760

 34. von Mering C, Jensen LJ, Kuhn M, Chaffron S, Doerks T, Kruger B, et al. String 7–recent developments in the integration and prediction of protein interactions. Nucleic Acids Res. (2007) 35:D358-62. doi: 10.1093/nar/gkl825

 35. von Mering C, Jensen LJ, Snel B, Hooper SD, Krupp M, Foglierini M, et al. String: known and predicted protein-protein associations, integrated and transferred across organisms. Nucleic Acids Res. (2005) 33:D433-7. doi: 10.1093/nar/gki005

 36. von Mering C, Huynen M, Jaeggi D, Schmidt S, Bork P, Snel B. String: a database of predicted functional associations between proteins. Nucleic Acids Res. (2003) 31:258-61. doi: 10.1093/nar/gkg034

 37. Snel B, Lehmann G, Bork P, Huynen MA. String: a web-server to retrieve and display the repeatedly occurring neighbourhood of a gene. Nucleic Acids Res. (2000) 28:3442-4. doi: 10.1093/nar/28.18.3442

 38. He F, Zhao Z, Liu Y, Lu L, Fu Y. Assessment of ocular surface damage during the course of type 2 diabetes mellitus. J Ophthalmol. (2018) 2018:1206808. doi: 10.1155/2018/1206808

 39. Sandra Johanna GP, Antonio LA, Andres GS. Correlation between type 2 diabetes, dry eye and meibomian glands dysfunction. J Optom. (2019) 12:256-62. doi: 10.1016/j.optom.2019.02.003

 40. Kern TS. Contributions of inflammatory processes to the development of the early stages of diabetic retinopathy. Exp Diabetes Res. (2007) 2007:95103. doi: 10.1155/2007/95103

 41. Messmer EM, Schmid-Tannwald C, Zapp D, Kampik A. In Vivo confocal microscopy of corneal small fiber damage in diabetes mellitus. Graefes Arch Clin Exp Ophthalmol. (2010) 248:1307-12. doi: 10.1007/s00417-010-1396-8

 42. Zhang X, Zhao L, Deng S, Sun X, Wang N. Dry eye syndrome in patients with diabetes mellitus: prevalence, etiology, and clinical characteristics. J Ophthalmol. (2016) 2016:8201053. doi: 10.1155/2016/8201053

 43. Rolando M, Cantera E, Mencucci R, Rubino P, Aragona P. The correct diagnosis and therapeutic management of tear dysfunction: recommendations of the P.I.C.A.S.S.O. Board. Int Ophthalmol. (2018) 38:875-95. doi: 10.1007/s10792-017-0524-4

 44. Wolffsohn JS, Arita R, Chalmers R, Djalilian A, Dogru M, Dumbleton K, et al. Tfos Dews Ii diagnostic methodology report. Ocul Surf. (2017) 15:539-74. doi: 10.1016/j.jtos.2017.05.001

 45. Guo Y, Peng R, Feng K, Hong J. Diagnostic performance of mcmonnies questionnaire as a screening survey for dry eye: a multicenter analysis. J Ophthalmol. (2016) 2016:6210853. doi: 10.1155/2016/6210853

 46. Methodologies to diagnose and monitor dry eye disease: report of the diagnostic methodology subcommittee of the international dry eye workshop 2007. Ocul Surf. (2007) 5:108-52. doi: 10.1016/S1542-0124(12)70083-6

 47. The definition and classification of dry eye disease: report of the definition and classification subcommittee of the international dry eye workshop 2007. Ocul Surf. (2007) 5:75-92. doi: 10.1016/S1542-0124(12)70081-2

 48. DeMill DL, Hussain M, Pop-Busui R, Shtein RM. Ocular surface disease in patients with diabetic peripheral neuropathy. Br J Ophthalmol. (2016) 100:924-8. doi: 10.1136/bjophthalmol-2015-307369

 49. Clark CV. Autonomic neuropathy in proliferative diabetic retinopathy. Eye. (1987) 1:496-9. doi: 10.1038/eye.1987.74

 50. Costagliola C, Romano V, De Tollis M, Aceto F, dell'Omo R, Romano MR, et al. Tnf-alpha levels in tears: a novel biomarker to assess the degree of diabetic retinopathy. Mediators Inflamm. (2013) 2013:629529. doi: 10.1155/2013/629529

 51. Amil-Bangsa NH, Mohd-Ali B, Ishak B, Abdul-Aziz CNN, Ngah NF, Hashim H, et al. Total protein concentration and tumor necrosis factor alpha in tears of nonproliferative diabetic retinopathy. Optom Vis Sci. (2019) 96:934-9. doi: 10.1097/OPX.0000000000001456

 52. Torok Z, Peto T, Csosz E, Tukacs E, Molnar A, Maros-Szabo Z, et al. Tear fluid proteomics multimarkers for diabetic retinopathy screening. BMC Ophthalmol. (2013) 13:40. doi: 10.1186/1471-2415-13-40

 53. Matsumura T, Takamura Y, Tomomatsu T, Arimura S, Gozawa M, Takihara Y, et al. Changes in matrix metalloproteinases in diabetes patients' tears after vitrectomy and the relationship with corneal epithelial disorder. Invest Ophthalmol Vis Sci. (2015) 56:3559-64. doi: 10.1167/iovs.15-16489

 54. Grus FH, Sabuncuo P, Dick HB, Augustin AJ, Pfeiffer N. Changes in the tear proteins of diabetic patients. BMC Ophthalmol. (2002) 2:4. doi: 10.1186/1471-2415-2-4

 55. Ghosh S, Ghosh S, Azharuddin M, Bera S, Datta H, Dasgupta A. Change in tear protein profile in diabetic retinopathy with duration of diabetes. Diabetes Metab Syndr. (2014) 8:233-5. doi: 10.1016/j.dsx.2014.09.019

 56. Dor M, Eperon S, Lalive PH, Guex-Crosier Y, Hamedani M, Salvisberg C, et al. Investigation of the global protein content from healthy human tears. Exp Eye Res. (2019) 179:64-74. doi: 10.1016/j.exer.2018.10.006

 57. Zhou L, Zhao SZ, Koh SK, Chen L, Vaz C, Tanavde V, et al. In-depth analysis of the human tear proteome. J Proteomics. (2012) 75:3877-85. doi: 10.1016/j.jprot.2012.04.053

 58. Jung JH, Ji YW, Hwang HS, Oh JW, Kim HC, Lee HK, et al. Proteomic analysis of human lacrimal and tear fluid in dry eye disease. Sci Rep. (2017) 7:13363. doi: 10.1038/s41598-017-13817-y

 59. Fonseca CG, Barbacena P, Franco CA. Endothelial cells on the move: dynamics in vascular morphogenesis and disease. Vasc Biol. (2020) 2:H29-43. doi: 10.1530/VB-20-0007

