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Editorial on the Research Topic
 Eye in systemic diseases




The systemic diseases might involve the eyes in many ways, either with typical signs and symptoms or, often, with atypical presentation.

A rapid diagnosis may promote prompt treatment and a better clinical outcome in different cases.

Ocular involvement is present in metabolic, vascular, and rheumatologic diseases with retinopathy, inflammation, ocular surface, and corneal involvement. It may also be observed in different genetic syndromes. On the other hand, several systemic therapies may induce ocular changes, potentially affecting visual acuity.

This Research Topic aims to provide as comprehensive as possible information on ocular changes in systemic diseases, the signs, and symptoms that should be considered when systemic diseases are suspected. Additionally, it aims to evidence the ocular involvement in systemic disease and to highlight the necessity of the multidisciplinary approach for diagnosis and treatment.

Diabetes is undoubtedly the most common disease, with increasing prevalence worldwide, that involves different organs and tissues with diabetic angiopathy and neuropathy. It affects the eye with many degrees of severity diabetic retinopathy (DR) and cornea with tiny fibers neuropathy that affects the corneal sub-basal nerve plexus and may lead to severe visual impairment. In addition, it was reported that DR could be associated with cardiovascular involvement and stroke (1, 2).

Barrot et al. evaluated the role of diabetic retinopathy as a predictor of cardiovascular morbidity and mortality in subjects with type 2 diabetes in the Catalonia (Spain) population.

The authors investigated the predictive value of DR with its severity with the incidence of major cardiovascular events such as coronary heart disease, stroke, and all-cause mortality in subjects with T2DM in a Mediterranean region. They concluded that DR is related to coronary heart disease, macrovascular events, and all-cause mortality among persons with T2DM. The authors highlighted the importance of prompt screening and proper treatment of diabetic patients with DR to avoid cardiovascular complications leading to death.

Continuing with diabetes, another paper focused on the association between serum magnesium levels and diabetic macula edema (DME) in patients with DR (Xiang et al.). The systemic conditions that result from reduced serum magnesium might worsen the DR and promote DME with severe visual impairment (3).

The authors demonstrated that a higher serum magnesium level was associated with a lower risk of DME in patients with DR. These data open a new Research Topic to assess whether appropriate magnesium supplementation in diabetic patients reduces the risk of DME.

The relation between DR and Parkinson's disease (PD) as diabetes with DR and PD share some pathophysiological mechanisms related to stopped dopamine activity as both brain and retina are characterized by expression of D1like and D2-like dopamine receptors. So, the recognition of the DR as a marker of PD was hypothesized (4).

Mauricio et al. evaluated the primary health care large population in Catalonia (Spain) with type 2 diabetes and diabetic retinopathy for the risk of occurrence of PD. The authors concluded that DR was not associated with an increased risk of PD after adjusting for different risk factors such as age, male sex, and diabetes duration.

Dry eye is a multifactorial ocular surface disease affecting up to 50% of the population, significantly impacting the quality of life. Several risk factors for developing the disease and sleep apnea may dramatically impact ocular surface conditions (5). Pu et al. demonstrated a higher prevalence of DED in patients with obstructive sleep apnea syndrome (OSA), with a significant correlation between DED parameters worsening and OSA severity. This evident interaction should be addressed in patients with OSA, and proper ocular surface therapy should be considered.

Severe cornea and ocular surface disease are represented by neurotrophic keratitis (NK). Several systemic diseases, such as diabetes, rheumatoid arthritis, and atopia, might produce NK with severe visual impairment. Therefore, the patients should be monitored to promptly diagnose the early stage of corneal involvement to start the appropriate therapy to avoid, if possible, the progression that may lead to visual loss (6–10). In the paper related to NK in systemic diseases, Meduri et al. evidenced that the leading cause of NK was post-neuroma surgery (36%), followed by diabetes (18%). The remaining causes were rheumatoid arthritis (9%), post-traumatic (9%), post-surgery (9%), atopic (9%), and Graves' disease (9%). Additionally, the results of therapy with rh-NGF (Cenegermin) were presented, and the authors concluded that current knowledge of the pathogenesis of NK and the introduction of topical recombinant human Nerve Growth factor (rh-NGF) has significantly changed the natural history of the disease.

The effects of smoking on the microvascular system result in ocular complications (11).

The exciting paper of Xu et al. on the impact of chronic smoking on the microvascular system demonstrated the damage to the retinal vascular system. Furthermore, the authors highlighted the role of prevention and lifestyle improvement in preventing systemic diseases.

The research and validation of the new accurate and reliable tools to be used in the screening and assessment of systemic diseases are of extraordinary actuality, primarily due to the remarkable technological progress and availability of instruments increasingly sophisticated.

Retinal changes in different neurodegenerative diseases suggest its parallel involvement with significant differences. Therefore, the retina was proposed as the window to the neurodegenerative changes in the central nervous system (12).

For this purpose, Deng et al. performed a systematic review and meta-analysis to evaluate retinal and microvascular parameters in patients with PD as compared to healthy controls. The authors considered RNFL, macular, GCL, vessel density, and optic disk area evaluated using OCT. The study evidenced that studied parameters were significantly lower in PD patients confirming that OCT and OCTA might play a role in detecting early morphological retinal changes in patients with PD and consequently support clinicians in diagnostic processes.

Additionally, OCT can classify PD patients accordingly to measure retinal changes. The authors speculated that in the next future, the OCT and OCTA might be used to assess the progression of PD based on variations of retinal parameters.

The last decades of exceptional technological progress have offered clinicians and researchers new diagnostic tools for visual disease assessment and follow-up.

And while OCT continuously improved and became essential for retinal examination, in corneal semiotics, AS-OCT and IVCM are now fundamental. Moreover, the use of IVCM to diagnose systemic diseases by corneal SBNP examination has become of growing interest, and its use in the assessment of diabetic peripheral polyneuropathy was widely documented (13–16).

Gu et al. performed a review of corneal confocal microscopy in the assessment of non-neurological autoimmune diseases. The authors concluded that IVCM parameters were altered in patients with NNAI affections compared to healthy subjects and highlighted the role of IVCM in early diagnosis and follow-up of affected patients.

The research to develop a more accurate analysis of IVCM data is the topic of the paper of Abicca et al., who presented the new algorithm for the evaluation of corneal nerves beadings in diabetic patients using IVCM. This new evaluation method adds a further possibility to investigate nerves changes in the early stage of peripheral neuropathy.

Lombardo et al. reports retinal imaging with new devices and a new approach to AMD.

Age-related macular degeneration is a visual threatening multifactorial disease with several systemic disorders such as hypertension, overweight, and low dietary intake of carotenoids act as decisive risk factors (17). In their report, the authors present a new system providing topical delivery of lutein into the retina using iontophoresis and show promising results of the pilot study on patients with AMD (18, 19). Furthermore, the authors discuss the advantage of using adaptive optics technology to improve the performance of optical systems by reducing the effects of optical distortions. Consequently, the improved resolution provides a more sensitive tool to study, detect, and track retinal diseases. Additionally, they present Resonance Raman spectroscopy (RRS) as one of the most promising technologies for measuring macular carotenoid levels from the human retina (20, 21).

Ocular adverse effects of systemic therapies were the topic of some papers.

The use of dupilomab, a targeted biological drug for atopic dermatitis (AD), is widely performed in adults and children. But the adverse effects could be expected, and they manifest with ocular surface diseases (22). Jia et al. reviewed ocular adverse effects in patients treated with dupilumab for atopic dermatitis. The AE associated with the therapy manifested in up to 50% of patients with non-infectious conjunctivitis, followed by ocular pruritus, blepharitis, xerophthalmia, and keratitis. The cause is attributable to the inhibition of goblet cells through blocking IL-4 and IL-13 with dupilumab, which results in reduced mucin secretion. Another mechanism of conjunctivitis may be associated with serum IgE, thymus, and activation-regulated chemokine in dupilumab-treated patients (23). The authors reported good treatment results with fluorometholone or tacrolimus in affected patients providing dermatologists and ophthalmologists with diagnostic and therapeutic recommendations.

The widespread use of local and systemic corticosteroids might be controversial, and accurate estimation of risk and benefits should be consistently done (24). This problem emerges from the case report on the role of corticosteroids in treating acute ocular toxoplasmosis in an immunocompetent patient (25). Lin et al. showed that the early use of systemic corticosteroids in patients with acquired ocular toxoplasmosis might induce severe retinal visual-threatening complications. Therefore, they recommend accurate and continuous visual monitoring during therapy.

In conclusion, this special issue includes papers that provide information on ocular involvement in systemic disease that should be promptly diagnosed and treated. The multidisciplinary approach to diagnose, treat, and monitor the patients is recommended. Additionally, the issue highlights new possibilities to diagnose and follow up different systemic diseases by ophthalmic evaluation using the new examination tools. We hope that the content of this special issue will raise the level of understanding how the systemic diseases might impact on ocular health.
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Purpose: To evaluate the changes in the retinal microvasculature and its reactivity in chronic cigarette smokers.

Methods: Thirty-four male chronic cigarette smokers and 18 male non-smokers were enrolled. Optical coherence tomography angiography was used to measure the perfused retinal vessel densities (PVDs) of the peripapillary and parafoveal areas at baseline and during phase IV of the Valsalva maneuver (VM-IV). Systemic blood pressure and intraocular pressure were also measured.

Results: The baseline PVD in the peripapillary area of the smokers was significantly lower than the non-smokers (59.56 ± 2.26% vs. 61.67 ± 3.58%, respectively; P = 0.005). However, there was no significant difference in the foveal avascular zone or parafoveal PVD between the two groups. During VM-IV, the peripapillary PVD of the smokers decreased by 1.13 ± 3.50%, which was significantly less than that of the non-smokers (−3.83 ± 4.26%, P < 0.05). Similarly, the parafoveal PVD of the smokers decreased by 5.49 ± 9.70%, which was significantly less than the percentage change of the non-smokers (−13.01 ± 8.39%, P < 0.05). There was no significant difference in the percentage change in systemic blood pressure parameters between the two groups.

Conclusion: The retinal microvasculature and its reactivity were impaired in chronic smokers compared with non-smokers. The extent of impairment differed among different regions of the fundus.

Keywords: retinal microvasculature, reactivity, optical coherence tomography angiography (OCTA), blood pressure, Valsalva maneuver (VM)


INTRODUCTION

Smoking is a global public health issue, which causes ~7 million deaths each year worldwide (1). Tobacco consumption in China accounts for 40% of global consumption (2). About 300 million individuals were reported to be current smokers in China in 2010, and over half (52.9%) of adult men (288 million) were smokers (3).

Cigarette smoke contains numerous compounds, many of which have toxic and deleterious effect on the vascular system of the human body (4). According to a World Health Organization report, cigarette smoking contributes to 10–30% of all cardiovascular deaths worldwide (5), and several epidemiological surveys have reported that smoking is also strongly associated with ocular vascular diseases, such as retinal ischemia and anterior ischemic optic neuropathy (6). Although the exact pathophysiological process remains unclear, endothelial dysfunction is thought to play a crucial role in the vascular diseases induced by smoking.

The retinal vasculature has an autoregulatory system to maintain constant blood flow and to ensure that the high metabolic needs of the retina are met under various conditions (7). Nesper et al. reported a significant, transient variation of retinal vessel density during the transition from dark adaptation to ambient light (8). Vascular reactivity is a well-known marker of endothelial function. Several studies have demonstrated that the reduction in vascular reactivity is an important and early sign of vascular endothelial dysfunction, which occurs before the appearance of pathological changes (9). Measuring this autoregulatory system involves analyzing the variation in the amplitudes of vascular hemodynamic indices in response to different stimuli, such as flicker stimulation (9–11), elevated blood pressure (BP) (12), inhalation hyperoxia (13), and handgrip test (14). In previous studies in smokers, Halloran et al. reported that the reactivity of retinal arteries was lower in chronic smokers than in non-smokers (15). Garhöfer et al. demonstrated that the response of retinal veins to flicker stimulation also significantly reduced in smokers compared with that in non-smokers (16).

Recently, it has been reported that the capillaries are crucial sites at which blood flow is controlled (17). However, because the techniques available were limited, most of previous studies assessed the reactivity of large vessels, and the reactivity of the capillaries of smokers have not been well-studied. In recent years, the development of optical coherence tomography angiography (OCTA) has allowed clear visualization of retinal capillaries and non-invasive quantification (18). Our previous study demonstrated that OCTA can be used to evaluate the retinal microvascular reactivity to the variations in BP during phase IV of the Valsalva maneuver (VM-IV) (19). In this study, using the same equipment and stimuli, the reactivity of the retinal microvasculature is compared between chronic smokers and non-smokers.



MATERIALS AND METHODS

All procedures in this study were reviewed and approved by the Institutional Review Board of the Eye, Ear, Nose, and Throat Hospital of Fudan University in Shanghai, China. The research conformed to the tenets of the Declaration of Helsinki, and the enrolled subjects read and signed a written informed consent form.


Study Subjects

Healthy subjects who underwent a routine health checkup annually were enrolled in this study. Detailed ophthalmologic examinations were performed in all subjects, including slit-lamp biomicroscopy and a fundus examination. We collected the following basic ophthalmologic data: best-corrected visual acuity (BCVA), intraocular pressure (CT-80A Computerized Tonometer; Topcon, Tokyo, Japan), refractive error (Auto Refractometer AR-610; Nidek Co, Ltd, Tokyo, Japan), and axial length (AL; IOLMaster® Carl Zeiss, Inc., Jena, Germany). The inclusion criteria for the study were: (1) BCVA > 0.8; (2) IOP <21 mmHg; (3) AL of 21–25 mm; (4) a spherical equivalent from −3 to +3 diopters; and (5) no retinopathy or other abnormal ophthalmologic signs. The exclusion criteria were: (1) systemic diseases such as diabetes, hypertension, or other cardiovascular diseases; (2) a history of ocular trauma; (3) inability to correctly perform or complete the VM. The smoking history of the subjects was asked and recorded in detail. Fifty-two healthy male subjects, including 18 non-smokers and 34 chronic smokers, were ultimately enrolled in the study. Non-smokers are defined as subjects who have no smoking history and live in smoke-free environment. Chronic smokers are defined as subjects who have a minimum 10-year smoking history with one or more pack-years. Up to now, the smokers still remain their smoking habits.



Optical Coherence Tomography Angiography

OCTA scanning of the macular (6.0 × 6.0 mm2) and peripapillary regions (4.5 × 4.5 mm2) was performed with a spectral-domain OCT system (RTVue-XR Avanti with AngioVue AngioAnalytics, version 2017.100.0.1; Optovue Inc., Fremont, CA, USA), as described in a previous study. The system automatically identifies the parafoveal superficial capillary plexus (signal projected from 3 μm below the internal limiting membrane to the outer boundary of the inner plexiform layer), and generates en face retinal angiograms. The perfused vessel densities (PVDs) in the peripapillary area (a 700-μm-wide elliptical annulus, extending outward from the optic disc boundary) and parafoveal area (an annulus formed by an outer circle with a diameter of 3 mm and an inner circle with a diameter of 1 mm) were automatically calculated with the software. The foveal avascular zone (FAZ) area was also obtained directly from the system. The quality of the OCTA scanning images was determined by the signal strength index (SSI). Finally, the images with an SSI~60 or less were excluded from the analysis. The OCTA system embraced the eye-tracking function to decrease the residual motion artifacts and improve the quality of scanning images.



Study Protocol

All the subjects were required to refrain from coffee and alcohol consumption for 24 h before the examinations. Before the test, the subjects were asked to rest in a sitting position for 20 min. The baseline retinal PVDs was acquired with the OCTA system, as described above. At the same time, the baseline BP parameters, including the systolic BP (SBP), diastolic BP (DBP), and heart rate (HR), were recorded with a fully automatic BP monitor (HEM-7130; OMRON, Dalian, China). The subjects were then instructed to perform the modified VM by taking a deep breath and forcefully blowing out against the closed glottis while occluding the nose with their fingers. The maximum expiratory pressure had to be sustained for 15 s. The subjects were then required to open their glottis and breath normally. As previously described, phase III of VM started with the release of pressure and lasts for 1–2 s, with a transient fall in BP, and was followed by an overshoot of BP in phase IV, which last about 10–20 s (20). To investigate the retinal microvascular response to the elevation in BP induced in VM-IV, OCTA images were obtained 5 s after VM release. Because it took 5–7 s to pressurize the cuff, the examiner pressed the “start” button of the BP monitor when the VM strain was released. Therefore, the BP parameters and retinal angiogram images were acquired at almost the same time. After resting for 1 h, the subjects performed a second VM, and IOP was measured 5 s after VM release.



Statistical Analysis

Spherical equivalence (SE) was calculated as the algebraic sum of the spherical value plus one half of the cylindrical value. The mean arterial pressure (MAP) and ocular perfusion pressure (OPP) were calculated with the following formulae:

MAP = 1/3 (2 × DBP + SBP)

OPP = 2/3 MAP–IOP

The response of the retinal PVDs to VM-IV was expressed as “Δ,” which was equal to the percentage change relative to the baseline level. The changes in the systemic parameters were calculated using similar methods. To investigate the effects of VM on the various parameters, paired t-tests were used to compare the differences in the parameters between baseline and during VM-IV in the same group. The one-sample Kolmogorov-Smirnov test and Levine's test were used to test the normality of distributions and the equality of variance, respectively, of all datasets. According to the results, the SE value, ΔFAZ, and ΔDBP were compared between the two groups with Mann-Whitney U-tests. All other baseline parameters were compared with two-tailed independent-samples t-tests. The differences of changes of the other parameters between the two groups (non-smokers vs. chronic smokers) were compared with the general linear model multivariate analysis, which could adjust for the potential confounders (age, AL, and BCVA). A linear regression model was used to analyze the correlation between pack-years and the response of the retinal PVDs to VM-IV in parafoveal and peripapillary regions. Data are presented as means ± standard deviations and statistical significance was set at P < 0.05. All statistical analyses were performed with SPSS software (version 20.0; SPSS, Inc., Chicago, IL, USA).




RESULTS


Subject Characteristics

The right eyes of 34 male chronic smokers and 18 male non-smokers were enrolled in the study. For chronic smokers, the mean smoking history last for 23.53 ± 7.95 years. The average amount of smoking cigarettes was 26.51 ± 12.15 pack-years. Table 1 shows all the subjects' demographic and ocular characteristics. There was no significant difference between the two groups in terms of their age or basic ocular indices, including BCVA, SE, AL, and IOP (all P > 0.05; Table 1).


Table 1. Subjects characteristics.
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Baseline BP and Retinal PVDs

Compared with the non-smokers, the smokers had similar baseline values in several systemic and ocular parameters, including SBP, DBP, HR, MAP, and OPP (all P > 0.05; Table 2). The peripapillary PVD was significantly lower in the smokers than in the non-smokers (59.56 ± 2.26% vs. 61.67 ± 3.58%, respectively; P = 0.005; Table 3). However, there was no significant difference in FAZ or parafoveal PVD between the smokers and non-smokers (both P > 0.05; Table 3).


Table 2. Systemic parameter and other ocular findings before and after VM-IV in non-smokers and smokers.
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Table 3. FAZ area and retinal PVDs before and after VM-IV in non-smokers and smokers.
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Response to VM-IV

Compared with the baseline levels, there were significant increases in SBP, DBP, MAP, and OPP during VM-IV in the smokers and non-smokers (all P < 0.05; Table 2). However, IOP and HR did not significantly change in either group (both P > 0.05; Table 2). There was no significant difference between the two groups in the percentage change in SBP, DBP, MAP, OPP, IOP, or HR (Table 2).

During VM-IV, the peripapillary PVD and parafoveal PVD of the nonsmokers decreased significantly by 3.83 ± 4.26% and 13.01 ± 8.39%, respectively (both P < 0.05; Figure 1, Table 3). However, in the smokers, the peripapillary PVD remained unchanged (−1.13 ± 3.50%, P > 0.05) and only the parafoveal PVD significantly decreased (−5.49 ± 9.70%, P < 0.05; Figure 1, Table 3).


[image: Figure 1]
FIGURE 1. Typical optical coherence tomography angiographic scanning images of non-smokers (A–D) and smokers (E–H) at baseline and during phase IV of the Valsalva maneuver.


The percentage reductions in retinal PVDs (ΔPVD%) were compared between the two groups with the general linear model multivariate analysis. After adjusting for the potential confounders (age, AL and BCVA), the peripapillary ΔPVD% was significantly greater in the non-smokers than in the smokers (P = 0.036; Figure 1, Table 3). And the parafoveal ΔPVD% were also significantly greater in the non-smokers than in the smokers (P = 0.017; Figure 1, Table 3). Meanwhile, age was a significant factor that affected the comparison of parafoveal ΔPVD% between the two groups (P = 0.028). The FAZ area increased significantly in both the non-smokers and smokers (9.23 ± 16.51% vs. 8.74 ± 18.77%, respectively; both P < 0.05; Table 3), and ΔFAZ% was similar in both groups (P = 0.413; Table 3).

For both smokers and non-smokers, the increase in BP during VM-IV induced a greater reduction in retinal PVD in the parafoveal region than in the peripapillary region (both P < 0.05; Table 4).


Table 4. Comparisons of retinal microvascular reactivity to VM-IV between parafoveal region and peripapillary region.
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Linear regression analyses revealed that there was no significant correlation between pack-years and retinal microvascular response induced by VM-IV in either peripapillary region (β = 0.444, P = 0.553) or parafoveal region (β = 0.415, P = 0.058; Figure 2).


[image: Figure 2]
FIGURE 2. Correlation between pack-years and percentage changes of perfused vessel density induced by Valsalva maneuver in parafoveal (A) and peripapillary (B) regions.





DISCUSSION

This study used OCTA to assess the potential damage of the retinal microvasculature and its reactivity in smokers. Compared with the non-smokers, the retinal microvasculature and its reactivity were impaired in the smokers, and the extent of impairment differed in different regions of the fundus.

The retinal PVD in the peripapillary area was lower in smokers than in non-smokers. A previous study found that nicotine, a major ingredient of tobacco, has direct toxic effect on the endothelium and smooth muscle cells (SMCs), leading to the loss of capillary vessels (21, 22). Several studies have also indicated that smoking increases the release of vasoconstrictive agents, such as endothelin (23). Consequently, vasoconstriction or the loss of retinal vessels may contribute to the reduced PVD detected in smokers.

Interestingly, no significant difference was found in the baseline parafoveal PVD between smokers and non-smokers. Although the detailed mechanism is still unclear, some inferences can be drawn from this phenomenon. First, four major retinal arteries and veins are located in the peripapillary region, whereas the parafoveal region mainly contains capillaries. In the retina, the larger vessels, such as arteries and arterioles, are encircled by vascular smooth muscle cells (VSMCs), whereas the capillaries are not fully covered by pericytes and their processes (24). Therefore, the major cells controlling the vascular tone differ in the parafoveal and peripapillary regions. Wang et al. found that chronic nicotine exposure elevated the resting intracellular calcium ion concentration and upregulated the expression of the canonical transient receptor potential channels in cultured VSMCs, which are responsible for the increased vascular tone (25). Thus, this may cause a difference in the extent of vessel contraction in different regions of the retina, explaining the different changes in vessel density in smokers.

The evaluation of retinal vascular reactivity is a sensitive diagnostic method because it reflects endothelial function; and retinal vascular reactivity is often impaired in the early stage of diseases, even before vascular structural damage is apparent (26). Using handgrip test, Sousa et al. found an early impairment of the retinal vascular reactivity in patients with type 1 diabetes without clinical diabetic retinopathy (27). VM is a simple, effective, and non-invasive method that is widely used as a diagnostic procedure in several disciplines (28, 29). The VM is divided into four physiological phases according to the BP response. The “overshoot” of BP occurs during VM-IV and lasts for ~10–20 s as a result of the sustained vasoconstriction commencing in phase II. Therefore, VM is also used as a standard stimulus to evaluate the regulatory ability of the cardiac and cerebral vascular systems during variations in BP (29). The present study was designed to investigate the retinal microvascular reactivity to the elevation in BP during VM-IV.

Our study revealed that the retinal microvascular response to VM-IV in the peripapillary and parafoveal areas was significantly lower in smokers than in non-smokers. This result is consistent with previous reports. O'Halloran et al. reported that the magnitude of vasoconstriction in the retinal arteriole response to hyperoxia reduced in smokers compared to non-smokers (30). Similarly, Garhöfer et al. demonstrated that the hemodynamic response of retinal veins induced by flicker stimulation reduced in chronic smokers (16). However, the exact mechanism underlying impaired vascular reactivity has not been fully clarified. Our results show that VM-IV induced increases in BP and the ocular perfusion pressure. Under normal conditions, the retinal hemodynamic response to increasing OPP is caused by an increase in vascular resistance (12). This behavior is called the “myogenic response,” and is controlled by VSMCs (7). The active contraction of VSMCs is responsible for counteracting the increased transmural pressure. Neymar et al. provided experimental evidence that chronic smoking induces hypoxemia and hypercapnia (31), and a recent study demonstrated that hypercapnia impairs the myogenic regulation of retinal vessels in response to changes in BP (32). Exposure to nicotine also induced the phenotypic transformation of SMCs from the contractile type to a synthetic-like type, which might attenuate the sensitivity of the myogenic response (22). These lines of evidence may partly explain the present findings.

The result showed that age was a significant factor affecting the comparison of parafoveal ΔPVD% between the two groups. This result could be explained by the previous study. Yu et al. demonstrated that age was negatively associated with baseline macular vessel density (33). Additionally, our group reported that age also has negative correlation with the change in parafoveal vessel density during VM-IV (19). In the present study, the average age of smokers was slightly higher than the non-smokers, although there was no statistical difference between the two groups. Thus, age become a significant confounder affecting the difference in parafoveal ΔPVD% in the multivariate analysis.

For smokers, the borderline level of statistical significance (P = 0.058) was obtained from linear regression analysis of the correlation between pack-years and retinal parafoveal ΔPVDs. This result might be due to the limited number of enrolled subjects. However, to some extent, it could reveal that the increasing cigarette consumption has strong tendency to be negatively correlated with the retinal microvascular reactivity. Future research with larger sample size will be conducted to validate this finding.

For both smokers and non-smokers, the increase in BP induced a greater reduction in retinal PVD in the parafoveal region than in the peripapillary region. This result is consistent with previous studies, which demonstrated differential vascular reactivity in different regions. Assam et al. demonstrated that the changes in the hemodynamic parameters are smaller in the nasal region than in the temporal region, which contains the macular area (34). In previous studies using OCTA, the retinal microvascular response to VM is greater in the parafoveal region than in the peripapillary region (19, 35). All of these results indicate that the greater vascular autoregulatory capacity of the macular vessels may better adapt them to various conditions or stimuli, in order to maintain the relatively constant blood flow required to supply the highly metabolic macula tissue.

There are several drawbacks in this study. Firstly, only a small group of Chinese males was included in this study, so the findings may not be generalizable to other populations. Further studies that include more subjects of different ages, sexes, and backgrounds are required. The exact mechanisms of the damage caused by smoking and the potential benefits of quitting smoking will be evaluated in the further. Secondly, this study was conducted in 2017, when the OCTA image acquisition system has not been updated. Thus, in parafoveal region, only the superficial capillary plexus could be identified and the perfused vessel density in this layer could be automatically quantified. In the future, we will compare the difference of retinal vascular reactivity in different capillary layer using the updated OCTA system. Lastly, due to the limited space between the subject's head and the instrument, we chose a modified VM instead of the classical VM developed by Levin (36). A modified VM is done by forcefully expiring against a closed glottis. As the pressure of forceful expiration could not be measured numerically, the repeatability and reproducibility of the modified VM might be lower than that of the classical method.

In conclusion, the results presented here, together with previous findings, demonstrate the potential damage to the retinal vascular system caused by smoking, although the degree of impairment may differ in different regions of the retina. Further studies in this field are required, and particular attention should be paid to potential variations in the sizes and locations of the affected vessels.
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The purpose of this study was to assess the risk of occurrence of Parkinson's disease (PD) among subjects with type 2 diabetes and diabetic retinopathy (DR) in our large primary health care database from Catalonia (Spain). A retrospective cohort study with pseudo-anonymized routinely collected health data from SIDIAP was conducted from 2008 to 2016. We calculated the number of events, time to event, cumulative incidence, and incidence rates of PD for subjects with and without DR and for different stages of DR. The proportional hazards regression analysis was done to assess the probability of occurrence between DR and PD. In total, 26,453 type 2 diabetic subjects with DR were identified in the database, and 216,250 subjects without DR at inclusion. During the follow-up period, 1,748 PD events occurred. PD incidence rate and cumulative incidence were higher among subjects with DR (16.95 per 10,000 person-years and 0.83%, respectively). In the unadjusted analysis, subjects with DR were at 1.25 times higher risk (hazard ratio: 1.22, 95% confidence interval: 1.06; 1.41) of developing PD during the study period. However, we did not find any statistically significant HR for DR in any models after adjusting for different risk factors (age, sex, duration of diabetes, smoking, body mass index, glycosylated hemoglobin, comorbidities). In conclusion, in our primary health care population database, DR was not associated with an increased risk of PD after adjusting for different risk factors. In our retrospective cohort study, age, male sex, and diabetes duration were independent risk factors for developing PD.

Keywords: age, diabetic retinopathy, diabetes type 2, Parkinson's disease, primary care, real world data (RWD)


INTRODUCTION

Diabetes mellitus (DM) is a metabolic disorder that may result in an unfavorable impact in different organs and leading to numerous complications (1). The complications of diabetes are generally classified as macrovascular and microvascular. Large blood vessels are affected by macrovascular complications, and depending on the location, three types of complications exist: coronary artery disease, peripheral artery disease, and cerebrovascular disease. On the other hand, microvascular complications affect blood microvessels, leading to complications such as diabetic peripheral neuropathy, diabetic nephropathy, and diabetic retinopathy (DR). However, unlike classical vascular complications, DM may affect almost every organ system and damage other tissues or cell types (1). In addition to vascular tissue, damage to non-vascular tissue also happens in DR, one of the most common complications among subjects with DM. Due to the retina's particular neurovascular structure, neuro-dysfunction and neurodegeneration caused by DM is an important component of this complication. For example, it was previously reported that different neuronal damage and functional changes could occur in the retina due to poor DM control. These changes include loss of dendrites and synaptic activity, neural apoptosis, thinning of the inner retina, ganglion cell loss, reactive microglial activation, and deficits in the retina's electrophysiological activity, dark adaptation, contrast sensitivity, or color vision (2, 3). Overall, the complications of diabetes are far from vascular only, and there are a lot of other non-classical chronic complications of diabetes, including neurodegenerative complications (1).

Parkinson's disease (PD) is the second most common neurodegenerative disease. Generally, this chronic disease is more prevalent among older adults and Hispanic people (4). So far, many risk factors have been reported to be related to PD, such as pesticides, dietary factors, melanoma, traumatic brain injury, and diabetes (4–7). The role of DM as a risk factor for neurodegenerative diseases involves different pathways of cellular metabolic injury such as impaired insulin signaling and inflammatory and oxidative stress, which can lead to mitochondrial dysfunction, neuroinflammation, synaptic plasticity and other neuronal dysfunction and degeneration (8). So far, different studies have been conducted to evaluate the risk of DM on PD. In cohort studies from Finland, Denmark, UK, Taiwan, and South Korea (9–14), type 2 diabetes mellitus (T2DM) was a risk factor for PD. However, no such associations were found in cohort studies in the US (15, 16).

The results related to the association between DM and PD reported in meta-analyses have also been heterogeneous. In one meta-analysis with 11 observational studies (four cohort and seven case-control studies) on the association of diabetes as a risk factor for PD, the authors concluded that diabetes appears to be a risk factor for PD (6). Another meta-analysis with observational studies indicated that T2DM increases the risk of future PD; however, no associations were found when the authors changed the exposure definition to any type of diabetes (7). Moreover, the authors pointed out that the association between DM and PD tended to change depending on the study design since a possible effect of survivor bias among the patients with diabetes may interfere with the results (7).

Evidence suggests that DR and PD share similar pathophysiological characteristics and mechanisms (dopamine reduction, increased α-Synuclein expression, and abnormal neurotrophic factors expression) related to disrupted dopamine activity since both brain and retina express D1-like and D2-like dopamine receptors (17). The phosphorylation of α-Synuclein as a result of the dopamine in abnormal regulation in the retinal layers may be a reason for neurodegeneration in the retina and brain (18). Therefore, a close association between pathophysiological mechanisms of DR and PD may be expected.

To our knowledge, there is only one large population database study from South Korea aimed to investigate this association. The authors found that the incidence of PD was higher among DM subjects and even higher among subjects with DM and DR; however, they acknowledged that important variables related to the DM were not available for the analysis, such as duration of diabetes, and glycated hemoglobin (19). On this background, we undertook the current study to assess the risk of occurrence of PD among subjects with DR in our large primary health care database from Catalonia (Spain).



MATERIALS AND METHODS


Study Design and Data Source

We used a retrospective cohort of subjects with T2DM attended in primary health care centers from the Catalonian Health Institute–ICS, using the pseudo-anonymized routinely collected health data from the SIDIAP (Sistema d'Informació per al desenvolupament de la Investigació en Atenció Primària) database. This database is a well-validated data source for the study of diabetes in Spain (20, 21), collecting different data related to health problems, clinical and diagnostic procedures, laboratory parameters, and information on medication prescribed and dispensed. The data were collected for the period between January 1, 2008, and December 31, 2016.



Definition of Eligibility Criteria

We included all subjects aged 30 years or above, with a register of T2DM defined as the presence of relevant ICD-10 (International Classification of Diseases, 10th Revision) diagnostic codes and sub-codes (E11 and E14). Subjects with diagnostic codes for other types of diabetes (type 1, gestational or other) or without T2DM codes were excluded from the analysis. Those subjects with preexisting primary and secondary Parkinson's disease (ICD-10: G20 and G21) were also excluded from the study population.



Definition of Variables

At inclusion, variables related to DR and clinical characteristics of the subjects were collected. DR was defined as the presence of diagnostic codes and sub-codes (ICD-10: E11.3, E14.3, and H36) and/or abnormal (pathologic) results for fundus photography. In those with available fundus photography data, DR was stratified in different stages using the Early Treatment Diabetic Retinopathy Study (ETDRS) classification: no apparent retinopathy (NDR), mild non-proliferative retinopathy (NPDR), moderate NPDR, severe NPDR, proliferative diabetic retinopathy (PRD), and diabetic macular edema (DME) (22). We also collected variables related to sociodemographic characteristics (age, sex) and toxic habits (tobacco use). Duration of T2DM was calculated. Due to the under-reporting in our database, dyslipidemia and hypertension were identified as a combination of diagnostic code and/or treatment for these diseases. In addition, chronic kidney disease (CKD) was defined as a combination of CKD-EPI glomerular filtration rate <60 ml/min/1.73 m2 and/or an albumin/creatinine ratio >30 mg/g. To identify cardiovascular disease, we used diagnostic codes alone. Moreover, concomitant medication (antihypertensive, antiplatelet, lipid-lowering, antidiabetic drugs), laboratory parameters [lipid profile, renal profile, glycated hemoglobin (HbA1c)], and clinical variables [systolic and diastolic blood pressure, body mass index (BMI)] were collected. The detailed information on the different codes used in defining the study variables is included as Table 1 code list.


Table 1. Code list.

[image: Table 1]

During follow-up, we collected data related to PD as a primary study event. PD was defined as the presence of a diagnostic code for Parkinson's disease (ICD-10: G20). The follow-up period was defined as the time between the inclusion in the study and the primary study event.



Statistical Analysis

For the variables collected at inclusion, we used descriptive statistics. The number and frequencies for the qualitative variables were calculated, while we estimated the means and standard deviation for the quantitative variables.

At follow-up, for the primary study event (PD), we calculated the number of subjects and events for each group (presence/absence of DR and each stage of DR), time to event (time to a diagnosis of PD after a diagnosis of DR), cumulative incidence and incidence rates (person/year). To assess the probability of occurrence between DR and PD, we used proportional hazards regression analysis. The hazard ratios (HR) for the primary outcome event were calculated with corresponding 95% confidence intervals (CI), and statistical significance was established as a p < 0.05. Additionally, adjusted HRs were calculated using different clinically important variables as risk factors. Gradually we added different risk factors to the model, starting with age and sex in the first model, adding T2DM duration, smoking status, hypertension, dyslipidemia, and BMI in the second model, and adding CKD, CVD, and HbA1c in the third model. Moreover, to assess the effect of diabetes duration and HbA1c on the association of DR with risk of incident PD, we performed additional models with different combinations of these two variables with the other relevant variables from the first model. We also performed a sensitivity analysis with the estimates from different models and, also, stratification for diabetes duration and HbA1c. Data management and all analyses were performed using R statistical software, version 3.6.1.



Institutional Review Board Statement

The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of IDIAP Jordi Gol i Gurina Foundation (protocol code P13/028 and date of approval 03/04/2013).




RESULTS


Subjects Characteristics

From 2008 until 2016, 250,363 subjects with T2DM were identified in the SIDIAP database. We excluded 1,850 individuals who had a previous diagnostic category of PD and 5,838 individuals without T2DM diagnostic codes. In total, 216,250 subjects did not have DR at baseline, while 26,453 had DR by diagnostic code and/or diagnosis by fundus photography. The study flowchart is presented in Figure 1.


[image: Figure 1]
FIGURE 1. Study flowchart.


The clinical characteristics of the cohort and different groups at inclusion are presented in Table 2. The mean age of the study subjects was 65.3 years. There were more males (57.5%), and the average duration of T2DM was 5.35 years. There were differences between the study groups regarding age, comorbidities, laboratory parameters, and concomitant drug use. Subjects with DR were, on average, 2.7 years older and with more comorbidity, especially cardiovascular diseases and CKD, compared with those without DR. We also observed higher mean values for HbA1c, lower glomerular filtration ratios, and slightly lower BMI among subjects with DR. Regarding concomitant drug use, higher percentages were also observed for all drug classes of interest in the DR group.


Table 2. Clinical characteristics of the subjects at study inclusion.
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Parkinson's Disease Incidence Among the Groups

Information on the time of follow-up, events, and cumulative incidence are presented in Table 3. The average time to the event among study subjects was 4.8 years. In total, 1,748 PD events occurred, with an incidence rate of 14.25 per 10,000 person-years and a cumulative incidence of 0.72%. PD incidence and cumulative incidence were higher among subjects with DR (16.95 per 10,000 person-years and 0.82%, respectively). When the different stages of DR were compared, the highest incidence rate and cumulative incidence of PD was observed among those with moderate non-proliferative retinopathy (20.73 per 10,000 person-years and 0.99%, respectively). High incidence rate and cumulative incidence were observed among individuals with DR identified by diagnostic code but without grading of DR according to fundus photography (27.77 per 10,000 person-years and 1.33%, respectively).


Table 3. Parkinson's disease events among the study groups, stage of diabetic retinopathy and un-adjusted hazards ratios.
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Factors Predicting Parkinson's Disease

We observed statistically significant un-adjusted HR (Unadj-HR) for the primary study event between the groups (Table 3). The subjects with DR had a 1.22 times higher risk of developing PD during the study period. Additionally, we also calculated the Unadj-HR considering the stage of DR. The highest Unadj-HR was observed among the subjects with moderate NPDR. These subjects were at a 1.50 times higher risk of developing PD compared with those without DR. Further, a higher risk (Unadj-HR: 2.02) of developing PD was observed for the group with DR identified by diagnostic code, but without grading of DR compared with the group without DR.

Figure 2 and Table 4 show the results of the different multivariable proportional hazards analysis models. In the proportional hazards analysis adjusting the models for different risk factors, we did not find any statistically significant HRs for DR in any models. Age and male sex were independent risk factors in all of the models. T2DM duration was a risk factor in the second and third models, especially for subjects with T2DM duration of more than 20 years. In contrast, having a BMI over 39 kg/m2 and being an ex-smoker decreased the risk of PD. In the additional models, adjusting only for age, sex, and diabetes duration and/or HbA1c, we did not find a significant association of DR with PD. The age, sex and diabetes duration remained risk factors for PD in these models. Table 5 shows the results of these additional models.


[image: Figure 2]
FIGURE 2. Unadjusted and adjusted hazard ratios for Parkinson's disease according to diabetic retinopathy status and stage of diabetic retinopathy. (A) Unadjusted hazard ratios for Parkinson's disease for different stages of diabetic retinopathy. DR, diabetic retinopathy; NDR, no apparent diabetic retinopathy; NPDR, non-proliferative diabetic retinopathy; PRD, proliferative diabetic retinopathy; DME, diabetic macular edema. (B) Unadjusted and adjusted hazards ratios for Parkinson's disease for subjects with and without diabetic retinopathy; Model 1: adjusted for age and sex; Model 2: adjusted for, age, sex, diabetes duration, smoking status, hypertension, dyslipidemia and body mass index; Model 3: adjusted for age, sex, diabetes duration, smoking status, hypertension, dyslipidemia, CKD, CVD and BMI and HbA1c.



Table 4. Adjusted hazard ratios for different variables.
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Table 5. Additional models for adjusted hazard ratios for different variables.
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Sensitivity Analysis

In the sensitivity analysis, stratifying by diabetes duration or HbA1c, similar tendencies were observed for the HRs for DR observed in the previously described models. However, having an HbA1c between 9.1 and 10% and DR was negatively associated with PD when including additional relevant variables in this additional model (age, sex, T2DM duration) or variables in model 3 (age, sex, smoking, T2DM duration, dyslipidemia, CVD, HTA, CKD, IMC). The results of this sensitivity analysis are shown in Table 6 and Figure 3.


Table 6. Sensitivity analysis.
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[image: Figure 3]
FIGURE 3. Hazard ratios for Parkinson's disease according retinopathy status. Sensitivity analysis. M1: Sex (male) + Age (years). M 1.1 Sex (male) + Age (years) + Diabetes duration + HbA1c. M1.2 Sex (male) + Age (years) + Diabetes duration. M1.3 Sex (male) + Age (years) + HbA1c. M2: Sex (male) + Age (years) + Smoking + Diabetes duration + Dyslipidemia + HTA + BMI. M3: Sex (male) + Age (years) + Smoking + Diabetes duration + Dyslipidemia + HTA +CKD + HbA1c + BMI.





DISCUSSION

The results from our retrospective cohort study from a primary care database from 2008 until 2016 showed no increased risk for developing PD among subjects with previous diabetic retinopathy in fully adjusted models. Instead, age, male gender, and longer T2DM duration conferred an increased risk of PD over time independently among T2DM subjects.

To date only one similar observational study with routinely collected health data from South Korea investigated the relationship between T2DM retinopathy and PD (16). Comparing the clinical characteristics of the DR subjects in both studies, subjects from our study were on average 6.7 years older, with a higher proportion of males (8.5%), 14.3% more smokers, and were also more obese (average difference 5.7 kg/m2). The differences found between subjects with DR from the two studies are not surprising. It is well reported that the characteristics of eastern Asian people with T2DM are different from European T2DM subjects (23). In Asian countries, T2DM subjects are younger and have a lower BMI than those from the US or European countries. Compared to Caucasians, Asians have more lipotoxicity and insulin resistance due to the greater visceral adiposity, which is more metabolically adverse (23). People with T2DM from Asia also tend to have a higher incidence of renal complications and ischemic strokes but lower coronary heart disease or peripheral arterial disease (24). Our study observed a higher percentage of subjects with CKD in the DR group (23.7%). However, these data cannot be compared to the South Korea study due differences in the definition of these variables. For instance, in the South Korean study, end-stage renal disease was defined by diagnostic code, while in our study, we defined CKD by values of CKD-EPI glomerular filtration rate <60 ml/min/1.73 m2 and/or an albumin/creatinine ratio >30 mg/g. Regarding the differences in the events of PD between the two studies, the incidence rate was slightly higher among subjects with DR in our study (16.95 vs. 15.51 per 10,000 person-years, respectively). Comparing groups without DR between the two studies, we observed a higher incidence rate than in the South Korea study (13.93 vs. 8.39 per 10,000 person-years, respectively). An explanation for this difference could be that our non-DR population was older than the South Korean population, and it is well known that PD increases rapidly with age (4). In general, our T2DM population was relatively older, and we had smaller differences between the groups in age (with or without DR). In particular, this could also explain the differences in the unadjusted HR observed in our study (Unadj-HR: 1.22 95% CI: 1.06; 1.41) compared with the South Korean study, where more pronounced differences in un-adjusted HR were observed (Unadj-HR: 5.72, 95% CI: 5.41; 6.05) (19). For our definition of DR, we intentionally included fundus photography, which is a gold standard screening method with a high sensitivity to detect DR, which could prevent possible misclassification of this condition (25). Possible overestimation of DR due to the utilization of only one diagnostic code related to DR (ICD-10: H36) in the South Korean study could be one of the reasons for significant associations found between DR and PD in the multivariable proportional hazards regression analysis models.

In our multivariable model, besides basic clinical factors such as age and sex, we evaluated the effect of duration of T2DM, BMI, smoking status and HbA1c. Longer diabetes duration has been previously established as a strong risk factor for microvascular complications, especially DR (26, 27). Indeed, we also observed that T2DM duration was an independent risk factor for the development of PD in our multivariable model analysis. Other similar studies have also reported that diabetes is an independent risk factor for PD. For example, a recently published observational study with the same database as ours reported an increased risk of PD among T2DM subjects (adj-HR of 1.19, 95% CI: 1.13; 1.25) and subjects with prediabetes (adj-HR of 1.07, 95% CI: 1.00; 1.14) compared to those subjects without these conditions (28). Despite the different periods of observation and definition of the study outcome, as well as the variable of exposure (prediabetes state and T2DM), a similar number of events for PD were observed in this study (PD among T2DM, 1,789 events) compared with our study (PD with and without DR, 1,748 events) (28). Knowing the fact that subjects with prediabetes are at an increased risk of developing T2DM (29), that the diagnosis of T2DM is usually delayed by between 4 and 7 years (30), and that both prediabetes and T2DM increase with age (31), could explain findings in our model that subjects with longer T2DM duration had a higher risk for PD. Similar results were also reported in a recently published case-control study from Denmark, in which the authors did not find an association between DR and PD; further, it should be pointed out that in this study subjects with Parkinson's disease had a longer duration of diabetes (32). In our sensitivity analysis, when we stratified for diabetes duration, the HRs remained in the same direction; however, there was no association of DR with the development of PD. Stratification for HbA1c revealed that a value between 9.1 and 10% in the presence of DR was negatively associated with PD. This finding has to be taken cautiously as it was only found for this HbA1c interval; additionally, there is no clear clinical explanation for this based on current knowledge.

The results from studies examining an association between BMI/obesity and PD have so far been inconsistent. For most of the longitudinal studies, according to a recent review on the epidemiology of PD, no associations between BMI and PD were observed (4). However, in a Spanish retrospective study, overweight and obese individuals were associated with higher PD risk (adj-HR: 1.21; 95% CI 1.15–1.27), compared with normal weight (28). This could be explained due to the different population characteristics or different variables considered in the HR analysis. Another prospective study from Finland reported that overweight or obese subjects were more at risk of developing PD than those with a BMI <23 kg/m2 (33). We observed surprising results in our multivariable models, where those subjects with a BMI >39.9 kg/m2 had a 41% decreased risk of developing PD compared with subjects with a BMI <24.9 kg/m2. We do not have an explanation for this association which was otherwise only restricted to the highest stratum of body weight. Therefore, further studies are warranted to address this question.

So far one recent systemic review and meta-analysis, including 27 observational studies, addressed the relationship between DR and systemic neurodegeneration (34). The authors reported that systemic neurodegeneration was statistically associated with DR. However, in a smaller subgroup meta-analysis related to the severity of DR, the authors did not observe associations with systemic neurodegeneration. Moreover, they only included one study that analyzed the relationship between DR and PD that was summarized but not included in the quantitative review (34). Another systematic review on the potential association between diabetic retinopathy and hyperkinetic disorders found that DR could be indirectly related with striatopallidal microangiopathy; further, the authors suggested that the severity of the DR and glycemic fluctuation could be associated with increased risk or worse prognosis of hyperkinetic disorders (35).

The results of our study should be interpreted with caution, keeping in mind potential limitations. Firstly, this was a retrospective observational study with pseudo-anonymized routinely collected health data where the presence of missing data is inherent. There is a possibility that not all subjects with DR were captured. For this reason, we used the fundus photography results and combined them with diagnostic codes. Secondly, a numerical imbalance between the different groups occurred due to the study design and lack of randomization. Thirdly, we did not have information on the treatment of PD; therefore, we only used the diagnostic code to define the main study event. Besides these limitations, our study includes a large population of subjects attended in primary health care centers which increases the statistical power. Moreover, in our multivariable hazard ratio models, we considered more potentially confounding variables (T2DM duration) related to PD than previously published studies.

In conclusion, in our primary health care population database, DR was not associated with an increased risk of PD after adjusting for different risk factors. The detection of DR is mainly based on retinal vascular changes that do not always coincide with retinal neurodegeneration (33). Even though a strong biological background exists between DR and PD, further mechanistic studies and well-designed clinical studies are needed to investigate the possible relationship between these two neurodegenerative conditions.
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Background: Atopic dermatitis (AD) is one of the most common chronic inflammatory skin disorders. Dupilumab, the first targeted biological drug approved for the treatment of AD, has been widely used, along with increasing ocular adverse effects (AEs).

Objective: To perform a bibliometric analysis of all the qualified literature involving ocular AEs during the treatment of AD with dupilumab.

Methods: Relevant studies were extracted from the Web of Science database and screened by researchers. The bibliographic analysis was performed using the VOSviewer.

Results: A total of 138 articles were enrolled in this study. The first study was published in 2016 by Oregon Health and Science University from the United States. The majority of publications were published in the past 3 years. British Journal of Dermatology published the highest number of articles. The United States was the country with the most publications. Sanofi (France) and Regeneron Pharmaceuticals (USA) were the leading organizations with the most contributions. Conjunctivitis was the most common ocular AE. The management of AD will continue to be the research hotspot and development trend in this area. The milestone research is the first article “Two Phase 3 Trials of Dupilumab vs. Placebo in Atopic Dermatitis” published in the New England Journal of Medicine. Most of the top 10 papers were mainly randomized, placebo-controlled phase 2 and phase 3 clinical trials and real-life large cohort studies.

Conclusions: This study may help better understand ocular AEs in the dupilumab treatment of AD, and grasp the research trends and most influential topics in this field.
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INTRODUCTION

Atopic dermatitis (AD) is one of the most common chronic inflammatory skin disorders, and affects patients of all ages in all aspects, from physical health to psychological condition and economic burden (1, 2). The prevalence of AD is up to 25% in children (3) and 7–10% in adults (4). Most patients have an early disease onset by the age of 5 years and may last for a lifetime. Clinically, AD is characterized by erythema and severe pruritus, and had a strong tendency to relapse. Patients with AD suffer from intense itching, pain, sleep disturbance, anxiety, depression, and psychosocial stress (5, 6). With increased prevalence for years, AD has been becoming a health-threatening disease with severe impacts on the patient's quality of life.

Atopic dermatitis is believed to be the result of complex interactions between genetic and environmental factors that affect the immune system and epidermal barrier function (7). The inflammatory reaction in AD is generally considered due to the activation of T helper cell type 2 (Th2) immune response, in which related cytokines interleukin-4 (IL-4), IL-13, and IL-31 are quite essential (8). The treatment of AD remains to be a clinical challenge, especially for patients with moderate-to-severe AD. Moderate-to-severe AD may require systemic agents, such as immunosuppressant drugs and dupilumab (9). Dupilumab is a fully-human monoclonal antibody that is against IL-4 receptor α and blocks crucial pathways from both IL-4 and IL-13 in AD (10). The safety profile and adverse effects (AEs) are required in the long-term dupilumab treatment of patients with AD.

In 2014, Beck et al. (11) first reported that patients with moderate-to-severe AD had marked and rapid improvement after the treatment with dupilumab in a randomized, double-blind, placebo-controlled trial. Moreover, 2 years later, two-phase 3 trials of dupilumab vs. placebo in AD investigated the effectiveness and safety of dupilumab, and revealed that dupilumab improved the signs and symptoms of AD in all aspects (12). Since then, articles involving the safety of patients with AD treated with dupilumab have been published increasingly. With the approval of dupilumab for the treatment of moderate-to-severe AD adults by the FDA in 2017, dupilumab has been used widespread, along with increasing AEs reported in the literature. AEs induced by dupilumab in AD clinical trials were mainly ocular diseases and increased eosinophil counts. Other AEs reported later in the real world were as follows: psoriasis-like lesions, head and neck erythematous lesions, rosacea-like skin symptoms, alopecia, muscular pain, and arthritis (13–19). In detail, ocular AEs mainly included conjunctivitis, keratitis, keratoconjunctivitis, blepharitis, eye pruritus, and dry eye. The prominent clinical manifestation of ocular AEs was redness of the conjunctiva in both eyes, and especially hyperemia and nodular swelling of the limbus. Other clinical symptoms included itching, tearing, stinging, burning, and foreign body sensation. Bibliometrics is a quantitative analysis of the published literature in a specific scientific field using mathematical and statistical methods. The application of bibliometric analysis could help better understand the knowledge structure and significant advances in a certain research field, and is thus rapidly increasing in several diseases for the past few years. However, there are few bibliometric studies referring to AD. Therefore, we aimed to perform a bibliometric analysis of all the qualified literature involving ocular AEs during the treatment of AD with dupilumab. The present study described the characteristics of articles and the collaboration network of authors, organizations, and countries/regions, and revealed the research dynamics, especially evaluating research focus and emerging trends in this field.



METHODS


Data Extraction and Screening

Relevant studies in relation to dupilumab in the treatment of atopic dermatitis were extracted from the Web of Science Core Collection database on August 30, 2021. The detailed search strategy was as follows: TOPIC: (dupilumab) AND TOPIC: (atopic dermatitis) AND DOCUMENT TYPES: (Article OR Letter) AND LANGUAGE: (English).

Two researchers (QN Jia and J Qiao) further performed literature screening of the title and abstract independently, with full text downloaded if necessary. Research regarding ocular adverse events in the treatment of atopic dermatitis with dupilumab were retrieved and collected, such as research letters and case letters. Articles that meet the following criteria were excluded: (1) ocular adverse events were uninvolved in the main topic of article; (2) the article was a review, systematic review, meta-analysis, correspondence, expert opinion, retracted article, conference article, or guideline. With the guidance of a senior expert (YP Zeng), a final agreement was reached on the literature screening.

For articles that met the criteria, we recorded all the available information, such as title, authors, institutions, funding organization, country/region, abstract, keywords, journal of publication, year of publication, citations, and cited references. Journal impact factor (IF) was queried from the 2020 Journal Citation Reports.



Data Analysis and Visualization

The bibliographic information was analyzed using the VOSviewer (version 1.6.17). The co-occurrence analyses of authors, organizations, countries/regions, and keywords were performed with VOSviewer, as well as the analyses of reference citations, and co-citations. The related maps of the above analyses were produced.




RESULTS

We extracted 494 articles on the topic of patients with AD treated with dupilumab from the Web of Science Core Collection database following our search strategy. After literature screening by researchers, a total of 138 articles reported the occurrence of ocular AEs and were enrolled in this study. By document type, 138 articles were categorized into 97 original articles and 41 letters. The flow diagram of the present study is shown in Figure 1.


[image: Figure 1]
FIGURE 1. The flow diagram of this study.



Evolution of Scientific Production

All 138 articles were published between 2016 and 2021. The number of publications of each year are displayed in Figure 2. There were a few articles sporadically published from 2016 to 2018. However, the number of publications abruptly rose in 2019 and 2020, accounting for nearly two-thirds of the total amount, when added together. It should be noted that data extraction was performed in August 30, 2021, and thus publications in 2021 were incomplete.


[image: Figure 2]
FIGURE 2. The number of publications of each year in this area.




Journals of Publication

All the articles analyzed in this study were published in 47 journals, including 22 Dermatological journals. The other 25 journals were classified into Ophthalmology (9 journals), Medicine, General & Internal (6 journals), Immunology (6 journals), Allergy (5 journals), Pharmacology & Pharmacy (2 journals), Medicine, Research & Experimental (1 journal), and Multidisciplinary Sciences (1 journal) (Five journals were classified into both Allergy and Immunology categories.). The number of publications varied from 1 to 18 in these journals. The journal IF was distributed between 0.22 and 91.245. Table 1 showed that top 10 journals with the largest number of published articles, comprising nearly two-thirds of the total publications. Of the 10 journals, four journals had smaller IF than 5, three journals with an IF between 5 and 10, while three journals (Allergy, Journal of the American Academy of Dermatology and JAMA Dermatology) had an IF higher than 10. Eight out of the 10 journals belonged to a dermatologic field (80%). British Journal of Dermatology took the lead and had the highest number of publications (18, 13.04%, IF 2020 = 9.302), followed by Journal of the American Academy of Dermatology (15, 10.87%, IF 2020 = 11.527), Dermatologic Therapy (13, 9.42%, IF 2020 = 2.851), Journal of the European Academy of Dermatology and Venereology (11, 7.97%, IF 2020 =6.166), and JAMA Dermatology (7, 5.07%, IF 2020 = 10.282).


Table 1. The top 10 journals with the largest number of published articles in the study area.
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Analysis of Countries/Regions, Organizations, and Authors

There were 33 countries/regions reporting ocular AEs during the treatment of AD with dupilumab. The United States published the highest number of publications (53, 38.41%), followed by France (27, 19.57%), Germany (27, 19.57%), Italy (27, 19.57%), and Netherlands (22, 15.94%). The collaborative network among the major countries/regions was generated by VOSviewer and presented in Figure 3. There were 15 nodes and 80 links. The larger the circle, the more publications the country/region. A line is corresponding to a connection between two countries/regions. The length of a line represented the cooperation intensity of two countries/regions. The shorter the line, the stronger the relatedness. As shown in Figure 3B, the geographical distribution changed over time. The foremost contributing countries were the United States, Germany, Denmark, and Canada, followed by France, UK, Netherlands, Japan, etc. Italy subsequently caught up in 2020 with 27 publications.


[image: Figure 3]
FIGURE 3. The collaborative network among the major countries/regions. (A) Network visualization; (B) overlay visualization.


In total, 326 organizations had made contributions in this study area. Regeneron Pharmaceuticals Inc. made the most contributions with 21 articles (15.22%), followed by Sanofi (20, 14.49%), University Medical Center Utrecht (17, 12.32%), Oregon Health and Science University (16, 11.59%), and Northwestern University (14, 10.14%). Oregon Health and Science University was the first to report ocular AEs in this medication field, subsequently with Oregon Medical Research Center, Sanofi, Ludwig-Maximilians-University Munchen, and Aarhus University Hospital, etc. When it comes to the cooperation network, there were 20 nodes and 158 links (Figure 4). The organizations presented in Figure 4 were mainly from the United States and Italy, while others were from the UK, Denmark, and the Netherlands.


[image: Figure 4]
FIGURE 4. The collaborative network of organizations.


A total of 788 authors participated in this research field. Both Graham NMH (Regeneron Pharmaceuticals Inc., USA) and Simpson EL (Oregon Health and Science University, USA) published the largest number of articles in this study area (10, 7.25%), followed by de Bruin-Weller M (9, 6.52%, University Medical Center, Netherlands), Blauvelt A (8, 5.80%, Oregon Medical Research Center Utrecht, USA), and Chen Z (8, 5.80%, Regeneron Pharmaceuticals Inc., USA). Co-authorship analysis revealed 34 nodes and 300 links (Figure 5). The top 10 authors with the most publications were mainly from the United States, with only three authors from the Netherlands, Germany, and France, respectively.


[image: Figure 5]
FIGURE 5. The collaborative network of authors.




Co-occurrence Analysis of Keywords

As shown in Figure 6, the co-occurrence analysis of keywords was conducted and revealed 26 keywords and 182 links. The top keywords with the highest frequency were as follows: prevalence, conjunctivitis, 2-phase 3 trials, persistent asthma, safety, efficacy, quality of life, care, severity, daily practice, eczema herpeticum, epidemiology, IL-13, risk, allergic conjunctivitis, asthma, azathioprine, biomarkers, IL-4, long-term, monoclonal antibody, and reliability. Conjunctivitis was the main ocular AE detected in this analysis. Prevalence is the most popular phrase, besides AD and dupilumab. Two-Phase 3 Trials of Dupilumab vs. Placebo in Atopic Dermatitis published in the New England Journal of Medicine were the most frequently mentioned clinical trials. Keywords regarding the management of AD made up the largest proportion, such as the safety and efficacy of dupilumab, quality of life and care of the patients, and daily practice. The mechanism of dupilumab in the treatment of AD was also commonly mentioned with the following keywords: IL-13, IL-4, biomarker, and monoclonal antibody.


[image: Figure 6]
FIGURE 6. The co-occurrence network of keywords.




Reference Citations and Co-Citations

Of the 138 papers, the analysis of reference citations discovered 134 nodes and 686 links (Figure 7A). The vast majority of studies were published in 2019, 2020, and 2021, with only a few in 2016, 2017, 2018. The top 10 papers with most citations were uniformly distributed between 2016 and 2020. “Two-Phase 3 Trials of Dupilumab vs. Placebo in Atopic Dermatitis” (12) (2016), which was also detected as a popular keyword, had 741 citations. Other top papers were as follows: “Long-term management of moderate-to-severe atopic dermatitis with dupilumab and concomitant topical corticosteroids (LIBERTY AD CHRONOS): a 1-year, randomized, double-blinded, placebo-controlled, phase 2 trial” (20) (2017, 443 citations); “Efficacy and safety of dupilumab in adults with moderate-to-severe atopic dermatitis inadequately controlled by topical treatments: a randomized, placebo-controlled, dose-ranging phase 2b trial” (9) (2016, 315 citations). The above papers were published in the New England Journal of Medicine and Lancet with an IF of 91.245 and 79.321.


[image: Figure 7]
FIGURE 7. The analysis of reference citations (A) and co-citations (B).


The co-citation analysis is performed with 20 citations set as the minimum number of a cited reference. Of the 1,348 cited references, 16 papers met the threshold with 120 links (Figure 7B, Table 2). All the papers were published between 2013 and 2019, with the majority between 2016 and 2019. More than half of these papers were published in the New England Journal of Medicine (5, 31.25%), Lancet (3, 18.75%), and British Journal of Dermatology (3, 18.75%). Other journals were the Journal of the American Academy of Dermatology, Journal of Allergy and Clinical Immunology-In Practice, JAMA Dermatology, and JAMA. The top 2 papers were identical to those in the analysis of citations, and were undoubtedly the most co-cited papers with 87 and 82 citations, respectively. “Dupilumab with concomitant topical corticosteroid treatment in adults with atopic dermatitis with an inadequate response or intolerance to ciclosporin A or when this treatment is medically inadvisable: a placebo-controlled, randomized phase III clinical trial” (21) (2018) ranked third with 49 citations; followed by “Dupilumab treatment in adults with moderate-to-severe atopic dermatitis” (11) (2014, 39 citations), and “Conjunctivitis in dupilumab clinical trials” (19) (2019, 35 citations).


Table 2. The top 5 articles in the analysis of reference co-citations.
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DISCUSSION

Dupilumab which is the first targeted biological drug approved for the treatment of AD, has been generally administrated in both adults and children. Ocular AEs reported during the treatment of AD with dupilumab have been increasing sharply, and were proposed to be under the definition “dupilumab induced ocular surface disease” (DIOSD) by Zirwas et al. (22).

In recent years, bibliometric analysis has been gradually applied in a variety of medical fields, such as respiratory medicine, ocular disease, and cancer. In dermatology, several research fields have been analyzed with bibliometric methods, such as general dermatology, melanoma, psoriasis, psoriatic arthritis, toxic epidermal necrolysis, and Stevens-Johnson syndrome (23–25).

To the best of our knowledge, this is the first bibliometric analysis focusing on ocular AEs during the treatment of AD with dupilumab. In this study, we investigated published documents involving dupilumab in the treatment of AD, identified all the related ocular AEs, and systematically analyzed the basic characteristics of literature, such as the journals, collaborative networks of countries/regions, organizations and authors, co-occurrence of keywords, and citation network.

The analysis of document type showed that less than one-third of documents were case letters or research letters, and most papers were original research studies. With regard to the publication time, the earliest study was published in 2016, and the majority (89.86%) of publications were published in the past 3 years (2019–2021), indicating research on ocular AEs is a novel and emerging field.

The bibliometric analysis of journals found a total of 47 journals of publication. Dermatologic journals (22, 46.81%) and ophthalmologic journals (9, 19.15%) were undoubtedly the top 2 categories, followed by Medicine, General & Internal and Immunology/Allergy categories. The reason why Medicine, General & Internal journals published quite a few papers might be that some general medicine journals (New England Journal of Medicine and Lancet) have higher IFs than dermatologic journals. The top 6 journals were the British Journal of Dermatology, Journal of the American Academy of Dermatology, Dermatologic Therapy, Journal of the European Academy of Dermatology and Venereology, JAMA Dermatology, and American Journal of Clinical Dermatology. All of them were dermatologic journals, and 5 out of 6 journals were world-class dermatologic journals with IFs higher than 6.

Our study showed that 33 countries/regions had reported ocular AEs during the treatment of AD with dupilumab. The United States published the earliest article and the highest number of publications and was far ahead of other countries/regions. In the collaborative network, the United States had the strongest total link strength, suggesting a highest cooperation intensity with others. Although Italy tied for second with France and Germany in the publication number, Italy ranked 13th in the total link strength, which might be because studies from Italy were mainly published after 2020 with limited time for citations. These countries/regions presented in the collaboration network were mainly distributed in Europe (9/15), followed by North America (2), East Asia (2), Australia (1), and South America (1). The vast majority (86.67%) of countries/regions were in the Northern Hemisphere. Except for Brazil, all the other countries/regions were developed countries/regions.

In the bibliometric analysis of organizations, 326 organizations had made contributions in this study area. Oregon Health and Science University published the first article reporting ocular AEs during the treatment of AD with dupilumab. Most organizations were universities and research centers. However, organizations leading the way were Sanofi (France) and Regeneron Pharmaceuticals Inc. (USA), since dupilumab was jointly developed by them. University Medical Center Utrecht (Netherlands) was the leading university, followed by Oregon Health and Science University (USA), and Northwestern University (USA). Thus, the main forms of research group were biopharmaceutical companies, universities, and research centers. Regarding the cooperation network, Sanofi containing Sanofi Genzyme ranked first in the cooperation intensity with the highest total link strength, followed by Regeneron Pharmaceuticals Inc., demonstrating the dominant position in the development of dupilumab. Half of the top 10 organizations with the most citations were from the United States, reflecting the great influence on this research field.

On the subject of authors, we summarized a total of 788 authors participating in this research field. Concerning first authors, Graham NMH (Regeneron Pharmaceuticals Inc.) and Simpson EL (Oregon Health and Science University) were the most prolific authors with the most citations. In the co-authorship network, the top 10 authors with the highest link strength mainly came from organizations of the United States, in which Regeneron Pharmaceuticals Inc. made up the largest proportion. Additionally, the contributions of ophthalmology specialists are significant in the correct classification and management of eye involvement in the treatment of AD, and several articles have highlighted the significance of the cooperation between dermatologists and ophthalmologists (26).

With respect to the co-occurrence analysis of keywords, conjunctivitis was the most common ocular AE identified in this study. Plenty of clinical trials have demonstrated that AD patients treated with dupilumab had a higher incidence of conjunctivitis than those treated with placebo. The term “conjunctivitis” contained the following diseases: conjunctivitis, conjunctivitis allergic, conjunctivitis bacterial, conjunctivitis viral, and atopic keratoconjunctivitis, with all being reported as AEs in the literature. Other ocular AEs, such as dry eyes, eye pruritus, blepharitis, blepharoconjunctivitis, and cicatricial ectropion, were also reported.

Notably, in our study, allergic conjunctivitis, blepharitis, keratitis, and atopic keratoconjunctivitis were also complications at baseline in some cases. Previous studies have proved that the above ocular diseases are common comorbidities occurring in nearly half of patients with AD (27). Moreover, Akinlade et al. (19) has found that prior conjunctivitis history is associated with the increased incidence of conjunctivitis in AD patients treated with dupilumab. The mechanism of ocular AEs remains unknown. The possible causes of ocular AEs may be the inhibition of goblet cells through blocking IL-4 and IL-13 with dupilumab, resulting in decreased mucin secretion and mucosal epithelial barrier dysfunction (28). Other studies have found that the increased risk of conjunctivitis may be associated with serum IgE, thymus and activation-regulated chemokine in dupilumab treated patients (29). It is worth exploratory whether conjunctivitis results from the blockade of IL-4 and IL-13 with dupilumab or that conjunctivitis, in the first place, is part of this systemic allergic disorder.

Furthermore, keywords regarding the management of AD made up the largest proportion in the co-occurrence network of keywords, such as the safety and efficacy of dupilumab, quality of life and care of the patients, and daily practice. Clinical lesions of AD usually tend to be recurrent and may last for a lifetime. Moreover, topical treatments have relatively limited efficiency for moderate-to-severe AD, and systemic therapy with long-term significant efficiency and safety is required for treatment. Therefore, for a long time, the management of AD is one of the great concerns in dermatology, and remains to be a therapeutic challenge for clinicians. The occurrence network of keywords indicated that the management of AD will continue to be the research hotspot and development trend in this medical area.

Reference citation links are undirected links between two articles where one cites the other. The article “Two Phase 3 Trials of Dupilumab vs. Placebo in Atopic Dermatitis” published in the top-tier journal New England Journal of Medicine, took the lead with 741 citations, such as both citing and cited conditions. This article was the first study discovering ocular AEs of dupilumab in the treatment of AD, and thus became the milestone research in this field. The top papers with the most citations were mainly randomized, placebo-controlled phase 2, and phase 3 clinical trials. Except for clinical trials, real-life evidence and clinical reports have also provided fundamental evidence for future studies. A clinical report “Conjunctivitis occurring in atopic dermatitis patients treated with dupilumab-clinical characteristics and treatment” (30), ranked the seventh with 75 citations. This article reported conjunctivitis occurring in 25 and 50% of dupilumab-treated patients with AD in two centers from 2016 to 2017, with a focus on the detailed clinical characteristics. More importantly, the authors reported successful treatment of all the 13 patients with fluorometholone or tacrolimus, and gave dermatologists and ophthalmologists useful and fundamental recommendations. A large retrospective cohort study “Effectiveness and safety of dupilumab for the treatment of atopic dermatitis in a real-life French multicenter adult cohort” (31), ranked at the eighth position with 65 citations. This real-life study revealed high frequency (107/220, 48.6%) of non-infectious ophthalmologic AEs. Non-infectious conjunctivitis was the most common ocular AE, followed by ocular pruritus, blepharitis, xerophthalmia, and keratitis. Ocular AEs are well tolerated in most of patients, and only a small proportion of patients (10/238, 4.2%) discontinued the treatment of dupilumab at 6-month follow-up endpoint. A long-term real-life evidence entitled “A 48-week update of a multicentre real-life experience of dupilumab in adult patients with moderate-to-severe atopic dermatitis” (32), ocular AEs related to dupilumab were well tolerated with frequent remission in most cases.

Information about co-citation analysis were exhibited in Table 2, Figure 7B. Reference co-citation links represent the connection between two references that are both cited by the same article. The top 2 articles were the same as those in citation analysis, and had the highest co-citation times and total link strength, indicating a strong connection and close relatedness with other articles. This might be because the top-tier journal New England Journal of Medicine and Lancet preferred frontier research and innovative articles, and in return, these journals would bring a more influential and broader readership to the articles.

There were several limitations of this study. First, the data source was limited to the Web of Science Core Collection database, and only documents published in English were extracted, which may result in the inclusion bias. Moreover, to recognize contributions accurately, only original articles, case letters, and research letters were included in this study. Second, newly published articles have less time of exposure to allow for citations, which may lead to the underestimation of potential significant articles.

In summary, the present study presented a comprehensive bibliometric analysis concerning ocular AEs during the treatment of AD patients with dupilumab. The first study was published in 2016 by Oregon Health and Science University from the United States; the majority of publications were published in the past 3 years; British Journal of Dermatology published the highest number of articles; the United States was the country with the most publications; Sanofi (France) and Regeneron Pharmaceuticals (USA) were the leading organizations with most contributions; conjunctivitis was the most common ocular AE; the management of AD will continue to be the research hotspot and development trend in this area; the milestone research is the first article “Two Phase 3 Trials of Dupilumab vs. Placebo in Atopic Dermatitis” published in New England Journal of Medicine; most of the top 10 papers were mainly randomized, placebo-controlled phase 2 and phase 3 clinical trials and real-life large cohort studies.

Our results predicted that research on ocular AEs was the frontiers and promising field, and the management of AD was the great concern and difficulty and would be the future research direction. In conclusion, this study may help better understand ocular AEs in the dupilumab treatment of AD, and grasp the research trends and most influential topics in this field.
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Background: Orbital apex syndrome (OAS) is a rare ocular complication following by infection, inflammation, trauma, neoplasms, and vascularity. The epidemiological features of OAS remained limited, so this study aimed to present ophthalmic clinical features, determine the causes to evaluate the visual prognosis of orbital apex syndrome (OAS) patients in Taiwan.

Methods: This was a retrospective study by reviewing the electronic medical records from National Cheng Kung University Hospital in Taiwan during 2017–2019. We included patients diagnosed with OAS to review their ocular symptoms and signs, visual acuity, ocular images, etiologies, treatment and visual prognosis.

Results: Twenty cases (mean age: 65.55 ± 13.06; male: 75%) with the diagnosis of OAS were included in this study. All patients presented as unilateral involvement, but the initial ocular presentations and etiologies varied. For example, blurred vision was reported in 80% of these patients, and tumor-related compression (55%) and infection (15%) were the most frequent causes for the OAS. After the follow-up, we found 35% of patients' visions declined or worsened to the blindness, 15% of patients' visions remained stable, 20% of patients' visions had mild improvement, and 35% of patients' visions were not measured because of debilitating clinical condition. We identified three OAS patients with mortality (15%), and all of them were attributed to the underlying malignancies.

Conclusion: The clinical magnifications and etiologies of OAS are heterogeneous in Taiwan. Our findings indicated the tumor-related compression is the most frequent causes of OAS in Taiwan, and it is also related to poor clinical outcomes.

Keywords: orbital apex syndrome, OAS, ophthalmoplegia, proptosis, case series


INTRODUCTION

The orbital apex is an area that includes structures from the tendinous annulus of Zinn, optic nerve, and ophthalmic artery through the optic canal (1). Orbital apex syndrome (OAS) is defined as a collection of dysfunctions involving multiple cranial nerves (CNs), including the optic, oculomotor, trochlear, and abducens nerves, and the ophthalmic branch of the trigeminal nerve. OAS results from disease processes occurring in the region of the optic canal, superior orbital fissure, or cavernous sinus. The hallmarks of OAS are vision loss from optic neuropathy and ophthalmoplegia involving multiple CNs (2).

OAS can be attributed to a variety of clinical conditions, such as neoplastic diseases (3, 4) (e.g., local tumor invasion and distant metastatic tumors), inflammatory processes (5) (e.g., systemic lupus erythematosus, sarcoidosis, and Tolosa-Hunt syndrome), infections (6–8) (e.g., bacterial or fungal sinusitis and herpes zoster), traumatic injuries (9) (e.g., iatrogenic and craniomaxillofacial fracture), and vascular conditions (10) (e.g., carotid cavernous fistula, carotid cavernous aneurysms, and cavernous sinus thrombosis).

Detailed patient history with a review of the systems and thorough physical examination assessing neurological dysfunctions is important in narrowing the differential diagnosis. Imaging modalities, such as computed tomography (CT), magnetic resonance imaging (MRI), and endoscopy, are usually warranted. Surgical biopsy for histopathological examination is sometimes required for definitive diagnosis. Treatment should be directed toward the underlying process and usually involves a multidisciplinary approach.

The severity and prognosis of OAS vary widely due to the large variety of disease conditions. Furthermore, disease prevalence varies across countries and continents. Given the lack of data regarding the ophthalmic presentations of patients with OAS in the Chinese population, we aimed to delineate the clinical features, possible etiology, potential management, visual prognosis, and systemic prognosis of OAS in Taiwan.



METHOD


Patient Enrolment

Two ophthalmologists (PH Lee and WA Lee) retrospectively identified patients diagnosed with OAS by reviewing the electronic medical records from the National Cheng Kung University Hospital, a tertiary referral hospital in Taiwan, between January 1, 2017, and December 31, 2019.



Medical History

We performed descriptive analyses by recording the patients' demographics (e.g., sex and age), disease characteristics (e.g., laterality of the involved eyes, clinical manifestations, imaging findings, histopathologic results, initial and final best-corrected visual acuity, and etiologies), treatment patterns (e.g., surgery, medications, and radiotherapy), prognosis, and mortality.



Diagnosis

Diagnoses of OAS were based on the patients' clinical signs and symptoms. Medical imaging, such as CT and MRI, was performed in all patients except for in case No. 18 due to loss to follow-up. Furthermore, histopathologic specimens were obtained from certain patients who underwent surgical intervention.



Prognosis

Visual outcomes and mortality were evaluated in this study. The best-corrected visual acuity was assessed using the Landolt C chart with autorefraction. A visual acuity worse than 20/200 was deemed poor in this study.



Statistical Analysis

Categorical variables are presented as number and percentage values and were analyzed using Fisher's exact test due to the relatively small sample size. Continuous variables are presented as the mean and standard deviation (SD) and were analyzed using Student's t-test. A P-value of <0.05 was considered the threshold for statistical significance. The study data were analyzed using SPSS V.20.0 (IBM; Chicago, Illinois, USA) and the Excel software program (Office 2010, Microsoft Corp, Redmond, WA, USA). This study was conducted in accordance with the Declaration of Helsinki and was approved by the Institutional Review Board of the National Cheng Kung University Hospital, Taiwan (IRB A-ER-109-077).




RESULTS


Patient Characteristics

We included twenty patients with OAS in this study. Their mean age was 65.6 (SD: 13.1) years, and most of them were male (75%). The follow-up period of these patients ranged from 0 to 24 months, with a mean of 8.8 (SD: 8.6) months.



Disease Characteristics

On initial presentation, all patients had single-eye involvement of OAS with a wide variety of ocular manifestations (Table 2). Initially, the most common manifestations in these patients included blurring of vision (80%), ptosis (55%), and proptosis (40%). Other less frequent symptoms included diplopia, headache, facial numbness, redness, and periorbital pain.

The limitation of extraocular movement was observed in 90% of the patients, and 80% had documented CN III, IV, or VI involvement. The ophthalmic division of CN V was affected in three (15%) patients, among whom one also had maxillary division involvement. Hertel exophthalmometer measurements were taken in 25% of the patients and showed an average of 2.8 ± 1.5 mm proptosis on the lesion side. Ocular hypertension was recorded in 20% of the cases.

The initial visual acuity of the twenty patients was evaluated using the Landolt C chart and ranged from no light perception to 20/30. Half (ten patients) of the patients had a visual acuity worse than 20/200 upon presentation, and within which half of them (five patients) had no light perception. Positive relative afferent papillary defects were detected in 60% of the patients.



Diagnostic Tools

All the patients underwent imaging investigations, including eight patients with CT only, five patients with MRI only, and six patients with both CT and MRI. However, one patient received no imaging evaluation due to loss to follow-up.

Eleven patients underwent tissue biopsy for definitive diagnosis, and the histopathologic results showed infection in three patients and neoplasm in eight. Six patients were diagnosed by typical imaging examinations along with a comprehensive systemic work-up and detailed medical history review, which revealed that three had autoimmune-related inflammatory processes, two had vascular tumors, and one had a trauma-related condition. Direct invasion or metastatic malignant neoplasm was presumed to be the cause of OAS in three cases in which tissue biopsy was not performed in view of the surgical risks and poor general condition of the patients due to advanced cancer. Therefore, the diagnosis was made based on typical imaging, a medical history review, or previous evidence of central nervous system metastasis in other locations.



Etiology of OAS

Among the twenty patients, neoplasm was the leading cause of OAS, accounting for 55% (11/20), followed by inflammatory causes accounting for 15% (3/20), infectious causes for 15% (3/20), vascular causes for 10% (2/20), and trauma-related causes for 5% (1/20) (Figure 1).


[image: Figure 1]
FIGURE 1. Etiology of orbital apex syndrome.


Among the eleven patients with neoplastic causes, eight were diagnosed by a histopathology examination, and three by typical imaging only. The neoplasms leading to OAS observed in our study were found to be malignant in 90.9% (10/11) of cases, with only one meningioma being considered benign. The pathophysiology of malignant neoplastic causes of OAS in our study could be categorized into direct local invasion from head and neck cancers (6/10) or metastasis from distant sites (4/10). The pathology of metastatic tumors included breast cancer (2), bladder cancer (1), and prostate cancer (1). As for advanced head and neck cancer, tongue (1), palate (1), buccal (2), nasopharyngeal (1), and paranasal sinus cancers (1) were diagnosed. The different etiologies for OAS in our study are shown in Table 1; Figure 1.


Table 1. Basic information of each patient with orbital apex syndrome.
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Treatment

Treatment options were determined based on the definite etiology and patients' medical conditions. Infectious causes were treated with surgical debridement and antimicrobial therapy, inflammatory causes were treated with systemic corticosteroids with dose of intravenous 1 g of methylprednisolone for consecutive 3 days followed by oral prednisolone with dose of 1 mg/kg of body weight with slow tapering, vascular causes were treated with endovascular embolization, and neoplastic causes were treated with surgical resection, chemotherapy, or radiotherapy. In our study, thirteen patients received treatment, while seven patients only received palliative management. Of those who received no specific treatment for OAS, only one patient experienced improvement in visual acuity. Of those who received various treatments aimed at the underlying etiologies, six experienced preserved or improved visual acuity.

Among patients with neoplastic causes, three patients underwent surgical resection or debulking of the tumor masses, two received radiotherapy with total doses around 20–24 Gray in multiple fractions, two received combined radiotherapy and chemotherapy, one received chemotherapy alone, and three received no further treatment.



Visual Prognosis

The initial visual acuity at diagnosis ranged from no light perception to 20/30, whereas the final visual acuity at the last follow-up visit ranged from no light perception to 20/20. Among the fourteen patients with documented final visual acuity, eight (57.1%) had a visual acuity worse than 20/200, in which five had no light perception. In patients with a final visual acuity worse than 20/200, malignancies accounted for 75% of the disease conditions. Among those with documented initial and final visual acuity, seven (50%) had worsened, three (21.4%) had stable, and four (28.6%) had improved visual acuity. Thorough statistical analysis by a paired t-test failed to demonstrate significant differences between initial visual acuity and post-treatment final visual acuity (p = 0.44) (Figures 2A,B). The reason for that Figure 2B shows different data is because only those with documented both initial and final visual acuity were included in the Figure 2B (which was fourteen patients out of all twenty patients). Among the fourteen patients, six patients had initial visual acuity <20/200, which was 43%, as shown in Figure 2B. The 0.0% in bar 2 in Figure 2B represents those with initial VA 0.5–1.0 in group 1 (neoplastic OAS). The 0.0% in bar 3 in Figure 2B represents those with initial VA <0.1 in group 2 (non-neoplastic OAS). Therefore, neoplastic causes seemed to correlate with poor visual acuity.


[image: Figure 2]
FIGURE 2. Fourteen eyes with documented initial vs. final visual acuity. Group 1 comprises the eyes in which orbital apex syndrome was attributed to neoplastic causes. Group 2 comprises the eyes in which orbital apex syndrome was attributed to non-neoplastic causes. (A) Categorization of visual improvement. (B) Categorization of visual acuity as good (0.5–1.0), fair (0.1–0.4), and poor (<0.1).


Our data show a relationship revealed by Fisher's exact test between the causes of the disease (neoplastic or non-neoplastic) and visual prognosis. Neoplastic causes tended to correlate with poor initial visual acuity (p = 0.035) and final visual acuity (p = 0.051).

The peripapillary retinal nerve fiber layer (RNFL) thickness was measured by optical coherence tomography in ten patients. Overall, the initial RNFL thickness was within 43 and 114 μm (mean ± SD: 80.7 ± 27.6 μm). The final RNFL thickness was documented in five patients with overall thickness within 30 and 113 μm (mean ± SD: 74.2 ± 34.4 μm). For those five patients with serial follow-ups of RNFL thickness, three patient demonstrated progressive thinning of RNFL thickness with an average of −7.7 μm decline (SD: 5.5 μm).

Automated perimetry was performed for visual field evaluation in case No. 2, 5, 6, 9, 10, 11, 17. Three patients demonstrated generalized depression, two showed paracentral scotoma. Case No. 6 presented as nasal defect respect the vertical midline, which was more likely attributed to his underlying history of subarachnoid hemorrhage due to head trauma.



Mortality

During follow-up, mortality occurred in three (15%) patients, and the intervals between the onset of OAS and mortality were 6, 9, and 24 weeks, respectively. All mortalities documented in our study were attributable to underlying malignancies (Table 2).


Table 2. Details of clinical presentation, etiology, visual change, diagnostic tools and mortality in our case series.
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DISCUSSION

The literature on OAS related to ocular diseases is scarce and involves mostly small-scale studies, possibly due to the rarity of this disease entity (11–13) and heterogeneity of underlying etiologies that require experienced specialists for accurate diagnosis. The literature on OAS in Taiwan is limited to case reports only (14, 15). Therefore, our study collected more cases and aimed at providing a more general overview of the ophthalmic clinical features, etiologies, and visual prognosis of OAS.

The hallmarks of OAS are blurred vision and ophthalmoplegia. In our study, the most common complaints upon initial presentation were blurring of vision (80%), ptosis (55%), and proptosis (50%). The most common clinical signs included limited extraocular movement and positive relative afferent pupillary defects.

All our patients exhibited unilateral involvement of OAS, but bilateral involvement is still possible. Yusuke et al. reported a rare case of bilateral OAS caused by granulomatosis with polyangiitis (16). Although the limitation of extraocular movement was documented through a physical examination in 90% of the patients, only 30% reported subjective diplopia. This discrepancy might be due to poor visual acuity in the affected eyes, which failed to produce double vision; missing data due to the retrospective study design; or unreliable patient statements.

The underlying causes of OAS vary among inflammatory, neoplastic, traumatic, infectious, and vascular causes. Detailed clinical examination, appropriate imaging modalities, and sometimes tissue biopsy for histopathological examinations are crucial for establishing an accurate diagnosis. Aryasit et al. (16) reported 80 cases of OAS in which carotid-cavernous fistula was the leading cause, accounting for 37.5% of cases. Twenty-four (30%) patients had neoplasia, and the most common diagnosis was lymphoma (nine patients), followed by meningioma (seven patients). The results of our study are very different from those of previous studies in which malignant neoplasms accounted for over half of the cases. Furthermore, the neoplasms leading to OAS found in our study were mostly malignant, and direct local invasion from head and neck cancers accounted for the majority of cases. This disparity might be partly related to differences in the prevalence rates of certain malignancies in different countries. Taiwan has the highest incidence of oral cancer (17, 18) worldwide, and nasopharyngeal carcinoma (19) is more common in Asian populations.

Our study demonstrates that the overall visual prognosis of OAS is poor despite vigorous multidisciplinary management. More than half of our patients were legally blind, and only 28.6% experienced an improvement in visual acuity after treatment. A meta-analysis of traumatic OAS also revealed poor overall visual prognosis, with only 51.7% of patients experiencing improvement in vision despite various medical and surgical interventions (20). The even worse visual outcome in our study may be related to different etiologies of OAS, as the disease in more than half of our cases was attributed to neoplastic causes. In addition, our results showed that neoplastic causes of OAS correlated with poor initial and post-treatment visual prognosis (p = 0.035 and 0.051, respectively). There was no significant correlation between the initial and post-treatment visual acuity. While Aryasit et al. (16) reported no significant relationship between the causes of the disease and visual prognosis, there was no statistically significant relationship between the initial and post-treatment visual acuity.

In our study, mortality was documented in three patients, which occurred 6, 9, and 24 weeks after the diagnosis of OAS. All deaths were attributed to the underlying malignancies. Brain or skull metastases of cancers usually represent advanced disease stages with poor prognosis, and patients are often treated with palliative therapy. Prado-Ribeiro et al. (21) reported four cases of OAS caused by head and neck cancer, and the average survival after the diagnosis of OAS was 9.5 months. The incidence of OAS in cancer patients and its correlation with overall prognosis have not yet been established. However, our results clearly indicate that the occurrence of OAS can serve as an indicator of advanced disease status in cancer patients and may indicate foreseeable mortality.

Our study had several limitations. First, we frequently use Landolt C for visual acuity testing in Taiwan's hospitals because most patients fail to read English letters from Snellen chart. Second, due to the retrospective nature of our study, the pupil sizes or changes were not documented in the medical records. Patients with mydriasis due to compression of the oculomotor nerve were not found in our study. This important clinical manifestation should be carefully recorded in further large-scaled study. Third, this was a retrospective study; therefore, the issue of missing data was inevitably encountered. Since our study was based on data from a tertiary referral center, the patients tended to have greater disease severity and complexity, which may have contributed to the overall poor prognosis in our study. Therefore, the findings in our study population may not be generalizable to the entire population of Taiwan. Further studies involving multiple medical centers and larger sample sizes are necessary to overcome these limitations.

Nevertheless, our study is the first case series of OAS in Taiwan. We aimed to provide an overview of the typical clinical features, possible etiologies, potential management, visual prognosis, and overall prognosis of OAS. The factors related to poor visual outcomes were also addressed. We believe that our data can be beneficial to ophthalmologists, general practitioners, otolaryngologists, or even oncologists who are not familiar with this disease entity but need to be aware of the typical clinical manifestations, as some of the causes may lead to significant morbidity and mortality.

In conclusion, OAS may result from various etiologies, including traumatic, inflammatory, infectious, neoplastic, and vascular conditions. Our data showed that malignant neoplasms are the most common cause of OAS in Taiwan. Generally, most patients with OAS experience vision loss despite aggressive multidisciplinary management. In terms of visual acuity, patients with non-neoplastic causes may have more favorable outcomes. OAS caused by malignancies usually indicates late-stage underlying tumors and thus may indicate a poor systemic prognosis.
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Purpose: This study aimed to evaluate the features of corneal nerve with in vivo confocal microscopy (IVCM) among patients with non-neurological autoimmune (NNAI) diseases.

Methods: We systematically searched PubMed, Web of Science, and Cochrane Central Register of Controlled Trials for studies published until May 2021. The weighted mean differences (WMDs) of corneal nerve fiber length (CNFL), corneal nerve fiber density (CNFD), corneal nerve branch density (CNBD), tortuosity, reflectivity, and beadings per 100 μm with a 95% CI between NNAI and control group were analyzed using a random-effects model.

Results: The results showed 37 studies involving collective totals of 1,423 patients and 1,059 healthy controls were ultimately included in this meta-analysis. The pooled results manifested significantly decreased CNFL (WMD: −3.94, 95% CI: −4.77–−3.12), CNFD (WMD: −6.62, 95% CI: −8.4–−4.85), and CNBD (WMD: −9.89, 95% CI: −14–−5.79) in NNAI patients. In addition, the NNAI group showed more tortuous corneal nerve (WMD: 1.19, 95% CI:0.57–1.81). The comparison between NNAI patients and healthy controls in beadings per 100 μm corneal nerve length was inconsistent. No significant difference was found in the corneal nerve fiber reflectivity between NNAI and the control group (WMD: −0.21, 95% CI: −0.65–0.24, P = 0.361).

Conclusions: The parameters and morphology of corneal nerves observed by IVCM proved to be different in NNAI patients from healthy controls, suggesting that IVCM may be a non-invasive technique for identification and surveillance of NNAI diseases.

Keywords: corneal nerve, confocal microscopy, non-neurological autoimmune diseases, type 1 diabetes, Sjögren's syndrome


INTRODUCTION

Autoimmune diseases are a range of diseases characterized by increased activity of the immune system which results in organ damage or dysfunction (1). According to research, autoimmune diseases affect approximately 7.6–9.4% of the general population and impose huge burdens not only on patients themselves but also on the whole society (2). Genetic, microbial, environmental, lifestyle, and psychological factors are thought as contributing elements to autoimmune diseases although the underlying etiology remains to be explored (3). Despite impressive advances in the management of autoimmune diseases, they are still impossible to cure. A definitive diagnosis as early as possible can increase the efficiency and efficacy of the treatment strategy and also help to avoid complications (4, 5). In this case, an early diagnosis can play a decisive role in improving the patient's quality of life as well as life expectancies.

The cornea is a transparent part covering the front portion of the eyewall and is regarded as the most densely innervated tissue in the human body. With a density of approximately 7,000 epithelial-free nerve endings per square millimeter, the cornea is about 300–600 times more sensitive than skin (6). A review has concluded that changes in corneal innervation can occur for many reasons, including keratitis, corneal dystrophies, corneal degenerations, corneal ecstasies, glaucoma, medical treatment, etc (7). Corneal nerve alternation is not only a window to observe some ocular diseases, but also a potential window to observe systemic diseases. In this article, we focus on non-neurological autoimmune (NNAI) diseases which exclude autoimmune diseases that affect the central nervous system mostly or present obvious psychiatric manifestations. This is a range of autoimmune diseases admitted by the American Autoimmune and Related Diseases Association and excluded from the list of known neurological disorders by the American Academy of Neurology. Some of the NNAI diseases have been discovered to be associated with the human cornea and peripheral neurological manifestations as early as the 1980's. Keratitis was found may be a presenting sign of rheumatoid arthritis or sarcoidosis (8); immune deposits in the cornea were found in patients with systemic lupus erythematosus by immunopathological staining (9). People with NNAI diseases are at high risk of innervation alternation and have a high incidence of various kinds of neuropathy. For instance, it is reported that up to 86% of patients with sarcoidosis present with typical small-fiber neuropathy symptoms (10), over 60% of patients with Sjögren's syndrome suffer from peripheral neuropathy (11, 12), higher prevalence of NNAI diseases including rheumatoid arthritis, systemic lupus erythematosus, Sjögren's syndrome suffer from fibromyalgia and so on (13). Innervation alternation may be progressing soon after the onset of NNAI because of the high sensitivity of the nerves. The corneal nerve may have undergone a long time when observable changes appear, but no symptoms or discomfort are perceived by the patient. For this reason, corneal signs may be the first manifestation of autoimmune diseases. Alteration of corneal nerve parameters is of great significance beyond ocular diseases, it can provide clinicians with thought-provoking insight into the clinical diagnosis or management of many diseases like type 1 diabetes, Parkinson's disease, Friedreich ataxia before organ damages is manifested (14–16). Many researchers showed significant associations between the reduction in corneal innervation and increasing disease severity in neurological autoimmune diseases like multiple sclerosis (17, 18). However, studies present conflicting results on the effect of NNAI diseases on corneal innervation. Moreover, previous studies focus on histopathology results rather than non-invasive analysis. In vivo confocal microscopy (IVCM), with its ease of clinical set-up and a 800-fold magnification of cellular level, is becoming a promising as well as a non-invasive tool to view and quantify corneal nerve parameters directly (19). In this way, IVCM may provide a non-invasive potential biomarker for NNAI. Hence, we collected data from different studies about the corneal nerve parameters measured by IVCM in various NNAI diseases and conduct a meta-analysis to evaluate the potential application of this technique as an indicator of NNAI diseases.



METHODS


Search Strategy

A systematic literature search was conducted in PubMed, Web of Science, and Cochrane Central Register of Controlled Trials (updated to May 2021). No constraints were applied regarding the language or the publication time of works of literature. Search terms included confocal microscopy or IVCM or cornea* nerve with a combination of autoimmune diseases or autoimmune diseases or XXX, the last-mentioned representing 36 individual NNAI diseases (Figure 1). The selection of NNAI diseases referred to Alexis E. Cullen's study (20). All autoimmune diseases searched were selected a priori from the American Autoimmune and Related Diseases Association and were cross-checked against known neurological disorders, as listed by the American Academy of Neurology. We excluded uveitis for it is essentially a type of eye disease and would, to some extent, affects corneal structure and function. Neither did we adopt data among type 1 diabetes peripheral neuropathy and type 1 diabetic retinopathy, for they had been proved to be related to corneal nerve changes (21–23).


[image: Figure 1]
FIGURE 1. Search terms used to identify non-neurological autoimmune diseases.




Inclusion and Exclusion Criteria

We included studies that met the following criteria: (1) at least 10 adults with a definite diagnosis of NNAI diseases in the test group; (2) a healthy population as the control group; (3) reporting at least corneal nerve fiber density (CNFD) or corneal nerve fiber length (CNFL). Exclusion Criteria were as follows: (1) inappropriate types of articles, such as reviews, case reports, editorials, conference papers and abstracts, short surveys, or letters; (2) studies which subjects with NNAI diseases were divided into irrelevant subgroups, for instance, dividing patients with type 1 diabetes by erectile dysfunction; (3) studies assessing only animals; (4) studied based or partially based on the same population (studies with the most sufficient data were selected); (5) articles without sufficient data (i.e., mean and SD).



Data Extraction

All publications searched were exported to Endnote (version X9.3; The Thomson Corporation Corp, Stanford, CT, USA). Then, duplicate publications were collated and removed. Two researchers (YG and XL) assessed the titles and abstracts independently for potential eligibility, and the full-text articles were retrieved which appeared relevant. Final eligibility was performed by assessing full-text articles and disagreements on eligibility were resolved via discussion and, if necessary, by consulting a third researcher (XY). Studies that were in accord with the inclusion/exclusion criteria were read, and the following information was extracted from the eligible articles: study details (such as the first author's name, year of acceptance, type of IVCM, and software used to measure corneal nerve parameters) and subjects' information (such as mean age, subjects' sex, duration of NNAI diseases, type of diseases, and corneal nerve parameters). The screening process and protocol are summarized and described in the flow diagram.



Assessments of Article Quality

The Newcastle-Ottawa Scale, covering three methodological domains (selection criteria, comparability, and measurement of exposure and/or outcome), was used to rate article quality. With a maximum score of 9, we defined the article as low quality if the numeric score was 0–3, moderate quality if the score was 4–6, and high quality if the score was 7–9. Low-quality articles were excluded.



Statistical Analysis

This meta-analysis was conducted using the Stata (version 15.1; StataCorp LLC, College Station, TX, USA), a p-value of <0.05 was considered statistically significant. We extracted the mean, standard deviation, and sample size for continuous corneal nerve parameters, and the Random-effects model was applied to calculate the weighted mean difference (WMD) with 95% CI. In order to facilitate comparison, we defined the total length of the corneal nerve fibers as CNFL, the total number of corneal nerve fibers per mm2 as CNFD, and the number of branches originating from major nerve trunks per mm2 as corneal nerve branch density (CNBD). Nerve length or nerve density was divided by image area, if necessary, in order to unify the units of corneal nerve parameters. Besides the parameters above, we also recorded nerve tortuosity, reflectivity, and beadings. Nerve tortuosity and nerve reflectivity were presented as four grades according to previously validated grading scales (24). Beadings were defined as the number of bead-like formations in 100 μm of the nerve fiber. It should be mentioned that some works of research evaluated corneal nerve tortuosity with tortuosity coefficient, which is not adopted in this meta-analysis for a reliable comparison. We performed a sensitivity analysis by omitting one study at a time and calculating a pooled estimate for the remaining studies to evaluate the contribution of each individual study to the results. The I2 statistic was used to estimate heterogeneity among the studies. To explore the potential confounding factors, we performed subgroup analysis by age, type of IVCM, software used to measure corneal nerve parameters, and types of NNAI diseases. Publication bias was estimated by funnel plot, as well as Egger's linear regression test and Begg's rank association test with significance set to P < 0.1 (25, 26).




RESULTS


Search Process

The selection of studies is shown in Figure 2. Potential references were screened from PubMed (n = 4,159), Web of Science (n = 6,571) and Cochrane Library (n = 82). After duplicate publications were removed, the titles and abstracts of 7,020 remaining studies were assessed for potential eligibility. For final eligibility, a total of 139 full-text articles were screened thoroughly and 102 studies were excluded due to reasons listed in Figure 2. No articles were excluded because of low quality. Quality rating scores ranged from 5 to 9 (mean: 7.24, SD: 1.04). Thus, a total of 37 studies were eligible for the final meta-analysis which included 1,423 patients and 1,059 healthy controls (16, 27–61).


[image: Figure 2]
FIGURE 2. Flow diagram of article selection.




Study Characteristics

Among the 37 included studies, 18 were related to type 1 diabetes, 13 were related to Sjögren's Syndrome, 1 was related to Bechet's disease, 1 was related to coeliac disease, 1 was related to Graves' disease, 1 was related to hypothyroidism, 1 was related to mucous membrane pemphigoid, and 1 was related to rheumatoid arthritis. As shown in Table 1, different studies reported different corneal nerve parameters. Most of the studies used laser scanning confocal microscopy (LSCM) or slit scanning confocal microscopy (SSCM) as IVCM appliances, except for tandem scanning confocal microscopy (TSCM) in one study and unspecified appliance in another. As for IVCM image analysis software, CCMetrics, ACCMetrics, and Image J were commonly used. Other characteristics of the included studies such as demographics, research groups, disease durations are also summarized in Table 1. Representative IVCM images of the cornea in patients with healthy controls and patients with NNAI diseases are listed in Figure 3.


Table 1. Characteristics of the included studies (n = 37).

[image: Table 1]


[image: Figure 3]
FIGURE 3. IVCM images of the cornea in the healthy controls (A,C,E,G) and patients with type 1 diabetes (B), or with Sjögren's syndrome (D), or with celiac disease (F), or with Behçet's disease (H). Red arrows show corneal nerve branches and yellow arrows show corneal nerve fibers. (A,B) were re-organized with permission from (45), copyright 2017, Public Library of Science. (C,D) were re-organized with permission from (62), copyright 2021, BioMed Central. (E,F) were re-organized with permission from (33), copyright 2020, Public Library of Science. (G,H) were re-organized with permission from (40), copyright 2018, Frontiers. IVCM, in vivo confocal microscopy.




Corneal Nerve Parameters (CNFL, CNFD, CNBD)

Including 2,335 participants (1,337 in the NNAI group and 998 in the control group), thirty-two studies reported on CNFL. The WMD in CNFL between NNAI and control groups was−3.94 (95% CI: −4.77–−3.12, P < 0), with significant heterogeneity across studies (I2 = 93.2%, Figure 4). The results showed CNFL (mm/mm2) was obviously lower in the NNAI group.


[image: Figure 4]
FIGURE 4. Forest plot of the WMD of CNFL between the NNAI group and the control group. WMD, weighted mean difference; CI, confidence interval; CNFL, corneal nerve fiber length; NNAI, non-neurological autoimmune (diseases).


Furthermore, twenty-eight studies with a total of 1,696 participants (946 in the NNAI group and 750 in the control group) reported on CNFD. The weighted mean difference was−6.62 (95% CI: −8.4–−4.85, P < 0), with significant heterogeneity across studies (I2 = 90.6%, Figure 5), showing that CNFD (no./mm2) of the NNAI group was significantly lower than that of the control group.


[image: Figure 5]
FIGURE 5. Forest plot of the WMD of CNFD between the NNAI group and the control group. WMD, weighted mean difference; CI, confidence interval; CNFD, corneal nerve fiber density; NNAI, non-neurological autoimmune (diseases).


Finally, twenty-two studies with a total of 1,699 participants (924 in the NNAI group and 775 in the control group) reported on CNBD. The weighted mean difference was −9.89 (95% CI: −14–−5.79, P < 0), with significant heterogeneity across studies (I2 = 88.4%, Figure 6). Consistently, CNBD (no./mm2) of NNAI patients was significantly lower than that of healthy controls.


[image: Figure 6]
FIGURE 6. Forest plot of the WMD of CNBD between the NNAI group and the control group. WMD, weighted mean difference; CI, confidence interval; CNBD, corneal nerve branch density; NNAI, non-neurological autoimmune (diseases).




Publication Bias

The publication bias of the studies was shown by funnel plots (Figure 7). The symmetrical funnel plot showed no significant publication bias in the publications reported on CNFD and CNBD. However, the results revealed that studies reported CNFL was mild asymmetry visually, suggesting a publication bias. In addition, Egger linear regression tests and the Begg's rank association tests were performed (Table 2). All other results demonstrated no evidence of significant publication bias except for Egger's test on CNFL. After recalculating the WMD on CNFL using the trim and fill methods, the pooled results were similar to the original results, which means the observed publication bias did not influence the overall results.


[image: Figure 7]
FIGURE 7. Funnel plots for studies included reported CNFL (A), CNFD (B), and CNBD (C). CNFL, corneal nerve fiber length; CNFD, corneal nerve fiber density; CNBD, corneal nerve branch density; WMD, weighted mean difference.



Table 2. Publication bias measured by Begg's and Egger's tests, WMD (95% CI) recalculated with trim and fill method.
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Sensitivity Analysis and Subgroup Analysis

To explore the source of heterogeneity, sensitivity analysis was performed. The results revealed that no individual study had an excessive influence on the above-mentioned pooled effect (Figure 8).


[image: Figure 8]
FIGURE 8. Sensitivity analysis data for studies included reported CNFL (A), CNFD (B), and CNBD (C). CNFL, corneal nerve fiber length; CNFD, corneal nerve fiber density; CNBD, corneal nerve branch density.


Stratifications by age, type of IVCM, software used to measure corneal nerve parameters, and type of NNAI diseases were analyzed due to high heterogeneity. Among studies that reported CNFL, subgroup analysis demonstrated that heterogeneity was reduced for studies grouped by type of IVCM only when using SSCM to record CNFL (I2 = 26.1%). Among studies that reported CNFD, subgroup analysis demonstrated that heterogeneity was reduced for studies grouped by the software used only when using built-in software to assess CNFD (I2 = 43.1%). And among studies that reported CNBD, heterogeneity was significantly reduced for studies grouped by the software used only when using Image J to assess CNBD (I2 = 0%). The detailed results of subgroup analysis are depicted in Table 3.


Table 3. Subgroup analysis of CNFL, CNFD, and CNBD by age, type of IVCM, software used, and types of NNAI diseases.
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Tortuosity, Reflectivity, and Beadings

In addition, IVCM enabled en-face examination of corneal nerves. Therefore, tortuosity, reflectivity, and beadings are also widely used to quantify corneal nerve morphology. We collected 11 studies that reported tortuosity, 6 studies that reported reflectivity, 6 studies that reported beadings and performed a meta-analysis. The results demonstrated that the differences in tortuosity (WMD: 1.19, 95% CI:0.57–1.81) and beadings (WMD: 19.91, 95% CI: 11.92–27.9) between the NNAI group and the control group were statistically significant, while the reflectivity (WMD: −0.21, 95% CI: −0.65–0.24) of NNAI patients showed no statistical difference from healthy controls (Figure 9).


[image: Figure 9]
FIGURE 9. Forest plot of the WMD of tortuosity (A), reflectivity (B), and beadings (C) between the NNAI group and the control group. WMD, weighted mean difference; CI, confidence interval; NNAI, non-neurological autoimmune (diseases).


To further assess the reliability of our results, we also performed funnel plots (Figure 10), as well as Egger's linear regression tests and Begg's rank association tests (Table 4) to estimated publication bias. Sensitivity analysis of studies that reported beadings of corneal nerve per 100 μm showed that four out of six studies may have excessive influence on the above-mentioned pooled effect, and results of tortuosity and reflectivity showed that no individual study had an excessive influence on the above-mentioned pooled effect (Figure 11). Funnel plots of tortuosity and beadings were visually asymmetric, suggesting possible publication bias. Egger's test also showed that there may be a publication bias on studies reported on tortuosity and beadings. After using the trim and fill methods, the pooled result of tortuosity was not changed while that of beadings was quite different from the original results. According to our study, the publication bias did not influence the overall results of tortuosity but did interfere with the overall result of beadings.


[image: Figure 10]
FIGURE 10. Funnel plots for studies included reported tortuosity (A), reflectivity (B), and beadings (C). WMD, weighted mean difference.



Table 4. Publication bias measured by Begg's and Egger's test, WMD (95% CI) recalculated with trim and fill method.
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[image: Figure 11]
FIGURE 11. Sensitivity analysis data for studies included reported tortuosity (A), reflectivity (B), and beadings (C).





DISCUSSION

The cornea, as the front portion of the ocular surface, plays an important role in the visual system. Its integrity is crucial for the health and normal function of the eye, and its delicate mucosal immune system was extremely vulnerable to autoimmune dysregulation so that the cornea is able to detect and repair the damage promptly. It was reported that assessment of corneal nerve parameters has become one of the most common clinical tests to evaluate ocular surface symptoms in many kinds of diseases (63). IVCM provides a direct and non-invasive tool to observe corneal nerve morphology and assess corneal nerve parameters. NNAI diseases, to our knowledge, are a range of diseases with abnormal autoimmune reactions including varied manifestations on the ocular surface. Many researchers reported that the involvement of the cornea may be an initial manifestation of some of the autoimmune diseases and may be sight-threatening if not well treated (64–66). As one of the most densely innervated parts of the human body, the corneal nerve may serve as a marker of some diseases with its morphological alternation.

In the pathology of NNAI diseases, the exact etiological and pathophysiological mechanisms are often unknown. However, many researchers found that elevating inflammatory mediators, such as IL1-beta, IL6, IL8, and TNF-alpha might play an important role in autoimmune patients with small fiber neuropathy. Reducing mechanical nociceptive thresholds and dysesthesias were also found to be associated with higher IL1-beta and TNF-alpha concentrations (67–69). The corneal nerves, as one kind of small nerve fibers, may share the same mechanisms to some extent. Patients with Sjögren's syndrome, systemic lupus erythematosus, or rheumatoid arthritis, for instance, were found to have local increasing lymphocytes in the cornea which implied inflammatory infiltration in corneal nerve fibers (70). Recently, researchers using Mouse models of type 1 diabetes found that decreasing neutrophil infiltration and reducing expression of IL1-beta and TNF-alpha could prevent corneal nerve loss (71, 72). In this way, we speculate that inflammatory mediators may be one reason why a similar pattern of corneal nerve loss occurs in NNAI diseases. Other mechanisms such as metabolic, infectious, and genetic factors may also take part, but the exact pathophysiological mechanisms would need future explorations.

Various works of research had proved that corneal IVCM could be a sensitive evaluation tool in early diabetic peripheral neuropathy and might be clinically useful to diagnosis and surveillance of other neuropathies (48, 73, 74). It is plausible that the alteration of the corneal nerve under IVCM may be a tool to identify NNAI diseases. The other way around, the effect of NNAI diseases on the corneal nerve might be the reason why ocular symptoms were commonly presented among NNAI patients. It is well acknowledged that the corneal nerve helps maintain a well-lubricated and smooth eye surface not only by inducing tear production but also by stimulating the blinking reflex through an elaborate interaction between the corneal surface and lacrimal glands (75). Therefore, damage of the corneal nerve may be associated with the ocular sicca symptoms usually seen and more severe in many NNAI diseases (76–78).

However, many of the previous studies are limited in sample size and their results were contradictory. There is a lack of analytical summary to evaluate the change of corneal nerves in a certain spectrum of NNAI diseases. In this case, a meta-analysis is a powerful tool to summarize results from different studies by providing a more objective evaluation of the major effect with enhanced accuracy and to explain the heterogeneity between different studies. To the best of our knowledge, this is the first meta-analysis to investigate the corneal nerve parameters using IVCM in patients with NNAI and control groups. Our analysis showed significantly decreased CNFL (WMD: −3.94, 95% CI: −4.77–−3.12), CNFD (WMD: −6.62, 95% CI: −8.4–−4.85), CNBD (WMD: −9.89, 95% CI: −14–−5.79) in NNAI groups. However, there was significant heterogeneity of three sets of parameters mentioned above among the studies included. Sensitivity analysis, creation of funnel plots, Egger's test, Begg's test, and the trim and fill methods were performed to confirm the reliability of the results. And the analysis stratified by age, type of IVCM, software used, and types of NNAI diseases, were performed to assess between-study heterogeneity. However, subgroup results showed no potential source of heterogeneity. In the article of Roszkowska et al., it was concluded that corneal nerve changes in diabetes examined by IVCM are related to HbA1c level, diabetes duration, the progress of diabetic retinopathy, and race (79). It is possible that factors such as the severity or duration of NNAI, racial differences in participants, male-female distribution, the acquisition mode with IVCM, or the number of images analyzed per participant, might cause heterogeneity. Due to the incomparability and incompleteness of data, the effect of these above-mentioned potential factors on between-study heterogeneity could not be further examined. All in all, our meta-analysis included thirty-seven studies and with analysis of a large sample size, had shown a significant decrease in CNFL, CNFD, and CNBD among NNAI patients.

In addition, it is interesting that results showed patients with Sjögren's syndrome had a greater reduction in CNFD and minimal impact on CNBD, and consequent comparable reduction in CNFL. In many diseases affecting corneal nerves, CNBD was found to be elevated rather than reduced as subconsciously assumed. For instance, the pattern of corneal nerves appeared to be unique in Parkinson's disease with reduced CNFD and a markedly increased CNBD (80, 81). Similarly, a study demonstrated enhanced CNBD and reduced CNFD and CNFL in patients with painful diabetic neuropathy (82). In addition, increased CNBD was also found to be the first sign to indicate regeneration after simultaneous pancreas and kidney transplantation or continuous subcutaneous insulin infusion in type 1 diabetes (83, 84). All studies mentioned above supported the hypothesis that enhanced CNBD signified some preserved susceptibility of corneal nerve fibers toward regeneration and attempts to repair, but the attempts as yet appeared insufficient to culminate in an increased CNFD or CNFL. Consequently, we consider that CNBD's attempt at regeneration may to some extent compensate for the reduced CNBD by injury. As for CNFL and CNFD, to our knowledge, it is proved that CNFL has been shown to have the best reproducibility and consistency compared to CNFD and CNBD for detecting early preclinical small fiber damage (54, 79, 85, 86). This may indicate that CNFL is most susceptible to damage from various diseases, but our results presented contradictory. It is strange and hard to explain, and maybe knowing the exact pathology of Sjögren's syndrome would help explain it. However, at present, studies on corneal nerve alternation of patients are mainly in vivo studies, which means that we can basically only carry out some non-invasive detections like corneal confocal, corneal sensation, biological fluid detection, etc. Although these detections prove to be very promising ways to an early small fiber neuropathy diagnosis (87), the exact pathophysiology and signaling pathways activated in diseases remain unknown due to invasive procedures that cannot be performed in vivo. Moving forward, more future research is needed for a deeper understanding.

Besides CNFL, CNFD, and CNBD, tortuosity, reflectivity, and beadings are also important parameters to describe corneal nerve morphology. According to our analysis, the corneal nerve of the NNAI group presented more beadings per 100 μm (WMD: 19.91, 95% CI: 11.92–27.9) and was more tortuous (WMD: 1.19, 95% CI:0.57–1.81) than that of the control group, while there seemed to be no statistical difference on corneal nerve reflectivity (WMD: −0.21, 95% CI: −0.65–0.24, P = 0.361) between two groups. However, the results of subjective parameters like tortuosity and beadings in our analysis seem to be less convincing according to publication bias analysis. There could be due to many reasons. One of the reasons may be that these subjective parameters are infrequently reported in the included literature, resulting in a small sample size of data. Another reason may be that measurement of subjective parameters is not uniform across studies. For instance, some studies reported corneal nerve tortuosity according to previously validated grading scales, while others used tortuosity coefficient (47). Besides, the interpretations of the results by these subjective parameters rely a lot on researchers' subjective judgment and observers' experience, which made the results less comparable.