 60. Wilkinson-Berka JL, Agrotis A, Deliyanti D. The Retinal renin-angiotensin system: roles of angiotensin II and aldosterone. Peptides. (2012) 36:142-50. doi: 10.1016/j.peptides.2012.04.008

 61. Phipps JA, Dixon MA, Jobling AI, Wang AY, Greferath U, Vessey KA, et al. The renin-angiotensin system and the retinal neurovascular unit: a role in vascular regulation and disease. Exp Eye Res. (2019) 187:107753. doi: 10.1016/j.exer.2019.107753

 62. Schmalen A, Lorenz L, Grosche A, Pauly D, Deeg CA, Hauck SM. Proteomic phenotyping of stimulated muller cells uncovers profound pro-inflammatory signaling and antigen-presenting capacity. Front Pharmacol. (2021) 12:771571. doi: 10.3389/fphar.2021.771571

 63. Xu H, Chen M. Diabetic retinopathy and dysregulated innate immunity. Vision Res. (2017) 139:39-46. doi: 10.1016/j.visres.2017.04.013

 64. Frudd K, Sivaprasad S, Raman R, Krishnakumar S, Revathy YR, Turowski P. Diagnostic circulating biomarkers to detect vision-threatening diabetic retinopathy: potential screening tool of the future? Acta Ophthalmol. (2021) 100:e648-68. doi: 10.1111/aos.14954

 65. Blighe K, Gurudas S, Lee Y, Sivaprasad S. Diabetic retinopathy environment-wide association study (Ewas) in Nhanes 2005-2008. J Clin Med. (2020) 9:3643. doi: 10.3390/jcm9113643

 66. Bonfiglio V, Platania CBM, Lazzara F, Conti F, Pizzo C, Reibaldi M, et al. Tgf-Beta serum levels in diabetic retinopathy patients and the role of anti-Vegf therapy. Int J Mol Sci. (2020) 21:9558. doi: 10.3390/ijms21249558

 67. Trotta MC, Gesualdo C, Platania CBM, De Robertis D, Giordano M, Simonelli F, et al. Circulating mirnas in diabetic retinopathy patients: prognostic markers or pharmacological targets? Biochem Pharmacol. (2021) 186:114473. doi: 10.1016/j.bcp.2021.114473

 68. Grigor'eva AE, Dyrkheeva NS, Bryzgunova OE, Tamkovich SN, Chelobanov BP, Ryabchikova EI. [Contamination of exosome preparations, isolated from biological fluids]. Biomed Khim. (2017) 63:91-6. doi: 10.18097/PBMC20176301091

 69. Chung YR, Kim YH, Ha SJ, Byeon HE, Cho CH, Kim JH, et al. Role of inflammation in classification of diabetic macular edema by optical coherence tomography. J Diabetes Res. (2019) 2019:8164250. doi: 10.1155/2019/8164250

 70. Rossino MG, Casini G. Nutraceuticals for the treatment of diabetic retinopathy. Nutrients. (2019) 11:771. doi: 10.3390/nu11040771

 71. He M, Long P, Guo L, Zhang M, Wang S, He H. Fushiming capsule attenuates diabetic rat retina damage via antioxidation and anti-inflammation. Evid Based Complement Alternat Med. (2019) 2019:5376439. doi: 10.1155/2019/5376439

 72. Kitamura H. Effects of propolis extract and propolis-derived compounds on obesity and diabetes: knowledge from cellular and animal models. Molecules. (2019) 24:4394. doi: 10.3390/molecules24234394

 73. Fresta CG, Fidilio A, Caruso G, Caraci F, Giblin FJ, Leggio GM, et al. A new human blood-retinal barrier model based on endothelial cells, pericytes, and astrocytes. Int J Mol Sci. (2020) 21:1636. doi: 10.3390/ijms21051636

 74. Rubsam A, Parikh S, Fort PE. Role of inflammation in diabetic retinopathy. Int J Mol Sci. (2018) 19:942. doi: 10.3390/ijms19040942

 75. Song Z, Sun M, Zhou F, Huang F, Qu J, Chen D. Increased intravitreous interleukin-18 correlated to vascular endothelial growth factor in patients with active proliferative diabetic retinopathy. Graefes Arch Clin Exp Ophthalmol. (2014) 252:1229-34. doi: 10.1007/s00417-014-2586-6

 76. Giebel SJ, Menicucci G, McGuire PG, Das A. Matrix metalloproteinases in early diabetic retinopathy and their role in alteration of the blood-retinal barrier. Lab Invest. (2005) 85:597-607. doi: 10.1038/labinvest.3700251

 77. Kowluru RA, Zhong Q, Santos JM. Matrix metalloproteinases in diabetic retinopathy: potential role of Mmp-9. Expert Opin Investig Drugs. (2012) 21:797-805. doi: 10.1517/13543784.2012.681043

 78. Joussen AM, Poulaki V, Le ML, Koizumi K, Esser C, Janicki H, et al. A central role for inflammation in the pathogenesis of diabetic retinopathy. FASEB J. (2004) 18:1450-2. doi: 10.1096/fj.03-1476fje

 79. Mohammad G, Kowluru RA. Diabetic retinopathy and signaling mechanism for activation of matrix metalloproteinase-9. J Cell Physiol. (2012) 227:1052-61. doi: 10.1002/jcp.22822

 80. Rani SG, Sepuru KM, Yu C. Interaction of S100a13 with C2 domain of receptor for advanced glycation end products (Rage). Biochim Biophys Acta. (2014) 1844:1718-28. doi: 10.1016/j.bbapap.2014.06.017

 81. Shelton MD, Kern TS, Mieyal JJ. Glutaredoxin regulates nuclear factor Kappa-B and intercellular adhesion molecule in muller cells: model of diabetic retinopathy. J Biol Chem. (2007) 282:12467-74. doi: 10.1074/jbc.M610863200

 82. Perez-Riverol Y, Bai J, Bandla C, Hewapathirana S, García-Seisdedos D, Kamatchinathan S, et al. The PRIDE database resources in 2022: A Hub for mass spectrometry-based proteomics evidences. Nucleic Acids Res. (2022) 50:D543–52. doi: 10.1093/nar/gkab1038

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 Amorim, Martins, Caramelo, Gonçalves, Trindade, Simão, Barreto, Marques, Leal, Carvalho, Reis, Ribeiro-Rodrigues, Girão, Rodrigues-Santos, Farinha, Ambrósio, Silva and Fernandes. 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: 01 June 2022
doi: 10.3389/fmed.2022.848776





[image: image]

Defining an Optimal Sample Size for Corneal Epithelial Immune Cell Analysis Using in vivo Confocal Microscopy Images

Xin Yuan Zhang, Mengliang Wu, Holly R. Chinnery and Laura E. Downie*

Department of Optometry and Vision Sciences, University of Melbourne, Parkville, VIC, Australia

Edited by:
Menaka Chanu Thounaojam, Augusta University, United States

Reviewed by:
Fabio Scarpa, University of Padua, Italy
Rayaz A. Malik, Weill Cornell Medicine – Qatar, Qatar

*Correspondence: Laura E. Downie, ldownie@unimelb.edu.au

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

Received: 05 January 2022
Accepted: 29 April 2022
Published: 01 June 2022

Citation: Zhang XY, Wu M, Chinnery HR and Downie LE (2022) Defining an Optimal Sample Size for Corneal Epithelial Immune Cell Analysis Using in vivo Confocal Microscopy Images. Front. Med. 9:848776. doi: 10.3389/fmed.2022.848776

Purpose: In vivo confocal microscopy (IVCM) images are frequently used to quantify corneal epithelial immune cell (IC) density in clinical studies. There is currently limited evidence to inform the selection of a representative image sample size to yield a reliable IC density estimate, and arbitrary numbers of images are often used. The primary aim of this study was to determine the number of randomly selected, unique IVCM images required to achieve an acceptable level of accuracy when quantifying epithelial IC density, in both the central and peripheral cornea. The secondary aim was to evaluate the consistency and precision of an image selection approach where corneal epithelial IC density was quantified from “three representative images” selected independently by three experienced observers.

Methods: All combinations of two to 15 non-overlapping IVCM images were used for deriving IC density estimates, for both the central and peripheral cornea, in 20 healthy participants; the density value from averaging quantifications in the 16 images was defined as the “true mean”. IC density estimates were compared with the true mean in each corneal region using a mean ratio. Intraclass correlation coefficients (ICCs) were used to evaluate the consistency of the mean ratios of IC density estimates derived from the method involving the manual selection of “three representative images” by the observers. The precision of the IC density estimates was compared to a scenario involving three randomly selected images.

Results: A total of 12 randomly selected, non-overlapping IVCM images were found to be required to produce a corneal epithelial IC density estimate that was within 30% of the true mean, 95% of the time, for the central cornea; seven such images produced an equivalent level of precision in the peripheral cornea. Mean ratios of corneal IC density estimates derived from “three representative images” methods had poor consistency between observers (ICC estimates <0.5) and similar levels of precision when compared with using three randomly selected images (p > 0.05 for all comparisons), in both the central and peripheral cornea.

Conclusions: Data presented in this study can inform image selection methods, and the sample size required for a preferred level of accuracy, when quantifying IC densities in the central and peripheral corneal epithelium using IVCM images.

Keywords: cornea, immune cell, confocal, IVCM, dendritic cell, image, sample size, combinations


INTRODUCTION

In vivo confocal microscopy (IVCM) is a high-resolution tool for non-invasively capturing images of the cornea in living humans. Corneal immune cells (ICs) can be visualized in IVCM images as bright, typically dendriform bodies at the level of the basal epithelium (1). These corneal epithelial ICs are generally considered to represent resident dendritic cells (2), which are involved in immune surveillance, initiating adaptive immune responses (3) and maintaining tissue homeostasis (4). The quantification of epithelial IC density from IVCM images is frequently performed in clinical studies, as a means for considering corneal immune status, particularly in the context of disease (5–12). For example, central corneal epithelial IC density has been described to increase in corneal infections (13), contact lens wear (14) and dry eye disease (15).

A single IVCM image has a relatively small field-of-view, typically 400 μm × 400 μm (i.e., 0.16 mm2), equating to approximately 0.2% of the entire corneal area. Due to this limited capture area, it is generally recognized that more than one IVCM image needs to be acquired and analyzed to derive a representative estimate of the corneal epithelial IC density in a particular corneal region. However, there has not yet been a study investigating the optimal IVCM image sample size required to derive a valid estimate of corneal epithelial IC density for a particular individual. Kheirkhah et al. proposed that averaging findings from “three representative images, chosen by an experienced observer,” could accurately estimate central corneal epithelial IC density in a clinical population (16). However, a human observer, experienced or otherwise, may have unconscious biases in image selection, particularly if they are not masked to a participant’s health status; such biases could affect the validity of the epithelial IC density measures (17). Another approach has been to analyze IVCM images with the highest IC density (8, 18), which is likely also problematic as it could overestimate absolute values and/or the effect of an inflammatory overlay.

Previous corneal IVCM studies have used a variety of sample sizes, including quantifications from three (9, 15, 19–22), five (6), eight (23), or twelve (24) non-overlapping images, to derive an estimate of central corneal epithelial IC density for a single participant. Using a larger sample would be expected to yield a more accurate estimate, as a larger portion of the corneal region is directly quantified; the trade-off is that more time and effort is required for the image acquisition, selection and analysis (25). Using randomly selected images, rather than images selected by an observer, would be expected to reduce biases in image selection. However, the optimal image sample size for quantifying corneal epithelial IC density from randomly selected IVCM images is yet to be determined. The effect of corneal eccentricity on the required sample size also requires consideration. Corneal epithelial IC density is eccentricity dependent, with approximately threefold more cells in the peripheral cornea relative to the central region (26). Therefore, different image sample sizes might be required for reliable estimations of central and peripheral corneal IC densities.

Vagenas et al. described a method for determining the optimal sample size of IVCM images for quantifying central corneal sub-basal nerve parameters (27). This study concluded that eight randomly chosen images, overlapping by less than 20%, were needed per participant to produce an estimated value within 30% of the true mean, 95% of the time. The aim of the present study was to use a similar approach to determine the optimal image sample sizes for quantifying epithelial IC density from IVCM images in healthy individuals, for both the central and peripheral cornea. This study also considered whether quantifying the mean number of cells using “three representative images,” by different observers, led to a different corneal epithelial IC density estimate relative to the derived true density.



MATERIALS AND METHODS


Participants

This retrospective study involved the analysis of corneal IVCM images, acquired at the level of the basal epithelium, from 20 randomly selected, heathy adult participants who had participated in research studies in the Downie laboratory at the University of Melbourne from 2017 to 2019. The studies were approved by the University of Melbourne Human Research Ethics Committees (ID #1749830 and #1749836). All participants provided written informed consent to participate. The number of participants was chosen to align with the analysis set defined by Vagenas et al. (27), which adopted a similar methodological approach.

Eligible participants had self-reported no underlying health conditions that could affect eye health (including dry eye disease), were not pregnant or breastfeeding, had not undergone ocular surgery within the 6 months prior to the study visit, and did not have a history of contact lens wear. Dry eye disease symptom screening was conducted using the McMonnies dry eye questionnaire (28); potential participants with a score exceeding 14.5 were ineligible to participate.