Nevertheless, we can't deny the promising function of subjective parameters in predicting corneal nerve neuropathy. Indeed, according to research examining corneal nerves in patients with type 2 diabetes (88), the size and number of beadings had the best sensitivity and specificity to predict the dysfunctions of the peripheral neuropathy compared with CNFD, CNFL. Similarly, a previous study among glaucoma patients showed that tortuosity and beadings directly correlated with corneal nerve function (89). In recent years, software and methods have been developed to obtain more objective and reproducible evaluations of tortuosity (90, 91). For example, a study proposed an automatic algorithm that was able to correctly trace more than 80% of the recognizable nerve fibers in the images and proved its clinical validity regarding tortuosity measure (92). We believe that in the future, more accurate software will help make these subjective parameters more comparable among various studies and more practical in clinical performance.

The present study has some limitations that should be considered. Firstly, the types of NNAI included in our study were mostly typed 1 diabetes and Sjögren's Syndrome, which might not be representative of NNAI in general. Many other NNAI diseases were reported presenting ocular manifestation as the initial manifestation like rheumatoid arthritis and systemic lupus erythematosus. It is reasonable to infer that alteration in corneal innervation also occurs in these diseases, but it is a pity that we did not find qualified studies for every NNAI disease that could be included in the meta-analysis. And we look forward to more research about morphological alternation of the corneal nerve of NNAI so we may draw a more reliable conclusion. Secondly, although IVCM has already been widely used in clinical practice, there is still a lack of a gold standard for corneal nerve parameters. For example, the majority of studies have defined CNFL as the total length of nerves visible within a defined area in mm/mm2 while some only measured nerve branches longer than 50 μm or analyzed the total length of nerves within a frame (93–97). Other factors contributing to the non-uniform assessment may include. (1) Each image captured by IVCM represents only approximately 0.2% of the average corneal surface which might give out non-representative images and result in misleading inferences (7, 98). (2) A possible correlation between myopic refractive error and CNFL might be neglected among our included articles that assess corneal nerves (99). (3) According to instrument design, IVCM can be generally divided into tandem scanning confocal microscopy, laser scanning confocal microscopy, and slit scanning confocal microscopy (100). Different kinds of confocal microscopy are equipped with different field brightness and contrast which may affect the apparent thickness of corneal nerves, particularly when they approach the limit of resolution, thus influencing the uniformity among different studies (97, 101). (4) IVCM image processing could be performed by different methods, including manual tracing, ImageJ, the CCMetrics system, the ACCMetrics system, etc (102, 103). The inconsistency of image-processing methods and the subjectivity during the image-analyzing procedure among different studies may also result in significant discrepancy and heterogeneity.

In conclusion, this meta-analysis suggested that corneal nerve parameters (CNFL, CNFD, CNBD) might be clinical markers for NNAI diseases, while our analysis of other morphology indicators (tortuosity, reflectivity, beadings) lack reliable conclusion from the included studies. Future longitudinal studies could delve into the role of IVCM as a promising way to diagnose and evaluate NNAI diseases.
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Case Report: A Neuro-Ophthalmological Assessment of Vision Loss in a Pediatric Case of McCune-Albright Syndrome
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Patients diagnosed with McCune-Albright Syndrome (MAS) frequently manifest craniofacial fibrous dysplasia (FD). Craniofacial FD can impinge nerve fibers causing visual loss as well as craniofacial pain. Surgical decompression of affected nerves is performed, with variable efficacy, in an attempt to restore function or alleviate symptoms. Here, we present a case of a 12-year-old MAS patient with visual deficits, particularly in the left eye (confirmed by enlarged blind spots on Goldmann visual field testing), and craniofacial pain. Decompression surgery of the left optic nerve mildly improved vision, while persistent visual deficits were noted at a 3-month follow-up assessment. An in-depth, imaging-based evaluation of the visual system, including the retinal nerve fiber layer, optic nerves, and central nervous system (CNS) visual pathways, revealed multiple abnormalities throughout the visual processing stream. In the current FD/MAS patient, a loss of white matter fiber density within the left optic radiation and functional changes involving the left primary visual cortex were observed. Aberrant structural and functional abnormalities embedded within central visual pathways may play a role in facilitating deficits in vision in FD/MAS and contribute to the variable outcome following peripheral nerve decompression surgery.

Keywords: McCune-Albright Syndrome, craniofacial lesions, vision loss, headache, central nervous system


INTRODUCTION

Fibrous dysplasia (FD) is a rare, non-inherited bone disease arising from a R201 missense mutation of the GNAS gene (1–3). A key pathological feature of FD includes the formation of bony lesions within a single bone (monostotic FD) or multiple bones (polyostotic FD) (4–6). Skeletal disease may occur in isolation or in conjunction with endocrinopathies and hyperpigmented macules, termed McCune-Albright Syndrome (MAS). FD lesions readily pervade the axial-appendicular skeleton and craniofacial structures, with the latter frequently leading to craniofacial nerve compression, neuropathy, and vision loss (7–12).

Symptomatic patients with evidence of optic nerve impingement often undergo decompression surgery, yet there is variable efficacy of the procedure in terms of improving or preserving vision (13–16). Moreover, decompression surgery may cause thermal and ischemic injury to the optic nerve, resulting in neuropathy (17). We hypothesized that factors outside of isolated optic nerve impingement may facilitate visual impairment in FD/MAS patients, including those embedded within the central nervous system (CNS). To date, however, the visual processing pathways in the CNS remain unexplored in FD/MAS. We further hypothesized that in FD/MAS, the use of advanced imaging techniques that allow for characterization of CNS white matter pathways (i.e., optic radiation) and visual cortex function in parallel would provide an improved understanding of how visual deficits and, by extension, other neurological phenotypes are generated. Here, we present a pediatric MAS patient with craniofacial FD and a history of bilateral visual deficits, craniofacial pain, and headaches. In this patient, optic nerve decompression surgery in the left hemisphere improved but did not fully correct his visual deficits. To investigate the abnormalities in the visual pathway, from the retinal nerve fiber layer (RNFL) to the visual cortex, the current MAS patient was evaluated using a combination of (i) 18F-sodium fluoride positron emission tomography/computed tomography (18F-NaF PET/CT), (ii) optic coherence tomography (OCT), (iii) non-contrast, magnetic resonance imaging (MRI) of peripheral nerves, and (iv) functional and structural MRI of the CNS. This unique case and a multimodal approach provide insights into the effects of craniofacial FD on a developing biological system in addition to the complex pathophysiology of the associated neurological signs and symptoms. This report points to the importance of using a multimodal approach as early as possible upon diagnosis of pediatric FD/MAS.



PATIENT OVERVIEW

A 12-year-old boy with MAS and craniofacial FD presented with worsening vision. He was diagnosed with MAS at age 8. At age 10, the patient developed visual complaints including blurry vision and decreased acuity, particularly in the left eye, which worsened over the subsequent 2 years. Functional evaluation performed with Goldmann visual field testing revealed enlarged blind spots bilaterally, with a more significant effect for the left eye than the right. Of note, he also developed bilateral chronic tension type headache pain covering regions above the eye and the posterior surface of the external ear. At age 12, visual acuity testing showed 20/70 vision and 20/100 in the right and left eye, respectively. Color testing with Ishihara was 1/11 and 0/11 in the right and left eye, respectively. OCT showed declining RNFL starting at age 10 (see Supplemental Information).

Due to concerns of declining visual acuity, the patient underwent a left orbital decompression surgery (performed by ASH) at age 12 years. The surgical procedure relieved pressure on the left optic nerve by removing a portion of the left lateral orbital wall and opening the periosteum allowing for orbital fat and the lateral rectus muscle to prolapse into the newly created space. Conservative bone removal was performed in order to reduce the likelihood of the patient developing enophthalmos. The patient had an unremarkable post-operative course. Post-operatively his vision improved to 20/40 and 20/50 in the right and left eyes, respectively, while color testing was 1/11 in both eyes. Improvements in vision were reported by the patient following surgery, but with sustained visual deficits. 3 months after the surgery, the patient presented for a multidisciplinary study of FD/MAS consisting of behavioral testing, imaging, and clinical evaluation. This study was approved by the Boston Children's Hospital and the Massachusetts General Brigham, Institutional Review Boards. The patient and patient's legal guardian provided informed consent.


Craniofacial Pain Evaluation

At post-surgery evaluation, his craniofacial pain and headache was described as burning, shooting, stabbing, or cramping and was often triggered by bright lights, psychological stress, or physical exertion. Craniofacial pain varied between 2 and 4 on a 0–10 scale and over a one-week period. Quantitative sensory testing (QST) revealed higher cold pain threshold and tolerance temperatures in the left relative to the right craniofacial regions, specifically the V2 and V3 distribution of the trigeminal system, suggesting more cold pain sensitivity in the left hemisphere. Further details on QST procedures and findings have been provided in Supplemental Information.



Craniofacial FD Burden

18F-NaF PET/CT was performed to characterize FD lesion burden and activity (Figures 1A,B). There were multiple intense foci of uptake within the skull and facial bones associated with ground-glass CT abnormalities of FD, including the frontal bone, occipital bone, right maxillary sinus, nasal turbinates, clivus, bilateral sphenoid bone, right zygomatic arch, left mastoid bone, and mandible. Furthermore, acquisition of multisequence and multiplanar, non-contrast magnetic resonance imaging (MRI) data further defined the distribution of craniofacial FD and revealed inter- and intra-lesion heterogeneity in terms of fluid content, volume, and disruption of cranial nerves (Figure 1B).


[image: Figure 1]
FIGURE 1. Visual pathway characterization in a pediatric MAS patient. All imaging data were acquired without sedation and at 3-months post-decompression surgery of the left optic nerve. (A) Whole-Body 18F-Sodium fluoride positron emission tomography/computerized tomography (18F-NaF PET/CT) identified FD lesions within craniofacial bones (red arrow), spine (green arrow), and ribs (blue arrow). (B) A combination of 18F-NaF PET/CT and non-contrast MRI identified FD in multiple craniofacial regions (i.e., frontal bones, nasal turbinates, sphenoid bone, greater wing of the sphenoid, zygomatic arch, mastoid, mandible occipital bone, and right maxillary sinus). The white arrow denotes the segment of bone tissue removed during decompression surgery of the left optic nerve. (C) Retinal nerve fiber layer (RNFL) loss was evident in both eyes as revealed by OCT, with slightly greater abnormalities in the left eye. G, Global Average; TS, Temporal-Superior; T, Temporal; TI, Temporal-Inferior; NI, Nasal-Inferior; N, Nasal; NS, Nasal-Superior. (D) Coronal, non-contrast short-tau inversion-recovery (STIR) MRI showed neuropathy in the left optic and trigeminal nerves. Inferior displacement and flattening were detected within intraorbital (orange arrow) and intracanalicular (blue arrow) segments of the left optic nerve. Bilateral trigeminal nerve (V2) inferior displacement, compression, and atrophy was also present (green arrow). At the pre-chiasmatic level (yellow arrow), inferior displacement, mild atrophy, and subtle hyperintensity indicate mild edema or gliosis of the left optic nerve. Left optic nerve atrophy was present in the optic chiasm (red arrow). (E) DTI revealed a loss of white matter fiber density, as defined by the probability distribution, of the left optic radiation relative to the right. The optic radiation is defined as the axonal bundle projecting between the lateral geniculate nucleus and primary visual cortex. (F) Resting-state functional connectivity was reduced for the left primary visual cortex compared to the right. Further details on all data acquisition and analysis procedures as well as additional study findings have been provided in Supplemental Information.




RNFL

OCT was performed and compared to previous studies prior to surgery (Figure 1C). Following the patient's initial decline in RNFL thicknesses, at 3 months post-surgery, levels (global mean and individual quadrants) remained within the 1% thickness percentiles of the reference database. Overall, reduction in RNFL was evident in right and left eyes with, sub-regions of the temporal RNFL (i.e., Temporal-Inferior) showing more involvement in the left vs. right.



Optic Nerve and Optic Radiation

The condition of the optic nerve and V2 division of the trigeminal system were primarily evaluated using STIR MRI (Figure 1D). At the intraorbital and intracanalicular levels, an abnormal inferior displacement of the left optic nerve was observed, and as compared to the right optic nerve, the left optic nerve was flattened, with partial effacement of the normal T2 hyperintense cerebral spinal fluid (CSF) signal within the optic nerve sheath. Intracanalicular segments of both optic nerves and V2 trigeminal nerves through foramen rotundum, showed complete effacement of the normal T2 hyperintense CSF signal along both optic nerves. There was also moderate narrowing and compression of the foramen rotundum bilaterally with atrophy of the V2 divisions of both trigeminal nerves. The pre-chiasmatic segments of both optic nerves showed a relatively smaller, inferiorly displaced left optic nerve with mild intrinsic T2 hyperintensity consistent with relative atrophy and gliosis of the left optic nerve as compared to the right. The optic chiasm showed a slightly smaller left optic nerve compared to the right consistent with left sided optic nerve atrophy.

Diffusion tensor imaging (DTI) and probabilistic tractography were performed to map the right and left optic radiation (Figure 1E). The probability density, a measure of white matter fiber density, was lower in the left optic radiation relative to the right, especially as the optic radiation nears the primary visual cortex.



Visual Cortex Function

Functional connectivity of resting state functional MRI data was performed to evaluate primary visual cortex function (Figure 1F). In this patient, seed (right or left calcarine cortex) to voxel connectivity analysis revealed more robust connectivity for the right calcarine cortex (5,212 voxels; maximum effect size = 2.5) compared to the left calcarine cortex (1,385 voxels; maximum effect size = 2.0). The loss of functional connectivity involving the left hemisphere visual cortex reflects functional disturbance or perhaps reorganization within central visual pathways in the current MAS patient.




DISCUSSION

Vision loss in patients with FD/MAS is likely driven by multiple neuro-ophthalmological abnormalities and cannot be explained purely by physical optic nerve compression alone (18–20). While several case reports note improved visual function following decompression surgery (8, 9, 21), other patients with craniofacial FD fail to experience a substantial benefit (22, 23). Lastly, patients may note improved visual function without surgical decompression (24).

In many cases, the primary objective of incorporating cranial imaging in patients with FD/MAS with vison loss is to define the extent of craniofacial lesions or lesion burden, and determine whether FD structurally alters optic nerves. The impact of craniofacial FD lesions can have an affect along multiple points along the visual processing stream including those portions residing in the CNS. Here, white matter changes particularly those localized to the left optic radiation and likely maladaptive plasticity anchored within the primary visual cortex are believed to work in concert with upstream, optic nerve and RNFL abnormalities to produce the full array of visual deficits. Moreover, we hypothesize that for the current MAS patient, the impact of the craniofacial FD lesions on the left eye temporal retina as shown on OCT and downstream optic pathway (i.e., left optic radiation) alterations contributed to vision loss (see Supplemental Information). A more detailed and necessary determination of the underlying neurobiological changes causing left or right hemisphere anopia may be obtained with retinotopic mapping. A further limitation of the current study is indeed the absence of pre- and post-surgical DTI and fMRI datasets. With the availability of multi-timepoint neuroimaging assessments, the associations and interactions among peripheral and central visual system changes in cases of craniofacial FD could be better ascertained. The current results now provide the rationale for longitudinally incorporating DTI- and fMRI in FD/MAS studies alongside more conventional imaging methods (i.e., OCT and structural MRI of craniofacial structures) and behavioral testing of visual function. This report also details the course of a single individual with MAS; therefore, additional studies in larger and more heterogeneous populations are required to determine the generalizability of these results.

The presence of structural and functional changes between the RNFL and visual cortex may underpin vision loss either before or after decompression surgery, and relatedly the variable outcomes following surgical intervention. Moreover, while further investigation is required, the impact of craniofacial lesions on visual pathways may be unique in pediatric cases considering involvement of a developing neurobiological system. Even a mild level of FD may lead to more severe signs and symptoms, yet early and careful intervention combined with inherent neurobiological plasticity of a maturing system may facilitate better long-term outcome.

A multimodal, imaging-based assessment of the collective visual apparatus including the optic nerve, but also the orbit, RNFL, visual tracts, and the visual cortex provides an opportunity to objectively characterize the visual system and identify abnormalities that drive vision loss in FD/MAS. This complementary approach may be particularly informative when the level of patient reported visual deficit is discordant with the severity of objective FD craniofacial lesions or optic nerve compression. This strategy may be ideal to employ when there is a need to more accurately pinpoint causes of vison loss either before or after decompression surgery. Furthermore, persistent extra-skeletal abnormalities may in part explain the frequent failure of decompression surgery in alleviating visual deficits in FD; however, much work remains to thoroughly explore this perspective.
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Case Report: The First Reported Concurrence of Wilson Disease and Bilateral Retinitis Pigmentosa
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Background: Wilson disease (WD) and retinitis pigmentosa (RP) are common genetic disorders in clinical practice, however, the concurrence of WD and RP has never been reported before. WD occurs due to mutations that cause copper metabolic abnormalities; in turn, change in copper metabolism has been suggested to be related with RP. Here, we report the first case of concurrent WD and bilateral RP, and investigate possible pathogenesis to illuminate whether the two genetic disorders are causality or coincidence.

Case Presentation: The patient was a 43-year-old Chinese female diagnosed with WD 12 years ago. She had suffered from night blindness since childhood and faced diminution of bilateral vision within 10 years, for which she was referred to our Eye Center during hospitalization for routine copper excretion treatment. The ceruloplasmin, skull magnetic resonance imaging (MRI), and abdominal ultrasound results accorded with hepatolenticular degeneration. Ocular examinations revealed corneal Kayser-Fleischer (K-F) ring, sunflower-like cataract, retinal osteocyte-like pigmentation, bilateral atrophy of outer retina, cystoid macular edema (CME), and tubular vision in both eyes. Phacoemulsification combined with intraocular lens implantation was performed in the right and left eye, but there was limited improvement in her visual acuity. Whole exome sequencing (WES) detected a deleterious homozygous mutation in the ATP7B gene related to WD, and a homozygous mutation in the CNGA1 gene very likely to cause RP.

Conclusions: We reported the first case of concurrent WD and RP. WES detected two pathogenic gene mutations, ATP7B and CNGA1. Though we cannot completely rule out a causal effect of WD-related abnormal copper metabolism with RP, we speculate that the two gene mutations lead to the coincidence of the two genetic disorders, respectively.

Keywords: Wilson disease, retinitis pigmentosa, concurrence, gene mutation, abnormal copper metabolism


INTRODUCTION

Wilson disease (WD) is an autosomal-recessive disorder caused by mutations in the ATP7B gene, leading to abnormal copper metabolism. ATP7B encodes the copper transporter in the reverse Golgi network structure of liver cells, which is indispensable for biliary copper secretion and the synthesis of proceruloplasmin with copper atoms (1). Ceruloplasmin, the synthetic product, is then secreted into the blood, mediating the transport of excess copper in cytoplasmic vesicles to prolysosomal vesicles and thereby discharging copper into the bile (1). The obstruction of copper excretion results in the accumulation of copper in the circulatory system and organs, especially the liver, central nervous system (CNS), and eyes. The age of WD onset varies from early childhood to young adulthood, though there are cases of late-onset WD (2). Clinical manifestations can differ according to different age groups. For instance, children are more likely to show hepatic symptoms (3), while older patients (15–17 years old and above) present neurological manifestations more often, including dysarthria, gait abnormalities, dystonia, tremor, and Parkinson's disease (4). The typical ocular manifestations of WD include Kayser-Fleischer (K-F) ring and sunflower-like cataract.

In turn, retinitis pigmentosa (RP) is a group of retina-degenerative diseases characterized by progressive degeneration of retinal pigmented epithelium (RPE) and photoreceptors. It affects ~1 in every 4,000 persons on a global scale (5), making it one of the most common retinal degenerations that contribute to visual impairment in all age groups. There are 69 genes that have been mapped and identified to cause RP so far.1 Various inheritance patterns have also been connected to RP, including sporadic, autosomal-dominant, autosomal-recessive, X-linked, mitochondrial, and digenic (6). Of these, autosomal-recessive inheritance accounts for ~50–60% of all RP patients (7). Rod photoreceptor dysfunction is often the first system to occur, followed by injury to the cone photoreceptor cells. Therefore, night blindness, progressive vision loss, tunnel vision, and complete blindness are typical symptoms of RP. Subretinal injection of adeno-associated virus vector, inserting with RPE65 cDNA, may repair this genetic deficiency and may be the only therapy available and approved for RP (8). Whether copper metabolism was associated with RP remains controversial. As early as in 1976, Gahlot et al. reported that RP may be a condition caused by abnormal copper metabolism (9). While in 1978, Marmor et al. argued against a role for copper metabolism in ordinal retinitis pigmentosa (10).

For the first time, we reported a case with the concurrence of WD and bilateral RP in a patient from a consanguineous family. Whole exome sequencing (WES) detected separate gene mutations for the two genetic disorders.



CASE PRESENTATION

A 43-year-old female presented to the Department of Neurology of the Second Affiliated Hospital of Zhejiang University in March 2021. She was diagnosed with WD 12 years ago. Physical examination showed the patient had reduced facial expression and impaired articulation. The patient's left hand mildly trembled when she was asked to raise it flatly. She was also found to have increased extremity muscular tension, upper extremity tendon reflex +++++, and was unable to walk straight. Laboratory tests showed a low ceruloplasmin level (23 mg/L, reference 200–600 mg/L), and no abnormal serum copper concentration was found. Skull MRI showed hepatolenticular degeneration. Abdominal ultrasound revealed liver cirrhosis and splenomegaly. The patient was hospitalized and given sodium dimercaptopropane sulfonate for copper removal, zinc gluconate to inhibit copper metabolism, and supportive treatment such as amantadine and vitamin C supplements. During hospitalization, the patient complained of progressive bilateral vision decrease over 10 years, for which she was referred to our Eye Center. She volunteered that the night blindness began in early childhood, and her parents were close relatives. Her parents and sister were healthy, denying a similar medical history. The patient's best corrected visual acuity (BCVA) at presentation was 0.8 (logarithm of the minimum angle of resolution, logMAR) in both eyes, and intraocular pressure (Non-contact tonometer, Topcon CT-80, Topcon Corporation, Tokyo, Japan) was 10.0 mmHg in the right eye (OD) and 13.5 mmHg in the left eye (OS), respectively. Slit lamp biomicroscopy (SL-D8Z; Topcon Corporation, Tokyo, Japan) revealed bilateral corneal K-F ring and sunflower-like cataract (Figure 1A). Fundus photography (TRC-NW8; Topcon Corporation, Tokyo, Japan) showed thinner retinal blood vessels and retinal osteocyte-like pigmentation in bilateral eyes (Figure 1B). Cystoid macular edema (CME) and outer retina atrophy was observed in both eyes via optical coherence tomography (OCT) (Figure 1C). Visual field examination (Octopus 900, Haag-Streit, USA) revealed binocular tunnel vision (Figure 1D). The patient was subsequently diagnosed with WD combined with binocular RP and complicated cataract.


[image: Figure 1]
FIGURE 1. Clinical presentations in the right eye (OD) and left eye (OS) of the patient. (A) Manifestation of Kayser-Fleischer (K-F) ring and sunflower-like cataract. (B) Fundus images of osteocyte-like pigmentation (white arrows) in bilateral retina. (C) Optical coherence tomography (OCT) showing outer retina atrophy and cystoid macular edema. (D) Vision detection featuring binocular tunnel vision.


After informed consent form the patient, phacoemulsification and posterior chamber intraocular lens implantation was performed in the right and left eye, respectively. Postoperatively, topical Tobradex (Tobramycin and Dexamethasone, Alcon) and Pranoprofen (Senju Pharmaceutical Co.Ltd, Japan) eyedrops were prescribed four times a day for anti-inflammatory treatment. Drug therapy for CME was not started before the surgery, and there was no significant change in the central retinal thickness (CRT) of both eyes during the 8-months follow-up. Unfortunately, there was limited improvement in her visual acuity. The BCVA remains 0.8 logMAR for both eyes at her last visit (Supplementary Figure 1).

Whole exome sequencing (WES, by Beijing Giantmed medical diagnostics Lab) was performed on the patient and her parents (Figures 2A–E). The results showed an ATP7B gene c.G2333T: p.R778L homozygous mutation, CNGA1 gene c.C453A: p.Y151X homozygous mutation, RP2 gene c.T248C: p.l83T heterozygous mutation, and SNRNP200 gene c.C1898T: p.A633V heterozygous mutation in the patient (Supplementary Table 1). Both parents were heterozygous carriers of ATP7B and CNGA1 genes. The mother was of the RP2 heterozygous genotype, and the father was of the SNRNP200 heterozygous genotype, which were both found in the patient. However, the parents did not show any WD or RP-related manifestations.


[image: Figure 2]
FIGURE 2. Pedigree of the patient's family. (A) CNGA1 variant family pedigree. Circles represent females and the square represents the male. The filled circle represents the patient with RP. The proband is indicated by a black arrow, while A represents a mutation. (B) Partial sequence of ATP7B gene locus of the proband (II-2) and the unaffected family members (I-1 and I-2). The columnar graphics indicate the site of the variant. (C) Partial sequence of the family's CNGA1 gene locus. (D) Partial sequence of the family's RP2 gene locus. (E) Partial sequence of the family's SNRNP200 gene locus.




DISCUSSION

To our knowledge, this is the first report of concurrence of WD and RP in a patient from a consanguineous family. WES detected two separate pathogenic gene mutations: a homozygous mutation in the ATP7B gene related to WD, and a homozygous mutation in the CNGA1 gene associated with RP.

WD is an autosomal-recessive disorder characterized by liver cirrhosis and basal ganglia lesions. Apart from liver and brain, copper also accumulates in other organs, for liver injury is supposed to cause secondary impairment in other tissues. Consequently, the clinical manifestations can include cardiac, renal, dermatic, osteoarticular or endocrinologic conditions (11). Corneal K-F ring and sunflower-like cataract are common ocular manifestations of WD. K-F ring is formed by copper particles deposited in the Descemet membrane of the corneoscleral junction area which has been observed in ~98% of patients with neurological WD symptoms and about 50% of patients with hepatic manifestations (12). Sunflower-like cataract is another ocular sign of WD. Compared with typical cataract leading to markedly reduced visual acuity, sunflower-like cataract seems to have a limited impact on vision (13), as it results from reversible copper deposition under the anterior lens capsule and can diminish after copper removal treatment.

Recent researches have pointed out that WD also affect the retina and optic nerve (14, 15). Especially in those patients who have obvious lesions in CNS, thickness of RNFL is found to have decreased, as is the macular thickness (16). Interestingly, disease duration and forms of neurological or hepatic manifestations do not influence RNFL thickness (17). In addition, the thickness of macula is discovered to get markedly thinner in the inferior quadrant (14). Therefore, retinal degeneration in WD is considered to be a marker of neural lesion and correlate with the degree of nerve injury.

ATP7B gene mutation has been recognized as the pathogenic genes of WD. The mutations affect the main elimination pathway of liver copper, resulting in copper deposition in various organs, though especially the liver, brain, and eyes. The prevalence rate is 1/10,000 to 1/30,000 worldwide (18) and it is observed to be higher in China (19, 20). Previous research showed that WD in China is seemingly resulted from some relatively common mutations and a large number of rare mutations (20). p.R778L, p.P992L, and p.T935M have been identified to be the top three mutations in China (19). In our case, WES detected the missense c.G2333T: p.R778L variant of ATP7B, and the candidate pathogenic mutation site was included in the ClinVar database.2 The program Polyphen2 predicted the variant to be probably damaging. According to the American College of Medical Genetics and Genomics (ACMG) guidelines, the mutation was pathogenic and the grade was PM3-very strong. Swiss-Model software3 predicted the 3D structure of the pathogenic protein sequence (Figure 3).


[image: Figure 3]
FIGURE 3. Prediction of the protein structure of the ATP7B(R778L) mutant expression product.


Meanwhile, RP is a group of hereditary retinal malnutrition diseases characterized by the progressive degeneration of RPE and photoreceptors (rods and cones). Night blindness, progressive loss of peripheral vision, tunnel vision, and even blindness in advanced stages are typical symptoms (21). CME can be one of its macular conditions and thus may relate to the loss of central vision (22). The prevalence of CME in RP patients varies from 11 to 50% according to different detection methods (23, 24). The etiology of CME in individuals with RP remains uncertain, including (i) breakdown of the blood-retina barrier, (ii) impaired function of the RPE pumping mechanism, (iii) lesions on Müller cells, (iv) anti-retinal antibodies, and (v) vitreous traction (25). In this case, CME was found in both eyes, for which we speculate RP may be responsible.

Monogenic inheritance is responsible for the largest proportion of RP cases, yet the disease is highly heterogeneous. There are 69 genes that have been mapped and identified to cause RP so far,4 most of which contribute to non-syndromic RP. Apart from the non-syndromic type, RP also occurs in diseases that affect other sensory nervous systems or multiple tissues, such as Usher syndrome, Bardet-Biedl syndrome, and Cohen syndrome (26).

With the current patient, WES identified three different mutations in genes related to RP. RP2 and SNRNP200 have been mapped to RP2 and RP33, respectively, but the pathogenesis remains ambiguous, and their ACMG pathogenic grades are both of “uncertain significance” (RP2: PM1 + PM2-supporting + PP3; SNRNP200: PM1 + PP3). CNGA1 is one of the causative genes of autosomal-recessive RP (27), as related to RP 49 (autosomal-recessive). As a member of the cyclic nucleotide-gated cation channel subfamily, CNGA1 encodes the α-subunit of the rod cGMP-gated channel (28). As an essential protein of the rod photoreceptors in the cascade reaction of light conduction, rod cGMP-gated channel is composed of three CNGA1 subunits and one CNGB1 subunit (29). Besides, CNGA1 is also required for the structure of the outer segment of rod photoreceptors (30). Several mutations to CNGA1 have been identified to be deleterious and have a causal link to autosomal-recessive RP (31). Homozygous CNGA1 variant c. C453A: p. Y151X has been reported once (32), though it was detected to be nonsense and has a prevalence of 0.00005 in a crowd. This pathogenic grade suggests the variant to be “pathogenic” for the classification of evidential items assessed by ACMG guidelines shows PVS1 + PM2-supporting + PM3-very strong. Since the current patient's parents did not exhibit RP-related symptoms, we surmise that the homozygous CNGA1 variant in the patient conformed to gene co-segregation and might be the variant leading to RP. 3D structure of the pathogenic protein sequence cannot be predicted owing to the nonsense mutation that caused excessive deletion of amino acid fragments.

Metal cations are required in numerous biological processes, as in the pathogenesis of RP. For example, the role of zinc cation in the development of RP has been illustrated to be related to the loss of thermostability of the rhodopsin protein and zinc coordination to amino acid residues (33). Severe brain iron deposition is also implicated in the pathogenesis of neurodegenerative disorders and inherited diseases. As a group of progressive extrapyramidal disorders, neurodegeneration with brain iron accumulation (NBIA) can present with RP in child cases which are classified as pantothenate kinase-associated degeneration (PKAN) and this can lead to significant visual impairment (34, 35). In addition, iron metabolic dysfunction, which cause iron accumulation or iron overload, has been reported in animal models, suggesting the potential involvement of ferroptosis in RP (8). Copper is also an essential trace that plays an important role in the structure and physiology of retina (36). Previous studies have tried to explore the relationship between copper metabolism and RP, but came out with contradictory results. In a study involving 15 primary RP patients from India, Gahlot et al. described the changes in copper metabolism including: (i) normal or slightly lower serum copper level, (ii) notably reduced ceruloplasmin concentration, and (iii) high urinary copper excretion (9). These finding serve as a sign of chronic copper toxicity. Moreover, liver biopsies from some RP patients suggested slight, non-specific changes, which indicated that copper metabolism in primary RP may also be altered. Rao et al. also reported that copper metabolism changed in RP cases, but in different parameters, and the degree were not comparable in the severity to those of WD patients (37). On the contrary, the serum copper levels revealed by Karcioglu et al. were in an opposite tendency to that of Gahlot's study (38). Other results by Marmor et al. (10), Ehlers et al. (39), and Atmaca et al. (40) also did not support the existence of copper metabolic abnormalities in individuals with RP. Thus, hypothesis was proposed that exogenous factors such as diet, overall nutrition and genetic isolation may account for the discrepancies between the normal results of copper metabolism and the striking Indian findings (10). By far, there is still lack of convincing evidence to indicate that RP is related to abnormal copper metabolism (Supplementary Table 2).



CONCLUSION

In summary, a case of concurrent WD and binocular RP was reported for the first time. We identified a deleterious homozygous mutation in the patient's ATP7B gene that caused WD, as well as a homozygous mutation in CNGA1 that conformed to gene co-segregation that potentially led to RP (Figure 4). Since there remains no sufficient evidence to support that the occurrence of RP is associated with WD or abnormal copper metabolism, we speculate that the two pathogenic gene mutations lead to the coincidence of the two genetic disorders, respectively.


[image: Figure 4]
FIGURE 4. Logical mapping illustrates the possible pathogenesis of Wilson disease and retinitis pigmentosa in this patient.




DATA AVAILABILITY STATEMENT

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



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Ethics Committee of the Second Affiliated Hospital of Zhejiang University. The patients/participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



AUTHOR CONTRIBUTIONS

ZY wrote the first draft. XJ guided the genetic analysis and revised the manuscript. XL and QZ recorded the medical information. KW and MC contributed to the treatment of the patient and made revisions of the manuscript. All authors contributed to the critical revision and provided final approval of the submitted version of this article.



FUNDING

This study was supported by National Natural Science Foundation of China (No. 82171045).



ACKNOWLEDGMENTS

The authors would like to thank the patient and her family for agreement and providing case history and we wish to acknowledge the staff for guidance in genetic analysis and the prediction of the variant expression product function.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmed.2022.877752/full#supplementary-material



FOOTNOTES

1RetNet: Summaries (uth.edu).

2https://www.ncbi.nlm.nih.gov/clinvar/variation/3852/

3http://swissmodel.expasy.org/

4RetNet: Summaries (uth.edu).



REFERENCES

 1. Cater MA, La Fontaine S, Shield K, Deal Y, Mercer JF. ATP7B mediates vesicular sequestration of copper: insight into biliary copper excretion. Gastroenterology. (2006) 130:493–506. doi: 10.1053/j.gastro.2005.10.054

 2. Zigrai M, Vyskocil M, Tothova A, Veres P, Bluska P, Valkovic P. Late-Onset Wilson's Disease. Front Med. (2020) 7:26. doi: 10.3389/fmed.2020.00026

 3. Saito T. Presenting symptoms and natural history of Wilson disease. Eur J Pediatr. (1987) 146:261–5. doi: 10.1007/BF00716470

 4. Lorincz MT. Neurologic Wilson's disease. Ann N Y Acad Sci. (2010) 1184:173–87. doi: 10.1111/j.1749-6632.2009.05109.x

 5. Pagon RA. Retinitis pigmentosa. Surv Ophthalmol. (1988) 33:137–77. doi: 10.1016/0039-6257(88)90085-9

 6. Kajiwara K, Berson EL, Dryja TP. Digenic retinitis pigmentosa due to mutations at the unlinked peripherin/RDS and ROM1 loci. Science. (1994) 264:1604–8. doi: 10.1126/science.8202715

 7. Hartong DT, Berson EL, Dryja TP. Retinitis pigmentosa. Lancet. (2006) 368:1795–809. doi: 10.1016/S0140-6736(06)69740-7

 8. Yang M, So KF, Lam WC, Lo ACY. Cell ferroptosis: new mechanism and new hope for retinitis pigmentosa. Cells. (2021) 10:2153. doi: 10.3390/cells10082153

 9. Gahlot DK, Khosla PK, Makashir PD, Vasuki K, Basu N. Copper metabolism in retinitis pigmentosa. Br J Ophthalmol. (1976) 60:770–4. doi: 10.1136/bjo.60.11.770

 10. Marmor MF, Nelson JW, Levin AS. Copper metabolism in American retinitis pigmentosa patients. Br J Ophthalmol. (1978) 62:168–71. doi: 10.1136/bjo.62.3.168

 11. Dziezyc K, Litwin T, Czlonkowska A. Other organ involvement and clinical aspects of Wilson disease. Handb Clin Neurol. (2017) 142:157–69. doi: 10.1016/B978-0-444-63625-6.00013-6

 12. Cozma I, Atherley C, James NJ. Influence of ethnic origin on the incidence of keratoconus and associated atopic disease in Asian and white patients. Eye. (2005) 19:924–5; author reply 5–6. doi: 10.1038/sj.eye.6701677

 13. Langwinska-Wosko E, Litwin T, Dziezyc K, Czlonkowska A. The sunflower cataract in Wilson's disease: pathognomonic sign or rare finding? Acta Neurol Belg. (2016) 116:325–8. doi: 10.1007/s13760-015-0566-1

 14. Albrecht P, Muller AK, Ringelstein M, Finis D, Geerling G, Cohn E, et al. Retinal neurodegeneration in Wilson's disease revealed by spectral domain optical coherence tomography. PLoS ONE. (2012) 7:e49825. doi: 10.1371/journal.pone.0049825

 15. Langwińska-Wośko E, Litwin T, Szulborski K, Członkowska A. Optical coherence tomography and electrophysiology of retinal and visual pathways in Wilson's disease. Metab Brain Dis. (2016) 31:405–15. doi: 10.1007/s11011-015-9776-8

 16. Langwińska-Wośko E, Litwin T, Dziezyc K, Karlinski M, Członkowska A. Optical coherence tomography as a marker of neurodegeneration in patients with Wilson's disease. Acta Neurol Belg. (2017) 117:867–71. doi: 10.1007/s13760-017-0788-5

 17. Svetel M, Bozic M, Vitkovic J, Jovanovic C, Dragasevic N, Pekmezovic T, et al. Optical coherence tomography in patients with Wilson's disease. Acta Neurol Scand. (2021) 144:149–54. doi: 10.1111/ane.13431

 18. Bandmann O, Weiss KH, Kaler SG. Wilson's disease and other neurological copper disorders. Lancet Neurol. (2015) 14:103–13. doi: 10.1016/S1474-4422(14)70190-5

 19. Dong Y, Ni W, Chen WJ, Wan B, Zhao GX, Shi ZQ, et al. Spectrum and classification of ATP7B variants in a large cohort of Chinese Patients with Wilson's Disease Guides Genetic Diagnosis. Theranostics. (2016) 6:638–49. doi: 10.7150/thno.14596

 20. Xie JJ, Wu ZY. Wilson's disease in China. Neurosci Bull. (2017) 33:323–30. doi: 10.1007/s12264-017-0107-4

 21. Gao Q, Liu Y, Lei X, Deng Q, Tong Y, Du L, et al. A novel CNGA1 gene mutation (c.G622A) of autosomal recessive retinitis pigmentosa leads to the CNGA1 protein reduction on membrane. Biochem Genet. (2019) 57:540–54. doi: 10.1007/s10528-019-09907-3

 22. Fahim AT, Daiger SP, Weleber RG. Nonsyndromic retinitis pigmentosa overview. In: Adam MP, Ardinger HH, Pagon RA, Wallace SE, Bean LJH, Mirzaa G, et al, editors. GeneReviews(®). Seattle, WA: University of Washington, Seattle Copyright © 1993-2021, University of Washington, Seattle. GeneReviews is a registered trademark of the University of Washington, Seattle. All rights reserved (1993).

 23. Adackapara CA, Sunness JS, Dibernardo CW, Melia BM, Dagnelie G. Prevalence of cystoid macular edema and stability in oct retinal thickness in eyes with retinitis pigmentosa during a 48-week lutein trial. Retina. (2008) 28:103–10. doi: 10.1097/IAE.0b013e31809862aa

 24. Iovino C, Au A, Hilely A, Violanti S, Peiretti E, Gorin MB, et al. Evaluation of the choroid in eyes with retinitis pigmentosa and cystoid macular edema. Invest Ophthalmol Vis Sci. (2019) 60:5000–6. doi: 10.1167/iovs.19-27300

 25. Triolo G, Pierro L, Parodi MB, De Benedetto U, Gagliardi M, Manitto MP, et al. Spectral domain optical coherence tomography findings in patients with retinitis pigmentosa. Ophthalmic Res. (2013) 50:160–4. doi: 10.1159/000351681

 26. Makiyama Y, Oishi A, Otani A, Ogino K, Nakagawa S, Kurimoto M, et al. Prevalence and spatial distribution of cystoid spaces in retinitis pigmentosa: investigation with spectral domain optical coherence tomography. Retina. (2014) 34:981–8. doi: 10.1097/IAE.0000000000000010

 27. Strong S, Liew G, Michaelides M. Retinitis pigmentosa-associated cystoid macular oedema: pathogenesis and avenues of intervention. Br J Ophthalmol. (2017) 101:31–7. doi: 10.1136/bjophthalmol-2016-309376

 28. Verbakel SK, van Huet RAC, Boon CJF, den Hollander AI, Collin RWJ, Klaver CCW, et al. Non-syndromic retinitis pigmentosa. Prog Retin Eye Res. (2018) 66:157–86. doi: 10.1016/j.preteyeres.2018.03.005

 29. Dryja TP, Finn JT, Peng YW, McGee TL, Berson EL, Yau KW. Mutations in the gene encoding the alpha subunit of the rod cGMP-gated channel in autosomal recessive retinitis pigmentosa. Proc Natl Acad Sci USA. (1995) 92:10177–81. doi: 10.1073/pnas.92.22.10177

 30. Wang L, Zou T, Lin Y, Li L, Zhang P, Gong B, et al. Identification of a novel homozygous variant in the CNGA1 gene in a Chinese family with autosomal recessive retinitis pigmentosa. Mol Med Rep. (2020) 22:2516–20. doi: 10.3892/mmr.2020.11331

 31. Zhong H, Molday LL, Molday RS, Yau KW. The heteromeric cyclic nucleotide-gated channel adopts a 3A:1B stoichiometry. Nature. (2002) 420:193–8. doi: 10.1038/nature01201

 32. Bai Z, Xie Y, Liu L, Shao J, Liu Y, Kong X. Genetic investigation of 211 Chinese families expands the mutational and phenotypical spectra of hereditary retinopathy genes through targeted sequencing technology. BMC Med Genom. (2021) 14:92. doi: 10.1186/s12920-021-00935-w

 33. Kircheva N, Dobrev S, Nikolova V, Angelova S, Dudev T. Zinc and its critical role in retinitis pigmentosa: insights from DFT/SMD calculations. Inorg Chem. (2020) 59:17347–55. doi: 10.1021/acs.inorgchem.0c02664

 34. Kurian MA, McNeill A, Lin JP, Maher ER. Childhood disorders of neurodegeneration with brain iron accumulation (NBIA). Dev Med Child Neurol. (2011) 53:394–404. doi: 10.1111/j.1469-8749.2011.03955.x

 35. Gregory A, Hayflick SJ. Neurodegeneration with brain iron accumulation. Folia Neuropathol. (2005) 43:286–96. doi: 10.1016/B978-0-444-63233-3.00019-1

 36. Ugarte M, Osborne NN, Brown LA, Bishop PN. Iron, zinc, and copper in retinal physiology and disease. Surv Ophthalmol. (2013) 58:585–609. doi: 10.1016/j.survophthal.2012.12.002

 37. Rao SS, Satapathy M, Sitaramayya A. Copper metabolism in retinitis pigmentosa patients. Br J Ophthalmol. (1981) 65:127–30. doi: 10.1136/bjo.65.2.127

 38. Karcioglu ZA, Stout R, Hahn HJ. Serum zinc levels in retinitis pigmentosa. Curr Eye Res. (1984) 3:1043–8. doi: 10.3109/02713688409011750

 39. Ehlers N, Bulow N. Clinical copper metabolism parameters in patients with retinitis pigmentosa and other tapeto-retinal degenerations. Br J Ophthalmol. (1977) 61:595–6. doi: 10.1136/bjo.61.9.595

 40. Atmaca LS, Arcasoy A, Cavdar AO, Ozmert E. Levels of zinc in plasma, erythrocytes, and hair, and levels of serum copper in patients with retinitis pigmentosa in Turkey. Br J Ophthalmol. (1989) 73:29–31. doi: 10.1136/bjo.73.1.29

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 Ye, Jia, Liu, Zhang, Wang and Chen. 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: 12 May 2022
doi: 10.3389/fmed.2022.897259






[image: image2]

A Novel Algorithm for the Evaluation of Corneal Nerve Beadings by in vivo Confocal Microscopy in Patients With Type 1 Diabetes Mellitus

Irene Abicca1*, Daniela Giannini1, Marta Gilardi2, Anna Maria Roszkowska3, Mariacristina Parravano1, Fabiana Picconi4, Simona Frontoni4,5 and Domenico Schiano-Lomoriello1


1IRCCS–Fondazione Bietti, Rome, Italy

2Ophthalmic Hospital of Rome, Rome, Italy

3Ophthalmology Clinic, Department of Biomedical Sciences, University of Messina, Messina, Italy

4Unit of Endocrinology, Diabetes and Metabolism, S. Giovanni Calibita, Fatebenefratelli Hospital, Rome, Italy

5Department of Systems Medicine, University of Rome Tor Vergata, Rome, Italy

Edited by:
Paolo Fogagnolo, University of Milan, Italy

Reviewed by:
Francis J. Doyle, State University of New York, United States
 Adam Wylegala, Śla̧ski Uniwersytet Medyczny, Poland

*Correspondence: Irene Abicca, irene.abicca@fondazionebietti.it

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

Received: 15 March 2022
 Accepted: 13 April 2022
 Published: 12 May 2022

Citation: Abicca I, Giannini D, Gilardi M, Roszkowska AM, Parravano M, Picconi F, Frontoni S and Schiano-Lomoriello D (2022) A Novel Algorithm for the Evaluation of Corneal Nerve Beadings by in vivo Confocal Microscopy in Patients With Type 1 Diabetes Mellitus. Front. Med. 9:897259. doi: 10.3389/fmed.2022.897259



Purpose: Peripheral neuropathy could complicate diabetes mellitus (DM). In vivo confocal microscopy (IVCM) is an ocular examination for the diagnosis of small fiber neuropathies and the detection of the earliest corneal sub-basal nerve plexus (SBP) alterations. Corneal SBP characteristics include focal enlargement along with the nerve fiber, called corneal beadings. These dilatations represent a mitochondrial accumulation induced by the reactive oxygen stress, as a consequence of hyperglycemia. For this reason, corneal beadings are considered indicative of metabolic activity. This study aimed to describe the corneal characteristics of a population of type 1 diabetes mellitus (T1DM) well metabolically controlled, using a new algorithm for the analysis of corneal beading size (BS).

Methods: Patients aged ≥18 years affected by T1DM were compared with healthy subjects who underwent IVCM (Confoscan 4; Nidek Technologies Padova, Italy). Starting from the coordinates of the beadings detected by the IVCM, we implemented a new algorithm for automatically measuring BS in corneal SBP images.

Results: We compared 20 eyes of T1DM patients with 26 healthy controls. The corneal nerves' fiber length (p = 0.008), corneal nerves' fiber length density (p = 0.008), and the number of fibers (p = 0.017) were significantly lower in the diabetic group compared with controls. There was no difference between diabetic and healthy eyes in the mean number of corneal beadings both in the frame of analysis (p = 0.606) and for 0.1 mm of SBP nerve (p = 0.145). Regarding the BS, patients with T1DM had corneal beadings larger than controls (p = 0.036).

Conclusions: We found that the corneal beadings parameters are similar in healthy and T1DM individuals. Nevertheless, measuring the BS with our algorithm, we showed that corneal beadings are enlarged in patients affected by T1DM when compared with healthy controls. Identifying beading expansion in corneal nerve fiber using IVCM should become a useful tool to predict peripheral neuropathy at an early stage.

Keywords: beading, corneal confocal microscopy, diabetes mellitus, corneal nerve, peripheral neuropathy


INTRODUCTION

Type 1 diabetes mellitus (T1DM) is one of the most common metabolic disorders worldwide. A severe complication, which causes disability and reduces the quality of life (1), is represented by diabetic peripheral neuropathy (DPN), which is frequently diagnosed at a late stage. DPN should include corneal sensitivity alteration, with corneal sub-basal nerve plexus (SBP) modifications (2, 3). Furthermore, SBP damages have been described to be related to the duration of the disease and unsuitable glycemic control (4, 5).

Skin biopsy is considered the gold standard for the evaluation of morphological change in small nerve fibers and diabetic neuropathy progression (6). Unfortunately, this procedure is characterized by invasive nature and increased costs and can lead to delayed healing of the bioptic area (7). Therefore, it cannot be used as a screening test for all patients with diabetes. Alternatively, in vivo confocal microscopy (IVCM) is a rapid and reproducible ophthalmic application that allows studying of all corneal layers, such as cellular elements and small nerve fibers in the corneal SBP (2, 8, 9).

It has been proven that intraepidermal nerve fiber density and corneal nerve fiber morphology, evaluated by IVCM, are both correlated to neuropathy stages (10). Due to this, IVCM is considered an efficient non-invasive, and reliable alternative to skin biopsy, able to diagnose and track the progression of peripheral neuropathy in patients with diabetes (11).

In particular, the SBP analysis carried out by IVCM revealed a significant reduction in corneal parameters, specifically for nerve fibers length, nerve fibers length density, number of fibers, bifurcations, and beadings in patients with diabetes (12). Glycosylated hemoglobin levels in patients with diabetes showed an inverse relationship with nerve fibers length, nerve fibers length density, branches, and number of beadings (12).

The pathogenetic mechanism of the onset of diabetic neuropathy seems to be the reactive oxygen stress induced by hyperglycemia.

One of the consequences of reactive oxygen stress is to induce the accumulation of mitochondria along with the nerves fibers (13). In particular, beadings are enlargements (beads) along nerve fibers, which appear hyper-reflective at the IVCM examination. These dilatations are considered indicative of metabolic activity (14, 15).

Several studies reported the corneal nerve fibers changes in patients with diabetes (16–19), compared with healthy controls and described the beadings characteristics as number and density. Some of these studies suggested a direct correlation between the decrease of beading frequency (17–19) and metabolic activity of nerve fibers in patients with diabetes. Furthermore, the beading size (BS) resulted in being altered in diabetes, as described by Ishibashi et al. (17), using their specific algorithm. They reported a beading frequency reduction associated with a bead enlargement in a patient with type 2 diabetes, compared with healthy subjects. In addition, the number and size of beads were found to be related to changes in the mitochondrial distribution along corneal nerve fibers. Altered beading structures may have a relationship with peripheral nerve changes, therefore, the BS might be a new biomarker for the detection of DPN at its earliest stage.

Nowadays, despite the evidence in the literature regarding the potential role of the beading dimension in predicting diabetic neuropathy evolution, a reproducible method for evaluating this characteristic is not in use.

This study aimed to apply a new algorithm for the measurement of corneal BS in the corneas of a T1DM population and compare it with a healthy control group.



MATERIALS AND METHODS


Study Population

We enrolled patients aged ≥18 years affected by T1DM according to the American Diabetes Association (ADA) criteria (20), referring to the Unit of Endocrinology, Diabetes, and Metabolism, Department of Systems Medicine in S. Giovanni Calibita Fatebenefratelli Hospital, University of Rome Tor Vergata, Rome, Italy, and we compared them with a control group of healthy adults, matched by age. All patients underwent a general medical examination, anthropometric parameters, and laboratory measurements. Blood and urinary samples were analyzed as previously described by our group (16). Triglycerides (TG), plasma total cholesterol (TC), high and low-density lipoprotein cholesterol (HDL-C and LDL-C), glycosylated hemoglobin (HbA1c), creatinine and microalbuminuria (urinary albumin/creatinine ratio) were performed in all T1DM, to rule out the confounding effect of high lipid values or renal failure on corneal nerves parameters.

We excluded diabetic patients with microalbuminuria >30 mg/g and diabetic autonomic neuropathy (DAN) evaluated by Ewing battery (21).

Regarding the healthy subjects, we performed an oral glucose tolerance test to exclude diabetes and impaired glucose tolerance. In addition, we excluded subjects with dyslipidemia, chronic renal failure, and hypertension based on their medical history.

In both groups (T1DM and control), we included patients with no history of possible confounding diseases (inflammatory diseases, alcohol abuse, vitamin deficiency, malignancy treated with chemotherapy agents, recent history of heart or respiratory failure, chronic liver or renal failure central nervous system diseases, entrapment mononeuropathies, and cervical or lumbosacral radiculopathies). Ocular exclusion criteria in all subjects were contact lens wearing, ocular trauma, ocular medications (except for artificial tears), clinical history of eye surgery, and ocular inflammation.



In vivo Confocal Microscopy

In vivo confocal microscopy (Confoscan 4; Nidek Technologies Padova, Italy) was performed bilaterally on the central cornea of all patients that included with a Z-ring adapter.

The same experienced operator (DSL) achieved all examinations. We used a sterile and transparent gel (dexpanthenol 5%) on the top of the instrumental lens to eliminate optical interfaces and to keep no-contact examination with invasiveness. After auto-alignment, a full-thickness scan of the cornea was performed, as previously described (22). The overall time for the examination was up to 3 min. Some patients complained of ocular symptoms or visual complications.

Two experienced researchers (IA and MG), masked by the group assignment of images, carefully examined the images. One eye for each patient was considered, choosing the best-focused frame of the SBP for each patient. They discarded images with motions and/or with more than one layer.

The CS4 software (Nerves Tracking Tool v1.3.0) was used to automatically identify corneal fibers and beadings in each frame and review them. Errors were manually edited. In the case of a mismatch, a third operator (DG) chose the best option.

The following SBP parameters were available by the instrument for the analysis:

1. Nerve fiber length (μm/frame): the total length of all fibers and branches in a frame;

2. Nerve fiber length density (μm/mm2): the total density of the nerve fibers in mm2;

3. Number of fiber: the total number of nerve fibers, including main nerves and branches;

4. Number of branching: points where nerve branches arise from the main nerve;

5. Nerve fiber tortuosity using Nidek Nerve index, a unitless measure that represents the degree of the twistedness of a curved structure;

6. Number of beadings: the total number of beadings identified in the main nerves (trunks, long fibers that crossed the borders of the area of analysis);

7. Beadings density (beadings/mm): the total number of beadings divided by the total length of nerve trunks in millimeters.

After the SBP detection using CS4 software, as described above, we processed the images to obtain a new morphological characterization of the beadings. To achieve this we saved three different images of the same capture of fibers:

1. The original image of nerves (Figure 1A);

2. The image with the overlaying analysis of the nerves and beadings identification (Figure 1B);

3. The capture with a manual selection of 0.1 mm nerve portion using the caliper tool (Figure 1C).


[image: Figure 1]
FIGURE 1. Diagram of images processing: The original image of nerves (A), the one with the overlaying analysis and beadings identification (B), and the capture with 0.1 mm nerve portion (C) were aligned (D), vertically rotated (E,F) by the operator (black frame on the left) and finally processed using our automatic algorithm (G) (red frame on the right).


We aligned these three images (Figure 1D), using i2k Retina Pro (version 3.1), and we vertically rotated the fiber and cropped 0.1 mm of corneal nerve, using ImageJ (Figures 1E,F). After this preparation of images, a customized algorithm was applied to automatically measure BS in corneal nerves (Figure 1G). The algorithm was developed using Matlab (version R2015a; The Mathworks, Inc., Natick, MA, USA). Previously, the operator, using imtool (Image Processing Toolbox Matlab), extracted the coordinates of corneal beadings' centroids (defined as the geometric center of a plane figure) from the image with overlaying beadings analysis. The algorithm used these coordinates from the image with overlaying analysis to automatically segment the area and defined the BS in the original image (Figures 2A,B).


[image: Figure 2]
FIGURE 2. Algorithm for automatic beading size (BS) measure: We cropped 0.1 mm of nerve in the original image of sub-basal plexus (A). The algorithm used the coordinates of corneal beadings' centroids from the image with overlaying analysis (B) to segment the area and defined the beadings in the original image. The intensity of each centroid was used to mask all the pixels below this value (C). On the original image, the perimeter of the beadings was segmented and the BS quantified (D,E).


On one beading at a time, the intensity of each centroid was used by the algorithm as a threshold to filter all the pixels with a brightness below this value. Finally, a mask overlap was created on the original image to automatically border the perimeter of the beadings (Figures 2C,D). The beading area was quantified from this segmentation (Figure 2E). For each patient, we calculated the BS, defined as the sum of all areas divided by the number of corneal beadings identified on 0.1 mm of the nerve fiber.



Statistical Analysis

The SPSS (IBM SPSS Statistics 25) was used for statistical evaluation. All results were expressed as the mean ± standard deviations (SDs). The independent sample t-test or the Mann–Whitney test was used for statistical analysis, as appropriate. In all analyses, p < 0.05 was considered to be statistically significant.




RESULTS

We included twenty eyes of 20 patients affected by T1DM, and we compared them to 26 healthy controls. The groups were similar in age (p = 0.583). The clinical and demographic characteristics of the study population are described in Table 1.


Table 1. Demographic and metabolic characteristics of study population (SD, standard deviation; T1DM, type 1 diabetes mellitus; DM, diabetes mellitus; BMI, body mass index; HBA1c, glycosylated hemoglobin; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein; TG, triglycerides).
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All patients underwent IVCM and, using CS4 software (CS4 Nerves Tracking Tool v1.3.0), we analyzed their SBP. The corneal nerves' fiber length, the length density, and the number of fibers were lower in the diabetic group and these differences were statistically significant (Table 2).


Table 2. Sub-basal plexus corneal nerves parameters of study population (SD, standard deviation; T1DM, type 1 diabetes mellitus; *statistically significant).

[image: Table 2]

There was no difference between diabetic and healthy eyes in a mean number of corneal beadings in the frame analyzed (p = 0.606).

We cropped 0.1 mm of SBP nerve for the analysis in our new algorithm. Using the corneal beadings' detection of CS4 software with the manual correction (as described in the Materials and methods Section), we found that, even in this case, the mean number of corneal beadings was similar between the two groups (T1DM = 7.8 ± 2.17 vs. control = 8.85 ± 1.69, p = 0.145).

Then we applied our new algorithm to all images for the automatic measurement of BS both in T1DM and in the control group. We found that, in patients with T1DM, BS was higher than in healthy controls and this difference was statistically significant (T1DM = 12.94 ± 3.05 μm2 vs. control = 11.11 ± 2.5 μm2, p = 0.031).

Comparing T1DM without and with DPN (12 eyes vs. 8 eyes, respectively), we found that they were similar in age and metabolic characteristics. Furthermore, we did not find any difference in corneal parameters between T1DM and BS (Table 3).


Table 3. Comparison of sub-basal plexus demographic, metabolic and corneal nerves parameter of T1DM with and without diabetic peripheral neuropathy (DPN) (SD, standard deviation; T1DM, type 1 diabetes mellitus; DM, diabetes mellitus; BMI, body mass index; HBA1c, glycosylated hemoglobin; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein; TG, triglycerides).
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DISCUSSION

Peripheral neuropathy is a severe complication of both type 1 and type 2 diabetes mellitus (T1DM and T2DM). The recommendations of the American Diabetes Association are to assess annually for DPN in all patients with T2DM and patients with a diagnosis of T1DM for more than 5 years (23).

In vivo confocal microscopy is a reliable, non-invasive method for the detection of DPN, including small nerve fiber lesions, even in patients without symptoms (10, 24).

The cornea is one of the most richly innervated body tissues, with a sensitive innervation provided by the ophthalmic branch of the trigeminal nerve. The corneal nerves allow for protecting, restoring, and supporting the ocular surface (25). Consequently, IVCM, which enables the in vivo analysis of corneal innervation, is a useful tool both for the study of the peripheral nerves involvement and for the identification of risk factors for ocular surface disorders in patients with diabetes.

Hyperglycemia induces reactive oxygen stress, playing an important role in diabetic neuropathy onset and leading to the accumulation of mitochondria along with the nerves fiber. At IVCM, mitochondria are visualized as corneal beadings. In T1DM, when the increase in superoxide induces the activation of the polyol pathway and the accumulation of glycosylation products, damage of ocular surface and corneal nerves occurs (26). The long-term effects of the metabolic and vascular disorders in diabetes are neural function impairment and loss of neurotrophic support, which induces apoptosis of neurons, Schwann cells, and glial cells of the peripheral nervous system, resulting in corneal nerves reduction.

Our group already reported early alterations in SBP even in a small population of T1DM adults without DPN and diabetic retinopathy (16). However, we did not find any difference in the number and density of beadings compared with healthy controls. According to these results, beadings should be excluded as a parameter for the early detection of corneal nerve alterations in T1DM patients with good metabolic control. Nevertheless, we inquired about another beading parameter that should be speculated as well: the size. For this reason, the purpose of the present study was to investigate the beading size in a population of T1DM. We chose patients who had good glycemic and lipid control because we aimed to eliminate confounding factors of the metabolism.

First, in our study, we analyzed the corneal nerve parameters at IVCM and we found that corneal fiber length, length density, and number of fibers were significantly lower in our patients with T1DM compared with controls. These results confirm that corneal nerves appeared altered even in a well metabolically controlled population of T1DM, as already reported by our group and in literature (16, 27).

As far as corneal beadings are concerned, we did not find differences in the number and density of corneal beadings between T1DM and controls.

According to the literature, patients affected by T1DM showed a lower beading frequency when compared with healthy controls (5, 17) and this seemed to be in contrast with our results. However, different methods for the analysis were applied. The “beading frequency” was defined as frequency/0.1 mm of beading, using ImageJ (Texelcraft, Tokyo, Japan), while we described in our studies the “beading density,” defined as the total number of beadings divided by the total length of nerve trunks in millimeters, using the automatic count of CS4 software (12) and manually corrected.

In our opinion, the lack of alteration in beading number and density should be the consequence of the good glycemic and lipid control of our diabetic population. However, we applied our new algorithm to speculate the size of beadings. We found that corneal beadings were bigger in patients affected by T1DM than in healthy controls and this difference was statistically significant.

Ishibashi et al. (17) already described the BS in a large cohort study of T2DM. They found that, even in absence of DPN, the worsening of peripheral neuropathy follows an enlargement of bead size.

To our knowledge, our study is the first to describe the enlargement of the new parameter BS in a T1DM population well metabolically controlled and without number and density alteration.

Hishibashi's group (5) already hypothesized that beadings alterations could be the consequence of changes in the distribution of mitochondria during diabetes mellitus.

Mitochondrial loss in the early stages of small fiber neuropathies was reported (28, 29).

The new and interesting result of our study was that, even in a group of patients with diabetes with a similar number and density of beadings compared with healthy controls, we had an alteration in bead size. This finding should be the consequence of mitochondrial dysfunction. The advantage of our new algorithm is the completely automatic measurement of BS, based on the previous analysis of beadings using the reproducible method of CS4 software (12).

The main limitation of our research was the small number of patients included, due to the strict inclusion criteria for the analysis. Therefore, a longitudinal study with a larger group should be further investigated.

Our goal for future developments is the application of our algorithm for the bead detection, making the analysis of the new BS parameter easier. Now, the limits of this analysis of corneal nerves are that a lot of time and specifically trained operators are needed. Furthermore, the study of corneal innervation allows us to speculate on the pathogenic mechanism of ocular surface alteration in diabetes. Due to the report on the impact of age on density and morphology of SBP in healthy adults (30), it should be interesting, in future studies, to evaluate the correlation between the age of patients with diabetes and the progression of corneal damage. The deepening of the analysis of the nerves and specifically of the corneal beadings, which are associated with metabolic activity in diabetes, could help to better understand these alterations.

In our opinion, identifying beading expansion in corneal nerve fiber using IVCM should become a useful tool for predicting peripheral neuropathy at an early stage.
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Neurotrophic Keratopathy in Systemic Diseases: A Case Series on Patients Treated With rh-NGF
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Purpose: To evaluate the prevalence, clinical ocular presentation and corneal healing in moderate and severe neurotrophic keratopathy (NK) caused by systemic diseases and treated with rh-NGF.

Setting: Department of Biomedical and Dental Sciences and Morphofunctional Imaging, Ophthalmology Clinic, University of Messina, Italy.

Design: Retrospective observational study of case series.

Materials and Methods: In this retrospective observational study 11 patients (five female and six males) aged from 24 to 88 years (55.4 ± 21.3 years) with moderate and severe NK caused by systemic diseases were enrolled. The VAS questionnaire was dispensed. The ocular examination comprised slit lamp evaluation, ocular surface assessment with Keratograph 5M (Oculus, Germany), corneal sensitivity with Cochet-Bonnet esthesiometer (Lunneaux, France) and corneal thickness measurement with AC-OCT (DRI, Triton, Topcon, Japan). The underlying systemic causes of NK were determined.

Results: The main cause of NK was post-neuroma surgery (36%), followed by diabetes (18%). The remaining causes were rheumatoid arthritis (9%), post-traumatic (9%), post-surgery (9%), atopia (9%), Graves' disease (9%). Seven eyes presented severe grade of NK with corneal ulcer and in four a moderate grade was registered. The rh-NGF (Cenegermin) was administered with a standard protocol one drop six times daily for 8 weeks. The complete healing of all corneal defects was registered at the end of the treatment.

Conclusions: The post-neuroma surgery was the most common cause of NK and severe grade was clinically more represented. The rh-NGF proved effective to promote corneal recovery with all defects healed after the treatment.

Keywords: neurotrophic keratopathy, rh-NGF, neurotrophic keratitis, Cenegermin, nerve growing factor


INTRODUCTION

Neurotrophic keratopathy (NK) is a degenerative corneal disease that affects the health and integrity of the ocular surface, resulting from impairment of corneal nerves that causes alterations in their sensory and trophic function (1). When the corneal epithelium is damaged, a coordinated and collaborative system of communication between epithelial and neuronal cells is required to promote the resynthesis of the damaged matrix, cell migration, and the restoration of architectural integrity (2, 3). As a result of permanent impairment of epithelial repair, the exposed stroma becomes subject to enzymatic deterioration, melting, and in severe forms perforation, which are all characteristics of NK (2). NK is defined as a rare disease with a prevalence estimated between 1.6 and 4.2/10,000 individuals. However, the recent studies demonstrated that this condition is commonly underestimated (4).

The etiology of corneal nerves alteration in NK could be linked to numerous ocular or systemic conditions (4, 5).

The main local causes reported are herpetic infections, chemical injuries, while the corneal surgery could directly damage the corneal nerves (5).

Although the etiology of neurotrophic keratitis is commonly related to primary ocular diseases, there are several systemic or genetic diseases, and central nervous disorders that may underlie this corneal affection (4–6).

Recent knowledge in pathogenesis of NK and the introduction of topical recombinant human Nerve Growth factor (rh-NGF) has significantly changed the natural history of the disease (1, 2).

The purpose of this study is to analyze the prevalence of moderate and severe NK resulting from systemic diseases in affected patients treated in our center with rh-NGF, aiming to identify the most frequent cause and the grade of corneal involvement. The additional aim is to assess the corneal healing process during the treatment.



MATERIALS AND METHODS

In this retrospective observational cohort study, 21 eyes of 21 patients with moderate and severe NK treated with rh-NGF between January 2017 and March 2020 at Excellence Regional Center for Ocular Surface diseases of the Ophthalmology Clinic of the University Hospital of Messina were enrolled. The study was conducted with respect of tenets of Declaration of Helsinki and obtained approval of the Ethical Committee of the University Hospital of Messina. For the study purposes only patients with underlying systemic diseases that caused NK were included with the aim to determine the percentage of presentation of moderate and severe forms accordingly to the underlying pathology. Therefore, 10 patients were excluded from the study as they were affected by NK which had an ocular pathology as the primary cause. The enrolled sample comprised 11 patients with systemic diseases. Five patients were female and 6 were male and their age ranged from 24 to 88 years (mean 55.4 ± 21.3 years).

All patients underwent ocular examination that included slit lamp evaluation, ocular surface assessment with Keratograph 5M (Oculus, Germany), corneal sensitivity with Cochet-Bonnet esthesiometer (Lunneaux, France) and corneal thickness measurement with AS-OCT (DRI, Triton, Topcon). Dua classification for NK severity determination was used (1) and moderate form defined as persistent epithelial defects (PED) was differentiated from severe one (ulcer) in relation to the corneal involvement. The corneal surface was analyzed with Keratograph 5M using fluorescein staining.

Corneal sensitivity was measured in the center of the cornea three times with the Cochet-Bonnet esthesiometer and reported in filament length (cm). The average of the three measurements was used. In cases of severe NK, the thinnest point in the ulcer bed was measured using Swept source AS-OCT (DRI Triton, Topcon, Japan). The ocular discomfort was assessed using the Visual Analog Scale (VAS). All patients received Cenegermin drops (20 μg/ml) (Oxervate ®, Dompè, farmaceutici Spa, Milan, Italy) accordingly to the standardized protocol with one drop for six times daily for 8 weeks.

Corneal healing was defined as <0.5 mm fluorescein staining in the lesion area, according to REPARO 2 (7).



RESULTS

In a total of 21 patients, 11 (52.4%) presented NK related to systemic diseases, and 10 (47.6%) to ocular affections.

Furthermore, the group with underlying systemic causes was evaluated. The main cause of NK was post-neuroma surgery (36%), followed by diabetes (18%), previous surgery (9%), complications of Graves' disease (9%), previous trauma (9%), ocular complications of rheumatoid arthritis (9%) and severe atopic dermatitis (9%).

Severe NK (ulcer) was observed in seven patients (mean age 62.3 ± 21.7 years) and moderate NK (PED) in four patients (mean age 43.3 ± 16.1 years). The causes and severity distribution of NK are shown in Figure 1. Moderate NK was related to post-neuroma surgery (75%) and Graves' disease (25%), whereas severe NK to diabetes (30%), and other causes (Figure 1). Total VAS score was 20.27 ± 4.11 mm before the treatment, 20.98 ± 3.63 mm after 4 weeks and 10.92 ± 7.19 mm after 8 weeks (Table 1). Corneal sensitivity improved in all eyes. The changes of sensitivity and VAS score from baseline to 8 weeks after rh-NGF administration are shown in (Tables 1, 2).


[image: Figure 1]
FIGURE 1. (A) Pie chart represent the absolute frequency of cases of severe neurotrophic keratitis caused by systemic pathology. (B) Pie chart representing the absolute frequency of cases of moderate neurotrophic keratitis caused by systemic pathology.



Table 1. Corneal sensibility in severe and moderate neurotrophic keratitis.
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Table 2. Visual analog scores in severe and moderate neurotrophic keratitis.
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As to the corneal surface recovery after 4 weeks of the treatment a complete healing was registered in 100% of ulcers and 50% of PED. After 8 weeks a complete corneal recovery was observed in all patients.

Corneal thinnest location pachymetry in patients with severe NK was 285.25 ± 71.83 μm before treatment, 385.5 ± 16.33 μm at 4 weeks, and 448.25 ± 37.71 μm at 8 weeks (Table 2).



DISCUSSION

In our series there was a higher prevalence of NK resulted from several systemic diseases (52.4%); whereas the ocular causes of NK were related mainly to herpetic infections (47.6%).

Systemic diseases such as diabetes, multiple sclerosis, central nervous system diseases, genetic syndromes and autoimmune diseases could be associated with NK (1, 4–12).

A recent epidemiologic study on 335 patients showed that central nervous systems diseases followed by diabetes are the main causes of NK due to the systemic conditions (13).

In our study, the main systemic causes of NK were post neuroma surgery (36%) and diabetes (18%) and such finding confirms these recently published data.

As to the central nervous system diseases, intracerebral tumors play a primary role, and they could be represented by both head and neck cancers with intracranial spreading and trigeminal involvement (14–18).

The effects of the different therapies of cerebral tumors such as surgery (19–22) radiotherapy, (23) and systemic chemotherapy (24, 25) may also alter the nerve fibers or induce limbal stem cell deficiency (26, 27) resulting clinically in NK.

Association between diabetes and NK was identified already in 1977, as a consequence of the neuropathy of ophthalmic branch of trigeminal nerve due to microvascular damages of myelinated fibers (6, 28, 29).

The severity and progression of NK in diabetic patients are related to peripheral neuropathy, so the corneal nerve plexus is considered as an important marker of this latter's evolution and management effectiveness (6, 30). In particular NFL is considered a good parameter to evaluate the diabetic sensorimotor polyneuropathy (8).

Additionally, diabetes has further negative effects on the ocular surface inducing tear film instability and ocular surface microbiome alterations, that increase corneal erosion and infection susceptibility (31–33).

As to the other systemic diseases that may induce NK, the autoimmune diseases such as rheumatoid arthritis, Grave's disease are reported and were observed in 9% of patients in our group (34, 35).

Other systemic causes of NK are rare and are represented by amyloidosis, leprosis, CIPD, disseminated lymphangiomatosis, T-cell lymphoma, syringomyelia, vitamin B12 deficiency, HIV, and ischemic conditions like Wallenberg syndrome or cocaine snorting (36–50).

Furthermore, in pediatric patients with NK different genetic syndromes were described.

They comprehend above all HSN, congenital insensitivity to pain with anhidrosis, Gómez-López-Hernández syndrome, Goldenhar syndrome, congenital trigeminal nerve aplasia, and other more infrequent conditions like APS, familial dysautonomia, and Crisponi/CISS1 syndrome (34, 50–67).

In our study the severity of neurotrophic keratopathy interestingly appeared to be related to the patients' age. The patients with PED were younger with respect to the patients with ulcers. In a previous study, Roszkowska et al. (6, 8) demonstrated that the age is the most important element that influence corneal sub-basal nerve plexus (SBNP) nerves length, tortuosity and density. This could explain the finding that more severe corneal defects were registered in older patients who already have lower SBNP parameters. We therefore speculate that at the basis of the severity of NK there is a component of cellular tropism linked to the age and general condition of the patient.

The diagnosis of NK is based firstly on medical and surgical history of the patient to investigate all those conditions that may underlie the pathology (9, 68). Indeed, it is mandatory to consider both ocular and systemic treatments which the patient is undergoing, focusing on those that could damage corneal sensory innervation. Since NK is characterized by damage to the trigeminal sensory innervation, patients commonly do not experience any symptoms, making the diagnosis of NK particularly challenging (67). It is for the same reason that patients often see the specialist only in late phases of the disease when the pathology is already at an advanced stage (69, 70). It is important to perform a complete neurological assessment to reveal any cranial nerve damage, because a trigeminal nerve impairment may be associated with other cranial nerves injuries (1). NK's treatment consists of medical therapies, non-surgical and surgical intervention, depending on disease's stage (1, 10, 71–77).

Cenegermin is a recombinant human nerve growth factor, and it is the first EMA and FDA approved medication for moderate and severe NK in adults. It acts by promoting the growth of corneal nerves, differentiation, proliferation, and migration of corneal epithelial cells and maintaining corneal epithelial limbal stem cells (72–74).

Cenegermin resulted effective in different clinical studies on NK, but only few reports discussed its efficacy in disease related to systemic causes (72, 75–77). In this study, Cenegermin was effective in promoting corneal healing in both moderate and severe NK related to systemic diseases, with improvement of corneal sensitivity and complete recovery of the surface defects. Interestingly the severe forms healed faster with respect to PED. We reported the same results in our recent study when we analyzed the efficacy of Cenegermin in all patients with NK independently of underlying cause. About this we hypothesized that in ulcers the rh-NGF promotes better stromal healing with restore of the corneal thickness that induces the faster epithelial resurfacing as compared to PED (78–81).

This interesting finding needs further investigation to be confirmed on higher number of treated patients.

It can be concluded that this study emphasizes the crucial relation between NK and systemic diseases and particularly neurological diseases and diabetes emerged as main conditions. Given the high prevalence of these systemic diseases and their socio-economic impact, the prevention and a proper early management of NK is of high importance. We believe that accurate preventing, managing and monitoring of these systemic diseases, can help to reduce the risk of presenting of moderate and severe forms of NK.

Additionally, we demonstrated on our sample that despite the associated systemic pathology, the use of rh-NGF was equally effective in all studied subjects. However, further studies with a larger number of participants are necessary to understand better the relationships between NK presentation and systemic diseases.
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Age-related macular degeneration (AMD) is a chronic multifactorial eye disease representing the primary cause of vision loss in people aged 60 years and older. The etiopathogenesis of the disease remains uncertain, with several risk factors contributing to its onset and progression, such as genotype, aging, hypertension, smoking, overweight, and low dietary intake of carotenoids. Since the aging populations of the industrialized world are increasing rapidly, the impact of AMD in the socio-economical life-developed countries is expected to increase dramatically in the next years. In this context, the benefits of prevention and early disease detection for prompt and effective treatment can be enormous to reduce the social and economic burden of AMD. Nutritional and lifestyle changes, including dietary intake of xanthophyll pigments, such as lutein and zeaxanthin, no smoking, and regular exercise, are known to protect from risk of AMD progression from early to advanced disease stages. In this review, we present the clinical outcomes of a pilot study on trans-scleral iontophoresis delivery of lutein in patients with AMD. Topical delivery of lutein directly to the macula may provide a more efficient method for enriching the macular pigment and for achieving greater patient compliance to therapy than oral administration and thus enhancing prevention strategies. Modern diagnostic methodologies shall address the major problem of accurately detecting the risk of transition from intermediate AMD to advanced AMD stages. Adaptive optics retinal imaging and resonance Raman spectroscopy are two highly promising technologies for the objective assessment of patients with AMD. In this review, we present some of their clinical applications for collecting quantitative measurements of retinal cellular changes and macular content of xanthophyll pigments, respectively. In conclusion, there is great expectation that technological advancements in AMD management will deliver improved screening, therapeutic prevention, and diagnostic systems in the coming decade through a pro-active strategy of “treatment for prevention” that will aim to reduce the global burden of vision loss caused by AMD in the elderly.
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INTRODUCTION

An aging population is much more susceptible than younger people to many health problems, including eye diseases. The aging of the population in the world will experience a substantial increase in the size of the population aged 65 years or over by 2030, a population that accounts for the highest incidence and prevalence of eye diseases (1).

Age-related macular degeneration (AMD) is a chronic progressive disease and among the leading causes of low vision and legal blindness worldwide in people older than 60 years (2). Clinically, AMD is classified in early (Stages 1 and 2), intermediate (Stage 3), and late (Stage 4) stages according to the signs and symptoms complained by the subjects (3). Impairment of visual function starts in intermediate AMD and progresses to late AMD with vision-threatening complications like neovascularization (neovascular or “wet” AMD) or “geographic atrophy” (“dry” AMD) of the central retina (i.e., the macula). Late-stage AMD, the most severe form of the pathology, is present in about 5% of the over 65's and 12% of the over 80's (4, 5). According to the Retinal Disease Panel of the National Plan for Eye and Vision Research (6), AMD represents ~90% of cases of blindness in people aged 60 years or older. Vision loss caused by advanced stages of AMD has profound human and socioeconomic consequences in all societies. The costs of productivity loss and of rehabilitation for blindness constitute a significant economic burden for an individual, the family, and society globally (7–9). Of note, 30% of persons with advanced AMD also have clinical depression (10).

The focus of most research and development activities on AMD is aimed at evaluating the cost effectiveness of treatments of the neovascular forms. On the other hand, more effective strategies of secondary prevention for slowing down or halting AMD progression would be highly desirable. To be clinically efficient, such activities should require:

1) the identification of patients at higher risk of disease progression, and

2) the development of novel diagnostic technologies and treatment for preventing progression from intermediate to advanced AMD stages.

Addressing both issues can greatly benefit patients and society.

AMD is a multifactorial eye disease with several risk factors contributing to its onset and progression, such as genotype, aging, hypertension, hypercholesterolemia, smoking, overweight, and low dietary intake of vegetables, fish, and fruits. However, it has been shown that almost all patients with AMD could benefit from a healthy lifestyle, with those with a high genetic risk, showing the strongest risk reduction (10, 11). A high dietary intake of vegetables, fish, and fruits and no smoking have been shown to halve the risk of progression to late AMD in comparison with patients with an unfavorable lifestyle (11, 12). Current knowledge of the beneficial role of lifestyle on AMD progression shall drive clinicians and local authorities to more rigorous measures for prevention through behavioral change of populations. For example, high plasma concentration of xanthophyll pigments, such as lutein and zeaxanthin, has been associated with a 37% reduced risk to progress to late stage AMD in a prospective study (Alienor study) on 609 patients followed up to 7 years (13). Lutein and zeaxanthin accumulate physiologically in the macula and, by absorbing blue light, prevent the generation of reactive oxygen species (ROS) that can damage photoreceptor and retinal pigment epithelium (RPE) cells (14). Several clinical trials, including the AREDS2, CAREDS, and Blue Mountain Eye Study, have reported that regular and high dietary lutein and zeaxanthin intake reduces the risk of AMD progression (15–17). On the other hand, there are some barriers that halt clinicians to support prevention strategies that promote xanthophylls supplementation mainly caused by limits of current oral supplementation methodologies as well as of diagnostics technologies for measuring macular pigments. Efficacy of prevention strategies shall be assessed by sensitive and accurate diagnostic methodologies in order to measure objectively their beneficial action on disease progression along a clinically relevant time scale. For example, high-resolution ophthalmic devices for imaging the retina at the cellular level would be desirable for investigating pathologic tissue changes with micrometer accuracy and for tracking response to prevention strategies in advance with respect to current diagnostic tools. Adaptive optics retinal imaging has the potential to establish a novel methodology for screening patients at risk of AMD progression and to monitor the therapeutic effect of prevention strategies (18). In addition, diagnostic tools for measuring the xanthophyll pigments in situ would be desirable for elucidating and assessing the protective effect of prevention strategies based upon supplementation with lutein.

In this review, we provided the state-of-the-art knowledge about risk factors and prevention strategies for AMD and further presented former clinical outcomes on novel diagnostic and prevention methodologies for addressing one of the major needs in the management of AMD, which is to prevent vision loss in patients at higher risk of AMD progression.



GLOBAL IMPACT OF AMD

According to World Health Organization (WHO), more than 8 million people suffer from vision impairment caused by age-related macular degeneration (2); since AMD prevalence is directly related to age, and since the aging populations of the industrialized world are increasing rapidly, the impact of AMD on the socio-economical life in developed countries is expected to increase dramatically in the next years.

The prevalence and potential risk factors in late-stage AMD are similar across western and eastern countries, with higher prevalence in Chinese people than other ethnic groups (19). In a meta-analysis study (4), AMD has been estimated to be present in 0.2% of the population aged 55–64 years, rising to 13% of the population older than 85 years. Prevalence of neovascular AMD increases from 0.1% among subjects younger than 64 years to about 6% for those older than 85 years. Prevalence of pure geographic atrophy (GA) increases from 0.04 to 4.2% for these age groups. Based on the results of a systematic review (20), 30–50 million people suffer from any type of AMD globally. Conservatively, Europe accounts for 31% of global cases of AMD with a mean projected number of 17 million people that are living with AMD, of which 2.5 million cases have AMD Stages 3 and 4, and the number is expected to rise more than 30% by 2040 (21). A multinational study on AMD economic burden found that the average annual total cost for single patient with neovascular AMD varied from €5.300 in the United Kingdom to about €12.500 in Germany (9). Global cost of visual impairment due to AMD has been estimated to be €343 billion, excluding home health care costs and productivity losses (22, 23). A specific study estimating the productivity loss (i.e., loss of employment and loss of salary) caused by AMD has estimated that the total loss in gross domestic profit in the US due to dry AMD is, averagely, $24 billion (24). In the next decades, these values are expected to largely increase with projected demographic shifts (25). According to the United Nations predictions, the number of people aged over 60 will triple from 600 million worldwide in 2000 to 2 billion by 2050. The increase in the population aged over 80 is expected to be more than 5-fold, from 70 million in 2000 to 380 million by 2050 (26). In this context, the socioeconomic benefits of effective strategies for primary and secondary prevention of AMD could be enormous.



RISK FACTORS

AMD is a multifactorial disease with numerous inherited and environmental risk factors contributing to its onset and progression. The non-modifiable risk factors include the inheritance of major genetic loci of AMD-associated genetic variants, local traits, such as darker iris pigmentation and hyperopic refraction, and aging (27–31). Overall, genes influence several pathological processes related to AMD, including the mechanisms involving collagen and glycosaminoglycans synthesis, angiogenesis, and the immune processes. All these factors have been associated with the onset and progression from early to intermediate, and advanced stages of AMD (27, 28). There are several known AMD-associated genetic variants (29), and some of them have been targeted by interventional clinical trials (30). The genetic contribution of the complement pathway (CFH, CFI, C9, C2, TMEM97/VTN, and C3 genes) and ARMS2 to AMD Stage 4 has been found to explain 90% of the overall genetic risk in a population of 17,000 patients (31). Gene therapy for AMD Stage 4 (either for treating “dry” or “wet” AMD) is, indeed, currently being explored. Several clinical trials are testing safety and efficacy of gene augmentation for endogenous production of soluble inhibitors of vascular endothelial growth factors (VEGFs), utilizing viral vectors delivered via an intravitreal injection. Genetic susceptibility is, however, influenced by the environmental factors; together, both factors can be highly predictive of the onset, progression, and response to treatments (32). In this view, strategies to minimize the influence and impact of environmental factors can greatly benefit to reduce the social burden of AMD. The modifiable risk factors include cardiovascular diseases, obesity, smoking, and sunlight exposure (33). Lack or poor physical activity rises the risk for several metabolic and vascular diseases and has been correlated with the progression of some cases of AMD (34). Several clinical trials have evidenced the beneficial role of nutrition (fish, fruits, and vegetables) and nutritional supplements (35). A healthy diet, avoiding food rich in sugar, fat, alcohol, and oils, was associated with reduced occurrence of early and/or advanced AMD (36). Absence of smoking and moderate physical activity (i.e., regular low-intensity exercise) have been also demonstrated to provide a protective role in AMD disease progression. In conclusion, the adoption of healthy lifestyles may benefit significantly populations, particularly those at genetic/family risk. Public health interventions promoting plant-rich diets, physical activity, and avoiding smoking and sedentary behavior would be highly recommendable strategies for AMD prevention. Current scientific and clinical evidence shows that supplementation with xanthophylls, lutein, and zeaxanthin can be of particular importance to prevent progression from early- to late-stage AMD (34). The protective effect of daily intake of several other supplements, which may have a role in slowing down disease progression, such as zinc (with xanthophylls), folate, curcumin, saffron, and goji berry, is under study (35). The protective role of beta-carotene, omega-3 fatty acids (DHA, EPA), vitamin A, vitamin C, and vitamin E against AMD progression has not been supported by epidemiological studies (14, 35).



PREVENTION STRATEGIES


Antioxidant and Protective Effect of Lutein

Lutein is a dietary carotenoid from the xanthophyll family of carotenoids. Lutein and its isomer zeaxanthin are the main components of human retina's macular pigment. In the normal human retina, the concentration of these carotenoids is the highest across the foveal area, decreasing exponentially as distance increases from the fovea. The ratio of lutein to zeaxanthin is 1:2 in the macula and 2:1 in the peripheral retina; lutein is, therefore, 2.5–3 times more concentrated in the macula than the peripheral retinal region.

The main physiological functions ascribed to the macular carotenoids are:

1) a shielding effect protecting the retinal photoreceptor's membrane system against potentially harmful, short-wavelength radiation.

2) protection against photo-induced damage of the retinal photoreceptor's membrane system.

Nature has used xanthophyll pigments as an effective protector, capable of both absorbing damaging blue light and inhibiting the formation of ROS and neutralizing photosensitizers (37–39). The reason why xanthophylls accumulate selectively in these areas of the central retina is not yet fully elucidated. According to the most supported hypothesis, xanthophylls transversely incorporate in the lipid-bilayer portion of membranes of the human retina through xanthophyll-binding proteins (40, 41). These membrane-associated, xanthophyll-binding proteins bind lutein (and zeaxanthin) with high specificity and affinity.

The highest concentration of lutein and zeaxanthin is detected in the Henle fiber layer in the foveal region (2/3 of total) and in the photoreceptors' outer segment (1/3 of total) (42–44). The precise location of macular xanthophylls across the retina has been associated with specific functions aiming at protecting the retinal photoreceptors from oxidative damage (45, 46). The main physiological function ascribed to the inner retinal macular carotenoids is the protection of the retinal photoreceptors from photo-induced damage caused by harmful short-wavelength radiation by means of a shielding effect. The function of the outer retinal xanthophyll pigments as antioxidants and quenchers of ROS has been related to their physical interaction with the cell membrane lipid-bilayer and their membrane localization and accumulation in the bulk domain of the photoreceptor outer segment (POS) membrane.

Lutein absorbs blue light, with a maximum absorption peak at 460 nm (37, 47). This is the most phototoxic visible light to which the retina is routinely exposed, rendering lutein and zeaxanthin efficient physical quenchers of this harmful light, blocking the production of singlet oxygen and related ROS (38). Therefore, the oxygen deactivation property of lutein is a consequence of its ability to absorb blue light via the unconjugated double bonds present in the molecule. In addition, xanthophylls are selectively accumulated in the bulk domain of the POS membrane, which is rich in long-chain polyunsaturated fatty acids, including docosahexaenoic acid (DHA). Rhodopsin, which is the main protein of POS membranes (90% of all proteins in these membranes) and is responsible for the first stages of visual signal transduction, is also located in the POS membrane bulk domain. Rhodopsin requires the presence of polyunsaturated lipids for its activity; on the other hand, co-localization of rhodopsin with polyunsaturated phospholipids creates a dangerous situation for both, especially during illumination, when ROS are produced by photosensitizers (i.e., all-trans-retinal) (48). Such a selective accumulation of macular xanthophylls in domains rich in vulnerable unsaturated lipids is, therefore, ideal, given their photoprotective action. Reacting as antioxidant with free radicals and ROS, lutein protects the retinal photoreceptors against peroxidation and photo-damage.

Beyond acting as a blue-light filter and efficient quenchers of ROS, macular xanthophylls may also enhance vision contrast by reducing chromatic aberrations, glare disability, and light scattering (49–52).

According to current knowledge, the antioxidant and protective activities of lutein could be related to its effects on the physical properties of lipid bilayer membranes in the Henle fiber layer and the bulk domain of the POS in the foveal region (41, 45, 48, 50). Lutein is able to quench singlet oxygen by two different mechanisms. The first mechanism, which involves energy transfer, is called physical quenching. According to this mechanism, lutein deactivates singlet oxygen to the non-reactive triplet state. The second mechanism, which, however, contributes < 0.05% to the overall singlet oxygen quenching by carotenoids, is called chemical quenching and involves a chemical reaction between carotenoid and singlet oxygen, which results in pigment auto-oxidation.



Oral Supplementation of Lutein

Lutein is not synthetized by the human body and can only be absorbed from a vegetable-rich diet. The daily dietary intake of lutein ranges from 0.5 to 4 mg in the western world (53, 54). Following normal dietary ingestion, the plasma lutein concentration ranges between 0.13 and 0.18 μM (i.e., between 0.07 and 0.10 μg/ml).

In several controlled epidemiological studies, dietary intake of lutein and its isomer zeaxanthin was associated with protection from risk of AMD progression. The Eye Disease Case Control Study has found the risk for advanced AMD was reduced by more than 40% in patients in the highest quintile of dietary carotenoid intake (> 6 mg/day) when compared to those in the lowest quintile (Odd Ratio, OR:0.57) (55, 56). The Carotenoids in Age-Related Eye Disease Study (CAREDS) concluded that lutein- and zeaxanthin-rich diets could protect against intermediate AMD in female participants <75 years of age (19). The Blue Mountain Eye Study reported that high dietary xanthophylls intake reduces the risk of AMD progression over 5–10 years (18, 57), patients in the top tertile of intake (≥1 mg/day) had a decreased risk of incident neovascular AMD, and those with above median intakes (743 μg/day) had a reduced risk of indistinct soft or reticular drusen when compared with the remaining population. In the Age-Related Eye Disease Study (AREDS), dietary xanthophylls intake (as determined by a food habit questionnaire at enrollment) was inversely associated with neovascular AMD (OR: 0.65), geographic atrophy (OR: 0.45), and large or extensive intermediate drusen (OR: 0.73) when the highest vs. lowest quintiles were compared (58).

An increase in dietary intake of lutein has been shown to raise its level in the plasma, which could provide a higher protection against photo-damage in human subjects at risk of AMD progression (16, 59). There is evidence that, after 1–2 months of daily supplementation, plasma levels of lutein stay at a higher level than the baseline while the supplementation continues; as supplementation is discontinued, plasma concentration of lutein decreases within 1–4 months to the pre-treatment level (60). Following 10-mg daily oral supplementation of lutein (the most common dose in commercial product), lutein plasma concentration has been shown to increase 3–5 times more than baseline values in healthy adults and subjects suffering from AMD (48, 60, 61). The increase of plasma lutein concentration has shown a significant correlation with the macular pigment optical density (MPOD), which has been estimated to increase to 5% (over a 1.5-degree area) in comparison with baseline measurements (Table 1). The MPOD is a measurement of the attenuation of blue light by macular pigments and is considered as an indirect measure of the amount of macular lutein and zeaxanthin in the macula.


Table 1. Clinical data on the effect of regular oral daily supplementation of lutein (10 mg).
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AREDS2 study enrolled 4.203 participants, aged 50–85, with intermediate AMD in both eyes, or intermediate AMD in one eye and advanced AMD in the fellow eye. The main study outcome has shown that lutein and zeaxanthin intake resulted in a 10% reduction of progression to advanced AMD (Hazard Ratio; HR: 0.90; p = 0.04) (62). Further analysis has shown that the participants with low dietary intake of lutein and zeaxanthin at the start of the study, supplemented with an AREDS formulation, were 25% less likely to develop AMD Stage 4 than the patients with similar dietary intake who did not receive lutein and zeaxanthin (4). In a pre-specified comparison between patients with AMD receiving lutein/zeaxanthin vs. those who did not receive this supplementation, a 10% reduction in the risk for progression to late AMD has been recorded (4, 63).

Considering the overall supporting science on safety of dietary supplements of lutein (10–20 mg/day) for reducing the risk of progression from early to advanced AMD stages, supplementation may be a cost-effective approach for patients with AMD to reduce future impairment and disability. Nevertheless, compliance of patients to oral supplementation is still limited (64). This is mainly due to the type of administration and the requirement of daily intake of the therapy for prolonged time (theoretically, the supplementation should not be stopped). Another factor that significantly affects the efficacy of oral supplementation in increasing macular lutein content is the limited absorption of this carotenoid through the digestive route. Lutein is transported in the plasma via lipoproteins, primarily HDLs (52%) and, secondarily, by LDLs (22%) (64, 65). Lutein and zeaxanthin associate more closely with HDL, and it has been theorized that only a small proportion (2.5%) of HDL might be responsible for transporting lutein and zeaxanthin to the retina (66). The plasma concentration varies considerably among individuals and may be influenced by several factors involved in its absorption and plasma transport (type of lutein, duration of lutein intake, amount of fat in the diet, concomitant ingestion of fibers, genetic factors, age, etc.). In addition, it has been shown that substantial increase in macular pigments can be found only after at least 3 months of oral supplementation (38, 62, 67), so it would be important to implement new strategies to enrich the macular pigment faster than current mainstream method and to improve patients' compliance to therapy.



Topical Delivery of Lutein

Iontophoresis is a non-invasive technique widely used in medical practice to deliver a charged molecule from a liquid formulation to a target tissue through the application of a low-intensity electric current (68). During iontophoresis, the current applied to an active electrode located in the ocular (either corneal or scleral) applicator flows to a passive electrode placed on the periorbital skin, thus promoting the movement of the charged liquid formulation and enabling the therapeutic molecule to penetrate in the ocular tissues (69).

Recent studies (70, 71) have provided preclinical and clinical data on a novel scleral iontophoresis device for delivering a lutein-enriched liquid formulation directly to the retina. The 0.1% lutein ophthalmic formulation was composed of FloraGLO® crystalline lutein (Kemin Food L.C., Des Moines, IA, USA) encapsulated in positively charged liposomes using phospholipon 90H (Lipoid GmbH, Ludwigshafen, Germany), octadecylamine (Sigma-Aldrich, Saint Louis, MO, USA), and distilled water. The scleral iontophoresis device consisted of a generator, an applicator with the active electrode, which is filled with the lutein liquid formulation, and a return, passive, electrode. The generator's current was set at 2.5 mA and was delivered for a total 4 min.

In a first ex vivo study (70), two-photon microscopy has been used to quantify the amount of lutein, reaching the macular region in the human retina of eye bank donor eyes after scleral iontophoresis. Analysis of the two-photon emission fluorescence (TPEF) intensity signal collected in the fluorescence band spectrum of lutein was done in order to evaluate the increase of such a signal in samples that underwent iontophoresis in comparison with controls. Six eye globes, from different donors, were used for experiments, four of which underwent trans-scleral iontophoresis delivery of lutein and two eyes were used as controls. Details of study methodology can be found in Supplementary Material (72).

One hour after iontophoresis, features consistent with lutein-enriched liposomes were found both in the central and peripheral retina of treated eyes (Figure 1). Imaging of retinal pigment epithelial (RPE) cells and choroid did not show any lutein-enriched liposomes (Figure 2). A higher TPEF intensity level in the fluorescence band spectra of lutein was found in the macular region of treated eyes in comparison with controls (Figure 3); the greater differences between treated eyes and controls were found in the retinal layers between the photoreceptors and Henle's fibers. This was not surprising, because, in normal eyes, lutein is mainly concentrated in the photoreceptors' outer segments (both in the peripheral retina and macula) and the inner retina (only in the macula).


[image: Figure 1]
FIGURE 1. Three-dimensional projection stack of the macular area, showing several particles (≥5 μm), which emit a TPEF signal corresponding to lutein-enriched liposomes. One hour after trans-scleral iontophoresis, the lutein-enriched liposomes were spread throughout the outer and inner retinal depth; the major differences of the TPEF signal generated by exogenous lutein were found in the retinal layers between the photoreceptors and Henle's fibers. Scale bar: 50 μm.
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FIGURE 2. Three-dimensional stack of the RPE layer underlying the retinal periphery. RPE cells are tightly attached to one another and form a barrier between the choroid and retina. The RPE layer is increasingly impermeable to passive diffusion of molecules >400 Da. No extra-cellular particles emitting TPEF signals were found in the RPE layer. The TPEF coming from the intracellular content of RPE cells is generated by lipofuscin (1-μm particles). Scale bar: 50 μm.
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FIGURE 3. An average (± SD) TPEF intensity profile in samples treated by iontophoresis (the blue curve) and controls (the orange curve) in the macular area (500 × 500 μm). In eyes that underwent trans-scleral iontophoresis, the TPEF signal collected in the fluorescence band spectra of lutein was significantly higher than controls (p < 0.001). Across the inner retinal layers, the difference in the TPEF signal of treated and control eyes was still significant (p = 0.001); the inner layers are represented by the Henle's fibers at the fovea and the inner nuclear layer and the inner plexiform layer at the perifovea. In the normal macula, lutein is mostly concentrated in the photoreceptors' outer segments (<1/3 of total lutein; outer retina) and Henle's fibers (>2/3 of total lutein; inner retina). The excess of lutein in the macular region obtained after iontophoresis can represent the ideal local reservoir of the compound, which is selectively concentrated in the macula by retinal cells.


The concentration of lutein was estimated to be 21 μM in controls; this value was equated to the integral of the TPEF intensity signal of controls (i.e., the area under the orange curve in Figure 3). The increase of lutein after scleral iontophoresis was calculated as the ratio between the two areas, which were subtended by the TPEF signals of treated eyes (the area under the blue curve in Figure 3) and controls (the area under the orange curve in Figure 3). The concentration of macular lutein was 40 μM 1 h after iontophoresis, thus increasing the amount of lutein in the macula of 1.9 times in comparison with the baseline. The results are summarized in Table 2.


Table 2. Estimation of lutein concentration in the macular area of eyes after scleral iontophoresis of lutein and controls.
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In a second ex vivo experiment (71), resonant Raman spectroscopy (RRS) was used to confirm efficacy of scleral iontophoresis delivery of the positively charged lutein solution to the human retina in eye bank donor human eye globes. Resonance Raman spectroscopy is a vibrational spectroscopy technique that is commonly used to identify and quantify chemical compounds. Carotenoid molecules are especially suitable for Raman measurements since they can be excited with light overlapping their visible absorption bands (73, 74). When excited by blue light, these molecules exhibit a strong resonance Raman scattering response, enabling to detect their characteristic vibrational energy levels through their corresponding spectral fingerprint signature even in living human tissues.

In this study, a purpose-developed RRS was used for detecting lutein in human ocular tissues. Eight eye globes from different donors were used for experiments; six of which underwent trans-scleral iontophoresis delivery of lutein, and the remaining two eyes were used as controls. Details of study methodology can be found in Supplementary Material.

One hour after iontophoresis, the inner sclera, choroid, and retinal periphery were greatly enriched with lutein in treated eyes (p < 0.05); no lutein was found in the same ocular regions of non-treated samples. In the same period, the average concentration of lutein in the macula of treated samples was 1.3 times greater than controls (Figure 4). The results are summarized in Table 3.


[image: Figure 4]
FIGURE 4. The macula shows the highest concentration of xanthophyll pigments in the retina of human eyes. (A) Resonance Raman spectra obtained from the macula of a control eye. The Raman peak is specifically related to xanthophyll pigments. (B) Resonance Raman spectra of the macula 1 h after transcleral iontophoresis with 0.1% lutein ophthalmic solution. The concentration of macular pigments in treated eyes was, on average, 25% higher than control eyes (p < 0.05).



Table 3. Concentration of lutein in ocular tissues (ng/mm2, M ± SD).

[image: Table 3]

In conclusion, both ex vivo studies on eye bank human donor eyes have provided clear indication that scleral iontophoresis of a positively charged lutein liquid formulation could be effective in enriching the macular pigment of the human eye in few minutes.



Pilot Clinical Study on Scleral Iontophoresis Delivery of Lutein

A pilot study was performed by the present authors to confirm safety and to assess tolerability in patients with AMD. The study followed the tenets of the declaration of Helsinki, and all the patients signed written informed consent after full explanation of the procedure. The study was granted exemption because no investigational method or device was used on patients (i.e., the scleral iontophoresis and the lutein liquid formulation were already CE certified before commencing the study). The inclusion criteria were the patients older than 40 years old, both genders, with a diagnosis of AMD with drusen (Stages 2 and 3) or neovascular AMD (Stage 4) in either eye and a corrected distance visual acuity (CDVA) ≤ 0.1 LogMAR. AMD severity was classified using Age-Related Eye Disease Study (AREDS) criteria (75). The exclusion criteria included heavy smokers (more than 20 cigarettes per day); pregnancy; presence of corneal scars or cataract; glaucoma; dry eye syndrome, Stage 4; and any additional eye disease other than AMD. Assessment of safety of scleral iontophoresis of lutein was determined by assessing CDVA using the EDTRS chart and central retinal thickness (a 1-mm ETDRS sector) using Optical Coherence Tomography (Canon HST-100, Japan) at the baseline and 1 week, 1 month, and 3 months after treatment. In addition, the patients were asked to fill a patient outcome report for self-assessment of ocular itching, lacrimation, photophobia, and ocular discomfort at 1 week postoperatively. At the baseline, each patient received one application of scleral iontophoresis, which consisted of (1) applying a drop of anesthetics (0.4% oxybuprocaine, Novesina, Novartis, US) onto the eye to treat and the return electrode onto the forehead after cleaning the area with 70% alcohol; (2) connecting the power supply battery (K-IONO, Offhealth SpA, Italy) to the ocular applicator via a cable; (3) applying the ocular application to the eye to treat and fill it with the lutein liquid formulation (Lipo+, Offhealth SpA, Italy); (4) setting the current intensity at 2.5 mA for 4 min. At the end of the procedure, after removing the ocular application and rinsing the eye with balanced salt solution, the patient was invited to rest lying down on the operating bed for 5 min. The main treatment steps of scleral iontophoresis of lutein are summarized in Figure 5.
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FIGURE 5. Main treatment steps of trans-scleral iontophoresis delivery of 0.1% lutein ophthalmic solution. After placing the passive electrode onto the patient's forehead and connecting the electrodes to the generator, the active electrode is filled with the lutein formulation (A). Electric current is set at 2.5 mA for 4 min (B). At the end of treatment, the ocular surface is gently washed with balanced salt solution to remove the excess of lutein; the patient is asked to rest onto the operating bed for 5 min (C).


Clinical data were summarized as mean and standard deviation; the Wilcoxon test was used to compare baseline and postoperative values at each examination interval. Statistical significance will be set at 0.05. All the analysis will be performed using the statistical software SPSS.

Nine (n = 9) patients, with mean age, 69 ± 9 years (range; 57–73 years; six females and three males), were enrolled in this pilot study. Three patients had diagnosis of AMD Stage 2, three patients had diagnosis of AMD Stage 3, and three patients had diagnosis of AMD Stage 4. The clinical outcomes of the pilot study are summarized in Table 4. The CDVA improved significantly from 0.20 ± 0.19 LogMAR to 0.11 ± 0.18 LogMAR (p = 0.01) at 1 week postoperatively, and then returning toward preoperatively value during follow-up. The 1-mm EDTRS sector retinal thickness did not change during follow-up (from 263 μm at the baseline to 262 μm at 3 months; p = 0.52).


Table 4. Clinical data outcome of the pilot study on scleral iontophoresis delivery of lutein.
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The patients did not complain of pain or discomfort during the treatment. At 1 week, the patient outcome report score for tolerability was low for all symptoms, as summarized in Table 5. Overall, the clinical data from the pilot study demonstrated that scleral iontophoresis for topical delivery of lutein is safe and well-tolerated; randomized controlled clinical studies will be helpful to support evidence on efficacy of this novel secondary prevention strategy in patients with higher risk of AMD progression from early to advanced stages.


Table 5. Patient outcome report on tolerability.
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NOVEL DIAGNOSTICS

In the last decade, ophthalmic imaging has advanced from simple photography of the eye disease to an advanced investigation tool, enabling clinicians to better understand disease phenotype and to make quantitative assessments of the eye.

AMD is usually investigated by assessment of visual acuity, optical coherence tomography (OCT), and retinal/choroidal angiography using fluorescein/indocyanine green dyes. Currently, clinical diagnosis of established cases of AMD is evident on clinical examination when gross macroscopic alterations occur at the retina, such as drusen larger than 65 μm, hemorrhages, serous or hemorrhagic retinal or RPE detachment, RPE atrophy etc. With the advent of the anti-VEGF therapy, OCT retinal imaging has been increasingly used for the early diagnosis of choroidal neovascularization (CNV) and for the treatment and re-treatment management. OCT imaging is currently the paradigm of the diagnostic procedure to diagnose retinal diseases; in particular, analysis of SD-OCT and OCT-angiography retinal images has shown to provide clinically significant information on both disease progression and functional outcomes after anti-VEGF treatment (76, 77). Nevertheless, OCT is not sensitive enough to identify early signs or those patients with higher risk of disease progression from intermediate to late AMD stages because of relatively poor spatial resolution and lack of intrinsic functional information from retinal and RPE cells and retinal/choroidal microvasculature. There is, therefore, need to develop reliable methods for detecting specific signs of disease progression in the retinal tissue in a much shorter time frame than current state-of-the-art technologies.

The prerequisite for successful patients care in this age-related disease area is the development of diagnostic devices to facilitate definition of new and appropriate label-free clinical endpoints with high sensitivity and specificity. Such endpoints need to be meaningful to clinicians and patients and not limited to visual acuity, which is, currently, the only generally accepted functional clinical endpoint in retinal diseases, although it does not have enough sensitivity to reliably and consistently monitor disease progression. There is need for objective and sensitive clinical endpoints, assessing both the structural (e.g., drusen volume and characteristics) and functional (e.g., photoreceptors reflectance, choriocapillary blood flow) macular abnormalities. In addition, the ideal clinical outcome metrics should be able to establish sub-phenotypes of intermediate AMD with high risk to develop late-stage AMD and to early detect the response to therapy. Such assessments could greatly contribute to reduce the incidence of AMD progression from intermediate to late AMD stages. For example, progression from early AMD to the advanced stage of AMD has been related to a set of signs, such as the number and type of (soft) drusen in the macula, drusen size, the presence of pigment irregularities in the macular, age > 65 years, previous cataract surgery, cigarette smoking, and family history of AMD (mostly due to genetic variants of CHF and ARMS2 genes). More knowledge of additional and, possibly, more specific risk factors of AMD progression, such as those related to the macular xanthophyll pigments, would also contribute to improve more appropriate patients' management and care.

Among the novel diagnostic tools, adaptive optics ophthalmic imaging can resolve the retinal microscopy in vivo with unprecedented spatial resolution for detection of details smaller than 3 μm, and resonance Raman spectroscopy is a promising technology for the measurement of macular carotenoid levels in the living human retina.


Adaptive Optics Retinal Imaging

It has been clear for long time that, by the time pathology is visible with current imaging tools, significant neuro-retinal cellular damage has already occurred. The resolution at which retinal images could be recovered in vivo by current retinal cameras is limited to the macroscopic scale (lateral resolution is ≥ 12 μm). In order to bring the lateral resolution of ophthalmoscopes to the microscopic scale (i.e., lateral resolution ≤ 4 μm), it is necessary to compensate both for low- and high-order optical aberrations of the eye.

Adaptive optics (AO) is a technology used to improve the performance of optical systems by reducing the effects of optical distortions. It provides considerable improvements in the contrast and sharpness of retinal images that are normally degraded by ocular aberrations when combined with any one of the known imaging modalities (e.g., fundus camera, SLO, OCT) (18). The benefit of AO for high-resolution retinal imaging has been clearly shown in numerous reports with the discovery of differences in the pattern of the cone/rod mosaic in various diseases, including AMD, diabetic retinopathy, inherited retinal dystrophies, and glaucoma (78).

Adaptive optics retinal imaging systems have demonstrated the capability to resolve numerous microstructural aspects of the living human retina. They make possible to resolve photoreceptor cells, including cones and rods, retinal nerve fibers and microvasculature; the improved resolution provides a more sensitive tool with which to study, detect, and track retinal diseases (78). Given the prevalence of AMD, it is likely that this will be one of the more active growth areas in clinical AO imaging. The availability to combine complementary AO imaging, such as en face and axial scanning of the retina, and detection, such as bright- and dark-field modality, options at the same time can provide a holistic approach to in-depth investigation of the retinal photoreceptors, capillaries, and nerve fiber bundles.

In early stages of AMD (i.e., stages from 1 to 3), the ability to predict the rate of progression is currently limited. By monitoring drusen over time, en face and axial AO imaging could be used to monitor drusen progression in terms of number and size, and assess their direct effect on the overlying photoreceptor mosaic (79). Preservation of cones over the drusen (either large colloid drusen or basal laminar drusen) could be clearly observed in patients (79). In a study of early AMD, the authors identified several additional small drusen deposits that were not observed with wide field fundus imaging or SD-OCT in early AMD stages (80). AO-SLO imaging also revealed a decrease in photoreceptor density and increased cone spacing in patients with AMD Stages 1 to 3, as well as a spectrum of photoreceptor changes, ranging from variability in cell reflectivity to decreased cell density (81). The increased reflectivity of photoreceptors associated with the drusen could be attributed to increased scatter from the RPE (due to decreased melanin or accumulation of some waste material) and to loss of outer segment pigments or loss of the photoreceptor outer segment. Significant decrease in visible photoreceptor density was also found in large coalescent drusen and areas of GA in advanced stages of dry AMD. A 30% decrease in cone counts was found (at 5–7 degrees eccentricity) in eyes with later stages in comparison with eyes with earlier stages of AMD progression. In addition, AO imaging has been shown to visualize reliably disruptions to the photoreceptor mosaic even outside the clinically visible GA lesions and to track the progression of the GA lesions over time (82). As such, a sensitive, non-invasive, high-resolution imaging tool could help to better recognize the earliest retinal changes and to identify patients who could progress rapidly and may benefit from a more intensive observation and management (83, 84). Furthermore, a better diagnostic approach of the macular disease could have an important role in the evaluation of the effectiveness of new prevention strategies at the cellular level.

These authors tested different AO imaging modalities in vivo, providing former clinical data on patients using either flood illumination or line scanning laser ophthalmoscopy (LSO) imaging modalities (18). The advantage of the line scanning approach is that it multiplexes the illumination and detection in one dimension, while rejecting scattered light outside of the confocal range gate defined by the pixel size in a similar fashion as a flying-spot SLO; nevertheless, the line scanning approach reduces the hardware complexity by elimination of a high-speed scanner and associated mirror or lens relays. A multimodal AO-LSO-OCT system (PSI Corp., MA, USA) has been operated in both bright-field and dark-field detection modalities for imaging the retina. In the bright-field mode, quasi-confocal imaging was obtained by illuminating the retina with a scanning light source, which is collected by a line-array CMOS sensor for high contrast imaging of the retinal photoreceptors. Using this mode, images of the photoreceptor mosaic could be collected across the central and peripheral retina at high resolution; even the foveal cones within 1 degree from the foveal center could be clearly visualized (Figure 6). Polarized detection could be achieved within the bright-field modality by illuminating the eye with linearly polarized light and by filtering the light exiting the eye with a linear polarizer (or analyzer). Images of the retinal nerve fiber layer (RNFL) bundles could be acquired with the polarizer oriented for maximum through output (i.e., parallel to the major axis of bundles), and then at 45° and 90° relative to that orientation (Figure 7). In the dark-field detection mode, the light back scattered from the retina is collected by a time-domain integration (TDI) line camera in order to improve resolution of acquired images of the retinal vascular structures (Figure 8). High-resolution OCT could be performed simultaneously during LSO imaging of the retina (synchronous image acquisition). The complementary AO-OCT imaging modality does offer additional technical advantages compared to AO-LSO, providing a high-resolution cross-sectional view through the living retina, comparable to a histological section (Figure 9) (85).


[image: Figure 6]
FIGURE 6. Montage of AO images in a 45-year-old female patient (scale bar: 100 μm). The photoreceptor mosaic can be clearly resolved across the central retina. Image processing and analysis of AO retinal images allow the clinicians to detect and track pathologic changes of the cone mosaic with cellular resolution.



[image: Figure 7]
FIGURE 7. High-resolution AO imaging allows the clinicians to scan the retinal microstructures easily for rapid screening of health and integrity of the outer and inner retinal layers. In (A) the photoreceptor mosaic, including cones (brighter and bigger dots; the full circle) and rods (dimmer dots surrounding the cones; the dotted circle), is shown. In (B) the nerve fiber bundles, overlapping the cell mosaic is well-resolved. Scale bars: 50 μm.



[image: Figure 8]
FIGURE 8. In the dark-field detection mode, retinal vascular structures can be resolved with high resolution. The use of a time-domain integration (TDI) line camera allows the user to exploit the split field imaging modality, which consists of collecting two shifted images on the camera, subtracted and divided by their sum. In (A) the mean TDI image and in (B) the standard variation, TDI image showing details of the retinal vessel walls and beds, respectively. Scale bars: 50 μm.



[image: Figure 9]
FIGURE 9. Adaptive optics technology can be implemented in a multimodal imaging system to acquire images of the retina, showing details of the tissue with histologic resolution in vivo. Multimodal imaging provides spatial co-localization of complementary information on structure (and function). Cross-sectional (A) and enface (B,C) AO images of the retina. (A) The AO-OCT scan provides detailed information on tissue layers from the choriocapillaris to the inner limiting membrane. (B) The same retinal area scanned at the IS-OS layer showing the photoreceptor mosaic. (C) High-resolution images of the retinal nerve fiber bundles are acquired with the polarizer oriented for maximum through output (paralleled to the major axis of bundles).


The possibility to analyze retinal photoreceptors in AO images allows for assessing their density and arrangement as well as their waveguide and reflectance properties. Clinical studies have demonstrated how AO technology is sensitive enough to detect retinal tissue abnormalities with unprecedented spatial resolution, providing clinical information that is invisible to a current diagnostics tool (86, 87).