Corneal in vivo Confocal Microscopy Image Acquisition and Selection

Participants underwent laser-scanning IVCM (Heidelberg Retina Tomograph-3 with the Rostock Corneal Module, Heidelberg Engineering, Germany) using our established protocols (29). IVCM images (400μm × 400μm) were acquired from the right corneal apex (central region) and 2 mm above the inferior limbus (peripheral region) using the device sequence scan mode, at the level of the basal epithelium. Capturing the relevant regions of interest was achieved by having the contralateral (left) eye focus on a series of fixation targets, involving a grid to ensure the capture of multiple non-overlapping IVCM regions. In total, at least 600 IVCM images were captured per participant, from which 16 unique corneal images from each of the central and peripheral cornea were randomly selected for inclusion in this study. Images that had variable focus, imaging artifacts, compression lines or vignetting effects, and images that captured the same or overlapping corneal regions, were excluded from the analysis set. A total of 640 unique high quality IVCM images comprised the analysis set. This analysis set involved 16 images of corneal areas (defined by <20% overlap with any other image in the analysis set) in both the central and peripheral cornea for each participant. To confirm that images were not overlapping, they were processed using the Photomerge function in Photoshop (Adobe Photoshop Version: 23.0.0) with images that were unable to merge regarded as non-overlapping.



Image Analysis

For each IVCM image, the number of corneal epithelial ICs was manually counted by one experienced observer using the Cell Counter plugin in ImageJ (30) (Figure 1). ICs that were only partially visible at the edge of an image were excluded. Corneal IC density (cells/mm2) was calculated for each image. For each participant, the average epithelial IC density from the 16 images (quantified corneal area: 2.56 mm2), in both the central and peripheral cornea, was regarded as the reference standard and “true” mean value based on the method used by Vagenas et al. (27).
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FIGURE 1. Representative IVCM images for quantifying epithelial immune cell density from the central (A) and peripheral (B) corneal regions. The number of cells was manually counted in each IVCM image, using the Cell Counter plugin in ImageJ (blue marks). Cells that were only partially visible at the edge of an image (white arrows) were consistently excluded from the analysis.


To evaluate whether this experienced observer’s IC counts were representative of other observers, two other experienced observers also independently performed IC counts in 100 randomly selected IVCM images, comprising 50 from the central cornea and 50 from the peripheral cornea; this subset represents one sixth of the total number of images analyzed for the study. The level of inter-observer agreement was analyzed using the intraclass correlation coefficient (ICC), with 95% confidence intervals, using a single-rating, absolute-agreement, two-way random-effects model.

The analysis also considered how the estimate of corneal epithelial IC density from “three representative images,” selected manually by observers, compared with the estimate derived from random image selection. Three experienced observers were instructed to select three IVCM images, from both the central and peripheral cornea, that they considered to “best represent” the 16 images for each participant. The epithelial IC density estimate for each participant, in each corneal region, was then calculated by averaging the IC densities from the “three representative images” selected by each of the three observers.



Statistical Analysis

The statistical approach for the current study was based on the methodology described by Vagenas et al. (27). The sampling technique involved creating mathematical combinations of IVCM image sets, comprising two to 15 unique images (k) from the 16 image reference set (n), in both the central and peripheral regions, for each participant. A combination was defined as an unordered selection of k items, from a set of n items without repetition (k ≤ n). Estimates of corneal IC density, determined by sampling different numbers of randomly selected images, were then compared to the “true” mean value in order to determine the minimum number of images that would provide an acceptable estimate, defined as less than 30% different to the “true mean” value; this level of precision was defined as acceptable based on the criterion used for corneal nerve parameter estimates by Vagenas et al. (27). The estimated IC density is presented as the “relative mean,” also termed the “mean ratio,” defined as the ratio between the estimated and “true” IC density, for each participant. Mean ratios were plotted relative to the number of images (two to 15) used to derive the estimates. The same process was followed for both the central and peripheral corneal regions.

Given the large number of estimates generated from each combination level, the mean ratios were considered to approximate a normal distribution, based on the Central Limit Theorem. The confidence intervals (CIs) of the mean ratio data were calculated using the formula CI=μ±(t×SD) at confidence levels of 80, 85, 90, and 95% (where μ is the mean of the distribution, SD is the standard deviation of the distribution, and t is the value that corresponds to 80, 85, 90, and 95% levels of confidence in a t-distribution).

The level of consistency between estimates of corneal epithelial IC density derived from the “three representative images” selected by three independent observers was analyzed separately for the central and peripheral regions using the ICC. ICC estimates and their 95% CIs were calculated using a single-rating, consistency-agreement, two-way random-effects model. The three observers were selected randomly and therefore the results are expected to be generalizable to the whole observer population. The difference in mean estimates of IC density ratio between each observer and a random combination of three IVCM images was analyzed using a Student’s t-test, with Bonferroni adjustment for multiple comparisons. To evaluate whether the 95% CI estimations for corneal IC density from the observers were narrower (i.e., had better precision) than the 95% CIs derived from a random combination of three IVCM images, variance equality was evaluated using an F-test, with Bonferroni adjustment for multiple comparisons.

All statistical analyses were performed, and figures constructed, using R software (Version 4.1.2, R Development Core Team).1 A p-value less than 0.05 was considered statistically significant.




RESULTS


Corneal Immune Cell Density

Overall, the mean (± SD) epithelial IC density for the 20 healthy participants, calculated from the “true” mean quantified from 16 images by a single expert observer for each participant was 21.7 ± 17.7 cells/mm2 (range: 2.7 to 63.3 cells/mm2) for the central cornea, and 62.0 ± 26.1 cells/mm2 (range: 17.2 to 104.7 cells/mm2) for the peripheral cornea.

Confirming the validity of the single expert observer’s epithelial IC counts, the ICCs for counts performed independently by three observers in a subset of 100 randomly selected IVCM images was: central cornea: 0.91 (95% CI: 0.85 to 0.95), and peripheral cornea: 0.90 (95% CI: 0.83 to 0.94). These ICCs indicate a high level of agreement in the quantification of corneal epithelial ICs from IVCM images by three experienced observers.



Optimal in vivo Confocal Microscopy Image Sample Size for Estimating Corneal Epithelial Immune Cell Density

Scatterplots of the mean ratios for IC density estimates derived from all image combinations, for all study participants, are shown for the central (Figure 2) and peripheral (Figure 3) cornea; as the number of sampled images increases, the spread of the mean ratio data decreases.
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FIGURE 2. Scatterplots of the mean ratio for corneal epithelial immune cell (IC) density relative to the number of randomly selected, non-overlapping IVCM images used for the density estimate for each participant, in the central cornea.
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FIGURE 3. Scatterplots of the mean ratio for corneal epithelial immune cell (IC) density relative to the number of randomly selected, non-overlapping IVCM images used for the density estimate for each participant, in the peripheral cornea.


Plots of the CIs (80, 85, 90, and 95%) for the epithelial IC density mean ratios, relative to the number of images used to derive the estimate, are shown for the central (Figure 4) and peripheral (Figure 5) cornea. In both regions, the CIs narrow as the number of images used to derive the estimate increases. An optimal IVCM image sample size to estimate the true corneal epithelial IC density was determined from the plots, using a pre-specified level of precision (mean ratio) and level of confidence. The estimated mean was considered acceptable if it was not more than 30% different from the true mean at a 95% confidence level (27). Using this criterion, 12 randomly selected, non-overlapping images of the central cornea, and seven such images of the peripheral cornea, were found to be required, per participant, for accurate quantification and averaging.
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FIGURE 4. Confidence intervals (CIs) with 80, 85, 90, and 95% levels of confidence for the mean ratio for corneal epithelial immune cell (IC) density relative to the number of randomly selected, non-overlapping images used for the density estimate, for all participants for the central cornea. Horizontal line (mean ratio = 1.3) indicates the location where the estimated mean is 30% different from the true mean in the distributions. Vertical line (number of images = 12) indicates the number of images that is predicted to produce estimated means that are 30% different from the true mean (i.e., mean ratio = 1.3 or 0.7), at a confidence level of 95%, for the central cornea.
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FIGURE 5. Confidence intervals (CIs) with 80, 85, 90, and 95% levels of confidence for the mean ratio for corneal epithelial immune cell (IC) density relative to the number of randomly selected, non-overlapping images used for IC density estimate, for all participants for the peripheral cornea. Horizontal line (mean ratio = 1.3) indicates the location where the estimated mean is 30% different from the true mean in the distributions. Vertical line (number of images = 7) indicates the number of images that is predicted to produce estimated means that are 30% different from the true mean (i.e., mean ratio = 1.3 or 0.7), at a confidence level of 95%, for the peripheral cornea.




Evaluation of the Method Involving Selection of the “Three Representative” in vivo Confocal Microscopy Images

The ICC for the mean ratio of the epithelial IC density estimates derived from the three images selected as “representative” by three independent observers was −0.21 (95% CI: −0.35 to 0.04) for the central cornea, and 0.17 (95% CI: −0.08 to 0.48) for the peripheral cornea. Given that poor reliability is defined by ICC values less than 0.50 (31), this result indicates poor consistency among the mean ratio estimates of IC density between the three observers.

The mean ratio and corresponding 95% CIs for epithelial IC density estimates derived from the “representative” images selected by each observer are shown for the central (Figure 6) and peripheral (Figure 7) cornea. Comparing the mean ratio estimates calculated from all combinations of three randomly sampled images, two of the three observers selected images that significantly overestimated central corneal epithelial IC density (rater 2: p = 0.010; rater 3: p = 0.047), while one observer selected images that overestimated the peripheral corneal IC density (rater 3: p = 0.003). The size of the 95% CIs around the epithelial IC density mean ratio for any of the raters was not significantly narrower than the estimate derived from three randomly selected images, in both the central and peripheral cornea (p > 0.05 for all comparisons). This finding indicates that there was similar precision in the IC density estimate when three images were subjectively selected by observers and when any random three images were used in the analysis.
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FIGURE 6. Central corneal epithelial immune cell (IC) density mean ratios, and corresponding 95% CIs, obtained when IC density estimates derived from all combinations of three randomly sampled images (random), and when the “three representative images” were independently selected by three observers (i.e., raters 1 to 3). Mean ratios of IC density estimates derived from images selected by rater 2 and rater 3 were significantly higher in comparison to 3 randomly sampled images (**p = 0.01; *p < 0.05; NS: p > 0.05).
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FIGURE 7. Peripheral corneal epithelial immune cell (IC) density mean ratios, and corresponding 95% CIs, obtained when IC density estimates derived from all combinations of three randomly sampled images (random), and when the “three representative images” were independently selected by three observers (i.e., raters 1 to 3). Mean ratios of IC density estimates derived from images selected by rater 3 were significantly higher in comparison to 3 randomly selected images (**p < 0.01; NS: p > 0.05).





DISCUSSION

This is the first study to investigate the optimal number of IVCM images required to accurately estimate IC density in a healthy individual, in both the central and peripheral corneal epithelium. The analysis also considered the validity of using “three representative images” selected by experienced observers to derive corneal epithelial IC density estimates. The main finding was that to derive a corneal epithelial IC density estimate that is at most 30% different from the “true mean,” 95% of the time, quantifications need to be performed and averaged for 12 randomly selected, non-overlapping IVCM images in the central cornea, and for seven such images in the peripheral cornea, per participant. The study also identified that corneal IC density estimates derived from cell quantifications in “three representative images,” by experienced observers, had poor reliability; overall, the level of precision was similar to using three random images. These findings can inform future IVCM studies that include corneal epithelial IC density calculations, both with respect to the required image sample size and the methods used for image selection.

Quantifying corneal epithelial IC density from IVCM images is frequently used to evaluate corneal inflammation in clinical studies (5–12). Although it is generally accepted that inflamed corneas have higher epithelial IC densities relative to control (healthy) conditions, a recent meta-analysis reported high levels of heterogeneity (I2 value: 94.5% for the central cornea and 96.1% for the peripheral cornea) among studies that had quantified corneal epithelial IC density from IVCM images in healthy eyes (26). In this analysis, and similar to the data in the present study, the pooled estimate for central corneal epithelial IC density was 26.4 ± 13.6 cells/mm2 (from 1203 participants in 38 studies) for the central cornea and 74.9 ± 22.7 cells/mm2 (from 466 participants in 9 studies) for the peripheral inferior cornea. The study by Mobeen et al. also investigated whether specific factors, including participant sex, the definition of ICs and whether three or five IVCM images were sampled, contributed to the observed heterogeneity. Age was reported to be the only significant factor, with peripheral corneal epithelial IC density decreasing with advancing age (26). The lack of significance of sample size as a contributing factor in this analysis likely reflects the dichotomous consideration of this variable, and that both categories are relatively under-sampled based on the findings in the present study. Other aspects of the IVCM image analysis approach, such as selection method (e.g., random or observer-selected) may also contribute to the unexplained heterogeneity.

The selection of a subset of images for analysis, from a larger raw acquisition set, is a necessary initial step in IVCM studies. This step has not been consistently performed in previous studies, both in terms of the number of images selected or the method of selection. First, in terms of sample size, it is important to consider whether the number of unique images (each covering 0.16 mm2 of corneal area) selected for analysis sufficiently represents the corneal region; under-sampling may lead to inaccurate estimates. The present study identified that to ensure a level of precision such that an estimate was no more than 30% different from the true mean, 95% of the time, at least 12 randomly selected, non-overlapping IVCM images should be used to quantify epithelial IC densities in the central cornea of an individual. Consistent with epithelial ICs being more populous in the peripheral cornea, seven such images were found to be required to achieve the same level of precision in this region. In the absence of evidence to inform optimal image sampling methods, prior clinical studies have used a wide variety of image sample sizes, ranging from three (9, 15, 19–22) to twelve (24) non-overlapping images. The analyses in the current study indicate that central corneal epithelial IC density estimates derived from eight randomly sampled images only reach the above accepted level of precision 80% of the time; with the use of five randomly selected images, the IC density estimates are predicted to only achieve the precision level of not being more than 50% different from the true mean, 80% of the time. Together, these findings suggest studies using less than the determined minimum image sample sizes are at risk of unreliable estimates of corneal epithelial IC density, and report findings should be interpreted in view of this limitation.