There are currently few barriers to a wide adoption of AO technology in clinical ophthalmology: the main obstacles are the high cost of sensing and correcting elements and the system complexity. A user-friendly AO instrument that can be used by ophthalmologists will facilitate the introduction of this technology into clinical practice.



Resonance Raman Spectroscopy

Although the protective effect of dietary lutein/zeaxanthin on slowing down progression and severity of AMD is under intensive investigation, there is no commercially available diagnostic tool able to detect the amount of xanthophyll pigments in the macula and to monitor for their effect on preventing AMD progression from intermediate to advanced stages in response to dietary intake or emerging topical administration.

Resonance Raman spectroscopy (RRS) is one of the most promising technologies for the measurement of macular carotenoid levels from the human retina (71). It is precise, sensitive, specific, reproducible, and objective. It has also the potential to be translated to clinical applications in order to collect quantitative, direct, measurement of macular content of xanthophyll pigments.

To date, the macular carotenoid levels could be measured only indirectly using the macular pigment optical density (MPOD) measurement (88). There is a variety of methods currently in use that claim to measure the MPOD in vivo. Technically, the MPOD is a measurement of the attenuation of blue light by macular pigments and could be somewhat indirectly related to the amount of lutein and zeaxanthin in the macula; however, uncertainties exist on whether the MPOD may be reliably correlated with the amount of xanthophyll pigments in the retina. The methods to measure MPOD are divided into psychophysical (sometimes referred to as “subjective”) and physical (sometimes referred to as “objective”). The psychophysical techniques available include heterochromatic flicker photometry and color matching; the physical techniques include Fundus AutoFluorescence (FAF) and fundus reflectance. Validation of macular pigment subjective measurement techniques is still the subject of lively debate, and, due to their intrinsic technical limits, these methodologies are not gaining popularity among ophthalmologists and retinal specialists. Current physical methods are based on a variety of assumptions and are vulnerable to several technical limits. These methods shall (1) take into account single- and double-path light traversal through deeper retinal layers, (2) eliminate image contrast, diminishing fluorescence and scattering from the optical media (via confocal detection techniques, filtering, etc.), (3) bleach the photoreceptors, and (4) use a location in the peripheral retina as a reference point. For these reasons, auto-fluorescence and reflectance patterns hold poor specificity and are not sensitivity enough to follow AMD disease progression.

Contrary to all existing methods, RRS has no assumptions other than approximating the spectrally broad background fluorescence with the fluorescence response at a wavelength that is slightly offset from the macular xanthophylls Raman response (71). It directly measures absolute amounts of carotenoids in the illuminated region; in addition, it provides a measure of the absolute xanthophylls concentration distribution in the macular region since it does not use a reference point in the peripheral retina.

Resonance Raman detection of xanthophyll molecules is highly specific and can be established as a label-free tool for reliably evaluating the amount of macular pigments in patients. Xanthophyll molecules have been reliably detected in the living human retina (89–91), and the Raman signature of the xanthophyll molecules has been shown to be identical to the isolated carotenoid molecule. The authors have demonstrated feasibility and safety of RSS of macular xanthophylls on excised retina and human subjects, showing different patterns of macular pigment distribution (peaked, plateaued, ring shaped) (71, 89, 92, 93). It remains to be understood how the technique could be translated in clinical practice for monitoring and tracking the concentration of macular xanthophyll pigments in patients at risk of AMD progression. Overall, the advantages of RSS can be summarized in the following features:

• objective measurement: resonance Raman spectroscopy is a non-invasive technology able to directly measure and monitor the concentration of macular xanthophyll pigments in the living human retina;

• molecular contrast: excitation of the retina with a blue laser source enables the generation of a characteristics resonance Raman scattering response from xanthophyll molecules and allows for their accurate measurement from their corresponding spectral fingerprint signature in the living human retina;

• spatial mapping: scanning the blue light over the central retina allows for depicting and tracking over the same area a bi-dimensional map of the macular xanthophyll pigments content in the living human retina.

The limit consists in the implementation of a quantitative, reliable, method for data analysis and for eliminating the influence of the crystalline lens absorbance, which increases with aging and varies among populations.




CONCLUSION

Age-related macular degeneration is the major eye disease in the aging populations worldwide. Knowing that the total cost savings derived from avoided AMD events for the same population is, on average, €4 billion per year, both novel diagnostic approaches aiming at identifying patients at risk of AMD progression and effective secondary prevention strategies to halt disease progression would greatly benefit society worldwide. Currently, the most indorsed pathophysiologic pathway of AMD includes a relationship with genotype, age, and lesions to the photoreceptor/RPE/Bruch's membrane/choriocapillaris complex, which have been associated with light-induced oxidative damage (blue light hazard). Systemic risk factors, such as smoking, hypercholesterolemia, overweight, and cardiovascular diseases, likely contribute to increased oxidative stress in the choriocapillaris complex. A healthy lifestyle, including a type of diet rich in vegetables, fruits and fish, and regular exercise are recommended to counteract the effect of aging and oxidative stress. In this context, there is increasing evidence that xanthophyll pigments may play an important role in maintaining the health and function of the macula. Their levels are known to decrease with aging and are significantly lower in patients with AMD, making the retina more vulnerable to light-induced damage with advancing age. Several clinical trials, including the CAREDS, the Blue Mountain Eye Study, and the AREDS2, have reported that higher dietary lutein and zeaxanthin intake reduces the risk of AMD progression. On the other hand, there are some barriers that halt clinicians to support prevention strategies that promote xanthophylls supplementation, mainly due to the low patient adherence to therapy and the limits of current diagnostics technologies for measuring macular pigments. New prevention strategies may involve topical delivery of lutein directly into the eye in order to allow clinicians to test directly the effect of xanthophylls on slowing down or halting disease progression in patients at higher risk. On the other hand, because the rate of disease progression is typically slow, it is estimated that patients have a clinical loss of visual function years after the onset of early signs of AMD. For this reason, both the early diagnosis and the monitoring of treatment efficacy at a cellular level represent two of the greatest needs in the management of AMD. If AO imaging succeeds in entering the clinical practice to provide high-resolution, objective, measures of the cone photoreceptor structure, RPE, and micro-vasculature in patients, it will open a new frontier for establishing effective patient care with novel prevention and treatment strategies.

Efforts will be also needed for improving management of patients suffering from AMD Stage 4. Although gene therapies have potential and are promising, there are significant obstacles, such as safety, long-term efficacy, and cost, to these therapeutic options for AMD becoming mainstream (94, 95).
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Giant Cell Arteritis Presenting With Ocular Symptoms: Clinical Characteristics and Multimodal Imaging in a Chinese Case Series
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Purpose: To evaluate demographic and clinical characteristics of a Chinese population with giant cell arteritis using multimodal imaging focusing on ophthalmic examinations.

Design: Retrospective observational case series.

Materials and Methods: In the neuro-ophthalmology division of the Eye, Ear, Nose, and Throat Hospital, Shanghai, we evaluated the demographic and clinical characteristics of patients diagnosed with giant cell arteritis between January 2016 and June 2021. Results of routine ophthalmic examinations including fundus examination, optical coherence tomography, color duplex ultrasonography of ocular and superficial temporal arteries, orbital magnetic resonance imaging, and superficial temporal artery biopsy were evaluated.

Results: A total of 15 patients (22 eyes; ten male and five female) were evaluated with a mean age of 77.0 ± 8.5 years. Among them, seven had bilateral involvement that occurred simultaneously or sequentially. Twelve patients presented with arteritic anterior ischemic optic neuropathy, two with arteritic anterior ischemic optic neuropathy combined with cilioretinal artery occlusion, and one with cotton-wool spots. In acute stages of optic neuropathy and retinopathy, optical coherence tomography revealed optic disc edema, thickening of the inner retinal nerve fiber layer and ganglion cell layer, and loss of layer structure. In late stages, optical coherence tomography revealed diffuse atrophy of the inner retina. The “halo” sign was observed in 12 patients in the superficial temporal artery ultrasound, and seven out of eight patients who underwent biopsy demonstrated classic giant cell arteritis pathological changes. Most patients having poor visual acuity but ability to perceive light; 10/22 eyes had permanent vision loss.

Conclusion: Although rare in Asians, giant cell arteritis may be underdiagnosed among elderly Chinese patients presenting with anterior ischemic optic neuropathy. Non-invasive superficial temporal artery ultrasound detecting inflammatory thickening of the intima as the “halo” sign combined with routine elevated erythrocyte sedimentation rate and C-reactive protein may be helpful in diagnosing patients with a high probability of having giant cell arteritis.

Keywords: giant cell arteritis (GCA), anterior ischemic optic neuropathy (AION), arteritic anterior ischemic optic neuropathy, color duplex ultrasonography, superficial temporal artery biopsy


INTRODUCTION

Giant cell arteritis (GCA) is a type of systemic vasculitis that mainly affects medium-sized and large arteries. The incidence of GCA in Asians is 20 times less than that in Caucasians (1). Although rare, an increasing number of Asian GCA cases, with typical clinical features that are commonly observed among Caucasians, has been reported (2–6); however, only one nationwide survey has addressed that the prevalence of GCA in patients aged > 50 years in 1997 was 1.47 per 100,000 persons in Japan (7).

In 2018, we reported the case of a Chinese patient with biopsy-proven GCA, presenting with simultaneous anterior ischemic optic neuropathy (AION) with no light perception (6). To our knowledge, this is the first Chinese case report on the ophthalmic involvement in this disease. In the subsequent years, >15 patients presenting with AION and profound visual loss accompanied with headache have been diagnosed in our neuro-ophthalmology clinic, which indicates that GCA might be underdiagnosed among elderly Asian patients. The permanent visual loss associated with this neuro-ophthalmic condition requires careful vigilance.

In this case series, we utilized multimodal imaging techniques, especially non-invasive color duplex ultrasonography (CDUS), in elderly patients with ocular artery ischemic conditions who were at a high risk of GCA and for whom biopsy was not straightforward or available.



MATERIALS AND METHODS


Patients

Between January 2016 and June 2021, patients with newly diagnosed GCA were admitted to the neuro-ophthalmology division of the Eye, Ear, Nose, and Throat Hospital in Shanghai, China.

The criteria for diagnosing GCA were as follows (8): (1) age of onset, >50 years; (2) new onset headache; (3) temporal artery abnormality on examination (tenderness or reduced pulsation); (4) elevated erythrocyte sedimentation rate (ESR) (> 50 mm/h); and (5) abnormal temporal artery biopsy, revealing necrotizing vasculitis with predominant mononuclear cell infiltration or granulomatous inflammation. Patients who presented with at least three of these five criteria were enrolled.

Exclusion criteria included: (1) polyarteritis nodosa or other conditions suspicious of systemic vasculitis (9), (2) inability to cooperate for examination to diagnose GCA, (3) incomplete clinical data, and (4) refusal to sign the consent form.



Demographic Data and Ophthalmic Examinations

Data regarding age, sex, lateral involvement of the involved eye, history of headache, jaw claudication, transient monocular visual loss (TMVL), and diplopia were collected. Neuro-ophthalmologic examinations included dilated fundus examination, standard Snellen visual acuity, visual field test, fundus fluorescein angiography, and optical coherence tomography (OCT). Laboratory tests included complete blood count, liver and renal function tests, ESR, C-reactive protein (CRP), rheumatoid factor, anti-streptomycin antibody, and other rheumatology panel tests such as anti-nuclear antibody, anti-extractable nuclear antibodies, and anti-neutrophil cytoplasmic antibody. An infectious disease panel was also included.



Ultrasound Imaging

Color duplex ultrasonography (CDUS) was performed with MyLab 90 (Esaote, Genova, Italy) to detect ocular arteries [ophthalmic artery (OA), central retinal artery (CRA), and posterior ciliary artery (PCA)]. A high-frequency (6–18 MHz) linear probe was used to detect the superficial cutaneous temporal artery in cooperating patients. The detection site of the superficial cutaneous temporal artery is located in the main trunk of the artery bilaterally in front of the ear.



Temporal Artery Biopsy

Patients scheduled for superficial temporal artery biopsy were referred to a neurosurgeon. The biopsy was performed in the operating room under local anesthesia, and the severely involved side guided by CDUS was chosen for the biopsy. Long-segment arteries > 3 cm were used for the biopsy to prevent skip lesions (10).



Statistical Analysis

Descriptive statistics (e.g., means, percentage) were used to summarize the demographic characteristics and clinical features of this case series.



Ethics Approval and Informed Consent

The Institutional Ethics Review Board of the Eye Ear Nose and Throat Hospital of the Fudan University Shanghai approved all the experimental protocols, and written informed consent was obtained from all participants and/or their legal guardians (KJ-2011-04). The methods were carried out in accordance with the relevant guidelines and regulations. The study was performed in accordance with the Declaration of Helsinki.




RESULTS


Demographic and Clinical Features

A total of 15 patients (22 eyes; 10 male, 5 female) were assessed. The mean age was 77.0 ± 8.5 y. Among them, seven patients had bilateral involvement that occurred simultaneously or sequentially. The presenting ophthalmic manifestations included AION (n = 12), AION combined with cilioretinal artery occlusion (CLAO) (n = 2), and cotton-wool spots (n = 1).

Headache was the most common accompanying systemic symptom (n = 14, 99.3%) and could be the only presenting symptom. TMVL was the common aura attack (n = 13, 86.7%), a detail that was provided by the patient only when asked specifically. Other systemic symptoms included weight loss (n = 8, 53.3%), joint pain (n = 2, 13.3%), scalp tenderness (n = 2), jaw claudication (n = 1, 6.7%), and stroke (n = 1). None of the patients had diplopia in our case series. There was only one patient with no systemic symptoms.

Visual acuity was very poor, except in patient 3, who presented with only headache without ocular ischemic attack. Most patients having poor visual acuity but ability to perceive light. The visual acuity results are shown in Table 1.


TABLE 1. Demographic and clinical characteristics of giant cell arteritis Chinese patients.

[image: Table 1]
Fundus examination of most AION eyes (15/22 eyes) revealed a classic chalky-white disc swollen due to GCA, and some with peripapillary hemorrhage (4/22 eyes), retinal exudates, and cotton-wool spots (4/22 eyes). CLAO was observed in two patients; both cases were combined with AION. Peripapillary atrophy (6/22 eyes) was also common in patients with severe disease and bilateral involvement. Optic atrophy with cupping was observed in cases of late-stage AION or in eyes with history of previous attack (Figure 1). Details of demographic and clinical features are shown in Table 1.
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FIGURE 1. Color fundus photographs in patients with giant cell arteritis showing chalky-white swollen discs (A,B,D) with retina exudate and cotton-wool spots (A), late-stage optic atrophy and cupping (C), peripapillary hemorrhage with atrophy (D), and cilioretinal artery occlusion (B,C,E,F) are the same eye.


The main findings of OCT performed in 11 eyes were ischemic retinopathy or neuropathy. Eight eyes were in the acute stage and showed optic disc edema with a loss of layer structure in the inner retina and extreme edematous thickening of the peripapillary retinal nerve fiber layer and ganglion cell layer (Figures 2A,B). In patients with arteritic AION combined with CLAO, OCT showed edema of the optic disc, thickening of the inner retinal nerve fiber layer and ganglion cell layer, and loss of layer structure (Figure 2C). Patients with late-stage bilateral involvement and no light perception had peripapillary atrophy with extremely thin retinal nerve fiber and ganglion cell layers and epiretinal membranes (Figure 2D). Due to their poor systemic condition, only two patients underwent fundus fluorescein angiography, which revealed a delay in optic disc and choroidal artery perfusion.
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FIGURE 2. Optical coherence tomography in patients with giant cell arteritis. (A) Optic disc edema with a loss of layer structure in the inner retina; (B) edematous thickening of the peripapillary retinal nerve fiber layer and ganglion cell layer; (C) arteritic anterior ischemic optic neuropathy combined with ciliary vascular obstruction showing edema of the optic disc, thickening, and a loss of layer structure in the inner retina; (D) atrophy and thinning of the retinal nerve fiber layer and ganglion cell layer with epiretinal membrane at the late stage.




Routine Blood Test

The ESR and CRP levels in all patients are listed in Table 1. According to the American College of Rheumatology 1990 criteria for GCA, the ESR was elevated in 11 patients (73.3%), and the CRP was substantially elevated in all 15 patients. The results of the rheumatologic panel were unremarkable, including the rheumatoid, anti-streptomycin antibody, anti-nuclear antibody, and anti-neutrophil cytoplasmic antibody. The complete blood count showed a considerable increase in white blood cell count (n = 9) and decrease in red blood cell count and hemoglobin (n = 12). The platelet count was elevated in four patients, with increased thrombocytes in nine patients.



Ultrasonography Imaging

Color duplex ultrasonography (CDUS) detected that almost all patients had varying degrees of ophthalmic ischemic conditions associated with the CRA, PCA, and OA. Among the 15 patients, 14 underwent superficial temporal artery ultrasound with a high-frequency linear probe. The results demonstrated bilateral thickening of the vessel wall with the hypoechoic halo sign, consistent with mural inflammation, in 12 (92.9%) patients. The mural showed rough signals with segmental thickening and stenosis, and some had diffuse stenosis or occlusion. Non-specific calcification was also observed in some individuals (Figure 3). The mean thickness of the intima was 0.49 ± 0.12 mm (0.25-0.75 mm), and the mean vessel diameter was 1.36 ± 0.42 mm (0.74-2.5 mm).
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FIGURE 3. Superficial temporal artery ultrasound. (A) Segmental stenosis (arrows); (B) segmental thickening with calcification (arrows), and (C) hypoechoic halo (large arrow) with calcification (small arrow).




Magnetic Resonance Imaging Orbit/Brain

Fat-suppressed contrast-enhanced T1-weighted magnetic resonance imaging (MRI) of the orbit, available for only nine patients demonstrated bilateral optic nerve sheath enhancement. The cranial vessels, including the internal/external carotid arteries and some scalp arteries, showed enhancement of the thickened intima with luminal stenosis or occlusion (Figure 4). Brain MRI showed non-specific diffuse brain atrophy with enlarged ventricles in 11 patients.
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FIGURE 4. Fat-suppressed contrast-enhanced T1-weighted magnetic resonance imaging of the orbit demonstrating enhancement of bilateral optic nerve sheaths [arrow; (A), axial; (B), coronal], unilateral enhancement of optic nerve sheaths [(C), arrow], and enhancement and thickening superficial temporal artery [(D), arrowhead].




Temporal Artery Biopsy

Among the eight patients who underwent temporal artery biopsy, seven (87.5%) demonstrated positive results in terms of classic GCA pathological changes, such as arterial wall inflammation with mononuclear cell infiltration, multinucleated giant cells, and luminal stenosis or occlusion (Figure 5).
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FIGURE 5. Histopathology of superficial temporal artery biopsy showing (A) transmural inflammation of the artery wall, intimal thickening, and near obliteration of the artery lumen (asterisk; H&E × 40); (B) multinuclear giant cell (arrow; H&E × 200).




Treatment and Prognosis

All patients underwent cortical steroid treatment after GCA diagnosis. Intravenous methylprednisolone 500 mg/d to 1 g/d were administered to 11 patients and low dose methylprednisolone 120 mg/d or oral prednisone 60 mg/d was prescribed for patients with intolerance due to contraindications and old age. Immunosuppressive agents such as methotrexate were added while oral prednisone was tapered to a low dosage around 5 to 15 mg/d. Tocilizumab was prescribed and well tolerated in two patients. Final visual functions were very poor in most patients, except in one patient who initially presented with only a headache.




DISCUSSION

The low incidence of GCA among Asians is considered to be associated with the different type of human leukocyte antigen observed in this population (11, 12). In a comparative study by Pereira et al., only one Asian case was reported during an 8-year period (1), whereas in our territory eye center division of neuro-ophthalmology in Shanghai, 15 consecutive cases have been diagnosed within the last 5 years. To date, this is the only case series report on GCA presenting with ocular manifestations in China. It is also a notably large case series report on Asian populations. Our data suggested that ophthalmologists need to remain vigilant about GCA being potentially underdiagnosed among elderly Asian patients with ischemic conditions such as ophthalmic ischemia, central retinal artery occlusion (CRAO)/AION, and AION combined with CLAO; in particular, the latter was highly indicative of a PCA occlusion. There were no cases of branch retinal artery occlusion in this series since they lack the internal elastic lamina (13, 14).

Female predominance has been reported in the literature among both Caucasian and Asian ethnicities (1, 7, 15). The male/female ratio in our case series was 2:1, which was consistent with the ratio found in a small case series with Thai patients (2); both of these case series were composed mainly of patients with AION.

Systemic symptoms such as headache, TMVL, weight loss, and scalp tenderness were common complaints in this study of which headache could be the only presenting symptom. Although TMVL was also very common, it was reported only when the patients were specifically asked. Diplopia and visual hallucinations were not reported by any patient. Unlike Caucasians, Asian patients with GCA usually present with non-specific symptoms such as headache, weight loss, malaise, fatigue, and fever, rather than jaw claudication or double vision. This results in delayed diagnosis by physicians or rheumatologists.

Due to a lack of specific blood biomarkers for the diagnosis of GCA, routine complete blood count, ESR, and CRP are very useful ancillary tests that can quickly distinguish patients with arteritic AION from those with non-arteritic AION. Elevated ESR and CRP levels, combined with anemia, are highly indicative of the necessity for further work-up.

According to the literature, the incidence of visual symptoms in GCA can be as high as 70%, and 20% of patients may experience permanent visual loss (15, 16). In our case series, he visual acuity most tested in the affected eye was light perception, and the outcome was also very poo. The fundus appearance revealed classic chalky-white swelling in the acute stage, and retinal cotton-wool spots might have been an early sign of arterial ischemia. Peripapillary atrophy is another feature in patients with chronic ischemia, which can be observed in the acute stage. The simultaneous presence of AION and CRAO indicates PCA involvement and is highly indicative of GCA causing arteritic AION rather than non-arteritic AION. In addition, AION combined with CRAO/branch retinal artery occlusion, which indicates OA involvement, was not observed in our series.

Due to the considerably low temporal artery biopsy rate in China, GCA is rarely reported by ophthalmologists in this country; therefore, GCA remains underdiagnosed among the AION population, especially in the elderly. Temporal artery ultrasonography, which is non-invasive and cost-effective, is recommended by the European League Against Rheumatism as the first-line study for evaluating large-vessel vasculitis and has been widely utilized in our clinic recently for evaluating high-risk GCA patients (17–19). CDUS can detect the blood flow in ocular arteries, including the OA, CRA, and PCA, and the high-frequency linear probe can detect the superficial cutaneous temporal artery. The hypoechoic halo sign is indicative of inflammatory thickening of the intima with stenosis/occlusion of the lumen; these phenomena are consistent with pathological changes in GCA. According to our data, the halo sign is a highly specific indicator for GCA diagnosis and can also guide the side for biopsy. However, a limitation associated with using ultrasound for detection of temporal artery vasculitis is operator dependence.

MRI is another non-invasive technique for evaluating arteries and determining a diagnosis (17, 20). In addition to the cranial arteries, enhancement of the optic nerve sheath in orbit MRI has been reported as one characteristic of GCA, which was observed in our case series as well (20, 21). Although perineural enhancement is a non-specific phenomenon which can also be observed in infectious and other autoimmune optic neuropathies such as sarcoidosis, MRI on a patient with potential GCA is still crucial to exclude malignant conditions.

The limitations of the study include the short follow-up of patients which limited our ability to obtain long-term effects of immune therapies like Tocilizumab. Furthermore, future research should focus on identifying specific biomarkers of GCA pathogenesis in the Chinese population.

In summary, GCA may be underdiagnosed in elderly Chinese patients with ocular ischemic conditions. The profound visual loss associated with AION/CRAO in elderly patients is highly indicative of GCA in cases of elevated ESR or CRP levels. The hypoechoic halo sign found on ultrasound of the temporal artery is a very sensitive and specific indicator for diagnosis and should be utilized to guide biopsy.
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Background: This study aimed to report a case who was treated with corticosteroids and anti- parasitic agents for ocular toxoplasmosis, but who progressed to acute retinal necrosis, and finally retinal detachment.

Case Presentation: A 42-year-old man presented to the ophthalmology clinic with a 1-month history of progressive blurred vision and floaters in his right eye. His best visual acuity (VA) was 20/20 in both eyes. The anterior segment was unremarkable. Funduscopic examination of the right eye revealed active lesions of whitish foci of chorioretinitis with surrounding edema along the superonasal vessels, and retinal vasculitis with perivascular sheathing. Serologic testing was positive for Toxoplasma gondii IgM and IgG, but negative for other virus- and syphilis infections. Ocular toxoplasmosis was diagnosed. Corticosteroids and anti-parasitic agents were given simultaneously, but his right eye VA became 20/100. Funduscopic examination revealed retinal necrosis with localized retinal breaks. We immediately performed focal photocoagulation, however, his right eye progressed to retinal detachment and required vitrectomy.

Conclusion: Early administration of systemic corticosteroids in patients with acquired acute ocular toxoplasmosis may lead to complications that impair vision. Intensive observation should be arranged after corticosteroid use.

Keywords: ocular toxoplasmosis, corticosteroid, retinal necrosis, retinal detachment, choroidoretinitis


INTRODUCTION

Toxoplasmosis is an infection caused by the intracellular protozoan parasite Toxoplasma gondii. Primary infection in immunocompetent persons is usually asymptomatic and self-limited. The most common manifestations of acute toxoplasmosis in immunocompetent patients are cervical lymphadenopathy and flu-like symptoms. Toxoplasmosis may also present as ocular disease, which is the most frequent etiology of infectious posterior uveitis (1). In immune intact patients, typical clinical manifestations of ocular toxoplasmosis have been described as a nidus of fluffy, white, necrotizing retinitis or choroidoretinitis adjacent to a variably pigmented chorioretinal scar. Clinical diagnosis in most cases is based on typical presentation upon funduscopic examination. Serological analysis may be helpful in recently-acquired cases (2). In atypical cases, such as the absence of a retinochoroidal scar, analyzing antibody levels and parasitic DNA in the aqueous humor and serum specimen may be necessary to confirm the diagnosis (3). The current treatment regimen with anti-parasitic agents has been discussed widely without reaching consensus. Corticosteroid therapy is used as a part of the therapeutic regimen to regulate the immune response, however, this strategy may lead to damage to the ocular tissues. A combination of anti-parasitic agents and corticosteroids is suggested in most clinical scenarios, but the timing for commencement of corticosteroids has been subject to some controversy (4).

Here, we report an ocular toxoplasmosis case of an immunocompetent young male who presented with acute focal choroidoretinitis without the typical scarring lesion, and who progressed to localized retinal detachment soon after simultaneous use of anti-parasitic agents and corticosteroids.



CASE PRESENTATION

A 42-year-old man presented to the ophthalmology clinic with a 1-month history of progressive blurred vision and floaters in his right eye. He had no medical history. On ocular examination, the visual acuity (VA) was 20/20 in both eyes. The anterior segment was unremarkable. Funduscopic examination of the right eye revealed active lesions with whitish foci of choroidoretinitis with surrounding edema along the superonasal vessels, and retinal vasculitis with perivascular sheathing (Figures 1A,B). Serologic testing was positive for Toxoplasma gondii IgM and IgG, HSV-1 IgG, HSV-2 IgG, and CMV IgG, and negative for syphilis and Anti-HIV. Optical coherence tomography (OCT) of the macula revealed mild perifoveal edema in the right eye. Fluorescein angiography of the right eye showed obliteration of the blood flow with a non-perfusion area and leakage at the vessel wall (Figure 1C).
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FIGURE 1. (A) Fundus photographs of the right eye showing whitish foci of chorioretinitis (red star) with surrounding edema along the superonasal vessels, and retinal vasculitis with perivascular sheathing (black arrow). (B) Fundus photographs of the right eye showing retinal vasculitis with perivascular sheathing (black arrow) at the same position as in panel (A). (C) Fluorescein angiography of the right eye demonstrating obliteration of the blood flow with a non-perfusion area (yellow arrow) and leakage at the vessel wall (red arrowhead).


Based on the patient’s history, ophthalmic findings, and serology results, an infectious cause was highly suspected. We performed aqueous humor tapping for viral and tuberculosis polymerase chain reaction (PCR) testing to exclude possible causative agents. The PCR result showed no evidence of any viral or TB infection. We also performed a serum quantiferon gold test for the patient in case of recurrent tuberculosis, but the result was negative.

Thus, ocular toxoplasmosis was diagnosed. We consulted an infection specialist regarding the survey and management of potential systemic toxoplasmosis. The infection was initially managed by the infection specialist with sulfamethoxazole-trimethoprim (400/80 mg) twice per day, and one dose of dexamethasone 5 mg intravenously, on the first day. Five days later, the patient complained of significantly increasing photophobia in the lesioned eye, so we titrated sulfamethoxazole-trimethoprim (400/80 mg) to 3 times per day and added prednisolone 15 mg per day, simultaneously. Two days later, his right eye visual acuity (VA) declined to 20/100. Funduscopic examination revealed severe vitritis complicated with progressive localized retinal necrosis and multiple localized retinal breaks. Although we performed focal retinal photocoagulation immediately, he progressed to localized rhegmatogenous retinal detachment 5 days later. He then underwent a successful pars plana vitrectomy. During the surgery, we sent the vitreous samples for PCR to detect other possible pathogens, including HSV, CMV, and TB, but the results were negative. His vision improved to 20/80 after the surgery, and he has been treated with pyrimethamine plus sulfadiazine since then. The retina was attached but his VA remained at 20/80. Figure 2 showcases the timeline with relevant data from the period of care.
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FIGURE 2. Timeline of patient’s presentation and treatment.




DISCUSSION

Ocular toxoplasmosis typically affects the posterior pole of a single eye and lesions may be single, multiple, or satellites adjacent to retinal pigmented scars. Active lesions present as grayish-white spots of retinal necrosis adjacent to choroiditis, in addition to vasculitis, hemorrhage, and/or vitritis. Healing occurs from the periphery toward the center of the lesion, with variable pigmentary changes. The retina is the primary site of ocular infection by T. gondii, but the choroid, vitreous, and anterior chamber may also be involved (5). Anterior uveitis is a common finding, with mutton-fat keratic precipitates, cells, flare, and posterior synechiae. Retinal vasculitis and associated inflammatory reactions may be the only ophthalmic signs during the early stages of acquired ocular toxoplasmosis. The later development of retinitis or scars in the same eye, consistent with ocular toxoplasmosis, suggests parasites as the cause of the initial inflammation. The involvement of the underlying choroid is termed “choroidoretinitis” and describes the clinical image. Ocular complications include choroidal neovascularization, cataract, glaucoma, optic nerve atrophy, and retinal detachment (6, 7).

The diagnosis of ocular toxoplasmosis is usually clinical. With regard to the active lesions, vitritis is mostly the first factor causing visual symptoms. A considerable vision deterioration may manifest due to macular involvement, whereas peripheral lesions may not have an obvious effect on vision. Choroidoretinitis is the most prevalent feature of active intraocular inflammation in patients with ocular toxoplasmosis. However, many cases may present with substantial clinical variations leading to diagnostic difficulties (3, 8–10).

In immunocompetent patients, the active lesions tend to heal automatically within 2–4 months, leaving an atrophic area (resolving from the periphery to the center) that gradually leads to a hyper-pigmented scar due to disruption of the retinal pigment epithelium (RPE). The presence of T. gondii IgG antibodies cannot confirm a diagnosis of eye infection, but IgG negativity generally rules it out. Ocular toxoplasmosis may be diagnosed pathologically by way of histology (identifying cysts in biopsies stained with hematoxylin and eosin), by immunohistochemistry (detecting monoclonal or polyclonal antibodies), or by polymerase chain reaction (PCR) (10–12).

We report on an immunocompetent patient with progressive blurry vision whose initial differential diagnoses included acute retinal necrosis, ocular tuberculosis, and ocular toxoplasmosis. Acute retinal necrosis, which is commonly caused by VZV, HSV-1, HSV-2, and rarely CMV, generally occurs in immunocompetent patients and may develop without a systemic prodrome. PCR testing of the vitreous or aqueous humor is sufficient for diagnosis, and the serology test is rarely helpful (13). Ocular tuberculosis, which usually follows hematogenous spread, should also be considered, especially if the patient has had previous tuberculous infection. Definitive diagnosis of tuberculosis needs cultures or DNA amplification from the involved tissue. However, culture or biopsy from the involved tissues in cases of ocular tuberculosis is unpractical, because aqueous and vitreous paracentesis commonly fails to produce positive bacterial culture results (14). Our patient denied any respiratory symptoms, and his recent pulmonary radiographic exam showed no suspected lesion. Recently-acquired ocular toxoplasmosis may present as focal choroidoretinitis without a visible chorioretinal scar (15). Some studies also report that the sensitivity of PCR ranges from 27 to 36% in patients diagnosed with ocular toxoplasmosis (11). Since there were no positive results from either aqueous or vitreous samples, we made our diagnosis based on the ocular findings and the positive anti-toxoplasma IgM titer.

The treatment and prophylaxis of active ocular toxoplasmosis have been widely discussed. Typically, toxoplasmic choroidoretinitis in immunocompetent patients is expected to resolve within 1–2 months, since most infections with active ocular toxoplasmosis are thought to be self-limiting over the course of 1–2 months. Taking into account the benign natural course and the possibility of toxicity from anti-parasitic drugs, the therapeutic approach for each individual with active infection should seek to avoid unnecessarily high rates of drug-induced morbidity. Anti-parasitic agents are suggested for acquired immunocompetent patients with active toxoplasmic choroidoretinitis whenever the optic disc or fovea is involved, or if there is severe vitritis or vasculitis, giant diameter size, multiple active lesions, and prolonged clinical course (16). Treatment is also warranted for patients with atypical presentations (17). Current therapeutic strategy for ocular toxoplasmosis aims to stop the parasite reproducing and to eradicate it, while suppressing inflammation to control tissue damage from the immune response. The anti-parasitic agents pyrimethamine and sulfadiazine plus corticosteroid form the classical triple-treatment for ocular toxoplasmosis (17). Trimethoprim-sulfamethoxazole has been put forward as another therapeutic option because of lower cost, comparable efficacy, and safety for the prophylaxis of recurrent toxoplasmic choroidoretinitis (18). One currently used approach (except in individuals who are allergic to sulphonamides) involves systemic treatment with a combination of trimethoprim (800 mg) and sulfamethoxazole (160 mg), administered twice daily for 6 weeks, which is generally well-tolerated. This strategy is equivalent to the standard daily treatment with pyrimethamine (50 mg) in combination with sulfadiazone (1000 mg) 4 times a day and folinic acid (15 mg) twice weekly (to prevent anemia), for 6 weeks (19). Corticosteroids were thought to be beneficial for patients by suppressing the intraocular inflammation (16). However, corticosteroid monotherapy has been reported to worsen the clinical course and cause serious complications (15). Despite several published articles proposing various dosages of adjunctive corticosteroids, there is still no strong evidence from randomized controlled trials to support this adjuvant therapy being helpful for patients with ocular toxoplasmosis, especially as regards improvement of their vision (20, 21). The combined antibiotic and steroid approach should be limited to patients with an exaggerated inflammatory response, since it remains unclear whether supplementary treatment with corticosteroids does indeed effect an improvement in the outcome over and above that achieved with anti-parasitic agents alone.

This case is noteworthy because it shows how, even in an immunocompetent patient under proper management with anti-parasitic agents accompanied with corticosteroids, the severe inflammation still led to retinal detachment and impaired vision. Corticosteroids might minimize the inflammatory damage in most cases, but the route, dosage, and timing of administration are still subject to controversy. Early administration of corticosteroids together with the anti-parasitic agents, as in our case, might not be beneficial but might actually lead to advanced complications in the ocular tissues. We should keep in mind that iatrogenic immunosuppression by corticosteroids may cause aggressive choroidoretinitis and further complications such as retinal detachment. Detailed ophthalmic examinations are required to prevent future vision loss.
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The T12811C mitochondrial DNA (mtDNA) mutation has been reported in Leber hereditary optic neuropathy (LHON) previously, with vision loss as the main manifestation. The involvement of other organ systems, including the central and peripheral nervous system, heart, and extraocular muscles, has not been well described. This case series report investigated four patients with T12811C mtDNA mutation, verified through a next generation sequencing. Two male patients presented with bilateral subacute visual decrease combined with involvement of multiple organ systems: leukoencephalopathy, hypertrophic cardiomyopathy, neurosensory deafness, spinal cord lesion and peripheral neuropathies. Two female patients presented with progressive ptosis and ophthalmoplegia, one of whom also manifested optic atrophy. This study found out that patients harboring T12811C mtDNA mutation manifested not only as vision loss, but also as a multi-system disorder affecting the nervous system, heart, and extraocular muscles.
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INTRODUCTION

Leber hereditary optic neuropathy (LHON) is a maternally inherited ocular disease leading to painless, progressive, bilateral loss of central vision in young adults, predominately affecting males (1–5). Although visual dysfunction is the most common symptom of LHON, other systemic abnormalities can also occur. These include dystonia, Parkinsonism, extra-pyramidal motor symptoms, peripheral neuropathy, cardiac conduction abnormalities, spinal cord disease, and skeletal muscle abnormalities (6–13). The maternal transmission indicates that mutations in the mitochondrial DNA (mtDNA) play key roles in the development of LHON. Three mtDNA variants are considered as primary mutations causing LHON, namely, ND4 G11778A, ND1 G3460A, and ND6 T14484C (14, 15). These three mtDNA mutations account for over 95% of LHON cases worldwide, while the remaining LHON cases may be caused by other variants (4).

The T12811C (Y159H) mutation is located in highly conserved residues in ND5 that encodes the subunit of respiratory chain complex I (16). This missense mutation results in the substitution from tyrosine to histidine. In previous investigations, Huoponen et al. reported that the ND5 T12811C mutation acted as a secondary mutation that increased the penetrance of the ND4 G11778A mutation in LHON (17). Here, we investigated the clinical phenotypes of the T12811C mutation in four Chinese patients diagnosed with LHON and other systemic diseases. The detailed clinical manifestations and genetic characteristics were evaluated. Our study reveals the genetic heterogeneity of mitochondrial diseases and expands the phenotypic spectrum of T12811C mutation.



MATERIALS AND METHODS


Patients

This study was approved by the Institutional Review Board of Eye, Ear, Nose, and Throat Hospital of Fudan University (KJ2011-04). Written consent forms were obtained from all participants or their guardians. Four Han Chinese patients who had ND5 T12811C mutation were enrolled at the Neuro-Ophthalmology Division of the Eye, Ear, Nose, and Throat Hospital of Fudan University, Shanghai, China.



Clinical Investigation

Detailed medical histories were recorded for all the patients, especially the family histories as well as histories of smoking and drinking. All the patients underwent complete neuro-ophthalmologic evaluations including assessment of best-corrected visual acuity (BCVA), color vision using Ishihara plates, relative afferent papillary defect (RAPD), slit-lamp biomicroscopy, fundoscopy, Goldmann/Octopus visual field perimetry, and spectral-domain optical coherence tomography (OCT). Other ancillary tests focused on neurological system, heart, and hearing were performed according to the patients’ different symptoms. Ophthalmic examinations and neurological evaluations were also conducted for all the parents.



Genetics Analysis

The total DNA was isolated from peripheral blood of the four patients. For case 1, case 3, and case 4, next generation sequencing was utilized and a panel of 194 optic-atrophy associated genes were sequenced using the Illumina HiSeq 2000 (Illumina, Inc., San Diego, CA, United States) sequencing system. The panel covered the whole mtDNA genome and the nucleus genes related to mitochondrial disorders. The average coverage depth was 300 times. Ninety nine percent of the target region received 20 times coverage or more. For case 2, a small panel covering nine optic-atrophy associated nucleus genes (RTN4IP1, YME1L1, OPA1, OPA3, TMEM126A, DNM1L, ACO2, WFS1, CISD2) and the whole mtDNA genome were sequenced.




RESULTS


Case 1

A 25-year-old man presented with painless vision loss in both eyes for 1 month. He noticed he could not see clearly in the right eye for 10 days and when first examined, both eyes’ visual acuity was abnormal. He was diagnosed with hypertrophic cardiomyopathy 7 years ago. He complained of hearing loss for years and the pure tone audiometry demonstrated moderate neurosensory hearing loss for both ears. He had no family history of similar diseases and denied smoking or drinking alcohol. The BCVA was hand motion in his right eye and 20/400 in his left eye. Color vision was 0/8 in both eyes. There was no RAPD in the right eye. Funduscopic examination showed diffuse pallor in his right eye and temporal atrophy of optic disc in his left eye, with bilateral tortuous retinal vein (Figure 1A). Goldmann visual field tests revealed central scotomas in both eyes. OCT demonstrated thinning of inferior-temporal retinal nerve fiber layer (RNFL) in the right eye and severe ganglion cell-inner plexiform layer (GCIPL) loss in both eyes (Figure 1B). T2 Flair-weighted magnetic resonance imaging (MRI) of the brain showed hyperintense signal changes involving the posterior limbs of internal capsule, occipital lobes and corpus callosum indicating leukoencephalopathy (Figure 1C). T1-weighted MRI of the orbits with gadolinium and fat suppression showed slight enhancement of the bilateral optic nerves in both axial (Figure 1D) and coronal (Figure 1E) views. The audiography demonstrated bilateral neurosensory deafness (Figure 1F). Genetic testing results showed the T12811C mutation with the heteroplasmy at the level of 99.81%. Another variant of G3946A in ND1 with the heteroplasmy of 16.45% was also detected. The patient was diagnosed with Leber plus syndrome and prescribed coenzyme Q 10 together with idebenone. His visual acuity stabilized at Snellen 20/400 for both eyes after 1 year of follow-up (Table 1).
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FIGURE 1. Accessory examinations of case 1. (A) Fundus photos showed diffuse pallor in the right eye and temporal pallor in the left eye, with tortuous retinal vein bilaterally. (B) OCT showed thinning of inferior-temporal RNFL in the right eye and severe GCIPL loss bilaterally. (C) Axial T2 Flair-weighted MRI of the brain showed hyperintense signal changes involving the posterior limbs of internal capsule, occipital lobes and corpus callosum indicating leukoencephalopathy. (D) Axial and (E) coronal T1-weighted MRI of orbits with gadolinium and fat suppression showed bilateral optic nerve slight enhancement. (F) Audiography showed bilateral neurosensory deafness.



TABLE 1. Clinical manifestations of the four cases.
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Case 2

A 58-year-old man presented with bilateral progressive visual decrease within 2 months, accompanied by weakness and numbness of his legs. He noticed both eyes blurry in the morning without periorbital pain or headache. He did not have any family history of similar diseases. He denied taking any neurotoxic medication, smoking or drinking alcohol. The BCVA was 20/200 and color vision was 0/8 in both eyes. The fundus showed temporal pallor of the bilateral optic discs (Figure 2A). The neurological examination only showed bilateral peripheral neuropathies. Muscle strength was level IV but with paresthesia of both arms and legs. Octopus visual fields showed central scotomas in both eyes (Figure 2B). The OCT showed inferior-temporal RNFL thinning in the right eye and temporal RNFL thinning in the left eye, with significant thinning of the GCIPL in both eyes (Figure 2C). The brain MRI showed scattered T2 Flair-weighted hyperintense signal and orbital MRI only showed bilateral optic nerve atrophy without enhancement in T1-weighted imaging after contrast (Figure 2D). A small pituitary tumor was reported which was irrelevant to optic neuropathy. There was no reported spinal cord lesion. Genetic testing revealed the T12811C mutation with the heteroplasmy at the level of 98.93%. The patient was diagnosed with Leber plus syndrome and prescribed cobamamide together with coenzyme Q 10 and idebenone. His visual acuity was stabilized at Snellen 20/200 for both eyes during follow-up (Table 1).
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FIGURE 2. Accessory examinations of case 2. (A) Fundus photos showed temporal pallor of optic disc bilaterally. (B) Octopus visual fields showed central scotomas bilaterally. (C) OCT revealed inferior-temporal RNFL thinning in the right eye and temporal RNFL thinning in the left eye, with significant thinning of the GPICL bilaterally. (D) Brain MRI showed scattered T2 Flair-weighted hyperintense signal and orbital T1-weighted MRI imaging after contrast showed bilateral optic nerve atrophy without enhancement.




Case 3

A 32-year-old woman complained of progressive bilateral ptosis and strabismus since she was 20 years old. She underwent strabismus surgery 10 years ago. She had no family history of similar diseases and denied smoking or drinking alcohol. Tests for ocular myasthenia gravis, including acetylcholine receptors antibody, single-fiber electromyography, repetitive nerve stimulation, and chest computed tomography scan were all negative. The BCVA was 20/60 in her right eye and 20/30 in her left eye. Color vision was 4/8 in her right eye and 6/8 in her left eye. Funduscopic examination revealed temporal pallor of the optic disc in her right eye (Figure 3A). Eye movement was impaired in both eyes, including adduction, abduction, elevation, and depression (Figure 3B). The OCT demonstrated thinning of the RNFL superiorly and inferiorly in the right eye and diffuse bilateral thinning of GCIPL (Figure 3C). The brain and orbital MRI showed thinning of extraocular muscles without other brain lesions. Genetic testing results detected the T12811C mutation only with the heteroplasmy at the level of 99.49%. No gene fragment deletion that was responsible for chronic progressive external ophthalmoplegia (CPEO) syndrome was found. She was finally diagnosed with mitochondrial disease with LHON and CPEO syndrome and prescribed coenzyme Q 10 together with idebenone (Table 1).
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FIGURE 3. Accessory examinations of case 3. (A) Fundus photos showed temporal pallor in the right eye. (B) Nine cardinal eye positions showed impaired mobility in both eyes, including adduction, abduction, elevation, and depression. (C) OCT showed thinning of RNFL superiorly and inferiorly in the right eye, with diffuse thinning of GCIPL bilaterally. The RNFL thickness of the left eye was not available due to poor cooperation.




Case 4

A 16-year-old woman presented with bilateral droopy eyelids and extraocular muscle weakness for about 5 years. She had no family history of similar diseases and denied smoking or drinking alcohol. The BCVA was 20/20 and color vision was 8/8 in both eyes. The fundoscopy revealed normal optic discs without retinopathy in both eyes (Figure 4A). Ophthalmic examination only revealed bilateral ptosis and exotropia. Adduction, elevation, and depression were moderately reduced in both eyes. Abduction was slightly reduced in the right eye and almost full in the left eye (Figure 4B). The OCT revealed normal retina thickness in both eyes (Figure 4C). The brain and orbital MRI showed thinning of extraocular muscles without other brain lesions. Genetic testing results showed the T12811C mutation with the heteroplasmy at the level of 99.94%. No gene fragment deletion which was usually found in CPEO patients was detected in this patient. She was finally diagnosed as ophthalmoplegia with mitochondrial disease and prescribed coenzyme Q 10 together with idebenone (Table 1).
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FIGURE 4. Accessory examinations of case 4. (A) Fundus photos showed normal optic disc and retina bilaterally. (B) Nine cardinal eye positions revealed adduction, elevation, and depression were moderately reduced bilaterally, and abduction was slightly reduced in the right eye and almost full in the left eye. (C) OCT showed normal retina thickness and macular structure bilaterally.





DISCUSSION

This case series study reported the multi-system phenotypes caused by the T12811C mutation. Our patients with an identical T12811C mutation in ND5 showed different clinical symptoms: vision loss, hypertrophic cardiomyopathy, hearing loss, paraplegia, ptosis, and extraocular muscle weakness. These clinical findings showed the broad phenotypic spectrum of the single point mutation of T12811C in mtDNA. It involved multiple systems, such as optic atrophy, cardiac abnormality, leukoencephalopathy, cochlea lesion, spinal cord lesion, peripheral neuropathies, and extraocular ophthalmoplegia.

The pathophysiology of LHON is complex. It typically manifests as an acute or subacute loss of central vision, a result of optic atrophy secondary to severe damage of retinal ganglion cells (18). The accompanying abnormalities, mainly neurological disorders, have also been reported in some patients (19). Three particular variants of G11778A, T14484C, G3460A in mtDNA are confirmed as primary mutations and explain over 95% of LHON patients worldwide (20–22). T12811C was initially published as a secondary LHON-associated mutation exacerbating the visual loss of LHON (16, 17). Recently, T12811C was reported as a primary mutation for the first time in one case, who presented as isolated LHON (23). Our group of patients manifested as multi-system disorders, thereby expanding the phenotypes in association with the T12811C mutation.

The T12811C mutation changes an evolutionarily conserved tyrosine to a histidine in the transmembrane region of ND5, the core subunit of complex I (16) (Figure 5). This mutation was predicted to alter the structure of the transmembrane region of the ND5 protein (24). ND5 plays an important role in the stability and activity of complex I (25). Researches have revealed that ND5 protein synthesis is the rate-limiting step for complex I activity and the highest rate of ND5 protein synthesis is just sufficient to maintain a normal respiratory rate (26–28). This may explain the experimental results that defects in ND5 can lead to a significant decrease in rates of mitochondrial respiration (28, 29). Hence, we consider the mutation T12811C in the ND5 gene to be pathogenic and responsible for the clinical phenotypes in our patients.
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FIGURE 5. Schematic diagram of mitochondrial DNA. Three primary mutations causing LHON are shown in blue. The mutation that our patients carried is shown in red.


Furthermore, previous studies suggested that mutations in the ND5 gene were more likely to be associated with an extended phenotype rather than isolated visual dysfunction (30). Diseases caused by the mutations in ND5 would exhibit various degrees of clinical heterogeneity, such as Leigh syndrome (31), Idiopathic Parkinson’s disease (32), mitochondrial encephalomyopathy, lactic acidosis and stroke-like episodes (MELAS) (33), myoclonic epilepsy with ragged-red fibers (MERRF) (34), and hypertrophic cardiomyopathy (35). Strikingly, neurological and muscular disorders are the main problems caused by the mutations in ND5 gene, which were also observed in our patients. Besides, deafness (36), paraplegia (37), ptosis (38), strabismus (39), and ophthalmoplegia (40) have also been occasionally seen in patients with mutations in the ND5 gene. To the best of our knowledge, our study is the first report describing ophthalmoplegia as the only symptom in such patients. Since no gene fragment deletion responsible for CPEO syndrome was found in our cases, ophthalmoplegia is most likely a phenotype of T12811C. Unfortunately, the biopsy of muscle was rejected in the two patients with opthalmoplegia according to patients’ will. The histochemistry of COX and SDH together with detected mtDNA variants in muscle sample would be a great help in the diagnosis of mitochondrial CPEO.

Some researchers have proposed hypotheses explaining how the same gene mutation can cause different phenotypes. Patients with mitochondrial diseases harbor both mutant and wild-type mtDNAs. During mitosis, the mtDNA is divided and stochastically distributed to the next generation. If the mutation load surpasses the threshold in the tissue, affected patients will present corresponding clinical manifestations (41). Since tissues with high demand for energy metabolism have lower thresholds, organs like brain, heart, skeletal muscle, optic nerve, and retina are more vulnerable to the pathogenic effects of mtDNA mutations (42). Other modifier factors including nuclear modifier genes (43), epigenetic phenomena (44), secondary mtDNA mutations (45), mitochondrial haplogroup (46), or environmental factors (47), also get involved in modifying the clinical expression and consequently cause differences in phenotypes among patients.

Similarly, additional factors may play a role in the phenotypic manifestation of the T12811C mutation as well. Here, all of our patients denied smoking and drinking alcohol, which were considered as the major environmental factors for LHON (47). However, in addition to T12811C, another variant G3946A was detected in case 1, although with relatively low heteroplasmy. The G3946A mutation can affect the assembly or turnover of complex I. It was reported to be associated with MELAS and hearing loss and the case 1 happened to have leukoencephalopathy and hearing loss as well (48). This mtDNA variant might interact with T12811C, triggering or exacerbating the expression of the phenotype. Meanwhile, all our patients harbored a single nucleotide polymorphism of A10398G, which was previously reported to increase the penetrance of primary G11778A mutation of LHON (49). However, due to its high frequency in Asian population (66%) (50), the effect of A10398G mutation on our patients remains unclear. Thus, there are still possibilities that the involved additional genetic and/or environmental factors were unrevealed in our patients.



CONCLUSION

In summary, we reported four patients with T12811C mtDNA mutation presenting with various clinical phenotypes as LHON, hypertrophic cardiomyopathy, leukoencephalopathy, cochlea lesion, spinal cord lesion, peripheral neuropathies, and ophthalmoplegia. Mitochondrial disease should be considered as one of the differential diagnoses in patients manifesting with optic atrophy or ophthalmoplegia.
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This study aimed to evaluate the predictive value of diabetic retinopathy (DR) and its stages with the incidence of major cardiovascular events and all-cause mortality in type 2 diabetes mellitus (T2DM) persons in our large primary healthcare database from Catalonia (Spain). A retrospective cohort study with pseudo-anonymized routinely collected health data from SIDIAP was conducted from 2008 to 2016. We calculated incidence rates of major cardiovascular events [coronary heart disease (CHD), stroke, or both—macrovascular events] and all-cause mortality for subjects with and without DR and for different stages of DR. The proportional hazards regression analysis was done to assess the probability of occurrence between DR and the study events. About 22,402 T2DM subjects with DR were identified in the database and 196,983 subjects without DR. During the follow-up period among the subjects with DR, we observed the highest incidence of all-cause mortally. In the second place were the macrovascular events among the subjects with DR. In the multivariable analysis, fully adjusted for DR, sex, age, body mass index (BMI), tobacco, duration of T2DM, an antiplatelet or antihypertensive drug, and HbA1c, we observed that subjects with any stage of DR had higher risks for all of the study events, except for stroke. We observed the highest probability of all-cause death events (adjusted hazard ratios, AHRs: 1.34, 95% CI: 1.28; 1.41). In conclusion, our results show that DR is related to CHD, macrovascular events, and all-cause mortality among persons with T2DM.
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diabetic retinopathy, macrovascular complication, primary healthcare, real word data analyses, mortality


Introduction

Diabetes mellitus has become one of the major public health challenges globally, both in developed and developing countries (1). The increasing prevalence of diabetes worldwide is caused by a complex interplay of socioeconomic, demographic, environmental, and genetic factors. The International Diabetes Federation (IDF) estimates that 10.5% of adults between 20 and 79 years have diabetes, equating to 537 million people (2). The IDF also estimates that 643 million adults will live with diabetes in 2030 (11.3% of the population), and the number will reach 783 million (12.2%) by 2045.

The main burden of diabetes results from its complications. Diabetic retinopathy (DR) is a microvascular and neurodegenerative complication whose prevalence increases with disease duration and causes a high risk of severe visual impairment and blindness (3, 4). According to recently published studies, there is considerable variability in the prevalence of DR. The meta-analysis of Yau et al. reports that one in every three subjects with diabetes will present some degree of DR (5) compared to 27% in the last review and the analysis of the IDF from the studies published in recent years (6).

Diabetes can cause numerous complications that weaken health, lower quality of life, and cause early death. People with diabetes are two to three times more likely to develop cardiovascular disease, and the risk of death doubles compared to people without diabetes (7).

The consequences of late detection of DR go beyond the resulting suboptimal visual acuity (8, 9). We have extensive evidence that associates DR with other micro- and macrovascular complications of diabetes. Recently, it was reported that DR is associated with subclinical atherosclerosis (10–14), macrovascular comorbidities such as coronary disease (15–20) and cerebrovascular accident (21–26). Of interest, some studies have reported an association between cognitive impairment and the incidence of dementia [risk ratio (RR), 1.3; 95% confidence interval (CI), 1.27–1.58] (27, 28), and the relation between DR and neurodegeneration diseases such as Parkinson’s disease has been proposed but remains unclear (29). In addition, a recent meta-analysis with observational studies found that subjects with diabetes who have DR have an increased risk of mortality from all causes compared to subjects with diabetes who do not have retinopathy (RR: 2.33, 95% CI: 1.92; 2.81) (30–32).

So far, to the best of our knowledge, there is a lack of studies evaluating the relation between DR and major cardiovascular events from primary healthcare settings. In this study, we aimed to evaluate the predictive value of DR, its severity with the incidence of major cardiovascular events [coronary heart disease (CHD) and stroke], and all-cause mortality in subjects with T2DM in a Mediterranean region.



Materials and methods

The study included a retrospective cohort of subjects with T2DM from the SIDIAP database (Sistema de Información para el desarrollo de la Investigación en Atención Primaria). The SIDIAP database routinely collects pseudo-anonymized health data from users who attend the primary healthcare centers of the Catalonian Health Institute (Institut Català de la Salut, ICS). The ICS is the primary healthcare provider in Catalonia (Spain), covering about 80% (5,564,292 persons) of the Catalonian population. The SIDIAP database contains comprehensive patient data, such as visits with healthcare professionals, diagnoses, demographic information, clinical variables, laboratory test results, prescriptions, referrals to specialists and hospitals, and medication obtained from pharmacies. For this analysis, data were extracted covering a 10-year period. The inclusion period was defined from 1 January 2008 to 31 December 2012. The follow-up period was until the data extraction end date (31 December 2017) or a discontinuation event (death or any other database dropout).


Participants

All subjects aged between 30 and 89 years with a diagnosis of T2DM, defined as the presence of International Classification of Diseases, 10th Revision (ICD-10) diagnostic codes: E11, E14 (and their subcodes), and screening for fundus photography (to determine the presence of DR), were included in the analysis. We excluded those subjects with other types of diabetes (type 1 diabetes, gestational diabetes, secondary, or other), without diagnostic codes for T2DM, subjects with cardiovascular events, and/or absence of fundus photography. The eligible participants were followed up for at least 5 years or until the discontinuation event.