Considerations relating to IVCM image sample sizes have also been investigated by Vagenas et al. for quantifying central corneal nerve parameters. These authors concluded that averaging data from at least eight unique IVCM images, per participant, was required to yield an estimate with the same level of precision used in the present study (27). That a larger sample size is required for corneal IC density estimates, relative to nerve density parameters, likely reflects that the healthy central corneal epithelium has high nerve density with relatively low inter-image parameter variability (32), but a sparse epithelial IC population. The use of images from healthy individuals in the present study was in recognition that the cornea has fewer epithelial ICs under physiological vs. inflammatory conditions. The image sample sizes determined in the present study are thus based on homeostatic corneal epithelial IC levels and provide a conservative estimate of the required sample size when relatively few ICs are present; the reported sample sizes are thus expected to remain robust when analyzing IVCM images with more ICs, such as diseased corneas. Although, this ideally should be confirmed in different disease states, acknowledging that corneal epithelial IC density may vary both in relation to absolute numbers and the region examined, dependent on the condition etiology. A further reason for the approach taken in the current paper is that healthy individuals often serve as controls in disease or intervention studies, and it is important to have reliable estimates in both participant populations.

In terms of image selection methods, a frequent approach involves an observer manually identifying a designated number of “representative images” for analysis; the use of three such images is common (9, 15, 19–22). However, observer bias might be expected to affect the validity of corneal epithelial IC density estimates derived from a small, subjectively curated image set (17). To consider this question, Kheirkhah et al. evaluated the mean corneal epithelial IC density calculated from “three representative images” selected by one observer with the value obtained from quantifying ICs in a wide-view composite image of the central cornea (covering 1.29 ± 0.64 mm2 of corneal area) (16). Although these authors reported no overall significant difference in the estimated values across the study population, they noted considerable differences between the methods as a function of cell density in individual participants (16). Furthermore, the average corneal area used to derive the benchmark value from the composite images was approximately half of that in the current study (and likely equivalent to about eight non-overlapping IVCM images). The present study focused on analyses at the participant (rather than study population) level, evaluating both the inter-observer consistency of the “three representative images” selection approach, and the level of precision relative to using three random IVCM images, in both central and peripheral cornea. These analyses identified poor inter-observer consistency for epithelial IC density estimates (as determined using the ICC), and a similar level of precision to three randomly selected images (as determined by assessing variance equality). These findings were conserved across the central and peripheral cornea. Together, these findings indicate that using “three representative images,” selected by experienced observers, to quantify corneal epithelial IC densities is likely to be inconsistent and suboptimal with respect to the level of sampling, and imprecise when compared to the “true mean”.

Considerations relevant to the interpretation of the current study include that, based on the prior work of Vagenas et al. (27), the “true mean” IC density has been taken as the average cell density calculated from 16 random, non-overlapping images, per participant, in each corneal region. The optimal image sample size was based on a pre-specified acceptable level of accuracy (27) for the estimated values of corneal epithelial IC density, which is an estimate within 30% of the true mean, 95% of the time. In the current study, only images of right eyes were acquired and analyzed, based on previous findings that corneal sub-basal nerve plexus parameters are highly correlated between eyes in an individual (33, 34). As such, we could not evaluate potential inter-eye asymmetries. We would expect, although could not identify direct evidence for, corneal epithelial IC densities also being similar between right and left eyes in healthy corneas (33, 34). Some indirect evidence for this relationship derives from research in unilateral corneal infection, where it has been shown that contralaterally clinically unaffected eyes show increased corneal epithelial IC densities; this was suggested to result from coordinated, bilateral interactions between the nervous and immune systems (35). Central corneal epithelial IC density measures similar to those reported in the present study have also been described in two recently published studies that analyzed a total of six images (i.e., three per eye) in healthy populations (36, 37).

We also acknowledge that the level of consistency between observers in the current study may not be generalizable, but instead represents the extent of agreement within this group of observers. All corneal epithelial ICs were quantified in the density calculations; morphological subtypes, which may represent either distinct cell populations or cells at different states of maturation, were not considered separately. It would be predicted that higher optimal image sample sizes may be required if distinct cell populations intend to be quantified. Some recent studies have assessed the infero-central corneal whorl region and noted that it is an area where round-shaped “globular” cells congregate (38–40). The current study determined optimal image sample sizes for deriving epithelial IC estimates in the central and peripheral corneal regions; the whorl region was not evaluated. This could be a topic for future research, noting that the corneal whorl will be inherently limited in its potential sampling area as it is a relatively small anatomical region of the cornea.

In conclusion, the present study finds that to minimize the likelihood of under-sampling at the participant level of a study, the average cell density value from quantifying 12 random, non-overlapping IVCM images (400 μm × 400 μm) should be used for corneal epithelial IC density estimates for the central cornea, and seven equivalent images should be used for the peripheral cornea. This study also finds that using “three representative images,” selected by experienced observers, to derive corneal epithelial IC density estimates from IVCM images has poor inter-observer consistency, and leads to imprecise estimates that are similar to random under-sampling.
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Clinical characteristics

Stage at diagnosis

Median hospital stay
Preexisting condition

COVID treatment

Thrombosis prophylaxis(e.

Heparin therapeutic dose

. heparin or low-molecular-weight heparin prophylactic dose)

11 males (65%)

Non-severe
Severe

Gritical

8 days (range 3-46 days)

Chronic heart failure

Peripheral artery occlusive disease
Hypertension

Diabetes

Chronic kidney disease
Rheumatic disorder

Atrial ibrillation
Immunosuppression
Chemotherapy
Hydroxychloroquine

Steroids

Reconvalescent plasma

6 females (35%)

14 (82%)
2 (12%)
1(6%)

1(6%)
1(6%)
4(24%)
1(6%)
1(6%)
1(6%)
1(6%)
3(18%)
2(12%)
12 (63%)
1(6%)
1(6%)
15 (88%)
1(6%)

Clinical data were collected using REDCap electronic data capture tools hosted at University Hospital Erlangen (29). Clinical phases were defined according to the definition of stages
proposed by the LEOSS registry (30). Severe phase was mainly characterized by need of oxygen supplementation; critical phase was mainly defined by need of mechanical ventilation.
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Type 3 tests of fixed effects of vessel density of DCP

Effect Num DF Den DF F value Pr>F
Hospitalized 1 29 5.18 0.0304
Gender 1 29 258 0.1188
Age 1 29 0.06 0.8099
Sector 1 352 292 0.001

Least squares means of vessel density of DCP

Effect Groups Estimate  Standarderror  DF t  Pr>ly Alpha Lower Upper
Hospitalized o 2423 0.8928 29 27.14 <0.0001 0.05 22.404 26.06
Hospitalized 1 21.003 0.9006 29 2332 <00001 005  19.161 22.85

Differences of least squares means of vessel density of DCP

Effect Group Group Estimate  Standard DF  tValue Pr>|ff Adjp Alpha Lower Upper Adj Adj

Erm. lower Upper
Hospitalized 0 1 323 142 20 228 003 003 005 033 613 033 613
®)

Least squares means of 3 of DCP for effect groups.

t for HO: LS-mean(j) = LS-mean()/Pr > [t]
Dependent Variable: ¢ of DCP

i Non-hospitalized Hospitalized Control
Non-hospitalized 2802824 0124304
00178 09915
Hospitalized —2.82082 -2.72584
00178 0.0229
Control -0.1243 2726835

0.9915 0.0229
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Variables Control (n = 12)

Healthy subjects Without DR (1 = 13)
Age (years) 54411 50+ 11
Gender (male/female) 39 7
Diabetes duration (years mean & SD) not applicable 12£75
Diabetes treatment type

Oral medication not applicable 82%

Insulin not applicable 9%

Oral medication + insulin not applicable 9%

HbA1c values (mean + SEM) E 74+£03

*p < 0.05 vs CTRL, #p < 0.05 vs Diabetic without DR, ##p < 0.001 vs Diabetic without DR.

Diabetic (n = 54)
NPDR (1 = 25)

659
1817
19£92¢

30%

35%

35%
76402

PDR (n = 16)

66+ 6
13/3
22487

17%

26%
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BIPQ Scores Pre14—4 to Pres_; estimate Post;_3 to Posts_14 estimate

Overall Optimal Suboptimal Overall Optimal Suboptimal
Total BIPQ Score -0.40 -0.48 011 029 ~0.81
Consequences -1.13 -129 -0.54 1.24 -3.89
Timeline ~021 ~065 097 094 1.34
Personal control -1.41 -1.12 0.76 0.33 1.42
Treatment control -1.96 —1.48 ~0.68 0.18 —497
Identity -1.08 -0.80 0.05 1.13 -3.56
Concern -0.47 -028 038 1.26 -5.46
Emotion ~1.16 ~0.49 057 -053 326
representation -064 -078 -008 o071 -2.52
Coherence

Bolded values represent statistically significant estimates.
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Study variable

Age (years) mean & SD

Number of ocular medications, mean & SD
Medication adherence, mean  SD (median, IQR)

Overall
Optimal (N = 49)
Suboptimal (N = 17)
Gender
Female
Male
Race
White
Black
Education level
High school/Some college
Baccalaureate
Graduate
Marital status
Married
Not married
Employment level
Employed full-time
Not employed full-time
Household incorme
$60,000 or less:
Above $60,000
Declined to answer or unknown
BIPQ subscale scores
Total BIPQ score
Consequences
Timeline
Personal control
Treatment control
Identity
Concen
Emotional representation
Coherence

70881
16£07
Percentage (%)
863+ 17.7(95.6,21.2)
95.1+55(97.8, 68)
60.7 4 15.9(64.6, 18.2)
Percentage (%)
515
485
Percentage (%)
57.6
424
Percentage (%)
409
318
273
Percentage (%)
652
348
Percentage (%)
2838
7.2
Percentage (%)
425
303
272
Median (IQR)
27(12)

123
10(0.25)
2049
1)

0539
8(5)

12
1.3
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Overall 855+£212 885+23.2 001 87.0+239 849+233 0.02
Optimal 940+ 11.7 97.7+£7.4 0.001 96.2 £ 12.0 96.4+ 6.7 0.007
Suboptimal 60.9 +237 61.8+31.7 0.69 63.2+33.1 54.7 +£28.0 0.32
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A VMA release at 28 days after treatment
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VMA release in all participants
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Characteristic

Sex Male
Female

Age Mean (SD)
Range

Medication  Medicated
Unmedicated

WURSK  Mean (SD)
Median (IQR)

BDI Mean (SD)
Median (IQR)
(Missing)

HDRS Mean (SD)
Median (IGR)

Controls, N = 12

5/12 (42%)
7/12 (58%)
29(8)
20-51
042 (0%)
12/12 (100%)
11(6)
8(7,15)
3
3(1,5)

0
1(1)
10,1)

Patients, N = 12

5/12 (42%)
712 (58%)
26(9)
19-61
11/12 (92%)
1/12 (8.3%)
23(13)
18(16,27)
25 (8)
25 (18,32)
1
22 (4)
22 (20, 26)

p-value®

0.087

0.003

<0.001

<0.001

aStatistical test: Wilcoxon rank-sum test. BDI, Beck Depression Inventory; HORS,
Hamiton Depression Rating Scele; IQR, interquartie range; N, number; SD, standard
deviation; WURS-k, Wender-Utah Rating Scale; y, years.
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Check Size [']  Frequency [rps] ~ Controls mean (SD)  Patients mean (SD)  Differences of estimated  P-value (significance  Hedge corrected

marginal means (SE) level Holm adjusted) Cohen’s d
08 125 2.9(0.5) 2.3(0.7) 0.621 (0.21) 0.007 () 0.98
16 125 25(05) 2(06) 0549 (0.21) 0015 (ns) 1.00
32 125 23(05) 1.8(0.5) 0553 (0.21) 0014 (ns) 118
16 125 23(05) 1.8(0.5) 0.490 (0.21) 0,028 (ns) 095
08 18.75 25(05) 1.90.7) 0.630 (0.21) 0.006 () 1.04
16 18.75 2.2(0.4) 1.705) 0514 (0.21) 0,022 (ns) 1.03
32 18.75 2.1(0.4) 1.6(0.5) 0.431 (0.21) 0,051 (ns) 095
16 18.75 22(05) 1.8(0.5) 0331 (0.21) 0.127 (ns) 0.67

Painvise group comparisons (contrast: controls-patients) for all stimulus conditions with the corresponding differences in the estimated marginal means (SE included), the arithmetic
mean and standard deviation (SD) for patients and controls as well as the effect size estimation (Cohen’s d Hedge corrected) for group differences. Significance levels were adjusted
according to Bonferroni-Holm procedure. *significant; ns, not significant.
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Checksize['] ~ Frequency [rps] ~ Controls mean (SD)  Patients mean (SD)  Differences of estimated  P-value (significance  Hedge corrected

marginal means (SE)  level Holm adjusted) Cohen’s d
08 125 55.2(2.9) 51.90) 3.7 (0.96) 0.002 () 1.09
16 125 517 (2.6) 483(2.8) 3.42(0.96) 0.001 () 1.22
32 125 489 (2.2) 453 (2.4) 358 (0.96) 0.001 () 153
16 125 447 @) 415(2.4) 3.22(0.96) 0.002 () 1.36
08 1875 56.4(1.8) 532 (2.5) 3.19(0.96) 0.003 () 1.41
16 18.75 53.4(2) 496(2.9) 3.79(0.96) 0.001 () 1.69
32 18.75 50.4 (2.1) 465(2) 387 (0.96) <0.0001 () 1.84
16 1875 465 (2.1) 43(18) 352 (0.96) 0001 () 172