Variables

For all the included subjects, the presence or absence of DR was assessed using reports pertaining to digital 45° color fundus images. Two photographs were taken for each eye, the macula-centered and between the macula and the optic nerve. We only included fundus photography from patients screened at primary healthcare centers. DR was classified into different stages according to the Early Treatment Diabetic Retinopathy Study (ETDRS) classification (33) as no apparent retinopathy (NDR), mild non-proliferative retinopathy (NPDR), moderate NPDR, severe NPDR, proliferative diabetic retinopathy (PDR), and diabetic macular edema (DME). The DR diagnosis was taken from the worst-affected eye, and from the most recent photograph in case there was more than one screening during the inclusion period. Also, at inclusion, we collected socio-demographic variables (age, gender), toxic habits (current tobacco use), and clinical variables related to diabetes [age at diagnosis of diabetes, diabetes duration, and glycated hemoglobin levels (HbA1c)]. Data on cardiovascular risk factors [body mass index (BMI), blood lipids, total cholesterol, low-density lipoprotein (LDL) cholesterol, high-density lipoprotein (HDL) cholesterol, non-HDL cholesterol, blood pressure, pulse pressure] were collected. Additional data were gathered on medication. Obesity was defined as a BMI ≥ 30 kg/m2. The estimated glomerular filtration rate (eGFR) was calculated according to the CKD Epidemiology Collaboration (CKD-EPI) equation. Chronic kidney disease (CKD) was defined as an estimated glomerular filtration rate (eGFR) < 60 ml/min/1.73 m2 calculated using the CKD-EPI equation and/or a ratio of albumin/creatinine (CAC) in urine ≥ 30 mg/g.

During the follow-up period, we collected data on mortality by any cause and by severe cardiovascular events such as stroke (defined by ICD-10 codes and subcodes for “cerebral infarctions” and/or “transient cerebral ischemic attacks and related syndromes”) or CHD defined by ICD-10 codes and subcodes for “angina pectoris” and/or “acute myocardial infarction and/or subsequent myocardial infarction” and/or “certain current complications following acute myocardial infarction” and/or “chronic ischemic heart disease.” Additionally, we created a composite event as a combination of stroke and/or CHD, named as “macrovascular events.” The definition of the study variables and codes are summarized in Supplementary Table 1.



Statistical analysis

A descriptive statistical analysis was carried out, summarizing the quantitative parameters with the mean and its standard deviation (SD), median or interquartile range, and the qualitative variables with frequency and percentage. We used an opportunistic sampling technique to capture all persons meeting the study inclusion criteria. To assess the association of the main study events considering the time of follow-up, a time-to-event complete case analysis (CCA) was performed, adjusting Cox proportional hazards models (34). Unadjusted hazard ratios (UnAHRs) and adjusted hazard ratios (AHRs), 95% CI, and p-value were estimated and summarized. We used Kaplan–Meier survival curves to graphically visualize the cumulative incidence for study events during the follow-up period in each group. Different study events were fully adjusted considering potentially confounding clinical variables such as DR, sex, age, BMI, tobacco, duration of T2DM, antiplatelet or antihypertensive drug treatment, and HbA1c. Additionally, we performed a model adding lipid-lowering and antidiabetic drugs to the previous model. To treat missing data, a multiple imputation analysis (MICE) was performed with the statistical package (35) using ten replicates and five iterations. The CCA and MICE analyses were compared in a sensitivity analysis, adjusting the models for different variables (Model 1: unadjusted; Model 2: adjusted for age and sex; Model 3: adjusted for sex, smoking, antiplatelet or antihypertensive drug treatment, and BMI; Model 4: fully adjusted). P-values less than 0.05 were considered statistically significant without using the correction for multiple comparisons for the multiple events analyzed. We used the cox.zph function in the survival package (R statistical software) to check the proportional hazards assumption of Cox models (34). Statistical analysis was performed with R statistical software, version 3.6.1.1



Institutional review board statement

This study was approved by the Institutional Review Board (or Ethics Committee) of IDIAP Jordi Gol i Gurina Foundation (protocol code P13/028 and date of approval 03/04/2013).




Results

At the end of the inclusion period, 219,385 (86.5%) subjects met the study inclusion criteria and were included in the analysis. We identified 22,402 (10.2%) persons with any stage DR. Figure 1 shows the study flow diagram. The mean age (SD) of the subjects was 64.6 (± 11.6) years; the cohort contained a slightly higher proportion of men than women (55.7%) (Table 1).


[image: image]

FIGURE 1
Study flow chart.



TABLE 1    Clinical characteristics of the subjects at inclusion.
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Compared to those with normal fundus photography, subjects who had DR (any stage) were older and had 1.6 times longer diabetes duration. Moreover, the DR group had a smaller proportion of smokers and a higher proportion (53.4%) of subjects with BMI < 30 kg/m2. Furthermore, the lipid profile was better in the DR group, with lower total cholesterol, triglycerides, and LDL cholesterol levels, and a higher proportion (28.3%) of subjects with LDL < 100 mg/dl and higher mean HDL (HDL cholesterol). Subjects with DR had a poorer renal profile than subjects without DR (eGFR, 70.9 (22.4) ml/min/1.73 m2 vs. 78.8 (19.7) ml/min/1.73 m2, respectively). The proportions of subjects (32.4%) with eGFR < 60 ml/min/1.73 m2 were higher than those without DR. We observed 1.6 times higher CKD prevalence among the subjects with DR than the subjects without DR. Regarding good glycemic control (HbA1c < 7%), statistically significant differences were observed among the groups, in favor of subjects without DR (61.3%) compared with subjects with DR (42.0%).


Association between diabetic retinopathy and study events

Table 2 shows the epidemiology for different study events for both subjects with or without DR. During the follow-up period among the subjects with DR, mortality (all cause) was the most common event, followed by macrovascular events, CHD, and then stroke. The same pattern was observed among persons without DR, but with a lower incidence. The shortest time until the event was observed among the subjects with CHD and DR.


TABLE 2    The overall incidence for the study events between both groups.
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In the bivariate analysis, we observed statistically significant, unadjusted hazard ratios for all of the events, with the risk for the study events being higher among the subjects with DR. When stratified for the stage of DR, the same tendency was observed. The highest risk for the study events was observed among the subjects with proliferative DR. We did not observe statistically significant HRs among the persons with DME and stroke events.

In the multivariable CCA, fully adjusted for DR, sex, age, BMI, tobacco use, duration of T2DM, an antiplatelet or antihypertensive drug, and HbA1c, we observed that subjects with any stage of DR had higher risks for all of the study events. The probability of an event occurring was highest for all-cause death (AHR: 1.34, 95% CI: 1.28; 1.41) and lowest for stroke (AHR: 1.09, 95% CI: 0.97; 1.24). Similar results were observed when adding the lipid-lowering and antidiabetic drugs to the additional model. The Kaplan–Meier survival curves for study events are shown in Figure 2, and the results for the unadjusted and adjusted HR are summarized in Table 3.
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FIGURE 2
Survival curves and different study events and stages of diabetic retinopathy. (A1) All-cause mortality; (B1) coronary heart disease; (C1) stroke; (D1) macrovascular complications; (A2) all-cause mortality and different states of DR; (B2) coronary heart disease and different states of DR; (C2) stroke and different states of DR; (D2) and different states of DR and different states of DR.



TABLE 3    Hazard ratios for events among the study groups complete cases analysis.
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Sensitivity analysis

Figure 3 and Supplementary Table 2 show the HR observed in the sensitivity analysis. In the MICE, similar HRs for different study events were observed to those from the CCA. When comparing the two analyses for different adjusted models, we observed that HRs for the different events in the MICE analysis were going in the same direction as the CC analysis.
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FIGURE 3
Hazard ratios for cardiovascular events and mortality according retinopathy Sensitivity analysis. M1, unadjusted; M2, sex, age; M3, sex, smoking, diabetes, antiaggregants, antihypertensive, BMI; M4, sex, age, smoking, diabetes, duration, antiaggregants, antihypertensive, HBA1C, BMI; M5, age, smoking, diabetes, duration, antiaggregants, antihypertensive, antidiabetes, libid-lowering drugs, HBA1C, BMI.





Discussion

The results of our analysis with data collected from primary healthcare centers in Catalonia show a positive association between the DR and major cardiovascular events (CHD and stroke) and all-cause mortality.

Coronary heart disease, stroke, and DR have common risk factors, such as hyperglycemia, hyperlipidemia, and hypertension. Several studies have observed an association between DR and macrovascular disease and subclinical atherosclerosis (10–14). Some studies have reported that DR is a strong determinant of carotid intima-media thickness and arterial stiffness in patients with T2DM (12, 13). In the Atherosclerosis Risk in Communities (ARIC) cohort study based on a population of 1,524 people with T2DM without cardiovascular events at inclusion, during the follow-up of 7.8 years, the authors observed that the presence of DR was associated with the occurrence of CHD events (HR: 2.07, 95% CI: 1.38; 3.11) and fatal CHD (HR: 3.35, 95% CI: 1.40; 8.01) (16). Compared with the results observed in our study, during the follow-up over an average of 4.8 years, we observed lower but statistically significant adjusted risks for CHD (HR:1.27, 95% CI: 1.16; 1.39). In a recently reported systematic review and meta-analysis of cohort studies, including 17,611 patients without a previous history of CV disease at baseline, DR was associated with an increased risk of CV disease (relative risk (RR): 2.42, 95% CI: 1.77; 3.31) in diabetes (17). This risk was especially elevated among the T1DM persons (RR: 3.59, 95% CI: 1.79; 7.20) compared with T2DM persons (RR: 1.81, 95% CI: 1.47; 2.23) (17). Regarding the severity of DR, only a few studies have evaluated the association between the stage of DR and CV events. The studies done by Gimeno-Orna et al. and Targher et al. reported an increased risk between NPDR and RDP and the incidence of non-fatal or fatal cardiovascular events, independently of other known cardiovascular risk factors (HR:1.71, 95% CI: 1.1; 2.66 and HR: 2, 95% CI: 1.1; 3.56, respectively) (18, 19). Additionally, the Japan Diabetes Complications Study (JDCS) that included 2,033 subjects with T2DM with an 8-year follow-up period found an increased risk for CHD even during the initial stages of DR (mild-to-moderate NPDR) after adjusting for traditional CV risk factors (HR:1.69, 95% CI: 1.17; 2.97) (20). Our study observed a similar tendency but with a lower HR for NPDR and CHD in a fully adjusted model.

Evidence suggests that subjects with diabetes and DR seem to be at a high risk of ischemic stroke, with a meta-analysis that included 19 observational cohort studies of 81,452 diabetic patients reporting that the presence of DR was associated with an increased risk of stroke (HR: 1.25, 95% CI: 1.12; 1.39). Subgroup analysis for the type of diabetes yielded a pooled HR of 1.29 and 95% CI: 1.10; 1.50 in T2DM (21). In a secondary analysis of patients enrolled in the Action to Control Cardiovascular Risk in Diabetes (ACCORD) Eye Study in an adjusted Cox regression model, DR was independently associated with incident stroke (HR:1.52, 95% CI:1.05; 2.20) (22). Another prospective cohort study with 1,617 middle-aged people with diabetes observed that during a follow-up of 7.8 years, DR was associated with an increased risk of ischemic stroke (HR: 2.34, 95% CI: 1.13; 4.86) (24). In our study, we did not observe associations between DR or stage of DR and stroke in fully adjusted models, which could be due to the methodological differences or diagnostic codes used to identify the cases with stroke.

Regarding all-cause mortality, our study shows that the presence of any degree of DR is correlated with an increased risk of this event. In a study from the United States with 4,777 adults, the authors found that those persons with mild and moderate/severe retinopathy had an increased risk of all-cause mortality (HR: 1.81, 95% CI: 1.29; 2.55 and HR: 4.14, 95% CI: 1.77; 9.69, respectively) (30). In another meta-analysis from ten observational studies with 11,239 diabetic patients, the authors reported a doubling in the risk of mortality due to CVD in subjects with diabetes and severe DR (31). Similar results were also obtained in the analysis of other studies with similar follow-up periods in a meta-analysis of 19 studies encompassing 142,625 participants; the risk ratio (RR) for all-cause mortality with DR was 2.33 (95% CI: 1.92; 2.81) compared to subjects without DR. According to the different degrees of DR in subjects with T2DM, the RR of all-cause mortality varied. The RDNP risk was 1.38 (1.11–1.70), while the risk of PDR was 2.32 (1.75; 3.06) (32). Our analysis only observed statistically significant risks for all-cause mortality stratified for different stages of DR; this risk was highest among the persons who had PDR.

Our study has some potential limitations inherent in observational studies with routinely collected healthcare data. Firstly, missing data for the study variables is an important limitation. We used pseudo-anonymized routinely collected health data, where patients were visited as part of the regular healthcare surveillance. To test the effect of this limitation, we did a CCA and multiple imputations of missing data, and the results were consistent. Due to the database characteristics, there is a possibility of registering errors related to the diagnostic code for DR. Therefore, we used the fundus photography results and combined them with diagnostic codes. This limitation could also be applied to the study events. We used a wide spectrum of codes to define each study event. Another limitation is the numerical imbalance between the different groups due to the study design and lack of randomization. Moreover, we should acknowledge there is an inherent possibility of a certain risk of detection bias related to the frequency of medical visits. To minimize this bias, we designed the study to include only DM subjects who had at least one visit. We included the subjects in the study on the day of diabetic eye screening. Therefore, all the subjects were active users of the system. The main strength of our study was the large study population which increases the statistical power and external validity. Similarly, the results of our study confirm the results of previous studies.

In conclusion, our results show that DR is associated with an increased risk of cardiovascular disease and death among persons with T2DM. These findings indicate the importance of early screening, identification, and proper treatment of subjects with DR to reduce the risk of macrovascular disease and death. Further functional studies are needed to evaluate the biological background of these complications of diabetes and the potential use of stages of DR as an early marker for major adverse cardiovascular events.
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A carotid-cavernous sinus fistula (CCF) is an abnormal communication between the cavernous sinus and the carotid arterial system. Direct CCFs arise from a direct connection between the cavernous sinus and the cavernous portion of the internal carotid artery. Nowadays, endovascular neurosurgery has become the first-line treatment modality for direct CCFs owing to the high complete obliteration rate. However, reversal of the clinical symptoms may not always be congruous after the endovascular intervention. Herein, we present a 50-year-old patient who manifested diplopia, ophthalmoplegia, and orbital congestion after a traffic accident. He had suffered head injury with right side frontal intracranial hemorrhage 1 month before the ophthalmic presentation. He came to our department primarily because of declining vision and for the above symptoms, and was diagnosed with direct type CCF, for which he received transarterial coil embolization. Unexpectedly, he later presented with serous retinal detachment accompanied by ocular ischemic syndrome secondary to recurrent CCF 1 month after the intervention, so repeat coil embolization was performed.
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Introduction

Carotid-cavernous sinus fistula (CCF) refers to an abnormal communication from the carotid artery or any of its branches to the cavernous sinus. CCFs can be classified by velocity of blood flow (high/low), etiology (traumatic/spontaneous), and anatomy of the shunt (direct/dural, internal carotid/external carotid/both). Studies from D. Parkinson in the 1960s and 1970s have been shown to be of great value in assessing CCF features (1). The Barrow classification has been the most widely adopted system so far (2, 3). However, other classification systems have been proposed since the Barrow classification may not precisely reflect correlations between etiology, symptomatology, therapeutic approaches and outcomes. CCFs are always direct fistulas between the cavernous segment of the internal carotid artery and the cavernous sinus. They can be post-traumatic or due to the rupture of an aneurysm of the carotid syphon. On the other hand, the cavernous sinus, as well as all other dural sinuses, can be affected by a dural arteriovenous fistula (DAVF). They are distinguished by multiple small arterial feeders from dural branches going into the cavernous sinus and they have completely different etiology from CCFs.

Direct fistulas are characterized by a direct connection between the ICA and the cavernous sinus. They are usually high-flow fistulas. Causes include penetrating or blunt trauma, rupture of an ICA aneurysm within the cavernous sinus, Ehlers–Danlos syndrome type IV, or iatrogenic interventions. Posteriorly draining fistulas into the petrosal sinuses can be asymptomatic or present with painful, isolated cranial nerve palsies, sometimes with minimal or absent ophthalmic signs. Hemorrhagic complications such as subarachnoid hemorrhage and intracerebral hemorrhage have been reported and warrant prompt surgical intervention.

Anteriorly draining fistulas are more likely to cause ocular symptoms. Direct CCFs are usually associated with trauma, with high flow properties, and often lead to acute presentation of ocular or orbital symptoms and signs (4). Proptosis, lid swelling, conjunctival injection and chemosis and corkscrew vessels are all clinical signs associated with direct CCFs. Intra-ocular pressure (IOP) elevation can follow from a raised episcleral venous pressure or an angle closure mechanism when venous congestion in the iris and choroid causes the lens iris diaphragm to move forward (5). These above presentations raise major concerns of blindness and future ophthalmic complications.

Comprehensive obliteration of the shunt between ICA and cavernous sinus is the treatment goal of direct CCFs. The application of endovascular embolization techniques is currently the mainstay of clinical practice. Endovascular embolization (transarterial embolization, transvenous embolization, or a combination of both) has achieved high rates (> 80%) of CCF closure (6). While symptom improvement is frequently robust following successful endovascular management, some clinical symptoms, especially neurological deficits, may remain unresolved. In cases where there is either spontaneous or post-treatment thrombosis in the superior ophthalmic vein, normal venous dynamics are interrupted, contributing to venous congestion, and subsequent impairment in arterial perfusion and ischemic optic neuropathy.

Treatment of ocular complications is required if there is deterioration of vision. However, the treatment of the underlying CCF should be a priority. Anatomical closure by endovascular embolization may leave residual ocular symptoms. However, only limited literature has reported about failed endovascular embolization and its possible consequences (7). Serous retinal detachment has been noted as a very rare ocular presentation of CCFs. Careful examination and detailed history intake are important to record and describe recurrence. Herein, we present a case of serous retinal detachment with ocular ischemic syndrome due to recurrent post-traumatic CCF after an unsuccessful transarterial embolization (TAE) with coil. To the best of our knowledge, this is the first case report of serous retinal detachment and ocular ischemia syndrome secondary to a recurrent CCF.



Case presentation

A 50-year-old Asian male with no significant medical history presented to our department with a 1-month history of horizontal double vision with progressive eyeball protrusion, periorbital ecchymosis, and redness in his left eye. He had been involved in a traffic accident 1 month prior involving head injury with right frontal intracranial hemorrhage. He had received conservative treatment at that time in another hospital.

At the first visit, the best-corrected visual acuity (BCVA) and intraocular pressure (IOP) in the right eye were 20/20 (on a Snellen chart) and 13 mmHg, respectively, and the corresponding values for the left eye were 20/30 and 18 mmHg. The ophthalmologic examination was notable in the left eye which presented as exophthalmos (with 2 mm of protrusion compared with the fellow eye), ptosis (Margin Reflex Distance-1, MRD-1, was 1.5 mm), conjunctival injection and chemosis with corkscrew vessels, and a relative afferent pupillary defect. Extraocular movements of the right eye revealed limitation of abduction. Extraocular movements of the left eye were normal (Figure 1). On the Ishihara color test, all plates were identified correctly (15/15) in both eyes. At that time, on suspicion of low-flow CCF, we arranged brain magnetic resonance imaging through the outpatient department.


[image: image]

FIGURE 1
(A) When looking to the upper right, limitation of abduction of the right eye. (B) When looking to the right, the right eye showed no movement. (C) When looking to the lower right, limitation of abduction of the right eye.


Unfortunately, 2 weeks later, the patient suffered from left eye ophthalmoplegia (Figure 2) with elevated IOP. He also complained of vision decline (BCVA: 20/40) with intermittent eye pain in his left eye. Under suspicion of a post-traumatic direct type CCF, emergent orbital and brain magnetic resonance angiography (MRA) was arranged. MRA revealed an engorged left superior ophthalmic vein and dilatation of bilateral cavernous sinuses, which favored the diagnosis of CCF (Figure 3). The patient was expediently referred to the neurology department where digital subtraction angiography confirmed right side direct CCF. After embolization of the fistula through the use of transarterial coil by the neuro-radiologist, the patient’s IOP gradually decreased after stopping anti-glaucoma medications. Furthermore, the extraocular movements of his right eye improved gradually. No more binocular diplopia presented. His left eye BCVA returned to 20/30 at that time, but he still had left eye proptosis and a relative afferent pupillary defect.
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FIGURE 2
(A) More severe proptosis of the left eye with progressed exophthalmos compared to Figure 1. (B) Congested conjunctiva around 360 degrees of the left eye. (C) Corkscrew vessels on the conjunctiva (black arrows).
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FIGURE 3
(A,B) Engorged left superior ophthalmic vein (red circle) in magnetic resonance imaging (A), magnetic resonance angiography (B), which confirmed carotid- cavernous sinus fistula. [(A) T2-weighted-Fluid-Attenuated Inversion Recovery, transverse view; (B) magnetic resonance angiography]. (C) Coronal view of magnetic resonance imaging revealed prominent engorged superior ophthalmic vein (red circle) [T2- Turbo spin echo (TSE) imaging, coronal view].


One month after the TAE, the patient’s left eye showed severe congestion with corkscrew vessels on the conjunctiva again without diplopia, associated with progressed exophthalmos (three mm of protrusion compared with the fellow eye) and reduced vision (20/200) in the left eye. Fundus photography of the left eye revealed serous retinal detachment, retinal vein tortuosity and mild choroidal detachment throughout the periphery (Figure 4). Suspecting ocular ischemic syndrome, we performed fluorescein angiography (FA), which revealed peripheral diffuse retinal ischemia with central macular edema. Therefore, emergent focal photocoagulation was performed at the periphery in his left eye and the patient was referred again, emergently, to the neuro-radiologist. A repeat catheter angiogram revealed insufficient coil compaction with a leak in ICA which failed to achieve complete fistula obliteration (Figure 5). Recurrent CCF was diagnosed and treated by repeated transarterial coil embolization. Three weeks later, the BCVA of the left eye had returned to 20/50. The serous retinal detachment and macular edema had resolved, too. The timeline of the patient’s clinical course is shown in Figure 6.
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FIGURE 4
(A) Color fundus photography demonstrated serous retinal detachment at the nasal and temporal arcade (white arrowheads). (B,C) Optical computed topography revealed subretinal fluid (red stars). (D) FA demonstrated tortuous retinal veins over branch retinal vessels (red arrows) and diffused macular dye leakage (red circle). (E) Peripheral retinal ischemic syndrome was observed by FA (red circle) with non-perfused peripheral retina.
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FIGURE 5
Repeated catheter angiography. (A) Leakage from internal carotid artery (white arrow) was observed. (B) No more leakage after repeated coil embolization.
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FIGURE 6
Timeline of important visual acuity change. BCVA, best-corrected visual acuity; RD, retinal detachment; FRP, focal retinal photocoagulation; ME, macular edema; TAE, transarterial embolization.




Discussion

Most CCFs drain into the ophthalmic veins (typical venous drainage pattern), leading to the pathogenic ocular clinical triad associated with a CCF. Presenting symptoms of CCFs may include a subjective bruit, diplopia, tearing, red eye, ocular foreign body sensation, blurred vision and sometimes headache (8–10). Neurogenic strabismus most commonly presents as a sixth nerve palsy. The frequency of sixth nerve involvement is due to the central location of the sixth nerve, adjacent to the ICA within the cavernous sinus, putting it at higher risk of injury than other cranial nerves that are located in the deep layer of the lateral wall of the sinus. Patients with suspected CCFs require neuroimaging that includes non-invasive computed tomographic angiography (CTA) or MRA. However, the definitive diagnostic tool is digital subtraction angiography (DSA), which may be diagnostic and therapeutic (11).

With the development of endovascular interventional techniques, open surgical procedures are no longer preferred. A transarterial approach via the ICA is most commonly used. Detachable balloons have been used worldwide in the past for fistula repair. Transarterial balloon placement is accomplished by directing the collapsed balloon through the fistula and into the cavernous sinus, inflating the balloon to a size large enough to completely occlude the fistulous connection, and then releasing the balloon (11, 12). In some countries where balloons have been withdrawn from the market, coiling has replaced them as the endovascular treatment of choice for direct CCFs. A meta-analysis reported high success rates in both transarterial- and transvenous approaches (13).

Despite the high success rate of either transarterial- or transvenous embolization for CCFs, residual ocular symptoms occasionally occur. A patient based review demonstrated that these residual deficits included eye movement deficits, decreased visual acuity and persistent elevated IOP (5, 14). However, ocular ischemic syndrome or even retinopathy were very rare ocular complications following CCFs treated by TAEs. One case report presented a young man with traumatic direct CCF, treated by TAE, who developed ocular ischemic syndrome afterward. Fortunately, this case recovered spontaneously with reversal of the ocular ischemic syndrome and complete recovery of the patient’s vision (15).

In our case, when the patient first received TAE, his visual acuity and extraocular movement limitations improved dramatically. Though he still had proptosis and a relative afferent pupil defect in his injured eye, his BCVA improved quickly after the procedure. At that time, the patient was concerned more with recovery of his vision, thus, he could tolerate those residual ophthalmic complications (proptosis and mild chemosis of the conjunctiva). However, when he returned to our department 1 month after the first TAE, he had much more severely congested conjunctiva and more prominent proptosis, but the most important sign was the decline of his vision. Unexpectedly, he developed left eye serous retinal detachment with peripheral choroidal detachment, which probably worsened within a short period. In fact, his vision had decreased in a short time (20/30–20/200) when we performed FA for him (7 days after this visit). The FA and following macular optical coherence tomography (OCT) revealed subretinal fluid with peripheral ischemic syndrome and serous retinal detachment, which was compounded by recurrent CCF due to unsuccessful TAE. Although we did perform focal photocoagulation laser treatment for his ischemic retina, his vision remained poor. It was not until the second TAE was performed that his vision improved. During the second catheter angiography, a leakage site was found in the ICA, whereby the high flow in the ICA from the fistula resulted in clinical deterioration. Though spontaneous closure of fistulae has been reported in many circumstances, our patient’s rapid decline of visual acuity and ocular ischemic syndrome both warranted an emergent procedure. After the second successful TAE with coil treatment, his left eye vision recovered from 20/200 to 20/50. Moreover, his proptosis and congested corkscrew vessels in the conjunctiva recovered gradually. Five months from the second TAE, his BCVA remained 20/50, but he had no more proptosis, and his conjunctiva became normal without diplopia (Figure 7). The relative pupillary defect remained positive in his left eye, but the subsequent visual field examination and disk OCT showed no evidence of left eye optic neuropathy. We surmised the relative pupillary defect may have been associated with the sequelae of serous retinal detachment and ocular ischemic syndrome.
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FIGURE 7
(A) Before successful transarterial embolization (TAE). Severe congested conjunctiva with corkscrew vessels of the left eye. (B) After successful TAE. Congested conjunctiva improved and without corkscrew vessels. (C) Before successful TAE. Left eye ophthalmoplegia was observed. (D) After successful TAE. Left eye ophthalmoplegia improved.




Conclusion

Recurrence of ocular symptoms and signs heralds the recurrence of the fistula, and patients in whom manifestations recur require repeated angiography and consideration of further treatment. Persistence or recurrence of symptoms due to venous stasis (proptosis or chemosis) should trigger an early angiographic follow-up because they can be related to the recurrence of the fistula. If the fistula is completely occluded, any preexisting bruit immediately disappears, and intraocular pressure will gradually return to normal. However, the clinical conundrum is whether these symptoms are related to the recurrence or are merely inconsistent with the degree of recovery. Visual decline may predict a poor clinical outcome. Nevertheless, patients with visual impairment or even vision loss caused by retinal damage usually suffer from permanently poor visual function. This is exemplified by our case, who did not have profound visual loss, but whose BCVA remained 20/50 because of transient serous retinal detachment and ocular ischemic syndrome caused by recurrent CCF.
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Background: Parkinson’s disease (PD) is a multifaceted neurodegenerative disease. The optic nerve, as a window into the central nervous system (CNS), is known to be an important part of the CNS and can be detected non-invasively. With the widespread availability of optical coherence tomography (OCT) devices, an increasing number of studies have paid attention to the neuropathological disorders in the retina of PD patients in recent years. However, it is still controversial whether OCT can be used as a complementary tool for PD diagnosis.

Methods: This review is registered with PROSPERO, number CRD42022301258. The Embase, PUBMED, and The Cochrane Library databases were independently retrieved by 2 investigators to identify relevant papers published from 1 January 2017 to 24 January 2022. These studies used OCT or OCTA to evaluate the difference in the retinal nerve fiber layer (RNFL) thickness, ganglion cell layer(GCL) thickness, macula thickness, Cup and disk area superficial retinal capillary plexus (SCP), and deep retinal capillary plexus(DCP). The standard mean difference (SMD) with the 95% confidence interval (CI) was pooled for continuous outcomes.

Results: In total, 26 studies had been enrolled in this meta-analysis with a total number of 2,790 eyes, including 1,343 eyes from the PD group along with 1,447 eyes from the HC group. The results revealed that the RNFL thickness (SMD: −0.53; 95%CI, −0.71∼−0.35; P < 0.00001), GCL thickness (SMD: −0.43; 95%CI, −0.66 to −0.19; P = 0.0003), macula thickness (SMD: −0.22; 95%CI, −0.22 to −0.11; P < 0.0001) were significantly thinner in patients with PD. The SCP (SMD: −0.61; 95%CI, −1.31to −0.10; P = 0.02) was significantly lower in PD patients. The DCP (SMD: −0.48; 95%CI, −1.02 to −0.06; P = 0.08) is lower in PD patients, but the difference was statistically insignificant.

Conclusion: Retinal nerve fiber layer thickness, GCL thickness, macular thickness, and SVD of PD patients are lower than those of healthy control. OCT and OCTA could detect morphological retinal changes in PD and might be objective and reproducible auxiliary tools to assist clinician diagnosis.

Systematic review registration: [https://www.crd.york.ac.uk/prospero/], identifier [CRD42022301258].
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Introduction

Parkinson’s disease (PD) is often accompanied by severe degeneration of dopaminergic neurons within the substantia nigra pars compacta (1) and pathological changes such as Lewy body formation (2). The clinical symptoms encompass motor and non-motor symptoms such as dyslexia and diplopia (3). Due to the complexity of the pathological process and clinical manifestations of PD, diagnosis of PD and the assessment methods of its progression mainly rely on the clinician’s empirical judgment. However, there is still a lack of diagnostic biological markers (4). Currently, the key challenge is to find a reliable, easily applicable, and well-tolerated diagnostic marker for the diagnosis of PD.

The optic nerve, as part of the CNS (5), has a similar anatomical structure, and physiological characteristics, as well as the same origin of the embryo as the CNS. As the only part of the CNS which can be detected non-invasively, the retina is known as the window into the CNS (6). The structural changes in the retina are the material basis of visual symptoms in PD patients. Results of the post-mortem autopsy showed that PD patients had photoreceptor edema in the retinal plexus layer, loss of retinal ganglion cells (7), decreased retinal dopamine concentration (8), and α –synaptic protein deposition (9). OCT is a non-invasive imaging technique that allows rapid assessment of retinal structural and blood flow changes. Because of its high sensitivity, accuracy, reproducibility, and low cost, it can be used as a potential diagnostic tool for neurodegenerative disorders. However, it is still controversial whether OCT can be used as a biomarker for PD diagnosis. There has been a range of results owing to variations in instruments and research subjects.

Thus, the main purpose of the present systematic review and meta-analysis was to evaluate the difference in the RNFL, macular, GCL, vessel density, and optic disk area between PD patients and health control. The study aimed to provide evidence for the reliability of OCT in the screening and diagnosis of patients with Parkinson’s disease.



Materials and methods


Search strategy

This review was registered at PROSPERO (CRD42022301258), and conducted with reference to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (10). EMBASE, PUBMED, the Cochrane library databases were retrieved, while relevant papers were identified from 1 January 2017 to 24 January 2022. Keywords used in the search were “Parkinson’s Disease,” “Lewy Body Parkinson’s Disease,” “Lewy Body Parkinson’s Disease,” Idiopathic Parkinson’s Disease,” “Paralysis Agitans,” “Parkinson’s Disease, Idiopathic,” “Parkinson’s Disease, Idiopathic,” “Parkinson’s Disease,” “Parkinsonism, Primary,” “Idiopathic Parkinson’s Disease,” “Parkinson’s Disease, Lewy Body,” “Primary Parkinsonism,” “Tomography, Optical Coherence,” “Tomography, OCT,” Optical Coherence Tomography” Coherence Tomography, Optical,” “OCT Tomography,”. Using Endnote X20 as a preliminary sieve, references were imported and duplicates removed. Furthermore, references from former related articles were collected to make sure a comprehensive search was conducted.



Study selection and extraction

Under the guidance of the PICOS statement (participants, interventions, comparisons, outcomes, and study design), two review authors (DY and LZQ) independently determined study eligibility using a standardized inclusion form. Only articles written in English-language were included. Inclusion criteria consisted of: (1) Original article. (2) All patients were clinically diagnosed with Parkinson’s disease and without the medical histories of neither glaucoma, retinal vein obstruction, or other eye diseases. OCT or OCTA was used to observe RNFL thickness as well as other morphological changes. People who matched the subjects for age, and gender were recruited as the healthy control group (HC). (3) Outcome indicators: RNFL thickness, GCL thickness, macular nerve fiber layer thickness, optic disk area. All measurement data are mean ± standard deviation (ME ± SD). (4) The study must be a randomized controlled trial, cross-sectional study, prospective cohort study, or retrospective cohort study. Exclusion criteria were as follows:(1) unclear research question, undefined study object, (2) basic experiments, case series, case reports, meta-analyses, systematic reviews, and commentaries, (3) unable to extract key information from the literature, (4) no control group or incomplete data, (5) did not match the purpose of this article.

Based on the inclusion and exclusion criteria, each piece of literature was independently screened by 2 reviewers(DY and LZQ)and cross-checked. When meeting disagreement, it is necessary to discuss with another reviewer(WJW)to decide whether or not to include studies. The specific screening steps comprised three steps. Firstly, the reviewers would evaluate whether the title and abstract meet the inclusion and exclusion criteria. Secondly, the full text of the remaining articles would be further screened to evaluate whether they meet the eligibility criteria. Finally, two reviewers would check the literature included with each other. When meeting inconsistencies, another reviewer would resolve this problem and determine the inventory of the literature finally included. The extracted information from each study, including the first author, year of publication, study design type, sample size, the mean age of the patients, outcome, and so on, would be carefully and independently extracted by two reviewers.



Statistical analysis and quality assessment

RevMan version 5.3 software1 was used to perform the meta-analysis and draw the risk of bias plots. Instead of mean difference (MD), standardized mean difference (SMD) alone with a 95% confidence interval (95%CI) will be used to assess the continuous outcome, because measurement scales of OCT equipment were consistent between studies. p < 0.05 indicated a significant difference, on the other hand, testing for heterogeneity among the included studies was evaluated by the chi-square-based Q test and the I2 statistics. When P ≥ 0.1 and I2 ≤ 50%, the possibility of heterogeneity was low and the fixed effect model was adopted. When P < 0.1 and I2 > 50%, the possibility of heterogeneity was high, and the random effect model was adopted. Using egger’s test to judge publication bias when P > 0.1 indicated that there was no publication bias. The Newcastle-Ottawa Scale (NOS) was used to evaluate the quality of the included studies for cohort studies.




Results

The initial search strategy of the four databases retrieved 126 publications in English. A flow diagram of the study selection process is summarized in Figure 1, as well as the basic information of the included studies is shown in Table 1. A total of 119 articles were obtained after removing the duplicates. After screening the titles and abstracts, there are still 46 articles left. Finally, after reviewing the full text 26 articles initially remained: 1 RCT, 3 cohort studies, and 22 cross-section studies. There are a total number of 1,795 participants with 2,790 eyes (PD for 1,343 eyes and HC for 1,447 eyes) extracted from included studies. The sample size ranged from 19 to 137 PD participants, while the average ages of the participants ranged from 52 to 70.72 years old. All studies explicitly described that no statistically significant difference was found in age or gender between the two groups. The average duration of Parkinson’s disease patients ranged from 2.04 to 13.53 years. Out of the 26 studies included in the present meta-analysis, 25 studies explicitly reported the type of the OCT devices, which consisted of Zeiss, Optovue, Heidelberg, Topcon, NIDEK, and VG200. The quality of the included 26 studies was assessed using the Newcastle-Ottawa Scale (NOS) tool, and the quality scores ranged from 7 to 9.
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FIGURE 1
Flow diagram of the study selection process.



TABLE 1    Main characteristics of included studies.
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Retinal nerve fiber layer thickness

In total, 21 studies had been enrolled in this meta-analysis with a total number of 2,094 eyes, including 999 eyes from the PD group, while 1,095 eyes from the HC group (Figure 2). First, the heterogeneity test was conducted. The result shows that there was high heterogeneity in the study (I2 = 74%). After removing articles one by one, the heterogeneity remained substantial, therefore a random-effects model was used for the analysis. The results indicated that RNFL thickness in the PD group was significantly thinner than in the HC group (SMD: −0.53; 95%CI, −0.71∼−0.35; P < 0.00001). Additionally, the result is consistent with that of the most included studies (11, 13, 16, 17, 19–21, 25–27, 29–31, 33). However, seven studies showed no statistically significant difference in RNFL between PD and HC groups (14, 15, 22–24, 34, 36). Furthermore, the meta-analysis of RNFL thickness in superior, inferior, nasal, and temporal quadrants showed that RNFL thickness in the PD group of all quadrants, especially in superior and inferior quadrants, was thinner than HC group [(RNFL-S: SMD: 0.53; 95%CI, 0.81–0.26; P = 0.0001);(RNFL-I: SMD: 0.53; 95%CI, 0.80–0.26; P = 0.0001); (RNFL-N: SMD: 0.22; 95%CI, 0.37–0.07; P = 0.003);(RNFL-T: SMD:−0.25; 95%CI,−0.45 to −0.06; P = 0.009)] (Table 2). The Egger test was used to evaluate the publication bias, and the result showed P = 0.2977, indicating no obvious publication bias.
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FIGURE 2
Forest plot of the retinal nerve fiber layer (RNFL) thickness between PD group and HC group. PD, Parkinson’s disease; HC, health control.



TABLE 2    The results of the meta-analysis of the RNFL thickness in different quadrants.
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Ganglion cell layer thickness

In total, 11 studies had been enrolled in this meta-analysis with a total number of 1,391 eyes, including 677 eyes from the PD group, while 714 eyes from the HC group (Figure 3). First, the heterogeneity test was conducted. The result shows that there was high heterogeneity in the studies (I2 = 76%). After removing articles one by one, the heterogeneity remained substantial, therefor a random-effects model was used for the analysis. The results indicated that GCL thickness in the PD group was significantly thinner than in the HC group (SMD: −0.43; 95%CI, −0.66 to −0.19; P = 0.0003). Additionally, the result is consistent with the 4 included studies (16, 21, 23, 30). Nevertheless, seven studies showed no statistically significant difference in GCL between PD and HC groups (11, 14, 20, 22, 28, 34, 36). The Egger test was used to evaluate the publication bias, and the result showed P = 0.4285, indicating no obvious publication bias.
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FIGURE 3
Forest plot of the GCL thickness between PD group and HC group. PD, Parkinson’s disease; HC, health control; GCL, Ganglion Cell Layer.




Cup and disk area

In total, 2 studies had been enrolled in this meta-analysis with a total number of 144 eyes, including 69 eyes from the PD group, and 75 eyes from the HC group (Figures 4, 5). First, the heterogeneity test was conducted. The result shows that there was heterogeneity in the study (I2 = 49%), so the random-effects model was used for the analysis. The results indicated that there was no statistically significant difference in a cup and disk area among the PD group and the HC group (P = 0.45; P = 0.39).
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FIGURE 4
Forest plot of the disk area between PD group and HC group. PD, Parkinson’s disease; HC, health control.



[image: image]

FIGURE 5
Forest plot of the cup area between PD group and HC group. PD, Parkinson’s disease; HC, health control.




Macula thickness

In total, 11 studies had been enrolled in this meta-analysis with a total number of 1,346 eyes, including 621 eyes from the PD group, while 725 eyes from the HC group (Figure 6). First, the heterogeneity test was conducted. The result shows that there was no heterogeneity in the study (I2 = 0%), so the fixed-effects model was used for the analysis. The results indicated that macula thickness in the PD group was significantly reduced compared with the HC group (SMD: −0.22; 95%CI, −0.22 to −0.11; P < 0.0001). Nevertheless, there were only two studies consistent with our finds (30, 34). No statistically significant difference was found between the PD and HC groups in the other nine studies (11, 14, 15, 19, 27, 31, 33, 36). The Egger test was used to evaluate the publication bias, and the result showed P = 0.0688, indicating the existence of publication bias.
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FIGURE 6
Forest plot of the macula thickness between PD group and HC group. PD, Parkinson’s disease; HC, health control.




Vessel density in superficial retinal capillary plexus

Six studies had been enrolled in this meta-analysis with a total number of 901 eyes, including 363 eyes from the PD group, and 538 eyes from the HC group (Figure 7). First, the heterogeneity test was conducted. The result shows that there was high heterogeneity in the study (I2 = 91%). After removing articles one by one, the heterogeneity remained substantial, therefore the random-effects model was used for the analysis. The results indicated that SCP in the PD group was significantly lower than in the HC group (SMD: −0.61; 95%CI, −1.31 to −0.10; P = 0.02). Furthermore, a meta-analysis of SCP in superior, inferior, nasal, and temporal quadrants showed that SCP in the PD group of all quadrants, especially in nasal quadrants, was significantly lower than in the HC group [(SCP-S: SMD: −0.45; 95%CI, −0.75 to −0.15; P = 0.003);(SCP-I: SMD:−0.59; 95%CI, −1.17 to −0.02; P < 0.0001); (SCP-N: SMD: −0.92; 95%CI, −1.34 to −0.50; P < 0.0001);(SCP-T: SMD:−0.59; 95%CI,−0.79 to −0.40; P < 0.0001) (Table 3). The Egger test was used to evaluate the publication bias, and the result showed P = 0.1397, indicating no obvious publication bias.
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FIGURE 7
Forest plot of the SCP between PD group and HC group. PD, Parkinson’s disease; HC, health control.



TABLE 3    The results of the meta-analysis of the SCP in different quadrants.
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Vessel density in deep retinal capillary plexus

Three studies had been enrolled in this meta-analysis with a total number of 482 eyes, including 215 eyes from the PD group, and 267 eyes from the HC group (Figure 8). First, the heterogeneity test was conducted. The result shows that there was heterogeneity in the study (I2 = 87%). After removing articles one by one, the heterogeneity remained substantial, so the random-effects model was used for the analysis. The results indicated that DCP in the PD group was no statistical difference from that in the HC group (SMD: −0.48; 95%CI, −1.02 to −0.06; P = 0.08). Furthermore, the meta-analysis of DCP in superior, inferior, nasal, and temporal quadrants showed that DCP of superior, inferior, and nasal quadrants in the PD group were significantly reduced compared with HC group [(DCP-S: SMD: −0.91; 95%CI, −1.82 to 0.00; P = 0.05);(DCP-I: SMD: −0.75; 95%CI, −1.48 to −0.02; P = 0.04); (DCP-N: SMD: −0.45; 95%CI, −0.88 to −0.01; P = 0.04)] (Table 4). However, there was no statistically significant difference between the PD group and the HC group in the temporal quadrant (DCP-T: SMD:−0.59; 95%CI,−1.28 to 0.10; P = 0.09) (Table 3). The Egger test was used to evaluate the publication bias, and the result showed P = 0.3848, indicating no obvious publication bias.
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FIGURE 8
Forest plot of the DCP between PD group and HC group. PD, Parkinson’s disease; HC, health control.



TABLE 4    The results of the meta-analysis of the DCP in different quadrants.

[image: Table 4]




Discussion

In the present meta-analysis, we directly assessed OCT parameters such as the RNFL thickness, GCL thickness, macula thickness, etc., to evaluate neuropathological changes in PD patients. PD patients are often accompanied by visual symptoms such as visual illusions and minor hallucinations. A post-mortem study revealed that retinal dopamine content was reduced in PD patients (37), and the GCL, inner plexiform layer (IPL) as well as RNFL thinning were also found in PD patients (38). Decreased dopamine secretion and degeneration of retinal dopaminergic neurons are directly related to visual impairment and retinal nerve changes in PD patients (39). The neuropathological disorders in the retina of PD patients have gradually attracted more attention in recent years (40). RNFL thickness thinning in PD patients was first reported in 2004 by Martin et al. (41), they used OCT to demonstrate neuropathological changes in PD patients. Yet, other publications come to varying conclusions. Aaker et al. (42) reported no significant difference in RNFL thickness among the groups. Robbins et al. (34) reported that RNFL thickness in PD patients was a little bit higher than HC group but there was still no statistical difference. Nevertheless, Satue et al. (43) used OCT to evaluate retinal changes in eyes of PD patients and the results showed that PD led to RNFL, GCL, and macula thinning. Because of the discrepancy between former studies, whether OCT scan was able to identify retinal changes in PD patients and classify patients reliably into the patient group is still controversial.

The present study found that RNFL, GCL, and macula thickness are thinning in PD patients, moreover, OCT can reliably classify the PD patients according to retinal changes. Structural and functional retinal changes, such as thinning in RNFL thickness, have been described in a variety of neurodegenerative diseases like multiple sclerosis and Alzheimer’s disease (44), suggesting that retinal degeneration may occur simultaneously with central neurodegenerative changes. Therefore retina has been suggested to be the window to the neuropathological changes of the central nervous system (45). Garcia et al. (46) found that the thickness of RNFL in PD patients was negatively correlated with the severity of PD. Powell et al. (47) found that RNFL gradually became thinner by using an OCT device, and RNFL thickness was negatively correlated with the severity and duration of PD. Thus, using OCT to monitor dynamic retinal changes of PD patients is of Therefore, monitoring RNFL thickness in PD patients is of great importance in the early diagnosis as well as monitoring the development of the PD patients. Since only 1/10 of the retinal nerves are dopaminergic neurons (48), the loss of dopaminergic neurons has little influence on the thickness of RNFL. That may be the reason for the absence of statistical significance in RNFL changes in some studies. In this study, it was found that the thinning of RNFL was most obvious in the superior and inferior quadrants of PD patients, which may be related to the gradual degeneration of dopaminergic neurons in the retinal ganglion cells and amacrine cells, and eventually leading to the apoptosis of retinal ganglion cells (49). Finally led to the gradual atrophy of the optic nerve. The macula is the most sensitive part of the retina, where more than 50% of the retinal ganglion cells are concentrated. The changes in contrast sensitivity and color vision of PD patients are related to the thinning of GCL in the macula (50). Garcia et al. (46) reported that the GCL thickness of PD patients was negatively correlated with PD severity, while Polo et al. (14) found that GCL thickness was moderately correlated with color vision and contrast sensitivity. The clinical manifestations of PD are complex and varied, meanwhile different patients often suffer from different combinations of motor and non-motor symptoms. At present, there is a lack of reliable and easily detected biological markers (51). On the one hand for complicated PD patients who are unable to undergo lumber puncture pathological diagnosis and cannot be diagnosed and differentiated, OCT can be an important and useful adjunct for early diagnosis. On the other hand, for patients definitively diagnosed with PD, OCT is also an important adjunct to monitoring disease progression. In general, retinal changes play an important role in the progress of PD, on the other hand, OCT scan is a useful adjunct to differentiate people with PD from healthy controls.

As a promising non-invasive technique that can be used for imaging the microvasculature of the retina, optical coherence tomography angiography (OCTA) enables doctors to get a quantitative and rapid characterization of the retinal capillary in different layers (52). OCTA can provide not only structural and functional images of retinal vasculatures without using contrast agents but also better visibility (53). OCTA can detect retinal microvascular abnormalities of superficial and deep layers in patients who have no detectable clinical retinopathy (54). Former studies have shown that the retinal microvascular density decreased in PD patients (18), meanwhile, OCTA can be used as one of the biological indicators for the early diagnosis of PD (55). The SCP and DCP can be measured by OCTA scanning. Robbins et al. (34) found that vessel density (VD) decreased in PD patients, however, no structure changes such as tinning in RNFL were found in their study. Kwapong et al. (18) found that the SCP of PD patients decreased significantly, however, there was no statistically significant difference in the DCP. Rascuna et al. (31) found there was no significant difference in the SCP among the groups.

There is limited literature on retinal microvascular disorders in patients with PD, by OCTA scanning. As far as we know, this paper is the first systematic review of retinal microvascular density in patients with PD by OCTA scanning. The present study found that the SCP in PD patients was lower than that of the HC group. The result is in good agreement with former studies (18, 32, 34, 36). Additionally, two studies are inconsistent with our finds, Zhou et al. (36) found that the SVD of PD patients was a little bit lower than HC group, but the difference was not statistically significant, Rascuna et al. (31) found that the SVD was slightly higher in PD group, however, the difference was not statistically significant. A further meta-analysis of VD in different quadrants showed that SCP in PD patients in all quadrants was lower than that in the HC group, with the greatest reduction in nasal-SCP, with statistical significance (P < 0.05). Inflammation is the key pathogenesis and potential therapeutic target of PD (56); α-synuclein (α-syn), which also called Lewy bodies or Lewy neurites, is the core pathological feature of PD (57). The decreased VD and FAZ perimeter in PD patients are closely related to retinal neuroinflammation and gliosis (34). Ortuno et al. (58) reported retinal α –syn deposition around the retinal artery in mice with PD. Decreased retinal thickness and VD can also be observed in other degenerative neuropathies like multiple sclerosis (59), and the retinal microvascular degenerative pathologies, characterized by abnormal changes in VD, reflect processes of retinal degeneration (34). Compared with RNFL and other indicators, SCP may be an earlier and more sensitive indicator for PD patients (35). OCT in combination with OCTA can improve the diagnostic accuracy of PD (36). Meta-analysis of the DCP indicated that there was no significant difference between PD and HC groups. Further analysis of DCP in each quadrant showed that inferior and nasal DCP were lower than HC group, and the difference was statistically significant (P < 0.05), while superior and temporal DCP had no significant difference. DVD is greatly affected by projection artifacts and different OCTA devices are probable to have different OCTA algorithms (60), this could be the reason why the changes in the DCP in PD patients were not obvious.

Accounting for decreased RNFL thickness with advancing age, the average RNFL thickness decreased at a range of 0.4 μm per year (61). There was a large difference in the age between the included studies, for example, the mean age of the study by Eraslan et al. (11) is 10 years older than that reported by Polo et al. (14), while the mean duration was 7 years longer in the study by Eraslan et al. (11). The right and left sides of the brain are asymmetrically affected in PD patients (62), Shriert et al. (63) and Cubo et al. (64) found that there was intraocular asymmetry in macular retina thickness.10 studies of the included 26 studies randomly selected one eye from each patient for the analysis, on the contrary, 16 studies selected two eyes for the analysis. The difference in the selection of eyes might be an important reason for the heterogeneity. It is worth noting that a single retinal parameter may not be discriminative enough to serve as an independent biomarker with a predefined cutoff value to define disease presence or absence. However, these OCT and OCTA image findings may enhance clinician confidence in the diagnosis of PD when combined with clinical history and other existing tests. There is a need for future long-term studies that characterize the natural history of microvascular and structural changes in retinal tissue across the clinical spectrum of Parkinson’s disease. The results of such studies may provide insight into whether they can be used to assess the onset or rapid progression of PD.

However, the following limitations still exist in this study. First, retinal thickness is correlated with retinal dopamine concentrations. It is unclear whether dopaminergic medications have any effect on measurements obtained from OCT or OCTA. As an effective treatment for PD patients, dopaminergic medications are the drug of choice to relieve motor and non-motor symptoms of PD patients. Additionally, a majority of the included studies didn’t illustrate whether PD patients take dopaminergic medications, which may lead to bias in the results and consequently affect the accuracy of it. This may be the reason for the differences in the results of different studies. Second, different OCT devices of different manufacturers have different scanning strategies (65) which led to different scanning artifacts (66). Inter-device differences may cause bias in the present meat-analysis. Finally, refractive media opacity may affect the result of VD measured by OCTA (67), most of the included studies don’t illustrate whether all participants have clear refractive media. Limited by the existing devices as well as algorithm, the VD of DCP can be disturbed by SCP (68). Further studies must consider these limits (69).



Conclusion

Retinal nerve fiber layer thickness, GCL thickness, macular thickness, and SVD of PD patients are lower than those of healthy control. Serving as supplementary diagnostic tools, OCT and OCTA could detect early morphological retinal changes in PD and might be objective and reproducible auxiliary tools to assist clinician diagnosis. In the future, OCT and OCTA can be used to judge the progression of PD.
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Serum magnesium levels have been reported to reflect the risk of diabetic retinopathy (DR); however, the effect of serum magnesium level on diabetic macular edema (DME) remains unclear. Here, we investigated the association between the serum magnesium levels and DME in patients with DR. Patients with DR were recruited between January 2018 and June 2021. A total of 519 such patients were included in this study. All patients underwent a standardized clinical ophthalmic examination by an experienced ophthalmologist, and an assay was conducted to determine the serum magnesium concentration. Compared with the non-DME group, the DME group had a higher proportion of insulin use and a higher level of serum ischemia-modified albumin and fasting plasma glucose. The serum magnesium and calcium levels were lower in the DME group than in the non-DME group (P < 0.05). Higher magnesium levels were negatively associated with DME after adjustment for relevant covariates. Compared with the participants in the lowest magnesium quartile, those in the fourth quartile showed a significantly lower risk of DME after adjustment [odds ratio (OR), 0.294; 95% confidence interval, 0.153–0.566; P < 0.0001]. Considering the potentially different effects of serum magnesium on the development of DME in patients with DR based on age, DR staging and insulin use, stratified analysis was performed by considering these factors. Among insulin-using patients with non-proliferative DR who were < 66 years of age, those in the third and fourth quartile of serum magnesium were less likely to develop DME than those in the lowest quartile of serum magnesium [OR (95% CI), 0.095 (0.014–0.620), 0.057 (0.011–0.305); P = 0.014, 0.001]. Overall, a higher serum magnesium level was associated with a lower risk of DME in patients with DR. Furthermore, patients with DR who used insulin were more likely to develop DME. Long-term studies on oral magnesium supplements are needed to determine whether maintaining the serum magnesium levels in a higher physiological range can reduce the risk of DME in patients with DR.
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Introduction

Diabetes is a global health problem with high incidence (1) and can lead to several complications. Diabetic retinopathy (DR) is a unique diabetic microvascular complication that is the main cause of adult vision loss in many countries (2). Diabetic macular edema (DME), a buildup of fluid in the central retina, can occur at various stages of DR. DME is the main cause of central vision loss in patients with diabetes and can affect activities of daily living, such as reading and driving, and severely decrease their quality of life (3). Increased retinal vascular permeability, followed by edema and hard exudate, are the main clinical features (4). The prevalence of DR and DME in patients with diabetes has been reported to be 35.4 and 7.4%, respectively (5).

Serum magnesium levels have been reported to reflect the risk of DR (6). Magnesium is the second largest intracellular cation in the human body, after potassium. It is a cofactor of more than 600 enzymes and an activator of more than 200 enzymes (7). Moreover, magnesium plays a role in many metabolic pathways, including glycolysis, β-oxidation, and insulin signal transduction (8, 9). However, the effect of serum magnesium level on DME remains unclear. Therefore, the purpose of this study was to determine the clinical value of serum magnesium levels in the diagnosis of DME by analyzing the relationship between the serum magnesium levels and DME in patients with DR.



Materials and methods


Study population

This was a single-center retrospective study. A total of 519 patients with type 2 diabetes diagnosed with DR using color fundus imaging or fluorescein angiography who were admitted to the Department of Ophthalmology of the Affiliated Changshu Hospital of Xuzhou Medical University between January 2018 and June 2021 were enrolled in this study.

The exclusion criteria were as follows: (1) a history of eye trauma and eye surgery; (2) macular degeneration, macular anterior membrane, vitreomacular traction syndrome, and other fundus diseases; (3) pregnancy; (4) systemic diseases (neurological diseases; tumors; infections; severe hepatic, cardiac, and renal insufficiency; history of malignant tumors; history of hematology; history of autoimmune diseases; history of malabsorption; history of chronic diarrhea; and history of chronic kidney disease); (5) neuropsychiatric disorders leading to inability to cooperate with the examination; and (6) intake of thiazide diuretics, aminoglycoside antibiotics, amphotericin B, and other drugs that may affect serum magnesium excretion.

This study was approved by the Ethics Committee of the Affiliated Changshu Hospital of Xuzhou Medical University (Changshu, China; approval number: 2019082). All patients provided written informed consent upon admission.



Baseline data collection

Clinical data, including age, sex, history of hypertension, systolic blood pressure, diastolic blood pressure, and use of hypoglycemic drugs, were collected. The height and weight of all patients were measured while being in the standing position at admission. The body mass index was calculated by dividing the weight by the height squared (kg/m2). Blood pressure was read as the patient’s sitting blood pressure measured in a quiet state by a professional nurse at admission. Fasting (> 8 h) blood samples were collected for analysis. Blood (cell) count and serum biochemical variables (i.e., urea, uric acid, calcium, magnesium, ischemia modified albumin, retinol binding protein, fasting blood glucose) were assessed using a conventional automated blood analyzer (AU5800 Series Chemistry Analyzers; Beckman Coulter, Brea, CA, USA).



Definition of diabetic macular edema and ophthalmic examination

Each patient underwent a standardized clinical ophthalmic examination by an experienced fundus surgeon, including a review of ophthalmic history, measurement of visual acuity, and intraocular pressure, slit-lamp examination, and dilated fundus examination under a slit lamp. Color fundus imaging and optical coherence tomography were performed after pupil dilation, and fluorescein angiography was performed, where necessary. The diagnostic criteria for DR were based on the International Clinical Diabetic Retinopathy Disease Severity Scale (10). DME was defined according to the Early Treatment Diabetic Retinopathy Study report as any retinal thickening or hard exudate within the diameter of a disc in the fovea in the presence of DR features (11). Macular edema was confirmed by optical coherence tomography (Cirrus HD-OCT5000; Carl Zeiss, Jena, Germany) or fluorescein angiography (Spectralis HRA; Heidelberg, Germany).