Pairwise group comparisons (contrast: controls-patients) for al stimulus conditions with the corresponding differences in the estimated marginal means (SE included), the arithmetic
mean and standard deviation (SD) for patients and controls as well as the effect size estimation (Cohen’s d Hedge corrected) for group diferences. Significance levels were adjusted
according to Bonferroni-Holm procedure. *significant; ns, not significant.
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Total Lowland Highland

Lowland Highland P Non-myopia Myopia P Non-myopia Myopia P
(n =294) (n=289) (n=161) (n=133) (n = 40) (n =49)

Age (year) 9.4(33) 12.0(3.0) <0.001 85(2.7) 10,6 2.7) <0.001 12,0 3.0) 13.0 (4.0) 0.456

Gender, n (%)

Boys 183 (62.2) 38(42.7) <0.001 102 (63.4) 81(60.9) 0378 16 (40.0) 22 (44.9) 0.826

Girls 111(37.8) 51(57.9) 59(36.6) 52(39.1) 24.(60.0) 27 (85.1)

BMI (kg/m?) 17.4(6.1) 16.7 (3.6) 0.010 17.4(5.9) 17.4(7.4) 0.664 171 3.1) 16.4 (4.9) 0.488

Outdoor time (Vw) 62(59) 14.0(7.0) <0.001 66(62) 55(55) 0009 - -

Near vision time (Vw) ~ 16.6 (14.6) 280 (17.5) <0.001 15.4 (13.8) 18.0(15.3) 0010 - -

25(0H)D (ng/mL) 209(11.6) 16.9(6.5) <0001 19.6(12.2) 225(11.2) 0878 17.6(8.8) 16.7(6.6) 0216

Sufficient, n (%) 56 (19.0) 3(3.4) <0.001 33(20.5) 23(17.9) 0.158 1(25) 2(4.1) 0.205"

Insuficient, n (%) 100 (34.0) 22(24.7) 47(29.2) 53(39.8) 13 (32.5) 9(18.4)

Deficient, n (%) 138 (46.9) 64(71.9) 81(503) 57 (42.9) 26(65.0) 33(776)

SER(D) —025(17)  -063(3.1) 0.163 025 (0.5) —16(1.9) - 025 (1.3) ~25(3.4) -

Myopia, n (%) 133 45.2) 49(85.1) 0066 - - - -

Non-myopia, n (%) 161 (54.8) 40 (44.9) - - - -

AL (mm) 23.6(1.3) 23.2(1.0) 242(1.1) <0.001

“Median (interquartile range) was used to describe continuous variables. Chi-square test was used in classification variable comparisons. Wilcoxon rank sum test was used in continuous
variable comparisons.

* Fisher's exact test.
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Factors Lowland’

OR (95%Cl)
Age (year) 1.72 (1.46-2.03)
Gender
Boys Reference
Girls 1.30(0.73-2.32)
BMI (kg/m?) 0.94 (0.88-1.00)
25(0H)D (ng/mL) 1.01(0.98-1.04)
Outdoor time (/w) 0.95 (0.90-1.01)
Near vision time () 1.02 (0.99-1.04)
Region
Highland -
Lowland -

OR with statistically significance were listed in bold.

<0.001

0373
0.066
0.706
0.120
0273

? Adjustment for age, gender; BMI, outdoor time and near vision time.

*Adjustment for age, gender, and BMI.
$§Adjustment for age, gender, BMI and region.

Highland?

OR (95%CI)

1.18 (0.90-1.41)

Reference
1.02 (0.39-2.65)
0.90 (0.76-1.06)
0.94 (0.87-1.02)

0.306

0.969
0.208
0.141

Total®

OR (95%Cl)

1.55 (1.36-1.76)

Reference
1.20 (0.75-1.91)
0.94 (0.88-0.99)
0.9 (0.97-1.02)

Reference
213 (1.10-4.15)

<0.001

0.456
0.029
0.676

0.026
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Year

2011-2013

2012-2018

2017

2013

2017

2012

2017-2018

2016

2015-2016

2011-2016

2013

TELISA stands for enzyme-linked immunosorbent assay.

Region

Guangzhou
©7

Beijing
©9
Jiaxing of
Zhejiang
43)
Shaoxing
of Zhejing
(44

Shanxi
(@5)
Guangxi
(486)
Mianyang
of Sichuan
@n
Shenmu of
Shanxi (48)
Heilongjiang
(49)
Wenzhou
of
Zhejiang
Tibetan
Highland*

Age

0-14

7-14
0-14

3-6

0-9

9-16

6-13

0-8

0-14

0-6

6-14

6-14

Detection
method

ELISAT

MS-Ms*

Ms-MS

CLIAS

CLA

ELISA

MS-MS

ELISA

MS-MS

CUA

CUA

#MS-MS stands for tandem mass spectrometry.
SCLIA stands for chemiluminescence immunoassay.
“Children in our study.

Detection
rate of
Sufficiency
%

36.6

1.5
12,9

45.8

346

174

148

19.0

337

Mean + SD
(ng/mL)

283+84

230+£59
221+85

230+7.7

29.8+1238

180+6.4

229+04

186

133 +6.0

242 £100

223+89

182 +6.0
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lics

Location

Altitude
Climate

Sunshine

Time of sunrise and sunset
Summer solstice

Winter solstice

Temperature

Rainfall

Lowland

Southeast of Zhejiang Province, China.
Lowland area.

10 meters.

Central Asian tropical monsoon climate zone, with four distinct
seasons and abundant rainfall.

Annual sunshine between 1,442 and 2,264 h.

Sunrise at 5:01 sunset at 18:56.

Sunrise at 6:44 sunset at 17:06.

Annual average temperature is 17.3-19.4°C.

Average temperature in January is 4.9-9.9°C.

Average temperature in July is 26.7-29.6°C.

Annual precipitation between 1,113 and 2,494 mm. Raining
season comes at the end of spring and early summer.
Tropical cyclone happens between July and September.
Frost-free period is 241-232 days.

Highland

Northwestern of Sichuan Province, Tibetan Plateau in Southwest
China.

More than 3,300 meters.

Continental plateau monsoon type. No summer. Frost and snow
occur in fourth seasons, and the atmospheric oxygen content is
<60% of the standard.

Average annual sunshine about 2,451.1 h.

Sunrise at 6:12 sunset at 20:28.

Sunrise at 8:16 sunset at 18:18.

Annual average temperature is —0.16°C.

Average temperature in January is —11.1°C.

Average temperature in July is 9.9°C.

Average precipitation 65.4 mm, and mostly happens during June to
September.

Average frost-free period is 21 days.

Areas with higher altitude has no absolute frost-free period.
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A VMA release in participants without ERM
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