Statistical analysis

The measurement data were normally distributed, represented by mean ± standard deviation values, and comparisons between the groups were made using the independent-sample t-test. The measurement data were skewness distribution data, represented by quartiles, and the Mann–Whitney U-test was used for intergroup comparison. Categorical variables are expressed as frequency (percentage) and were compared between groups using the χ2-test. Spearman’s rank correlation was used to analyze the correlation between serum magnesium levels and other clinical variables. A strong correlation was defined as a correlation coefficient > 0.4 and a P-value < 0.01. Binary logistic regression models were used to examine the relationship between serum magnesium levels and DME outcome. Variables with a P-value < 0.1 in univariate logistic regression were included in the multivariate logistic regression model. Statistical analyses were performed using SPSS 19.0 statistical software (IBM Corp., Armonk, NY, USA). All tests were two-sided, and statistical significance was set at P < 0.05.




Results


Baseline characteristics

In total, 519 patients with DR participated in this study. The patients in the DME group were older than those in the non-DME group. Although the proportion of men in the DME group was higher than that in the non-DME group, the proportion of women was still higher than that of men. Compared to the non-DME group, the DME group had a higher proportion of insulin use to control blood glucose and a higher level of serum ischemia-modified albumin and fasting plasma glucose. The serum magnesium and calcium levels were lower in the DME than in the non-DME group (P < 0.05). The clinical characteristics of all patients are listed in Table 1.


TABLE 1    Comparison of clinical characteristics between the diabetic macular edema (DME) and non-DME groups.
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Frequency of diabetic macular edema among patients with different serum magnesium levels

The serum magnesium levels of patients were divided into four groups according to the following quartiles: Q1 (≤ 0.78 mmol/L), Q2 (0.78–0.85 mmol/L), Q3 (0.85–0.91 mmol/L), and Q4 (> 0.91 mmol/L), respectively. The incidence of DME in all groups (58.1, 41.5, 41.7, and 26.9%, respectively) decreased with increasing serum magnesium levels. Compared with Q1, groups Q2, Q3, and Q4 showed statistically significant differences (P = 0.0051, P = 0.0121, P < 0.0001, respectively) (Figure 1). There was also a difference in the incidence of DME between the Q2, Q3, and Q4 groups (P = 0.0180, P < 0.0001, P = 0.0246, respectively).
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FIGURE 1
Prevalence of diabetic macular edema (DME) in patients with diabetic retinopathy stratified by the serum magnesium levels.




Comparison of risk for diabetic macular edema in patients with different serum magnesium levels

Table 2 shows the results from the univariate binary logistic regression model used to analyze the factors influencing DME, including serum magnesium, serum calcium, age, DR staging, and insulin use, in the multiple binary logistic regression model (Table 3). Multiple regression analysis (Table 3) showed that the serum magnesium levels in Q2 [odds ratio (OR), 0.512; 95% confidence interval (CI), 0.322–0.815], Q3 (OR, 0.515; 95% CI, 0.313–0.848), and Q4 (OR, 0.266; 95% CI, 0.153–0.461) were negatively correlated with the risk of DME compared with the serum magnesium levels in group Q1.


TABLE 2    Univariate analysis of factors influencing DME.
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TABLE 3    Multivariate analysis of factors influencing DME.
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After adjusting for age, DR staging, and insulin use (Model 5), the negative correlation between serum magnesium and DME risk in the Q4 group was still statistically significant (Table 3). Higher serum magnesium levels were associated with a reduced risk of DME in patients with DR (OR, 0.310; 95% CI, 0.153–0.629). Insulin use (OR, 2.643; 95% CI, 1.683–4.152) and DR staging (OR, 9.308; 95% CI, 4.913–17.635) were associated with an increased risk of DME in patients with DR, whereas age was associated with a reduced risk of DME in patients with DR (OR, 0.918; 95% CI, 0.894–0.941).



Subgroup analyses based on age, diabetic retinopathy staging, and insulin

Considering the potentially different effects of serum magnesium on the development of DME in patients with DR based on age, DR staging, and insulin use, stratified analysis was performed based on these factors. Among insulin-using patients with non-proliferative DR who were < 66 years of age, those in the third and fourth quartile of serum magnesium were less likely to develop DME than those in the lowest quartile of serum magnesium [OR (95% CI), 0.095 (0.014–0.620) and 0.057 (0.011–0.305), respectively; P = 0.014 and 0.001, respectively].



The serum magnesium level prediction value for diabetic macular edema

As shown in Figure 2, marked Model 4 had the largest area under the curve (0.856; 95% CI, 0.823–0.890; Table 4) and a greater risk prediction value.
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FIGURE 2
Receiver operating characteristic curves for diabetic macular edema.



TABLE 4    The predictive value of serum magnesium alone and combined with age, DR staging, and insulin for the occurrence of DME.
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Clinical parameters correlated with serum magnesium levels

The serum magnesium levels were positively correlated with age, DR staging and retinol binding protein but negatively with body mass index, systolic blood pressure, diastolic blood pressure, fasting plasma glucose, and neutrophil count (all P < 0.05). There was no association between the serum magnesium levels and urea, uric acid, ischemia-modified albumin, calcium, lymphocyte count, platelet count (Table 5).


TABLE 5    Clinical characteristics correlated with the serum magnesium levels.
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Discussion

Diabetes is a serious public health concern in China. In 2018, the estimated prevalence of diabetes mellitus in China was 12.4%. Approximately 36.7% of the Chinese adults with diabetes reported being aware of their condition, 32.9% reported receiving treatment, and 50.1% of those receiving treatment had fully controlled disease. Compared with the United States, diabetes awareness, treatment, and control rates are lower in China (12). In many of our patients, diabetes was identified in the ophthalmology clinic after patients presented at the clinic with vision problems. Additionally, several patients with diabetes cannot be evaluated for fundus conditions due to severe cataract at the first ophthalmology visit. Without timely and effective treatment, DME may lead to severe vision loss or even blindness, which will impose a heavy economic burden on families and society. Therefore, timely detection and treatment of DME are important (3).

DME is a complex pathological condition caused by many factors. Retinal thickening in the macular area due to exudate accumulation (extracellular edema) caused by blood-retinal barrier dysfunction is considered the main pathological mechanism of DME (13). Magnesium is one of the major elements required to maintain normal metabolism and ionic balance in ocular tissues (14). A study involving 3,100 patients with diabetes with normal serum magnesium found that the incidence of diabetic retinopathy decreased with the increase of serum magnesium concentration. In patients with normal serum magnesium levels, the serum magnesium levels were negatively associated with the risk of diabetic microvascular complications (15). In another study involving 2,222 patients with diabetes, the authors stratified their serum magnesium levels into quartiles (Q1–Q4) and found that the group with low serum magnesium, Q1 (≤ 0.85 mmol/L), and Q2 (0.85–0.90 mmol/L), had significantly higher incidence rates of DR (50.9 and 30.2%, respectively) than the groups with high serum magnesium, Q3 (0.90–0.96 mmol/L), and Q4 (≥ 0.90 mmol/L) (23.5 and 21%, respectively). Lower serum magnesium levels were reportedly related to an increased risk of developing DR (9). However, the relationship between the serum magnesium levels and DME in patients with DR was not discussed in any of these studies. Our results suggest that within the normal range, higher serum magnesium level is a protective factor against DME in patients with DR, especially for those in non-proliferative DR period, aged < 66 years, who use insulin to control blood glucose.

Magnesium may protect against DME through systemic and local mechanisms. The serum magnesium concentration in normal adults is 0.70–1.10 mmol/L. Approximately 20% of this magnesium is protein bound, 65% is ionized, and the rest is combined with various anions, such as phosphates and citrates (16). Hypomagnesemia occurs in 13.5–47.7% of the patients with type 2 diabetes (17). Insulin resistance could reduce the TRPM6 channel activity of the intestinal and renal tubular epithelium and reduce the absorption of magnesium in the intestinal and renal epithelium, resulting in low serum magnesium (18). Simultaneously, hypomagnesemia can aggravate insulin resistance, and both of them are mutually pathogenic factors (19). Hyperglycemia is a systemic risk factor for DME (3). Magnesium intake reduces oxidative stress responses and improves insulin and glucose metabolism (20, 21). Therefore, patients with DR having high serum magnesium levels may have a reduced occurrence of DME because magnesium improves blood glucose and insulin resistance. Increased oxidative stress levels in the context of low serum magnesium levels may also contribute to DME progression. Retinal nerve tissue is rich in polyunsaturated fatty acids and has the highest oxygen consumption among all tissues. During magnesium deficiency, insufficient antioxidant enzyme activity can damage membranes rich in lipid peroxidation by free radicals, consequently impairing retinal function (22).

Inflammation is another cause of DME. It has been reported that supplementation with MgO or Mg picolinate has the greatest impact on retinal function as it can improve lipid peroxidation and reduce the expression of pro-inflammatory cytokines, such as intercellular adhesion molecule and vascular endothelial growth factor, by preventing oxidative stress and lipid production (23). Magnesium can reduce retinal oxidative stress and neuronal inflammation (22). However, deficiency in magnesium causes systemic and local inflammatory states that may predispose patients with DR to DME.

Moreover, magnesium has been shown to protect against heart failure in patients with type 2 diabetes. This protective effect is mediated, in part, by factors, such as the control of blood sugar by magnesium and the reduction of endothelial inflammation (24). Oral magnesium supplementation can improve vascular endothelial function and reduce vascular endothelial inflammation (25, 26). Destruction of retinal vascular endothelial cells is considered to be the initial cause of DME (13). Therefore, decreased serum magnesium levels may lead to the aggravation of retinal vascular endothelial inflammation, resulting in endothelial dysfunction and increased permeability, which may make patients with DR more prone to DME. In addition, hypomagnesemia causes an imbalance between vasoconstriction and dilation (24). Retinal vasospasm caused by magnesium deficiency leads to retinal ischemia and hypoxia, which further accelerate retinal damage (22).

Our data also suggest that insulin-treated patients with DR are at a higher risk of developing DME. Many people with type 2 diabetes require insulin therapy because of the gradual loss of islet beta cell function. Insulin use may also increase the risk of DR and DME in some patients (27). Among more than 300 patients treated with insulin, a 100% increased risk of DME was reported in those treated with insulin compared with those treated with oral medications (27). In addition, some studies have found that the macular thickness of patients with type 2 diabetes treated with insulin was higher than that of people in the control group (28). Possible mechanisms of action include the upregulation of vascular endothelial growth factor expression, vascular activity of insulin itself, sudden improvement in glycemic control, and further damage to the already-impaired blood-retinal barrier (4). Insulin can also disrupt the tight junctions of retinal pigment epithelial cells by disrupting the outer barrier (29). Hypomagnesemia among diabetic patients was associated with diabetic retinopathy (30), and a decreased level of serum magnesium was associated with an increase in macular thickness and ellipsoid zone disruption in DME (31). However, the correlation between serum magnesium, DME, and insulin use was not discussed. Interestingly, in our data, elevated serum magnesium reduced the risk of DME in patients with non-proliferative DR aged < 66 years who were treated with insulin, but not in other age groups or in patients who were not treated with insulin. This may be related to the fact that in some of our patients, diabetes was discovered only after the first diagnosis in ophthalmology because of vision problems, and no standardized endocrine therapy had been previously performed. Nevertheless, in multiple quadratic regression, our data elucidated that the risk of DME was reduced in the highest quartile of serum magnesium compared with the lowest quartile, suggesting that maintaining adequate magnesium levels may reduce the risk of DME in patients with DR. Our results highlight the need for interventional studies to assess whether magnesium supplementation reduces the risk of DME in patients with DR.

However, our study had some limitations. First, this was a retrospective study, and further prospective studies are needed to investigate the association between the serum magnesium levels and microvascular complications in patients with diabetes. In this retrospective study, we investigated the serum magnesium levels in patients with DR, and the assessment of the systemic magnesium status was incomplete. Second, some of the enrolled patients did not know their specific diabetes history. Third, selection bias may have existed. Most patients in this study were residents of Changshu, China; therefore, caution should be exercised when applying the conclusions of this study to other patient groups. Prospective multicenter studies are needed to validate magnesium as a predictor of DME risk.



Conclusion

The higher the serum magnesium level, the lower the risk of DME in patients with DR. Furthermore, patients with DR who use insulin are more likely to develop DME. Long-term studies on oral magnesium supplements are needed to determine whether maintaining the serum magnesium levels within the physiological range can reduce the risk of DME in patients with DR.
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Comorbidities like glaucoma and migraine are often observed among middle-aged individuals, especially women. Herein, we report a rare case of a patient who underwent automated perimetry during a migraine attack. A 52-year-old woman with a 1-year history of blurred vision in the nasal field of her right eye visited Miyoshi Eye Clinic. The intraocular pressures of the right and left eyes were 22 and 24 mm Hg, respectively. Retinal imaging revealed a retinal nerve fiber defect in the temporal superior macula with corresponding thinning of the superior ganglion cell complex in the right eye. The left eye appeared normal. Primary open-angle glaucoma was suspected, and the patient underwent a visual field examination on the same day. Perimetry showed that the mean deviations in the right and left eyes were −5.00 and −7.68 dB, respectively. A visual field defect in the inferior nasal aspect of the right eye corresponded to the retinal nerve fiber defect. However, right-sided homonymous hemianopia–like visual field defects were observed in both eyes. After the examination, the patient stated that a migraine attack had started 5 min before the examination and continued till after its end (attack duration was ∼20 min). In the follow-up examinations without migraine, homonymous hemianopia-like visual field defects disappeared, and only a glaucomatous visual field defect in the right eye was observed. Hence, the initial visual field examination findings reflected the effects of a migraine attack alongside glaucoma. Detailed interviews with patients may be beneficial for understanding visual field findings and preventing their untimely examination.
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Introduction

Migraine, a common neurological headache disorder, affects 10–15% of individuals worldwide, especially those of working age (1). Typical migraines are characterized by headache; nausea, vomiting, or both; photophobia and phonophobia; and mild blurring of vision (2). Glaucoma is also a common ocular disease whose prevalence increases with age. In 2020, glaucoma was responsible for 11% of all cases of blindness globally in adults aged ≥ 50 years (3). Some studies (4–6) have suggested that migraine increases the risk of developing glaucoma. However, there have been studies reporting no such findings (7, 8). Hence, the relationship between migraine and glaucoma is yet to be fully clarified. Visual field defects are characteristic of glaucoma and are also experienced by patients with migraine (9–17); furthermore, migraine and glaucoma often present as comorbidities. Here we report a case of primary open-angle glaucoma wherein automated perimetry during a migraine episode revealed unique visual field defects.



Case description

This case report was approved by the Institutional Review Board of Saneikai Tsukazaki Hospital, Himeji, Japan (No. 221002). All examinations were conducted according to the Declaration of Helsinki.

A 52-year-old woman visited Miyoshi Eye Clinic in Fukuyama, Japan, with complaints of blurred vision in the nasal field of her right eye persisting for 1 year. Visual acuities and intraocular pressures (according to Goldmann applanation tonometry) in the right and left eyes of the patient were 0.2 (1.0 × S–2.25D) and 0.2 (1.0 × S–2.75D) and 22 and 24 mm Hg, respectively.

Slit-lamp examination revealed no inflammation in both eyes, which exhibited normal anterior chamber depth. A Mirante Scanning Laser Ophthalmoscope (Nideck Co., Gamagori, Japan) was employed to capture retinal photographs. Additionally, the RS-3000 system of optical coherence tomography (Nideck Co.) was used to measure the thickness of the macular ganglion cell complex (Figure 1). The color image of the right eye revealed a defect of the retinal nerve fiber layer and a corresponding notch sign in the superior optic disk. Moreover, optical coherence tomography demonstrated thinning of the macular ganglion cell complex in the temporal superior aspect (Figure 1, left panel). The left eye of the patient exhibited no apparent glaucomatous alterations (Figure 1, right panel). The findings of the right eye indicated primary open-angle glaucoma, and a visual field examination using a Humphrey field analyzer (HFA; Carl Zeiss Meditec AG, Dublin, CA; 30-2 Swedish Interactive Threshold Algorithm standard) was performed on the same day. HFA was conducted from the right to the left eye without interval. The mean deviations of the right and left eyes were −5.00 and −7.68 dB, respectively (Figure 2). A visual field defect in the nasal inferior aspect of the right eye corresponded to the retinal nerve fiber layer defect observed earlier. However, in both eyes, a right-sided homonymous hemianopia-like visual field defect was observed in both grayscale and pattern deviation images (Figure 2). Following perimetry, the patient stated that she experienced a migraine attack with an aura during the HFA examination. Consequently, a detailed medical interview regarding the migraine history of the patient was conducted.
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FIGURE 1
Retinal photographs and thickness evaluation of the macular ganglion cell complex using optical coherence tomography. Retinal nerve fiber layer defects (white arrows, bottom left image) were observed in the right eye. Optical coherence tomography also showed thinning of the macular ganglion cell complex in the temporal superior aspect.
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FIGURE 2
The results of a visual field examination using a Humphrey field analyzer. In the right eye, a visual field defect in the nasal inferior aspect corresponded to a defect in the retinal nerve fiber layer. In both eyes, a right-sided homonymous hemianopia-like visual field defect was observed.


The patient started experiencing migraines at the age of 17 years, with a frequency of several times per month. However, the frequency of the attacks and the headache during migraine attack decreased with age. Presently, the migraine symptom of the patient involved a visual disturbance aura almost without headache. She described the visual disturbance as dazzling white areas that emerged at various points in her visual field and spread across the whole field in a wave. The direction of the waves varied with each attack. The migraine aura and headache alternated between the right and left visual fields and frontal, lateral, or both hemispheres, respectively. As the patient did not exhibit vertigo or dizziness (18), her migraine was categorized as ICHD-code 1.2.1.2 “Typical aura without headache” (19).

The visual disturbance started 5 min before the HFA examination. The patient expressed that she was nervous during the examination. During the examination, the patient developed the visual disturbance. The migraine attack intensity peaked following the completion of the HFA examination of both eyes, and the attack lasted for ∼20 min.

The patient was started on antiglaucoma medication to prevent glaucoma progression. The intraocular pressure of the patient was controlled at approximately 18–20 mm Hg at the 11-month follow-up.

The HFA examination was repeated 1 and 10 months following the first examination (Figure 3), and mean deviations of −0.23 and −0.60 dB and −0.33 and 1.22 dB of the right and left eyes, respectively, were observed. During both examinations, the patient exhibited no migraine symptoms. The examination findings indicated no homonymous hemianopia–like visual field defects. The only abnormality was the visual field defect in the nasal inferior aspect of the right eye, corresponding to the retinal nerve fiber layer defect (Figure 3). Hence, the findings of the first HFA examination, which was performed during a migraine attack, reflected the effects of both glaucoma and migraine aura on the visual field.
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FIGURE 3
The results of visual field examinations using a Humphrey field analyzer (HFA) 1 and 10 months after initial HFA examination during a migraine attack. Follow-up findings revealed only glaucomatous visual field defects in the right eye without right-sided homonymous hemianopia-like visual field defects.




Discussion

Here we reported a case of migraine-related visual field defect observed during perimetry in a patient with typical glaucoma. Luu et al. (9) reported a case of right-sided homonymous hemianopia assessed using HFA during a migraine attack; the HFA findings were similar to those of our patient. Furthermore, Yohannan and Jampel (10) reported a case of a left inferior quadrantanopsia using HFA during a migraine attack in a patient suspected of glaucoma. Both studies reported that repeated perimetry showed a resolution of anopia and a normal visual field (9, 10).

Yener and Korucu (11) compared HFA findings during attacks both in patients with migraine without aura and in those with tension-type headache and found no difference in their mean and pattern deviation values. Furthermore, the patients reportedly exhibited different patterns of non-specific visual field defects (11). Using automated perimetry (Dremel DigiLab 750; BioRad Laboratories, Hercules, CA, USA), Ebner (17) reported visual field depression, except in the central 5°, in a patient with homonymous type distribution during a migraine attack. During such an episode, aura, headache, and a consequent decrease in the ability to concentrate may impact visual field findings. Migraine is considered to have a cortical origin because visual auras are homonymous and hemianopic (2). Visual auras comprise transient neurological disturbances of sight (90% of cases), disturbances of speech, or tingling/numbness of the face or body (2). Other visual field analyses using automated perimetry following a migraine attack have been reported (12–16). In these reports, a week after the attack, a decrease only in the sensitivity of the examination was observed (12–15). Additionally, a bilateral homonymous deficit was not observed in any case (12–15). Therefore, homonymous hemianopia visual field defect (9, 10, 17) can be considered as a common visual field characteristic of migraine attacks. Furthermore, this supports our HFA examination findings during a migraine attack. However, whether the homonymous hemianopia visual field defect reflects the ongoing visual auras or transient cerebral cortex paralysis remains unknown. A study reported that decreased sensitivity following the headache lasts 30–40 days on average, with a few cases showing durations of up to 75 days (16). Fortunately, the visual field defects in our patient recovered after 1 month. However, ophthalmologists should consider migraine episodes while evaluating the visual fields of patients with glaucoma.



Conclusion

We described the findings of an automated visual field examination performed on a patient with typical glaucoma during a migraine attack. Detailed interviews with patients may be beneficial for understanding visual field findings and preventing their untimely examination.
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Purpose: Obstructive sleep apnea (OSA) is related to an increased incidence of dry eye disease (DED). However, their exact relationship is unknown and requires further well-designed studies with advanced mechanisms detection.

Patients and methods: This case–control study included 125 OSA cases and 125 age–gender-matched controls enrolled in the hospital between 1 January and 1 October 2021. OSA diagnosis and classification were performed using a polysomnography (PSG) assay. Detailed ophthalmological examinations, including the Schirmer I test, corneal staining, and ocular surface disease index (OSDI), were used to detect DED-related parameters. A comprehensive ocular surface assay was performed to measure a series of parameters, including first non-invasive first tear film break-up time (f-NIBUT), average non-invasive first tear film break-up time (av-NIBUT), tear meniscus height (TMH), and loss of meibomian gland. In addition, the Pittsburgh Sleep Quality Index (PSQI) scale was used to assess sleep quality.

Results: Compared to the control, the OSA group showed an increased DED risk (P = 0.016) along with an increased PSQI score and a higher rate of poor quality sleep (P < 0.001 and P = 0.007, respectively). Stratification of OSA cases indicated that DED-related parameters were impaired in patients with severe OSA (P < 0.05). The analysis of DED-parameters-related factors showed significant correlations between OSA-related indexes and PSQI (P < 0.05). Moreover, the poor sleep quality group in the OSA cases showed worse DED-related parameters (P < 0.05), which was not observed in the control group.

Conclusion: OSA, especially the severe stage OSA, was related to an increased risk of DED. Also, sleep quality was correlated with the onset of both OSA and DED, where poor sleep quality revealed a relationship between OSA and the risk of DED. Overall, our findings provided evidence for advanced management of DED and OSA in future.
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obstructive sleep apnea, dry eye disease, sleep quality, a case-control study, dry eye


Introduction

Obstructive sleep apnea (OSA) syndrome is mainly manifested as snoring during sleep, accompanied by apnea and superficial breathing. OSA cases include the repeated occurrence of hypoxemia, hypercapnia, and sleep structure disorders at night, along with well-accepted related damages, such as cardiovascular, cerebrovascular, and metabolic dysfunctions (1). Understanding the potential pathological contributions of OSA to cancers, depression, and asthma can also update our knowledge of its biological effects (2, 3). In addition, a previous cross-sectional study involving 3,303 subjects showed that OSA was an independent risk factor for dry eye disease (DED) (4). Therefore, detecting the relationship between OSA and DED may provide information to manage both diseases.

Dry eye disease is regarded as one of the most common public health problems, with a prevalence rate of 5 to 50% (5). It leads to various symptoms, including a sensation of the presence of a foreign body, itching, and a burning sensation, and involves both physical and emotional discomforts described in ophthalmology (6). Currently, the management of DED includes eye drops targeting tear dysfunction, as well as abnormal inflammation in the ocular surface. However, the overall satisfaction degree for DED treatment is unsatisfactory (7). To provide better preventive and therapeutic strategies for DED patients, it is necessary to identify the risk factors of DED. Since OSA is a potentially harmful factor of DED, targeting OSA might provide advanced improvements in the management of DED. A study including both severe and mild/moderate OSA cases showed that OSA influenced meibomian gland alterations (8). Since meibomian gland dysfunction (MGD) is one of the structural bases of DED, OSA can be considered to harm the functioning of the meibomian gland, promoting the incidence of DED. Although OSA is relatively accepted as a potentially harmful risk factor for DED, its detailed pathological process remains unclear.

Mounting evidence demonstrates that sleep disorders are becoming prevalent health issues worldwide, with an estimate of 150 million people suffering from them (9). OSA is one of the most detected sleep disorders causing excessive daytime sleepiness along with other potential sleep disorders (10). Yet, about 80% of moderate and severe OSA cases remain undiagnosed (11). Hence, the potential influences of poor sleep quality caused by OSA should be investigated by further advanced wide-range studies. Although sleep disorders are prominent, they are overlooked as serious comorbidities of DED, and there is also a lack of information on their detailed pathological connection (12). As poor sleep quality is related to both OSA and DED, we conjecture that poor quality of sleep might contribute to DED in patients with OSA. To verify this hypothesis, we conducted a case–control study with the following purposes: (1) recording and analyzing the detailed DED-related parameters and sleep quality among the OSA cases and age–gender-matched controls, and (2) detecting the association between poor sleep quality and DED incidence in OSA cases.



Materials and methods


Study design and participants

We conducted a hospital-based, case–control study involving OSA cases and healthy controls from Changshu Hospital between 1 January and 1 October 2021. The included participants were screened consecutively based on their history of the disease, drug use, and cooperation during the study period. After performing the polysomnography (PSG) examination in the Sleep Center, a total of 125 OSA cases and 125 age–gender-matched controls were included in the advanced experiments. The general information, DED-related examination records, and sleep quality assessments of all participants were collected, and after a series of processing, including OSA stratifications, DED scores, and sleep quality classifications, the data were used for statistical analyses. The detailed flow diagram of the study design and screening of participants is presented in Figure 1.
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FIGURE 1
Detailed flow diagram of study design and participants screening.


This case–control study was carried out as per the Declaration of Helsinki and was approved by the Institutional Review Board and Ethics Committee of the Changshu No. 2 People’s Hospital. Furthermore, written informed consent was obtained from all included participants.

The inclusion criteria included OSA cases confirmed by PSG, while the control group included the age–gender-matched participants without OSA. The age difference between OSA cases and matched controls was less than 2 years.

The exclusion criteria included OSA cases and relevant controls based on our team’s related publications with slight modifications (13, 14). Participants were excluded from the OSA group if they met any of the following criteria: (1) patient with heart diseases, cerebrovascular diseases, autoimmune disorders, metabolic syndromes, malignant tumors, and psychological disorders; (2) patient with lacrimal diseases, systemic Sjogren’s syndrome, or chemical injury in the cornea and conjunctiva; (3) history of the previous ocular surface, vitreoretinal, lacrimal canal, and tear gland surgeries in the recent 6 months; (4) patients with allergies or other conditions not able to finish the examination or treatments; (5) recent eye drops usage within 1 month; (6) history of sinusitis-nasal septum deviation and other diseases affecting sleep; (7) recently rotated night shift work for at least past 1 week; and (8) unwillingness to participate in the research.



Polysomnography examination

After performing a PSG examination using the Respironics Alice 5 system at the Sleep Center of the Department of Ear-Nose-Throat in Changshu No. 2 Hospital, all participants were divided into OSA and control groups. All detection procedures followed our previous research (13). The operation protocol included monitoring of at least 7 h of sleep time according to the patient’s sleep habits, accompanied by the usage of PSG to monitor standard 3-lead electrocardiogram (EEG), electromyography (EMG) signal acquisition of heartbeat, eye movement, jaw movement, and leg movement. While the respiratory movement was automatically identified using the chest and abdomen respiratory induction plethysmography (RIP) belt, the respiratory airflow was intelligently identified by measuring the vitality and duration of the breath airflow in the nose and mouth. Subsequently, the following indicators were recorded: oral and nasal airflow; pulse saturation O2 (SpO2); sleep stages and the percentage of time in each period; the number of awakenings and other indicators; apnea-hypopnea index (AHI); obstructive apnea index (OAI); minimum blood oxygen saturation (lowest oxygen saturation, LSpO2); oxygen desaturation index (ODI); mean oxygen saturation (MSpO2) and percentage of time with SpO2 < 90% (CT90%). On the day of the PSG examination, participants were not allowed to consume coffee/strong tea, alcohol, sedative drug, or sleep during the daytime. The cutoff value of OSA diagnosis was set at AHI = 5. A value of AHI 5–15, 15–30, and ≥30 events/hour indicated mild, moderate, and severe OSA cases, respectively (15).



Dry eye disease-related examinations

The basal DED detections were combined with a comprehensive inspection of the ocular surface to carry out DED-related examinations. The detailed process was modified based on the previous workflow of our recent publication (14), while DED was diagnosed based on non-invasive first tear film break-up time. Simultaneously, both f-NIBUT and av-NIBUT were measured as well. In addition, TMH and meibomian gland loss were detected using an Ocular Surface Comprehensive Analyzer (Sirius; CSO, Florence, Italy). The patient was instructed to place the mandible on the chin support while the forehead was maintained close to the forehead support, keeping their eyes open until the next blink. The instrument automatically captured the tear film image and displayed the measured values. The values from two repeats were used to obtain the average value. To a certain extent, TMH reflected the amount of tear secretion (Supplementary Figure 1). The Ocular Surface Comprehensive Analyzer was used to obtain a non-invasive TMH value by manually measuring the length between the corresponding points in the automatically presented tear film image. Sirius Anterior Segment Analysis System was used to obtain the imaging of upper and lower meibomian glands using the meibomian photography mode (Supplementary Figure 2). After capturing at least five images from the conjunctival surface of the upper and lower tarsal plates, the operator chose the clearest meibomian gland structure image and marked its boundary with equipment software. The device calculated the loss of the meibomian gland, and the results were classified according to the rate of loss. The mean values of two repeats were used for the final analyses.

Next, DED diagnosis and severity classification were performed using DED-related examinations, including the Schirmer I test, corneal fluorescein staining, and ocular surface disease index (OSDI) scales. The detailed operation process was achieved based on a previous publication (14). Specifically, a folded Schirmer paper strip (5 mm × 35 mm) was placed at the outer third lower eyelid margin for 5 min while minutes and the wetting length of Schirmer paper were recorded as the Schirmer scores. The Oxford corneal staining score was used in the corneal fluorescein scale, and the ocular surface was divided into three parts, namely nasal conjunctiva, temporal conjunctiva, and cornea. Each part was scored from light to heavy, with points ranging between 0 and 5. The total score ranging between 0 and 15 points was used for the final analyses. Finally, DED was diagnosed based on the Expert Consensus on Clinical Management of Dry Eye (2020) (16).



Sleep quality assessment

The sleep quality of all participants was assessed using the Pittsburgh Sleep Quality Index (PSQI) scale (17). The scale was compiled by Buysse of the University of Pittsburgh Medical Center in 1989, which included 19 self-evaluations and five other evaluation items. The items included seven components, namely subjective sleep quality, sleep duration, sleep latency, sleep efficacy, sleep disturbance, sleep aid medication, and sleep-related daytime problems. Each dimension was scored by a 4-level scoring method, that is, between 0 and 3 points, while the total score was calculated between 0 and 21 points. Based on a previous publication by Magno et al. (18), a PSQI score of <6 points indicated good sleep quality, while a PSQI score of ≥6 points indicated sleep disorder. The higher the PSQI score, the worse the sleep quality.



Statistical analysis

The statistical analysis was conducted using GraphPad Prism 8 software (GraphPad Software Inc., San Diego, CA, USA). The categorical variables were presented using frequency, while the continuous variables were expressed as mean ± standard deviation (SD). The Kolmogorov–Smirnov test was used to verify the normality of values, while the chi-square test was used to compare the differences in categorical variables among different groups. The t-test was used to compare the differences between two groups, while the analysis of variance (ANOVA) was used to compare the differences among multiple groups. For the post-hoc analyses of ANOVA, the Student–Newman–Keuls (SNK) method was used. The correlation analyses between OSA-related parameters, PSQI scores, and DED-related parameters were calculated using Pearson’s correlation coefficient. The difference was considered statistically significant if the p-value was less than 0.05.




Results


Baseline characteristics

Table 1 presents the baseline information, including demographics, OSA-related parameters, clinic characteristics, and sleep quality, of the participants in both OSA and control groups. Since it was an age–gender-matched case–control study, there was consistency in the status of age and indiscriminate gender distribution between OSA and relevant control groups (P = 0.809 and P = 0.552, respectively). To obtain OSA-related parameters, all participants were divided into two groups, namely OSA and control groups. Compared to the control groups, the OSA group showed significantly increased values of OSA-related parameters, including AHI, OAI, ODI, MSpO2, LSpO2, and CT90. Advanced analyses of the clinical characteristics showed higher incidences of hypertension and hyperlipidemia in the OSA cases (P < 0.05) along with an increased BMI value (P < 0.001). However, no significant difference was observed in the incidence of diabetes (P = 0.105). The OSA group showed a significantly higher incidence rate of DED (P = 0.016) than the control. Since sleep quality was reported to be related to OSA status, we examined the sleep quality in both OSA and relevant control groups using the PSQI score, which showed an increase in the PSQI score and a higher incidence rate of poor sleep quality in the OSA group (P < 0.05). Moreover, the detailed descriptions of PSQI contents in the OSA group showed higher scores in subjective sleep quality, sleep duration, sleep disturbance, sleep aid medication, and sleep-related daytime problems (P = 0.004, 0.010, 0.076, 0.002, 0.022, and 0.014, respectively).


TABLE 1    Demographics, clinical characteristics, OSA-related parameters, DED incidence, and sleep quality in OSA cases and relevant controls.
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Dry eye disease incidence and dry eye disease-related parameters in the obstructive sleep apnea and relevant control groups

Since our results suggested a higher DED incidence rate in the OSA group, the stratification of OSA groups provided a further detailed description of DED-related parameters. According to the AHI value of 5, 15, and 30 events/h, OSA cases were divided into mild, moderate, and severe groups, respectively. Generally, most DED-related parameters were significantly different in mild, moderate, and severe group between control and OSA cases; however, no significant difference was detected in their TMH values. The classic DED-related indexes, including Schirmer I test values, Oxford corneal staining score and OSDI, comprehensive ocular surface assay parameters, including f-NITBUT, av-NITBUT, TMH, and loss on eyelid meibography, can provide a better understanding of the relationship between OSA and DED. Generally, no significant difference was observed in any DED-related parameters between the mild/moderate OSA and control groups. Interestingly, most DED-related parameters were impaired in severe OSA cases, with no significant difference in Oxford corneal staining score and TMH between the control and severe OSA cases (P = 0.0780 and 0.064, respectively). The detailed data are presented in Table 2.


TABLE 2    Incidence of DED, DED-related parameters, and comprehensive analysis of ocular surface among OSA cases in different stages and the relevant controls.
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The correlations between general information, obstructive sleep apnea-related parameters, sleep quality, and dry eye disease-related parameters

Dry eye disease incidence and its related parameters were found to be significantly related to the risk and severity of OSA. In this case–control study, age and BMI were significantly associated with loss of lower eyelid meibography and Schirmer I test values, respectively (P < 0.05). The relationship analyses between DED-related parameters and OSA-related indexes, including AHI, OAI, ODI, MSpO2, LSpO2, and CT90, revealed a comprehensive correlation between them. Finally, the potential correlations between sleep quality and DED-related parameters were also analyzed, where sleep quality was assessed using the total PSQI score. The correlation analyses performed using the PSQI score showed negative linear correlations among Schirmer I test, f-NITBUT, av-NITBUT, and TMH values. However, positive correlations were detected among Oxford corneal staining score, OSDI score, loss on upper eyelid meibography, and lower eyelid meibography. The detailed correlation data are shown in Table 3.


TABLE 3    Correlation analyses of DED-related ophthalmologic parameters and relevant factors, including general information, OSA parameters, and sleep quality among all the participants.
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Dry eye disease-related parameters of good and poor sleep groups belonging to obstructive sleep apnea and relevant control cases

As sleep quality was related to both OSA status and DED incidence, advanced analyses were used to detect the potential contributors of sleep quality in OSA-related DED incidence. Based on the PSQI score, the participants were further divided into good sleep quality and poor sleep quality groups. Interestingly, no significance was observed in any DED-related parameters between good sleep and poor sleep groups within the control participants (P > 0.05). However, in the poor sleep group in the OSA cases, a significantly increased incidence of DED was observed (P = 0.002). Advanced analyses included detailed classic DED-related parameters, including the Schirmer I test, corneal staining assay, and OSDI scores, which showed that OSA patients with poorer sleep tended to demonstrate less tear production and severe ocular surface damage with ocular discomfort (P < 0.05). Loss on both upper and lower eyelid meibography represented the meibomian gland structures and their potential biological function. Compared to the OSA cases with good sleep, the poor sleep ones demonstrated an increased rate of loss in eyelid meibography (P < 0.001). Table 4 presents DED-related parameters of good and poor sleep groups belonging to the OSA cases and relevant controls.


TABLE 4    Dry eye disease (DED)-related parameters in good and poor sleep groups of OSA cases and relevant controls.
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The association between sleep quality and dry eye disease-related parameters in the obstructive sleep apnea cases

As significant differences were detected in DED-related parameters, potential correlations were also found between PSQI scores and DED-related parameters. Among all the DED-related parameters, three parameters, including the Schirmer I test, OSDI score, and NIBUT, were selected for linear correlation analyses. As shown in Figure 2A, a negative correlation was found between the PSQI score and Schirmer I test value (R2 = 0.196, P < 0.001). Besides, a positive correlation was demonstrated between PSQI score and OSDI value considering the clinical symptoms (R2 = 0.346, P < 0.001, Figure 2B). NITBUT was regarded as an index for tear film quality and was also reported to be associated with an increased PSQI score (R2 = 0.223, P < 0.001, Figure 2C).
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FIGURE 2
Associations between PSQI score and DED-related parameters. (A) A negative correlation between PSQI score and Schirmer I test value in the OSA cases (R2 = 0.196, P < 0.001). (B) A positive correlation between PSQI score and OSDI score (R2 = 0.346, P < 0.001). (C) A negative correlation between PSQI score and NIBUT (R2 = 0.223, P < 0.001). All the trend lines were simulated with a linear regression model.


To gain a better understanding of the association between sleep quality and DED-related parameters, the correlations were analyzed between detailed PSQI contents and all DED-related parameters, which are presented in Figure 3. An insignificant difference was only detected in the correlation between sleep aid medication and Schirmer I test values (P = 0.086). In the analysis of all correlation matrices between sleep quality scales and DED-related parameters, OSDI demonstrated the most significant correlation index (R = 0.34 to 0.59, P ≤ 0.001).
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FIGURE 3
Correlation matrix of the subscales of PSQI and DED-related parameters. The circle size reflected the Pearson R-value, and detailed Pearson’s R-values were recorded in the circles. The color reflected the correlation coefficient and most red reflected −1 while most blue reflected 1.





Discussion

Current observational studies demonstrated that OSA, sleep disorders, and DED are all prevalent disorders. However, the detailed relationship between these disorders and their potential biological mechanisms remains unclear. In this case–control study, DED and poor sleep quality were found to be more prevalent in OSA cases. Further classification of the OSA cases into mild, moderate, and severe groups showed that the DED incidence was found to be higher in the severe OSA group. Moreover, poor sleep quality was related to a higher risk of DED among all the participants, while worse sleep quality was related to severe DED. The analysis of the relationship between PSQI contents and DED-related parameters showed that PSQI scale contents were positively correlated with the OSDI score. Our study highlighted the potential role of sleep quality in the relationship between OSA status and DED risk.

Obstructive sleep apnea can reduce the quality of life, leading to multi-system disorders, including cognitive function impairment, systemic hypertension, cardiovascular diseases, and metabolic syndromes (19). Even several therapies, including surgery, mandibular advancing device (MAD) and continuous positive airway pressure (CPAP), have been applied in OSA management (20, 21), and several accompanying diseases should be noticed. Recent studies illustrated that DED may be a comorbidity of OSA. This finding may provide an updated understanding of both pathological mechanisms and disease management. In a recent hospital-based cross-sectional study, OSA was found to be a risk factor for DED (OR = 4.36, 95% CI: 1.26 to 17.08) (22). As indicated in our results, the OSA cases showed a higher risk of DED compared to the age–gender controls, which was consistent with the previous studies. Since the association between DED and OSA incidence has been indefinite, this study can provide new evidence on the topic. Moreover, our results demonstrated the incidence of DED and dysfunctions in DED-related parameters in severe OSA cases, suggesting the induction of DED risk by severe OSA status. Our results also illustrated that severe OSA might induce further pathological changes, indicating its involvement in the potential direct or indirect pathological mechanisms underlying the incidence of DED.

Although the association between OSA and DED incidence was revealed in previous studies, there is a need for further detailed knowledge of the contributions of OSA toward the risk of DED. Among all DED subtype classifications, aqueous-deficient and evaporative DED subtypes are the most common ones (23). Generally, aqueous-deficient DED is related to reduced tear production, while evaporative DED is related to an abnormal lipid layer, which includes MGD. In the current study, the aqueous-deficient DED-related parameter, namely TMH, showed no significant difference between control and OSA groups at different stages. However, the severe OSA cases showed lower Schirmer I test values, suggesting an increased risk of aqueous-deficient DED. Moreover, floppy eyelid syndrome was also a most frequently reported comorbidity of OSA, which affects tear film dynamics and contributes to a high rate of water evaporation (24, 25). These results demonstrated that OSA might contribute to the incidence of aqueous-deficient DED; however, well-designed studies may be required in future. Considering the evaporative DED-related parameters, NITBUT and meibography were found to be significantly impaired in the OSA cases, suggesting the association of OSA with MGD-related evaporative DED. Several previous studies have reported a relationship between OSA and morphological alterations in the meibomian gland, while two independent case–control studies have highlighted the potential contributions of OSA in MGD-related DED (8, 26). Although the current study, along with other studies, has reported the relationship between OSA status and morphological alterations in the meibomian gland, the detailed biological mechanisms remain unclear. The physiological characteristics of OSA include partial or complete chronic upper airway obstruction, leading to intermittent hypoxia, sleep fragmentation during sleep, induced sympathetic nerve activation, oxidative stress, hypercoagulable state, inflammation, endothelial function damage, and metabolic abnormality (27). Intermittent hypoxia can lead to the production of reactive oxygen species, oxidative stress, endothelial function damage, and an increase in the activity of pro-inflammatory cytokines, adhesion molecules, and procoagulant factors. This leads to systemic inflammation through a series of transduction pathways (28). Inflammation plays an important role in the occurrence of both OSA and DED, with important inflammatory mediators in DED being interleukin 6 (IL-6) and C-reactive protein (CRP) (29). OSA is independently associated with elevated levels of CRP, IL-6, interleukin 8 (IL-8), interleukin 18 (IL-18), and tumor necrosis factor (TNF) (29, 30). In addition, the oxidative stress caused by OSA can upregulate inflammatory factors, cytokines, and adhesion molecules, in turn leading to circulatory and local inflammation. This can lead to dysfunctions of both the lacrimal and meibomian glands, thus, causing aqueous-deficient and evaporative DED, respectively. However, further clinical investigations and pathological experiments are required for a better understanding of the exact role of OSA in DED risk.

Obstructive sleep apnea is one kind of sleep disorder causing poor quality of sleep (31). Several recent studies reported the association between sleep quality and DED status. In a cross-sectional study, poor sleep quality was reported to be associated with the symptoms of DED (4). Several other independent studies have also reported the potential association between sleep quality and DED severity (12, 32, 33). In this case–control study, only the OSA group showed a relationship between poor sleep quality and higher DED risk and not the control group. The differences in the distribution of DED risk between the OSA and control groups indicated that poor sleep quality might contribute to the incidence of OSA-related-DED. In this observational study, we explored the correlations between all the subscales of PSQI for sleep quality analyses and DED-related parameters and interestingly found that OSDI scores were the most significant among all DED-related parameters. However, as the OSDI scale is a commonly used international questionnaire to quantify the subjective symptoms of DED, potential overlaps can be observed between DED-related clinical symptoms and sleep quality-related discomforts. Also, since ocular discomfort scales are considered an important tool for primary care practice and earlier recognition, our study suggests further attention to the usage of the OSDI scale in OSA-related DED management.

The data in this study provided evidence of correlations between OSA status and DED risk and also proposed a hypothesis that poor sleep quality can contribute to the DED incidence in OSA cases. However, this study had several limitations. First, the amount of included participants was not large enough, and a deeper understanding may be needed through well-advanced and-designed studies with a larger population. Second, DED, OSA, and poor sleep quality are complex disorders, and understanding their interactions thoroughly is difficult. Although the preliminary conclusion in the current study revealed that poor sleep quality contributed to OSA-related DED incidence, further observational studies may be required. Third, we did not consider surgery, the usage of CPAP, or other nasal mask therapy devices in the treatment of OSA nor considered their effects on DED management. These devices are important since they may aggravate DED in severe OSAS cases. A contradictory conclusion on CPAP therapy in DED incidence was reported in previous studies. A previous study demonstrated a higher DED prevalence in patients with CPAP or other nasal mask therapy (34); however, another study reported that long-term (at least 1 year) use of CPAP improved the tear quality and overcame the ocular discomforts encountered in the early stage of CPAP (35). The exact effect of OSA treatment on the risk of DED needs further investigation in well-advanced studies. Finally, the confounding bias existed in the correlation between the OSA indexes and DED-related parameters. An ongoing study with more participants and relatively simple DED-related assay was conducted in our team and thus better statistical analyses using multiple regression analyses.



Conclusion

In conclusion, the OSA cases showed a higher prevalence of DED, while the severity of OSA was significantly correlated with the impairments in DED-related parameters. Moreover, sleep quality was found to be correlated with the onset of both OSA and DED, where poor sleep quality revealed a relationship between OSA and DED risk. Our study results suggest that clinicians engaged in DED and OSA management should pay attention to the interaction between DED and OSA. However, further investigations may be required to study the effects of sleep quality on the risks of DED and OSA, providing an understanding of both biological mechanism detection and clinical disease management. Moreover, further well-designed clinical studies may be required to analyze the relationships between OSA status, DED incidence, and sleep quality to provide better insights into improved therapeutic strategies.
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SUPPLEMENTARY FIGURE 1
Image of TMH. TMH is the plane height formed by tears, margin of inferior eyelid and inferior bulbar conjunctiva, which can reflect the amount of lacrimal gland secretion. The normal value of TMH is 0.4∼1 mm, and TMH less than 0.35 mm indicates the possibility of DED.

SUPPLEMENTARY FIGURE 2
Image of meibomian gland. (A) Image of upper meibomian gland, and the loss of upper meibomian gland was 58.4%. (B) Image of lower meibomian gland, and the loss of lower meibomian gland was 5%.
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While vaccination against COVID-19 is still ongoing, some rare adverse events temporally related to vaccinations have been reported, particularly with ChAdOx1 nCoV-19. Here, a 77-year-old male presented to our outpatient department with persistent ptosis of his left eye for 1 month. He initially received vaccination with ChAdOx1 nCoV-19 and developed symptoms of Bell's palsy 3 days later. He received a 14-day course of prednisolone, but the ptosis persisted. Marin-Amat syndrome was compatible with his symptoms of ptosis exacerbation during orbicularis oris exertion. A temporal correlation between ChAdOx1 nCoV-19 vaccination and Bell's palsy without infectious or autoimmune diseases was delineated. Further studies are needed to clarify the possible relationship between these two events.
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Introduction

The coronavirus disease 2019 (COVID-19) global pandemic started in late 2019 and has recently been getting under control owing to the development of COVID-19 vaccines. One COVID-19 vaccine, ChAdOx1 nCoV-19, is an adenovirus-vectored vaccine and is nearly 100% effective in preventing serious events following COVID-19 infection (1). There are several commonly known side effects, including muscle pain, headache, and fever (1). However, there were no reports of Bell's palsy after ChAdOx1 nCoV-19 vaccination. Here, we report a case where the patient further developed a rare complication, Marin-Amat syndrome.



Case description

A 77-year-old man was referred to our clinic complaining of a left droopy eyelid. His medical history included hypertension, chronic obstructive pulmonary disease, and hyperlipidemia, which was followed at a local medical clinic. He initially received the first dose of ChAdOx1 nCoV-19 (AstraZeneca, AZ) and started noticing that his left eyelid gradually became ptotic 3 days later. Eleven days after the initial vaccination, he experienced weakness of the left facial muscle. Physical examination revealed left-sided blink reflex impairment, ptosis, and weakness of left side facial muscle including orbicularis oris. Extraocular movement and light reflex were intact on both eyes. There was no vesicle/blistering noted on his face and his extraocular movement as well as light reflex were intact on both sides. Lab tests including thyroid function, vitamin B12, folate, glucose, cell count, electrolytes, renal function, liver function were within normal limits. Bell's palsy of his left side was diagnosed at our neurology clinic. He started prednisolone (40 mg QD) for 14 days; however, the left droopy eyelid showed little improvement. He then visited our ophthalmology clinic for persistent droopy eyelid despite a course of two-week prednisolone. His corrected visual acuity was 6/7.5 and 6/6 on his right and left eye, respectively. The intraocular pressure of both eyes was 18 mmHg. Slit-lamp examination was unremarkable except for puffy eyelids of his left eye with intermittent myokymic motion of his left upper and lower lids. Marginal reflex distance 1 (MRD1) of his left eye was 1 mm, in contrast to 3 mm on the right. His left eye was closed tightly as we asked him to open his mouth or smile (Figure 1). Note that his smile was symmetric at examination. Fundus imaging and optical coherence tomography of his macula and disc were unremarkable, and no obvious inflammatory lesions, including on the oculomotor and facial nerve region, were observed on the brain MRI (Figure 2). Marin-Amat syndrome was diagnosed.


[image: Figure 1]
FIGURE 1
 (A) This patient demonstrated puffy eyelid along with decreased lid height when his orbicularis oris contracted (B) Lid height was restored when his orbicularis oris relaxed.



[image: Figure 2]
FIGURE 2
 (A) Axial view of T2 MRI at lateral ventricle slice showed no obvious inflammatory lesion along frontoparietal cortex (B) Axial view of T2 MRI at the midbrain slice showed no obvious inflammatory change at oculomotor nerve.




Discussion

This paper reported a case of Bell's palsy in a patient who received the ChA-dOx1 nCoV-19 vaccine. The diagnosis of Bell's palsy presented after excluding the known etiology resulting in facial palsy. Although few studies have reported facial weakness after ChAdOx1 nCoV-19 vaccination, none have reported idiopathic Bell's palsy after ChAdOx1 nCoV-19 vaccination, to our knowledge. Diogo et al. (2) reported a patient with facial weakness with geniculate ganglion enhancement on brain MRI after the first vaccination of ChAdOx1 nCoV-19 9 days later, along with symptoms of otalgia, implying Ramsey Hunt syndrome. Nicola et al. (3) reported a patient with facial palsy along with paraesthesia of the four limbs 10 days after the first vaccination. Electrophysiological findings were compatible with demyelinating motor polyneuropathy, which was diagnosed as Guillain Barre syndrome; the facial palsy was thought to stem from it (Table 1). In our case, a brain MRI revealed no obvious inflammatory changes or structural lesions compressing the facial nerve and oculomotor nerve, no obvious facial pain, vesicles, or other focal neurologic signs. However, the patient experienced an episode 3 days after vaccination, and symptoms culminated 11 days after vaccination; hence, the diagnosis of Bell's palsy.


TABLE 1 Demonstrates possible facial palsy etiologies following ChAdOx1 nCoV-19 vaccination.

[image: Table 1]

The etiology of Bell's palsy is speculated to be multifactorial. Virus reactivation and inflammation may play a major role in the pathogenesis of Bell's palsy (4). However, the relationship between facial palsy and COVID-19 vaccination remains largely unclear. Cases of facial palsy after COVID-19 vaccination are seen more commonly in those who receive mRNA vaccinations, particularly with the BNT162b2 vaccine. A case-controlled study (5) conducted in Israel enrolled 37 patients with acute onset facial palsy after exposure to the BNT162b2 vaccine. They compared these patients with 74 participants in the control group who were matched with the date of admission to eliminate bias owing to the different prevalence of vaccination and different seasonal incidence of Bell's palsy. They described the time interval between the first vaccination to facial palsy ranged from 3 to 14 days, and yet no statistically significant increase in odds ratio was found after BNT162b2 vaccination. Another study set to compare the incidence of facial palsy after mRNA vaccination was similar, even slightly lower, compared to those after receiving influenza or other viral vaccines (6). ChAdOx1 nCoV-19 was differed from other mRNA COVID-19 vaccines in its excipient, drug vector, and, as expected, its pharmacovigilance profile. Given that most of the studies were conducted to explore the association between mRNA COVID-19 vaccine and facial palsy, it remains largely unknown about the association between facial palsy and other COVID-19 vaccines, particularly ChAdOx1 nCoV-19.

Several disproportionality analyses were carried out via exploiting the information in the WHO pharmacovigilance database, VigiBase. Notably, cerebral venous thrombosis was found to have a high association with COVID-19 vaccines (7). COVID-19 vaccines were also found to be potentially associated with CNS demyelinating diseases, although a low association and was comparable with that of other viral vaccines (8). Our case highlighted a possible relationship between facial palsy and ChAdOx1 nCoV-19. Collectively, they demonstrate that COVID-19 vaccines may potentially lead to neurologic adverse events. The relationship between facial palsy and COVID-19 vaccines remained debatable, further epidemiological studies are warranted to clarify these observations.

This patient received a course of oral prednisolone and still experienced ptosis. Orbicularis oculi myokymia and synkinesis of the eyelid along with jaw motion were also observed, which is the key feature of Marin-Amat syndrome. Marin-Amat syndrome is a rare form of acquired facial synkinesis that manifests as involuntary eyelid closure with jaw movements. Ptosis is the most common complaint in these patients, followed by ptosis when eating. It is an overlooked etiology of ptosis and was traditionally thought as a late complication of the initial facial nerve injury. It is thought to result from aberrant facial regeneration (AFR) after an initial insult to the facial nerve (9). The pathogenesis of AFR is largely unknown, Celik et al. (10) demonstrated that the incidence of AFR following facial injury was related to the severity of injury and implied that the development of synkinesis would take place much earlier than 4 months. It is an imperative diagnosis to recognize in patients with persistent ptosis after initial facial injury.

Whether the aberrant facial regeneration is related to vaccination is unknown. The diagnosis of Marin-Amat syndrome is often overseen, and prudent evaluation for patients with ptosis, especially those with persistent ptosis after facial nerve injury, is needed. This case exhibits features of Marin-Amat syndrome, including intermittent orbicularis oculi myokymia, which was exacerbated by jaw movement. This feature implies a previous facial nerve insult, which is thought to be Bell's palsy, in our case.



Conclusion

This is the first case report delineating an episode of Bell's palsy complicated with Marin-Amat syndrome following ChAdOx1 nCoV-19 vaccination. Further studies are warranted to clarify the relationship between Bell's palsy and ChAdOx1 nCoV-19 vaccination.
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hemorrhage Segmental stenosis
3 66 ou NA + - - 20/40 Cotton-wool 113 80.96 CRA + PCA + Halo sign P
20/30 spots Segmental
occlusion
4 81 OD AION + CLAO - + - 20/100 Pallid edema 65 35.8 CRA+ OA+ Halo sign P
5 76 (OS] AION + + - HM Pallid edema 65 131 CRA+ PCA+ OA+ Normal N
6 88 E (OS] AION + + - NLP Pallid edema 49 8.6 CRA+ PCA+ OA+ Halo sign Stenosis N
7 86 oD AION + CLAO + + — NLP Pallid edema 22 21.8 PCA + OA + Halo sign P
8 79 (65 AION + + - 20/400 Pallid edema 80 b5 CRA+ PCA+ OA+ Halo sign Diffuse P
hemorrhage stenosis
9 71 F ou AION + + — NLP NLP Pallid edema 68 62.8 PCA + Halo sign P
hemorrhage
10 71 M ou AION + + - LP 20/400 Pallid edema 69 129.5 CRA+ PCA+ OA+ NA NA
Cotton-wool
spots
11 68 M oD AION + — — LP Pallid edema 27 7.64 PCA + Halo sign NA
12 84 F ou AION + + - 20/200 Pallid edema 59 42.8 CRA + Halo sign NA
20/400
13 90 E ou AION + + — LP NLP Pallid edema 63 74 CRA+ PCA+ OA+ Halo sign Steno sis NA
Peripapillary
atrophy
14 T M OouU AION + + - NLP NLP Pallid edema 90 105 CRA + PCA + Halo sign P
Peripapillary
atrophy
16 85 F ou AION + + — NLP NLP Pallid edema rad 87.8 CRA+ PCA+ OA+ Halo sign Occlusion NA

HA, headache; TMVL, transient monocular visual loss; WL, weight loss; BCVA, best-corrected visual acuity; ESR, erythrocyte sedimentation rate; CRR, C-reactive protein; CDUS, color duplex ultrasonography; STAU,
superficial temporal artery ultrasound; M, male; F, female; OS, oculus sinister (left eye); OD, oculus dexter (right eye); OU, oculus uterque (both eyes); AION, anterior ischemic optic neuropathy,; CLAQO, cilioretinal artery
occlusion; HM, hand motion; LR, light perception; NLR, no light perception; CRA, central retinal artery; PCA, posterior ciliary artery; OA, ophthalmic artery; B positive; N, negative; NA, not available.

+In the CDUS column indicates decreased blood flow.

CRP normal limit (0-3 mg/L).

ESR normal limit (015 mmy/h).
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CDVA (LogMAR)  ETDRS letters (n.) 1-mm ETDRS

sector (um)
Baseline 0200.19 45+10 263+ 82
1-week 0.11:£0.18" 50 % 10° 263+ 32
1-month 0.13+0.22 50+ 11 263+ 32
3-months 0.16+0.19 48+ 10° 262432

‘p < 0.05 between post-operative and baseline values.
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Ocularitching  Lacrimation  Photophobia Ocular
discomfort

Patient 01
Patient 02
Patient 03
Patient 04
Patient 05
Patient 06
Patient 07
Patient 08
Patient 09
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ses20400aa

For each symptom, score ranges from 0 (any symptom) to 4 (highest intensity for
the symptom).
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Sex Age Presenting Neuro-ophthalmologic examination Other systems MRI brain/orbit
(year) symptoms involvement
BCVA Color Fundus Visual field Eye OCT
movement
Case1 M 25 Visual decrease HM OD 0/8 OD Diffuse pallor, Central Normal OD Thinning of Leukoencephalopathy Leukoencephalopathy,
Heart disease tortuous retinal  scotoma OD inferior- Hypertrophic bilateral optic nerve atrophy
Hearing loss vein OD temporal RNFL  cardiomyopathy
OD and severe  Neurosensory deafness
GCIPL loss OU
20/400 0S 0/80S Temporal pallor, Central Normal OS
tortuous retinal  scotoma OS
vein OS
Case2 M 58 Visual decrease 20/200 OU  0/8 OU Temporal pallor ~ Central Normal OU Thinning of Peripheral neuropathies Bilateral optic nerve atrophy
Low limb paraplegia ou scotomas OU RNFL and Spinal cord lesion without spinal cord lesion
Numbness of arms and severe GCIPL
legs loss OU
Case3 F 32 Progressive ptosis 20/60 OD 4/8 OD Temporal pallor ~ Normal OD Ptosis, Thinning of Thinning of extraocular
Eye movement oD horizontal and RNFL OD and muscles without other brain
disorders vertical severe GCIPL lesion
Visual decrease movement loss OU
deficient OU
20/30 OS 6/8 OS Normal OS Normal OS
Cased F 16 Progressive ptosis 20/20 OU 8/8 OU Normal OU Normal OU Ptosis, Normal OU Thinning of extraocular
Eye movement horizontal and muscles without other brain
disorders vertical lesions
movement

deficient OU
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Funduscopic examination OD:
Active lesions of whitish foci of

chorioretinitis with surrounding edema
along the superonasal vessels, and retinal
vasculitis with perivascular sheathing

!

Progressive blurred vision
and floaters OD for 1 month

HN/S ®
H 10/6

Completed the treatment

for lung tuberculosis
in the past 6 months

Serologic testing:

Toxoplasma IgG and IgM (+)

Fluorescein angiography OD:
Obliteration of the blood flow
with a non-perfusion area

and the leakages of vessel wall

Increasing photophobia OD

10/9 10/16

4

O

O

TMP-SMX (400/80mg) twice daily +

Titrated TMP-SMX to 3 times daily
Added prednisolone 15mg once daily

VA declined to 20/100 OD
Funduscopic examination OD:
Severe vitritis complicated with
progressive localized retinal necrosis

and multiple localized retinal breaks .
Progressed to localized RRD

O

VA improved to 20/80 OD
PCR (-) of vitreous samples
for HSV, CMV, TB

Q
Pars plana vitrectomy
Pyrimethamine plus sulfadiazine
without corticosteroid

O

Performed focal photocoagulation

1 dose Dexamethasone 5mg IV push
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Presentation Baseline 4 weeks
Severe NK 19+18 45+07
Moderate NK 1.1£05 33+2
Total 16+£15 3617

All data are reported as mean = standard deviation.

8 weeks

46+05
39+£19
425+13
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Presentation Baseline 4 weeks

Severe NK 23.36 +4.38 21.28 +3.87
Moderate NK 20.27 £ 4.1 20.98 +3.63
Total 21.81£4.24 21.18£3.75

All data are reported as mean = standard deviation.

8 weeks

11.91+7.80
1092+ 7.19
11.41 £ 7.49
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Age (mean = SD)

Sex (male/female)

Age at diagnosis of DM (y)
Duration of DM (y)

BMI (Kg/m?)

HBATG (%)

TC (mgy/di)

HDL-C (mg/d])

LDL-G (mgy/d)

TG (mgy/d)

Creatinine (mg/d)
Microalbuminuria/creatininuria (mg/g)

Healthy
(n=26)

4273+ 12.18
13/13

TIDM
(n=20)

4050 + 15.16
911
25,15+ 14.20
16.35 + 12.66
23.39+3.10
7.74 £1.00
165.60 + 34.26
58.76 + 13.22
91.46 + 26.78
76.50 £ 38.18
078+ 0.11
793711
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Nerve parameters Healthy TIDM P-value

(mean  SD) (n=26) (n=20)
Nerve fibers length 1216.03 £378.05  965.40 + 233.52 0.008"
(wrvframe)

Nerve fibers length density ~ 13690.3  4246.7 10863.24  2627.64 0.008*
(wm /mm2)

Number of fibers (n°/mm?) 6.65 £ 2.56 515+153 0.017*
Number of branching 2.69+1.83 1.75£1256 0.085
Nerve nerve fiber tortuosity 5.48+1.61 631133 0973
Beadings density (n°/mm) 68.92 + 13.96 63.87 £ 14.75 0.278
Beadings number (n°/frame) ~ 20.65 % 11.46 16.85 + 391 0.606

Beading size (um?) 11125 12.94£305 0036
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Nerve parameters T1DM without DPN  TIDM with DPN  P-value

(n=12) (=8
Age (mean = SD) 41.08 % 15.22 39631606 0842
Sex (male/female) 2110 62
Age at onset of DM (y) 30.08 + 15.99 17.75 + 6.41 0.157
Duration of DM (y) 11.00 4+ 6.31 21881707 0181
BMI (Kg/m?) 23.05 £ 2.06 23914434 0615
HBATG (%) 7.63+0.89 806+ 1.12 0277
TC (mg/d)) 160.83 + 36.41 159.25£33.74 0678
HDL-C (mg/d) 64.67 & 13.01 49.8847.64 0.005
LDL-C (mg/d) 90.92 + 28.96 028+2504 0624
TG (mg/d) 7050 £ 32.5 855044628 0384
Creatinine (mg/d) 0.75+0.11 0.83£0.09 0.135
Microalbuminuria/ 934+781 582571 0.260
creatininuria (mg/g)
Nerve fibers length 957.65 + 267.42 97703420886  0.855
(wm/frame)
Nerve fibers length 10776.04 £2896.63 10994.04  2350.15  0.855
density (m /mm?)
Number of fibers 55168 463+1.19 0.189
(n°/mm?)
Number of branching 208151 1.2540.46 0.270
Nerve fiber tortuosity 523+ 152 5.43+1.08 0.735
Beadings density 64.55 % 18.22 62.86+8.16 0.270
(ne/mm)
Beadings number 1617 + 4.59 17.88 £ 253 0.300
(n°/frame)

Beading size (um?) 13.25 £ 350 12.47 £2.36 0560
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Innersclera  Choroid  Peripheral ~ Macula
retina

Controls (7 = 2) 0 0 0 37+10
lontophoresis (1=6)  16£9.0°  12£03" 2513 4817

*P < 0.05 between study and control groups.
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Baseline
plasma
concentration
of lutein

0.13-0.18pM
(0.07-0.10mg)

Plasma concentration
of lutein after 1-2
months of oral
supplementation

03-0.9uM (0.17-0.5mg)

Increase of Macular
Pigment Optical
Density (MPOD; 400 x
400 um area) after oral
supplementation

5% greater than baseline
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Macular lutein Macular luteinin ~ Increase of lutein in macula
in controls fontophoresis (500 x 500 j.m area) after
(n =2 eyes) (n=4eyes) iontophoresis

21M (12mg) 40M (23mg) 90% greater than controls
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General Stage of DR

Group Group with Non-proliferative Proliferative Diabetic macular ~ Unknown stage*
without DR DR diabetic retinopathy diabetic edema (DME) N=2216
N=196,983 N =22,402 (NPDR) N =19,048  retinopathy (PRD) N=475
N =663

Mortality, n (%) 17,527 (8.90) 3,364 (15.0) 2,794 (14.7) 144 (21.7) 76 (16.0) 350 (15.8)
Unadjusted HR 95% CI Ref. 175 (1.69;1.82] 1.69 [1.62;1.76] 2.82(2.39:3.32] 244 (1.95:3.06] 191 (1.72:2.12]
[LL; UL]

**Adjusted HR 95% CI Ref. 134 (1.28;1.41] 134 (1.27;1.42] 168 [1.31:2.15] 171 (127,231 1.19 [1.03;1.38]
[LL; UL

***Adjusted HR 95% CI Ref. 134 127;1.41] 134 (1.26;1.41] 1.6 [1.30:2.13] 169 (1.25:2.28] 1.19 [1.03;1.38]
[LL; UL)

CHD, 1 (%) 6,360 (3.23) 1,058 (4.72) 904 (4.75) 38(5.73) 22(4.63) 94 (4.24)
Unadjusted HR 95% CI Ref. 1.84 [1.70;1.99] 1.51[1.4151.62] 2,00 (1.45:2.75] 1.82[1.20:2.76] 139 (113; 1.70]
[LL; UL]

**Adjusted HR 95% CI Ref. 1.27 [1.16;1.39] 1.30[1.19;1.43] 1.17 [0.71;1.92] 0.80 [0.38; 1.68] 1.11[0.86;1.44]
[LL; UL]

***Adjusted HR 95% CI Ref. 1.28 [1.17;1.40] 1.31[1.1951.44] 118 (0.72;1.92] 0.81[0.38; 1.69] 1.11(0.86;1.44]
[LL; UL]

Stroke, 7 (%) 3,637 (1.85) 563 (2.51) 468 (2.46) 26(3.92) 9(1.89) 60 (2.71)
Unadjusted HR 95% CI Ref. 175 [1.64;1.86] 1.36 [1.24;1.50) 241 [1.643.55) 130 (0,68;2.50) 1.56 [1.202.01]
(LL;UL)

**Adjusted HR 95% CI Ref. 1.09 (0.97;1.24] 1.11(0.97;1.26] 1.65(0.95:2.86) 0.74[0.27;1.99] 0.93(0.65;1.33]
[LL; UL]

***Adjusted HR 95% CI Ref. 1.09(0,97;1,24] 1.11(0.97;1.26] 1.65(0.95:2.85) 0.74(0.28;1.98) 0.93[0.65;1.33]
[LL; UL

Macrovascular, (%) 9,758 (4.95) 1,584 (7.07) 1,341 (7.04) 61(9.02) 30(6.32) 152 (6.86)
Unadjusted HR 95% CI Ref. 175 [1.64; 1.86] 147 (139 1.55] 212165273 162 [1.13;231] 148 [1.26; 1.73]
[LL; UL]

**Adjusted HR 95% CI Ref. 122(113;1.31] 124 (1.15;1.34] 1.29 (0.88; 1.89] 0.79 [0.44; 1.44] 1.08 (0.87;1.33]
[LL; UL]

***Adjusted HR 95% CI Ref. 122114131 125(1.15;1.35] 1.30 (0.89; 1.90] 0.80 [0.44; 1.44] 1.08 (0.88;1.33]
[LL; UL)

DR, diabetic retinopathy; CHD, coronary heart disease; NDR, no apparent diabetic retinopathy; NPDR, non-proliferative diabetic retinopathy; PDR, proliferative diabetic retinopathy; DME,
diabetic macular edema; ref, reference group; HR, hazard ratio; 95% CI, 95% confidence interval; LL, lower limit; UL, upper limit

*Subjects having diabetic retinopathy by diagnostic code but without fundus photography/stage of DR.

**Adjusted for DR, sex, age, BMI, tobacco, duration of T2DM, an antiplatelet or antihypertensive drug, and HbA1c.

***Adjusted for DR, sex, age, BMI, tobacco, duration of T2DM, an antiplatelet, antihypertensive, lipid-lowering, or antidiabetic drugs, and HbAlc.
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Events Groups of Patients/year Event-free survival time Events Event rate (1,000

subjects (median in years) (number) patients/year)

Mortality NoDR 1017964.6 4950 17,527 172

DR 1125245 4750 3,364 299
CHD NoDR 998687.0 4846 6,360 63

DR 109527.5 4586 1,058 97
Stroke NoDR 1006859.7 4893 3637 36

DR 110843.5 4652 563 51
Macrovascular NoDR 988167.7 4786 9,758 99

DR 107933.7 4498 1,584 147

CHD, coronary heart disease; stroke, macrovascular: CHD and/or stroke; event rate, incidence per 1,000 person-year.
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AlIN = 219,385 Without diabetic With diabetic

retinopathy N = 196,983 retinopathy N = 22,402
Male sex (%) 122,280 (55.7) 109,984 (55.8)* 12,296 (54.9)"
Age (years), mean (SD) 64.6 (11.6) 644 (115)" 670 (11.6)
Current tobacco use (%) 58,602 (26.0) 52,839 (28.1) 5,763 (26.9)
Clinical variables, mean (SD)
Diabetes duration (years) 5.18(5.27) 4.84 (4.95)" 810 (681"
BMI (kg/m?) 306(5.22) 30.7 (520" 302(533)"
SBP (mmHg) 134 (14.8) 134 (14.5)° 137 (16.3)*
DBP (mmHg) 77.1(9.59) 77.3(9.51)" 760 (10.2)*
Heart rate (beat/min) 765 (12.3) 764 (12.2)" 77.4 (12.4)"
Laboratory variables, mean (SD)
HbAIc (%) 7.18 (1.53) 7.12 (1.49)* 7.76 (175)*
Total cholesterol (mg/dL) 198 (40.3) 198 (40.1)* 192 (41.5)*
HDL cholesterol (mg/dL) 49.0 (12.8) 49.0 (12.8)* 49.5(13.4)°
LDL cholesterol (mg/dL) 117 (33.8) 118 (33.7)" 112 (34.4)"
Triglycerides (mg/dL) 168 (122) 169 (123)* 160 (112)*
GER (CKD-EPJ; ml/min/1.73 m?) 780 (20.1) 78.8(19.7)" 709 (22.4)"
Albumin-to-creatinine ratio 329 (131) 289 (114)" 675 (226)"
Dyslipidemia 104,442 (47.6) 93,347 (47.4)* 11,095 (49.5)*
Hypertension 132,756 (60.5) 117,830 (59.8)* 14,926 (66.6)*
CKD 31,584 (14.4) 26,623 (13.5) 4961 (22.1)*
Concomitant treatment (%)
Antihypertensive drugs 131,967 (60.2) 117,143 (59.5)* 14,824 (66.2)°
Antiplatelet drugs 52,396 (23.9) 44,581 (226) 7,815 (34.9)°
Antidiabetics drugs 160,166 (73.0) 141,309 (71.9)* 18,857 (84.2)*
Lipid-lowering drugs 103,059 (47.0) 92,143 (468) 10,916 (48.7)"

BMI, body mass index; CKD, chronic kidney disease; GFR, glomerular filtration rate; HbA Ic, glycosylate hemoglobin; SD, standard deviation. *p < 0.001.
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Hazard ratios for cardiovascular events and mortality according retinophaty
Sensitivity analysis
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M4: Sex,Age, Smoking,Diabetes duration,Antiaggregants,Antihypertensive,HBA1C,BMI
M5: Sex,Age, Smoking,Diabetes duration,Antiaggregants,Antihypertensive,Antidiabetes,Lipid-Lowering Drugs,HBA1C,BMI
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\

Excluding age < 30 or > 90 years old

N= 3128

Excluding other types of diabetes

N=1938

Excluding persons without diagnostic
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(V]

Group with DR, 1.01 1.01 1.06

ref: Group without 0.88; 1.17 087;1.16 092,123

DR
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1.23;1.49 1.23;1.49 1.23;1.49
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1.07;1.08 1.07;1.08 1.07;1.08

T2DM duration 123 123
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R2 Nagelkerke 0.026 0026 0.026

HbATc, glycosylate hemoglobin; HR, hazard ratio; 95% Ci, 95% confidence interval; L,
lower limit; U, upper limit; T2DM, type 2 diabetes melitus.
Bold values means statistically significant Hazard ratios.
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Adjusted by

Sex (male) + Age (years)
Sex (male) + Age (years) -+ T2DM duration + HbAlc
Sex (male) -+ Age (years) + T2DM duration

Sex (male) + Age (years) + HbATc

Sex (male) + Age (years) + Smoking + T2DM duration +
Dyslipidernia + HTA + BMI

Sex (male) + Age (years) + Smoking + T2DM duration +
Dyslipidennia + CVD + HTA + CKD + HbA1c + BMI
Sex (male) -+ Age (years) -+ HbATc
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Sex (male) -+ Age (years) -+ T2DM duration
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BMI, body mass index; CKD, chronic kidney disease; CVD, Cardiovascular disease; DR, diabetic retinopathy; HbATc, glycosylate hemoglobin; HR, hazard ratio; 95% Cl, 95% confidence interval: LI, lower limit; Ui, upper limit; T20M,

type 2 diabetes mellitus.
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Variable

Definition

Codes used for definition of the study variables

Type 2 diabetes
melitus

Cardiovascular
diseases

Diabetic retinopathy

Dyslipidernia
Hypertension

Parkinson’s disease as
event

Parkinson’s disease as
exclusion criteria

Chroric kidney disease

Antithrombotic agents

Antihypertensive
agents

Antidiabetics agents
Lipid-Lowering agents

xx, sub codes.

ICD-10-CM Codes: E11.xx; E14.xx

ICD-10-CM Codes:121.xx; 122.0x; 128:xx;
125.xx; G5 306 GAB.xx; 160.3¢; 161.xx
162.xx; 163.x¢; 164.x¢

ICD-10-CM Codes: E11.3; E14.3;
H36;H36.0;H36.8 and/or fundus.
photography: mild non-prolierative
retinopathy (NPDR), moderate NPDR,
severe NPDR, proliferative diabetic
retinopathy (PRD), and diabetic macular
edema (DME)

ICD-10-CM Codes: E78,E78.9 and/or
Lipid-lowering drugs

ICD-10-CM Codes: 10 and/or
Antihypertensive agents

ICD-10-CM Godes: G20

ICD-10-CM Codes: G20;G21.xx

CKD-EPI glomerular filtration rate <60
mU/min/1.73 m? and or albumin/creatinine
ratio>30 mg/g

ATC/DDD codes: BOTA

ATC/DDD codes: C02; CO3; CO7; CO8;
Co9

AATC/DDD codes: A10
ATC/DDD codes: C10
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Al subjects Group without DR Group with DR p-value

N = 242,703 N =216,250 N =26,453
Age, mean (SD), years 65.3(11.5) 65.0(11.5) 67.7 (115) <0.001
Sex (male), n (%) 142,749 (57.4) 127,534 (57.5) 15,215 (86.7)
Smoking habit, n (%) <0.001
No smoker 140,585 (57.9) 124,530 (57.6) 16,055 (60.7)
Ex-smoker 32,843 (13.5) 29,782 (13.8) 3,061 (11.6)
Current smoker 69,275 (28.5) 61,938 (28.6) 7,337 (27.7)
Comorbidities, n (%)
Dyslipidemia 125,617 (51.8) 111,117 (51.4) 14,500 (54.8) <0.001
Hypertension 165,115 (63.9) 136,395 (63.1) 18,720 (70.8) <0.001
Cardiovascular diseases 30,014 (12.4) 25,424 (11.8) 4,590 (17.4) <0.001
Chronic kidney disease 37,804 (15.6) 31,629 (14.6) 6,275 (23.7) 0.000
Clinical variables, mean,
(SD)
Diabetes duration, (years) 5.35(5.39) 498 (5.04) 8.41(6.92) 0.000
BMI (kg/m?) 30,6 (5.16) 30.6(5.15) 302 (5.24) <0.001
SBP (mmHg) 134 (14.9) 134(14.7) 137 (16.3) <0.001
DBP (mmHg) 76.7(9.72) 76.9(9.62) 75.4(10.4) <0.001
Laboratory parameters,
mean, (SD)
HbATc (%) 7.18(1.52) 7.12(1.48) 7.74(1.72) 0.000
HbA1c (mmol/mol) 55.0(16.6) 54.3(16.2) 61.1(18.8)
Total cholesterol (mg/di) 195 (41.1) 195 (40.9) 188 (42.5) <0001
HDL cholesterol (mg/d) 48.6(12.8) 486 (12.8) 488(13.2) 0.005
LDL cholesterol (mg/di) 114(34.3) 115 (34.2) 109 (34.9) <0.001
Triglycerides (mg/d) 167 (121) 168 (123) 159 (109) <0.001
Creatinine (mg/d) 091(0.30) 090(0.28) 0.96 (0.43) <0.001
Albumin / Creatinine ratio 35.9 (142) 31.2(129) 74.0 (239) <0.001
(mg/g)
Glomerular ftration 767 (205) 775 (20.1) 69.4 (22.8) <0.001
(mV/min/1.73 m?2)
Concomitant
medications, n (%)
Antithrombotic 76,507 (31.5) 64,823 (30.0) 11,684 (44.2) 0.000
Antihypertensive 154,166 (63.5) 135,576 (62.7) 18,590 (70.3) <0.001
Antidiabetics 181,237 (74.7) 158,665 (73.4) 22,572 (85.3) 0.000
Lipid-lowering 123,969 (51.1) 109,697 (50.7) 14,272 (54.0) <0001

BMI, body mass index; SBR, systolic blood pressure; DB, diastolic blood pressure; HbATc, glycosylated hemoglobin; SD, standard deviation.
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Variable N subjects Person-years  Time free from Parkinson’s Incidence rate ‘Cumulative Un-adjusted HR

the event (years) disease events per 10000-Year incidence  95% Cl [LI; UI]
All subjects 242,703 1226609.67 482 1,748 14.25 072 -
Group without DR 216,250 1097519.23 486 1,629 13.98 071 Ref
Group with DR 26,453 12918043 456 219 16.95 083 1.22 [1.06; 1.41)
Stage of DR
No apparent diabetic 216,250 1097519.23 486 1,629 13.98 071 Ref
retinopathy (NDR)
Mild non-proliferative 14,632 72673.13 463 109 14.99 075 1.08(089; 1.31)
diabetic retinopathy (NPDR)
Moderate (NPDR) 6211 29900.12 4.48 62 20.74 099 1.50 [1.16; 1.98]
Severe (NPDR) 1,517 7669.25 491 3 391 020 028 [0.09; 0.87)
Prolferative diabetic 837 373621 41 5 13.38 060 098 [0.41;2.35)
retinopathy (PRD)
Diabetic macuiar edema 556 223891 356 4 17.87 072 1.33(0.50; 8.54)
(OME)
Unknown stage® 2,700 12962.82 465 36 27.77 133 2,02 [1.45; 2.81)

DR, diabetic refinopathy; NDR, no apparent diabetic retinopathy; NPDR, non-prolferative diabetic retinopathy; PRD, proliferative ciabetic retinopathy; DIME, diabetic macular edema;
ref, reference group; HR, hazard ratio; 95% C, 95% confidence interval; LI, lower limit; Ul, upper fimit.
“Subjects having diabetic retinopathy by diagnostic code but without fundus photography/stage of DR.
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Model 1 Model 2 Model 3

Prediotor HR 95% HR HR 95%
ol u; U 95% CI [L; U] I [u; Uy
Group with DR, 1.06 1.01 1.01
ref: Group without 092;1.22 0.87;1.17 088;1.17
DR
Sex (male) 1.35 1.07 138
1.22;1.48 1.07;1.08 1.24;1.54
Age (years) 1.08 1.39 1.07
1.07;1.08 1.25;1.55 1.07;1.08
T2DM duration 1.23 122
6-10years 1.10;1.37 1.10;1.36
T2DM duration 124 123
11-16 years 107,143 1.06;1.43
T2DM duration 1.34 133
16-20 years 1.07;1.68 1.06;1.68
T2DM duration 1.57 1.56
more than 20 1.20;2.05 1.19;2.04
years
Ex-smoker 0.69 0.69
0.56;0.84 0.56;0.84
Current smoker 093 0.92
0.82;1.05 0.82;1.04
Dyslipidemia 1.07 1.060.96; 1.17
0.97;1.18
Hypertension 094 0.93
0.85;1.05 0.84;1.04
BMI 24.9-29.9 1.02 1.02
kg/m? 0.86;1.22 086; 1.22
BMI 30.0-34.9 094 0.93
kg/m? 0.78;1.13 0.77;1.12
BMI 35.0-39.9 0.90 0.89
kg/m? 0.70;1.14 0.70;1.14
BMI more than 0.63 0.63
39.9 kg/m? 0.41;0.95 0.41;0.94
BMI (missing) 093 0.93
0.77; 1.1 0.78;1.12
HoATc 6.5-7% 098
0.85; 1.14
HoAlc 7.1-8% 1.00
0.87;1.14
HbAlc 8.1-9% 1.08
0.90; 1.30
HbA1c 9.1-10% 0.96
0.73;1.26
HbA1c more than 073
10% 0.53;1.00
HoA1c (missing) 0.93
0.81;1.08
CKD 1.03
091;1.17
Yol 1.08
0.95; 1.24
Observations 242,708 242,703 242,703
R2 Nagelkerke 0.026 0.027 0.027

BMI, body mass index; CKD, chronic kidney disease; CVD, Cardiovascular disease; DR,
diabefic retinopathy; HbATc, glycosylate hemoglobin; HR, hazard ratio; 95% Cl, 95%
confidence interval; LI, lower limit; Ul upper limit; T2DM, type 2 diabetes melitus.

Bold values means statistically significant Hazard ratios.
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Control OSA
Good sleep Poor sleep P Good sleep Poor sleep p
(n=167) (n=158) (n=45) (n=80)
DED (n, %) 31 (46.3) 22 (37.9) 0.370 17 (37.8) 54 (67.5) 0.002
Schirmer I test(mm/5 min) 15.69 + 6.97 15.52 +6.36 0.889 15.81 4+ 5.34 15.72 £ 7.52 0.001
Oxford corneal staining score 0.76 & 0.95 0.62 4 1.08 0.444 0.09 4 0.29 0.43 4+ 0.85 <0.001
OSDI 15.71 £ 9.16 16.16 + 11.05 0.806 12.31 £ 641 19.13 + 14.36 <0.001
f-NITBUT (s) 729 £2.44 7.32£2.32 0.948 7.87 £ 1.14 6.53 £ 2.00 <0.001
av-NITBUT (s) 10.31 £+ 3.03 10.83 £+ 3.06 0.342 11.11 £ 1.31 9.87 £2.31 <0.001
TMH (mm) 0.37 £ 0.07 0.39 £ 0.06 0.320 0.42 £ 0.05 0.37 £0.07 <0.001
Loss on upper eyelid meibography (%) 18.00 + 8.44 17.62 £8.43 0.804 15.28 £3.03 21.244+9.55 <0.001
Loss on lower eyelid meibography (%) 19.32 +£8.25 19.70 £ 8.80 0.806 17.09 £+ 3.80 21.96 £ 8.90 <0.001

Comparison among groups was calculated using unpaired ¢-test and chi-square exact test. The comparisons with statistical differences were marked in bold.
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Schirmer I Oxford corneal OSDI f-NITBUT av-NITBUT TMH (mm) Loss on upper Loss on lower

test staining score (s) (s) eyelid eyelid
(mm/5 min) meibography (%) meibography (%)
Age r=0.04 r=—0.44 r=—0.06 r=—0.01 r=0.04 r=20.03 r=0.13 r=—0.04
(—0.08~0.17) (—0.17~0.08) (—0.19~0.06) (=0.13~0.11) (—0.09~0.16) (—0.09~0.16) (0.01~0.25) (—0.06~0.18)
P =0.505 P=0.492 P=0.316 P=0.873 P =0.562 P=0.619 P =0.039 P =101327
BMI r=-—0.15 r=0.06 r=20.09 r=—0.07 r=-—0.11 r=—0.04 r=20.10 r=10.09
(—0.27~—0.02) (—0.07~0.18) (—0.04~0.21) (—0.19~0.06) (—0.23~0.02) (=0.17~0.08) (—0.02~0.22) (0.01~0.26)
P=0.02 P=0.344 P=i0172 P=0.302 P =0.099 P =0.502 P=10:135 P =0.031
AHI r=-—0.28 =015 r=0.44 r=—0.27 r=-—0.24 r=—0.15 r=20.33 r=10.42
(=0.39~—0.17) (0.03~0.27) (0.34~0.54) (—0.38~—0.15) (=0.35~—0.12) (=0.27~—0.02) (0.21~0.44) (0.23~0.45)
P < 0.001 P=0.016 P <0.001 P <0.001 P <0.001 P=0.019 P <0.001 P <0.001
OAI r=-—0.29 r=0.21 r=10.47 r=-—0.29 r==0.27 r=—0.18 r=0.36 r=0.45
(—0.40~—0.17) (0.09~0.32) (0.37~0.56) (—0.40~—0.18) (—0.38~—0.15) (—0.29~—0.05) (0.24~0.46) (0.26~0.47)
P < 0.001 P=0.001 P < 0.001 P <0.001 P < 0.001 P =0.005 P < 0.001 P <0.001
ODI r=-0.29 r=0.18 r=10.42 r=-—027 r=-—0.24 r=—0.16 r=20.32 r=0.42
(—0.40~—0.17) (0.06~0.30) (0.32~0.52) (—0.38~—0.15) (—0.35~—0.12) (—0.28~—0.03) (0.20~0.42) (0.19~0.42)
P < 0.001 P =0.004 P <0.001 P <0.001 P <0.001 P=0.013 P <0.001 P <0.001
MSpO;, r=023 r=—0.08 r=-—0.33 r=0.17 r=0.14 r=0.16 r'=—0.27 r=0.29
(0.11~0.34) (—0.21~0.04) (—0.44~0.22) (0.04~0.28) (0.01~0.26) (0.03~0.28) (—0.38~—0.15) (—0.40~—0.17)
P < 0.001 P=0.19 P <0.001 P =0.009 P=0.03 P=0.012 P <0.001 P <0.001
LSpO2 r=022 r=—0.09 r=-—0.33 r=0.19 r=0.16 r=0.11 r=0.27 r=-—041
(0.10~ 0.34) (=021~ 0.04) (—0.43~—0.21) (0.07~0.31) (0.04~0.28) (—0.02~0.23) (—0.38~—0.15) (—0.39~—0.16)
P < 0.001 P=0.165 P <0.001 P=0.003 P=0.011 P =0.086 P <0.001 P <0.001
CT90 r=—0.29 r=0.24 r=0.43 r=—0.26 r=-—0.23 r=—0.13 F=027 r=0.38
(—0.40~—0.17) (0.12~0.36) (0.33~0.53) (=0.37~—0.14) (—0.34~—0.11) (=0.25~—0.01) (0.15~0.38) (0.17~0.40)
P < 0.001 P <0.001 P <0.001 P <0.001 P <0.001 P=0.035 P <0.001 P <0.001
Total r=0.31 r=0.25 r=0.47 r=-—0.31 r=-—0.26 r=—0.26 r=20.37 r=10.04
PSQI (—0.42~—0.19) (0.13~0.36) (0.36~0.56) (—0.42~—0.19) (—0.38~—0.15) (—0.38~—0.14) (0.26~0.47) (0.27~0.48)
Score P < 0.001 P < 0.001 P <0.001 P < 0.001 P < 0.001 P <0.001 P <0.001 P < 0.001

The linear correlations with a significant difference were marked in bold. OSA, obstructive sleep apnea; AHI, apnea-hypopnea index; OAI, obstructive apnea index; MSpO2, mean nocturnal oxygen saturation; ODI, oxygen desaturation index; LSpO2,

lowest oxygen saturation; TS90%, time spent below oxygen saturation of 90%.
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Variables Control
DED incidence 53 (42.4)
Schirmer I test (mm/5 min) 15.61 £ 6.69
Oxford corneal staining score 0.70 £+ 1.01
OSDI 15.92 4+ 10.09
f-NITBUT (s) 7.31£2.39
av-NITBUT (s) 10.55 + 3.06
TMH (mm) 0.38 + 0.07
Loss on upper eyelid meibography (%) 17.82 £ 8.44
Loss on lower eyelid meibography (%) 19.50 £ 8.52

OSA cases
Mild OSA Moderate OSA Severe OSA
13 (40.6) 30 (55.6) 28 (71.8)

15.66 + 6.68 15.17 £ 6.99 10.00 + 6.56
0.25 4 0.43 0.39 + 1.06 113 £ 1.45
15.41 + 11.89 18.83 + 13.94 33.10 4+ 19.58
7.25+ 1.60 6.79 + 1.99 5.85 4 2.09
10.41 + 1.89 10.08 £ 2.25 8.90 & 2.50
0.38 % 0.07 0.38 + 0.08 0.35 4 0.08
17.49 £ 6.10 2112+ 10.15 26.20 + 11.72
18.69 + 5.76 22.02 4 9.36 27.87 +12.45

Comparison among groups was calculated using unpaired ¢-test and chi-square exact test. The comparisons with statistical differences were marked in bold.

0.007
<0.001
0.002
<0.001
0.003
0.011
0.588
<0.001
<0.001
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Variables

Demographics

Age (year)

Gender (no. of female, %)
OSA related parameters
AHI (events/h)

OALI (events/h)

ODI (events/h)

MSpO2 (%)

LSpO2 (%)

CT90 (%)

Clinical characteristics
Hypertension (n, %)
Diabetes (n, %)
Hyperlipidemia (n, %)
BMI (kg/m?)

DED (n, %)

Sleep quality

PSQI score

Poor sleep quality (PSQI > 5, n, %)
Components of PSQI
Subjective sleep quality
Sleep duration

Sleep latency

Sleep efficacy

Sleep disturbance

Sleep aid medication

sleep-related daytime problems

Comparison among groups was calculated using unpaired ¢-test and chi-square exact test. The comparisons with statistical differences were marked in bold.

Control (n = 125)

53.72 £ 13.03
48 (38.4)

1.58 £ 1.15
0.40 4 0.14
330+ 1.11
96.38 £+ 1.05
90.17 £+ 1.89
0.11 4 0.05

22 (17.6)
35 (28.0)
26 (20.8)
26.58 & 4.85
71 (56.8)

6.36 £ 3.77
80 (64.0)

0.88 4 0.88
0.89 4 0.85
0.99 + 1.00
0.86 4 0.83
0.82 4 0.81
0.84 4 0.84
1.08 £ 091

OSA (n=125)

54.12 £ 12.99
48 (38.4)

26.79 +£17.07
8.95 4 8.55
22.73 4 15,05
94.02 +£1.28
80.84 +4.21
491 +5.68

54 (43.2)
47 (27.6)
44(35.2)
30.36 % 5.46
53 (42.4)

8.10 £ 4.21
58 (46.4)

1.20 £0.95
1.16 £0.88
1.08 £0.91
1.06 £ 0.98
1.15+£0.92
1.09 £ 0.86
1.36 £0.95

0.809
0.552

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001
0.105
0.016
<0.001
0.016

<0.001
0.007

0.004
0.010
0.432
0.076
0.002
0.022
0.014
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0P (mmHg) 1311323 12.85 £2.05 0783

Data are presented as mean i standard deviation.

BCVA, best-corrected visual acuiy; SE, spherical equivalent; AL, axial length; IOF
intraocular pressure.

R, The SE values between the two group was compared with Mann-Whitney U-tests. Al
other parameters were compared with two-tailed independent sample t-tests.
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Non-smokers. —13.01 £8.39 -3.83+4.26 <0.001*
Smokers -5.49 +£9.70 -1.13+3.50 0.005*

VM-IV, phase IV of Valsalva maneuver; PVD, perfused vessel densiy.
A, equal to a percentage change during VM-V relative to the baseline levels.
P < 0.01, tested with paired t-tests.
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0.635
0.613
0.707
0.630
0.437

VM-IV, phase IV of Valsalva maneuver; SBR, systolic blood pressure; DS, diastolic blood pressure; MAF, mean arterial pressure; IOF, intraocular pressure; OPP, ocular perfusion pressure;

HR, heart rate.

°P < 0.05, Changes in parameters of non-smokers during VM-IV was tested with paired t-tests.

7P < 0.05, 1P< 0.01, Changes in parameters of smokers during VI-IV was tested with paired t tests.

P#, Comparison of baseline parameters between non-smokers and smokers, tested with two-tailed independent sample t-tests.
Pb, Comparison of percentage chenges in parameters induced by VI-IV between non-smokers and smokers, tested with two-tailed independent sample t-tests and Mann-Whitney

U-tests (DBP).
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VM-IV, phase IV of Valsalva maneuver; FAZ, foveal avascular zone; PVD, perfused vessel density.

*P < 0.05, "*P < 001, Changes in parameters of non-smokers during VM-IV was tested with pairedt-tests.
P <0.05, P < 0.01, Changes in parameters of smokers during VM-IV was tested with paired t-tests.
P2 < 0.05, Comparison of baseline parameters between non-smokers and smokers, tested with two-tailed independent-samples t-tests.

VM-IV response (%)

Non-smokers

9.23 + 16.51*
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-3.83 £ 4.26"

Smokers P
8.74 + 18771 0.413
—5.49 + 9.701t 0.017#
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P < 0.05, *P® < 0.01, Comparison of percentage changes in parameters during VM-IV between non-smokers and smokers, tested with two-tailed independent-samples t-tests

and Mann-Whitney U-tests (FAZ area).
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Related variables

Age (years)

DR staging

BMI (kg/m?)

SBP (mmHg)

DBP (mmHg)

Urea (mmol/L)

UA (umol/L)

IMA (U/mL)

RBP (ng/mL)
Calcium (mmol/L)
FPG (mmol/L)
Neutrophil (O 10°/L)
Lymphocyte (¢10°/L)
Platelet ({10°/L)

R

0.126
0.118
-0.123
-0.105
-0.102
-0.007
-0.007
0.011
0.092
0.019
-0.140
-0.121
0.014
-0.078

P-value

0.004*
0.007*
0.005%
0.017*
0.020*
0.868
0.873
0.796
0.036*
0.664
0.001*
0.006*
0.751
0.077

DR, diabetic retinopathy; BMI, body mass index; SBP, systolic blood pressure; DBP,
diastolic blood pressure; UA, uric acid; IMA, ischemia modified albumin; RBP, retinol

binding protein; FPG, fasting plasma glucose.
*P < 0.05, significant difference.
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Variables

Model 1*
Model 2*
Model 3*
Model 4*

diabetic macular eder

AUC (95% CI)

0.388 (0.340-0.436)
0.780 (0.740-0.820)
0.844 (0.808-0.879)
0.856 (0.823-0.890)

Staging; Model 4, Model 3 + insulin.
“P < 0.0, significant difference.

Youden index

-0.012
0.496
0.598
0.603

Sensitivity

0.924
0.709
0.794
0717

Specificity

0.064
0.760
0.804
0.885

P-value

<0.0001
<0.0001
<0.0001
<0.0001

a; DR, diabetic retinopathy; AUC, area under the curve; CI, confidence interval. Model 1, unadjusted; Model 2, Model 1 + age; Model 3, Model 2 + DR
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Quartiles Model 1 Model 2 Model 3 Model 4 Model 5

OR (95%  P-value OR(95%  P-value OR(95% P-value OR(95% P-value OR(95%  P-value

CI) CI) CI) CI) CI)
Q1 <0.0001% <0.0001% <0.0001% 0,002 0.012*
(<0.78)
Q 0512 0.005* 0526 0015* 0.600 0013 0.590 0057 0709 0247
(0.78-0.85) 0322- (0314 (0.349- (0343- (0.396-
0.815) 0.882) 1.030) 1.016) 1.269)
[e5) 0515 0.009% 0.621 0.090 0.824 0.104 0.828 0523 0767 0.405
(0.85-0.91) 0313- (0.358- (0.463- (0.464- (0.410-
0848) 1077) 1.469) 1.479) 1432)
Q4 0266 <0.0001* 0.267 <0.0001% 0295 <0.0001% 0294 <0.0001* 0310 0.001*
(> 091) (0.153- (0.144- (0.154- (0.153- (0.153-
0.461) 0.494) 0.568) 0.566) 0.629)
Age 0897 <0.0001% 0,903 <0.0001% 0,902 <0.0001* 0918 <0.0001%
(0.875- (0.881- (0881~ (0.894-
0918) 0.925) 0.925) 0941)
Calcium 0.203 0.040 0.343 0.182 0277 0131
(0.045- (0.072- (0.052-
0.927) 1.647) 1.464)
Insulin 3449 <0.0001* 2643 <0.0001*
(2.265- (1.683-
5.252) 4.152)
DR staging 9308 <0.0001*
(4,913~
17.635)

DME, diabetic macular edema; OR, odds ratio; CI, confidence interval; DR, diabetic retinopathy. Logistic regression: Model 1, unadjusted for confounding variables; Model 2, adjus
for age; Model 3, adjusted for age and calcium; Model 4, adjusted for age, calcium, and insulin; Model 5, adjusted for age, calcium, insulin, and DR staging.
*P < 0.0, significant difference.
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Variable

Age

Sex

DR staging
BMI
Hypertension
SBP

DBP

Insulin
Laboratory findings
Urea

UA

IMA

RBP

Calcium
Magnesium
FPG
Neutrophil
Lymphocyte
Blood platelet

Univariate analysis

OR (95% CI)

0.897 (0.876-0.918)
0.890 (0.628-1.261)
16.372 (9.146-29.306)
0.981 (0.924-1.041)
1.165 (0.753-1.802)
1.003 (0.994-1.012)
1.008 (0.991-1.024)
4.410 (3.042-6.393)

1.043 (0.985-1.105)
1.000 (0.998-1.001)
1.008 (0.994-1.022)
0.996 (0.987-1.005)
0.221 (0.057-0.859)
0.043 (0.010-0.198)
1.040 (0.964-1.121)
1.050 (0.929-1.187)
0.939 (0.682-1.292)
1.000 (0.997-1.003)

P-value

<0.0001*
0.511

<0.0001*
0.523
0.492
0.521
0.360

<0.0001*

0.149
0.723
0.247
0.369
0.029*
<0.0001*
0.310
0.434
0.698
0.905

DME, diabetic macular edema; OR, odds ratio; CI, confidence interval; DR, diabetic
retinopathy; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood

pressure; UA, uric acid; IMA, ischemia modified albumin; RBP, retinol binding protein;

FPG, fasting plasma glucose.
*P < 0.05, significant difference.
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Variable Non-DME DME P-value

(n=296) (n=223)

Age (years) 61.17 £9.22 69.85 £ 8.46 <0.0001*
Male, 1 (%) 102 (45.7%) 144 (48.6%) <0.0001*
PDR, 7 (%) 15 (15.1%) 104 (46.6%) <0.0001*
BMI (kg/mz) 23.82 +2.85 23.98 £ 2.99 0.620
Hypertension, 7 (%) 233 (78.7%) 181 (81.2%) 0.492
SBP (mmHg) 146.26 + 18.56 145.16 £+ 19.97 0.243
DBP (mmHg) 82.87 +£10.71 82.01 £ 10.55 0.249
Insulin, 1 (%) 89 (30.1%) 146 (65.5%) <0.0001*
Laboratory findings

Urea (mmol/L) 6.96 +2.97 7.35£3.18 0.136
UA (jumol/L) 348.77 £ 114.05 34510 £113.13 0.586
IMA (U/mL) 57.15 + 14.23 58.82 +13.25 0.005*
RBP (pug/mL) 50.06 &+ 17.65 48.92 £ 22.00 0.324
Calcium (mmol/L) 2.324+0.12 2.30£0.13 0.008*
Magnesium (mmol/L) 0.86 +0.14 0.79 £0.19 <0.0001*
FPG (mmol/L) 6.88 +2.02 7.09 £ 2.64 0.019*
Neutrophil (¢10°/L) 3.79 £ 1.40 3.80 +1.43 0.673
Lymphocyte ((¢10°/L) 1.49 £ 0.56 147 £0.52 0.651
Blood platelet (¢10°/L) 171.00 + 54.59 171.58 4+ 54.49 0.466

DME, diabetic macular edema; PDR, proliferative diabetic retinopathy; BMI, body mass
index; SBP, systolic blood pressure; DBP, diastolic blood pressure; UA, uric acid; IMA,
ischemia modified albumin; RBP, retinol binding protein; FPG, fasting plasma glucose.
*P < 0.05, significant difference.
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References Country Duration  Groups Number Age Type of Sex (F/M) Software Quality oN

(Years) vem used scores
FD FL
Ahmed et al. (54) Canada 17.60£ 14,00 Type 1 diabetes 56 34.90 £ 14.80 LSCM 29/27  COMetrics 7 v Y
- Healthy controls 64 38.90 £ 17.60 34/30
Alam et al. (45) UK 17.20£12.00 Type 1 diabetes 30 38,80 + 1250 LSCM 17/13  CCMetrics 6 4 o
= Healthy controls o7 41.00 + 14.90 11/16
Ceska Burdovéetal.  Czech 1350720  Type 1 diabetes 24 37.70+ 1230 SSCM NA  Builtin 7 v Y
39 Republic software
- Healthy controls 20 3220+ 9.90 19
Chen et al. (38) UK 2000 1110 Type 1 diabetes 63 44,00+ 1500 LSCM NA  CCMetrics 5 v Y
11.10
- Healthy controls 8 46,00 £ 16.00 NA
Chen et al. (50) UK 23.00+ 15.00 Type 1 diabetes 46 4400+ 1300 LSCM NA CCMetrics 9 -2 ik
- Healthy controls 2 44.00 £ 15.00 NA
Cozzini et al. (29) Italy 870420 Type 1 diabetes 150 16.60%4.00 LSCM 7173 ACCMetrics 7 S o
- Healthy controls 51 16.30 +2.90 25/26
DOnoffio etal. (28)  Italy 19.40=7.60  Type 1 diabetes 2 5330+ 11.70 LSCM 817 CCMetrics 6 of
- Healthy controls 23 5440+ 11.10 12/11
Ferdousi et al. (35) UK 9.10£270  Type 1 diabetes 64 1460250 LSCM 31/33  COMetrics 8 v Y
- Healthy controls 55 13.60 = 38.10 33722
Ferdousi et al. (37) USA 2098264 Type 1 diabetes 42 4921253 LSCM 15/27  ACCMetrics 6 v Y
- Healthy controls 2 4870 +2.84 14/11
Gad et al. (27) Qatar 408+291 Type 1 diabetes 20 14.47 £2.43 LSCM NA CCMetrics 8 o o
- Healthy controls 20 1283+ 191 NA
Hertz et al. (55) Canada NA Type 1 diabetes 12 NA LScM NA  CCMetrics 8 v Y
- Healthy controls 20 41.40 + 17.30 15/5
Schiano Lomoriello et Italy 1247 £829  Type 1 diabetes 19 37.42:£899 SSCM 1009 CS4 software 8 v Y
al. (34)
- Healthy controls 19 4031 £11.15 109
Misra et al. (48) New Zealand 268+ 11.3 Type 1 diabetes 53 4860+ 11.80 LSCM 27/26 Analysis 3.1 7 o
- Healthy controls 40 44.30 + 14.70 2317
Pritchard etal. (52)  Australia 20,00+ 15.00 Type 1 diabetes 168 43001600 LSCM 83/85  COMetrics 8 o
- Healthy controls 154 46,00 15.00 84170
Scarr etal. (43) Canada 2350+ 14.40 Type 1 diabetes 189 42001600 LSCM 73/66  CCMetrics 7 of
- Healthy controls 68 38.00 + 16.00 36/32
Stemetal. (51) UsA 1350670  Type 1 diabetes 25 3870+ 14.20 LSCM 1877 ImageJ 8 v
- Healthy controls 9 43.90 £ 10.20 63
Szalai et al. (16) Hungary 579+258  Type 1 diabetes 18 16.45£259 LSCM NA  ACCMetrics 5 v
= Healthy controls 17 26.53 +£2.43 8/9
Tummanapall et al. (31) Australia 15.00£900 Type 1 diabetes 27 32,00+ 1000 LSCM 10/17  ACCMetrics 8 VAW
- Healthy controls 29 37.00 + 11.00 13/16
Barcelos et al. (30) Portugal 11.70£7.70  Sidgren's 55 67.80+11.80 LSCM NA  ImageJ 8 v Y
Syndrome
- Healthy controls 20 61.00 + 6.50 NA
Castilo et al. (59) Spain 8603820  Sgren's 11 61.30+ 1130 SSCM 101 NA 8 v
Syndrome
- Healthy controls 10 65.40 + 3.20 812
Benitez del Castiloet  Spain 10.40£320  Sjgren's 11 5290870 SSCM 101 NA 8 v
al. (60) Syndrome
- Healthy controls 10 68.70 £ 7.10 8/2
Chen et al. (56) China NA Sjégren's 2 4230£9.70 LSCM 2511 Analysis 3.1 7 v
Syndrome
= Healthy controls 2 4080 & 9.30 21/5
Lewy etal. (44) France NA Sjsgren's 30 58.90 + 15.40 LSCM 2010 Image J 6 4
Syndrome
- Healthy controls 15 59.30 + 12.30 6
Matsumoto etal. (32)  Japan NA Sjégren's 23 65.40+ 1140 LSCM 230 ImageJ 8 v v
Syndrome
- Healthy controls 13 68.80 % 9.80 13/0
McNamaraetal. (47)  USA NA Sjsgrens 10 5650871 SSCM 91 CCMetrics 8 v v
Syndrome
- Healthy controls 10 5820+ 8.44 o
Semeraro etal. (46)  ltaly 12.20£637  Sisgren's 24 5431+ 1149 NA 240 ImageJ 7 v v
Syndrome
- Healthy controls 24 48.88 % 6.50 24/0
Tepelus et al. (42) USA NA Sjsgren’s 22 5750860 LSCM 214 ImageJ 8 v
Syndrome
- Healthy controls 7 59.30  12.70 6/1
Tuisku et al. (67) Finland NA Sjogrens 20 54507.00 SSCM 191 Buitin 5 "]
Syndrome software
- Healthy controls 10 49.80 £ 5.00 o
Tuominen etal. (61)  Finland 800460  Sdgren's 10 50.10+ 1350 TSCM o1 NA 6 v
Syndrome
- Healthy controls. 10 48.30 + 14.50 o
Villani et al. (53) Italy NA Sjégren’s 15 52.10 & 15.40 LSCM 1174 Cell Count 8 v
Syndrome software
- Healthy controls 15 45.20 + 15.90 10/5
Villani et al. (58) ltaly NA Sjogren’s 15 5230+ 10.80 SSCM 12/3  Cell Count 8 v
Syndrome software
- Healthy controls 20 51.20 + 18.20 1877
Bitirgen et al. (40) Turkey NA Bechets disease 49 39.90+ 1120 LSCM 32/17  ACCMetrics 8 J o
- Healthy controls 30 4120 + 11.50 20/10
Gad et al. (33) Qatar 4.49 + 4.02 Coeliac disease 20 11.78 £ 1.74 LSCM NA CCMetrics 8 v o
- Healthy controls 20 12.83 £ 191 NA
Kocabeyoglu etal. (49) Turkey 087063  Graves' disease 40 3540+ 1120 SSCM 29/41  Image J 7 o
- Healthy controls 40 33.80 + 1030 26/14
Sharma et al. (36) UK NA Hypothyroidism 20 4955+ 13.34 LSCM 110 CCMetrics 8 v v
= Healthy controls 20 44.95 + 1429 12/8
Tepelus et al. (41) USA NA Mucous 23 76.40+ 1880 LSCM NA  imageJ 8 J
Membrane
Pemphigoid
- Healthy controls 8 7430 +7.50 NA
Barcelos et al. (30) Portugal 11.70£7.70  Rheumatoid 18 5530+ 13.70 LSCM NA  imageJ 6 4 A
arthritis
- Healthy controls 20 51.00 & 6.50 NA

F/M, female/male; CN, coneal nerve; FD, fiber density; FL, fiber length; BD, branch density; T, tortuosity; B, beadings; R, reflectivity;

A, not available.
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Subject CNFL CNFD CNBD

Begg's test 0.195 0323 0554

Egger's test 0.001 0548 0657

WMD1 (95% Cl) -394 662 —9.89
(-477,-8.12) (-840, -4.85)  (~14.00, -5.79)

WMD2 (95% Cl) ¥ —-381 NA NA
(~4.64, ~2.99)

GNFL, comeal nerve fiber length; GNFD, comeal nerve fiber density; CNBD, comeal nerve
branch; WD, weighted mean difference; Cl, confidence interval; NA, not available.

T Original YD and 95% CI.

#WMD and 95% Cl after using the trim and fil method.
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Subgroup  Group by

N
Age
10-20 5
30-40 8
40-50 6
50-60 9
60 3
Type of IVCM
LsCM 25
SSCM 6
Software used
COMetrics 13
Blt-in software /
ACCMetrics 5
Image J 9
Cell Count software ~ /

Types of NNAI diseases
Type 1 diabetes 18
Sjégren's Syndrome 8

CNFL
WMD (95%Cl)

—2.32 (~4.08, ~0.59)
~8.39 (—4.52, 2.26)
—4.22(-5.33, -3.12)
~7.01(~10.47, -3.55)
~2.85 (~5.26, ~0.44)

—4.51(~5.49, -3.52)
—2.26(-3.10, 1.43)

—8.80 (-5.02, ~2.58)
/
—2.24(~8.10, -1.39)
—6.19 (-9.04, -3.34)
/

—4.14(-5.14, -3.14)
—3.74(-5.71, -1.78)

I3

760
68.9
80.6
943
921

94.6
261

80.7

736

953

20.3
926

~ oo~

>

3

oo o N

13
10

CNFD
WMD (95%Cl)

~3.18(-6.27, ~0.08)

—4.72 (~6.93, ~2.52)

~9.38 (~12.59, ~6.17)

~8.75(~15.62, ~1.87)
/

—7.44 (-9.50, -5.38)
~6.25 (10,84, ~1.66)

—4.81 (-7.75, -187)
~8.41(~16.94,0.11)
—4.98(~6.53, ~3.43)
~7.35(~16.32, 1.62)

—14.95 (~20.75, -9.14)

—4.95 (~6.53, -3.37)
—11.45 (~18.02, ~4.87)

”

763
747
86.5
94.6

91.6
86.2

83.2
43.1
67.1
96.9
727

84.1
94.1

CNBD
N WMD (95%Cl) ”

5 -10.13(-1808,-224) 739
7 -814(-16.10,-0.18) 763
5 —1880(-2461,-1199) 839
3 1,61 (~9.44, 12.66) 816
/ / /

15 —13.56 (-17.22, —9.90) 79.3
6 —2.34(-9.18, 4.46) 509
11 —15.16(-2100,-932)  77.2
/ / /

5 —10.64(~16.04,-524) 848
2 987 (5.63, 14.12) 00
/ 4 /

14 -13.49(-17.93,-9.05)  83.7
4 -0.42 (-10.32, 9.48) 82.3

N, number; CNFL, comeal nerve fiber length; CNFD, comeal nerve fiber density; CNBD, comoal nerve branch density; WIMD, weighted mean difference; CI, confidence interval; IVCM,
in vivo confocal microscopy; LSCM, laser scanning confocal microscopy; SSCM, slit scanning confocal microscopy; NNAJL, non-neurological autoimmune (diseases).
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Subject Tortuosity
Beggs test 0815
Eggers test 0.000
WMD1 (95% )" 1.19
(058, 1.81)
WMD2 (95% Ci) ¢ 1.19
(058, 1.81)

Reflectivity

0.851
0.706

—0.21
(~0.65,0.24)
NA

WD, weighted mean difference; CI, confidence interval.

*Original WMD and 95% CI.

HWMD and 95% Cl after using the trim and fill method.

Beadings

0.091
0.017

19.91
(11.92, 27.90)
8.40
(109, 17.88)
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Case Age/Sex Time interval after AZ vaccination Diagnosis Treatment Ref

1 77M 3 Bells palsy Prednisolone 40mg/day for 14 days NA
2 42M 9 Ramsey Hunt syndrome Prednisolone 60mg/day for 7 days @
3 59/M 10 Guillain Barre syndrome IVIG 0.4 mg/kg for 5 days €]

able was the case we presented, while case 2 and 3 were cases reported previously. Note that the etiology of facial palsy following ChAdOx1 nCoV-19 vaccination was

Case 1 in
completely different which resulted in different treatment and a different clinical course.
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Year

2016

2017

2018

2014

2019

Journal

New Engl J Med

Lancet

Brit J Dermatol

New Engl J Med

Brit J Dermatol

References

Simpson et al. (12)

Blauvelt et al. (20)

de Bruin-Weller
etal. (21)

Beck etal. (11)

Akinlade et al. (19)

Article title

Two Phase 3 Trials of Dupilumab versus Placebo in Atopic
Dermatitis

Long-term management of moderate-to-severe atopic dermatitis
with dupilumab and concomitant topical corticosteroids (LIBERTY
AD CHRONOS): a 1-year, randomized, double-blinded,
placebo-controlled, phase 2 trial

Dupilumab with concomitant topical corticosteroid treatment in
adults with atopic dermatitis with an inadequate response or
intolerance to ciclosporin A or when this treatment is mediically
inadvisable: a placebo-controlled, randomized phase Ill cinical trial
Dupilumab treatment in adults with moderate-to-severe atopic
dermatitis

Conjunctivitis in dupilumab clinical trials

Citations

87

82

49

Total link
strength

385

367

252

230

169
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Journal Publication Journal IF* WoS" Categories

number

Br J Dermatol 18 9302  DERMATOLOGY
J Am Acad Dermatol 15 11527 DERMATOLOGY
Dermatol Ther 13 2851  DERMATOLOGY
J Eur Acad Dermatol 11 6166  DERMATOLOGY
Venereol
JAMA Dermatol 7 10282 DERMATOLOGY
Am J Giin Dermatol 5 7.403  DERMATOLOGY
Int J Dermatol 5 273  DERMATOLOGY
J Dermatol Treat 5 3350  DERMATOLOGY
Allergy 4 13146 ALLERGY,

IMMUNOLOGY
J Clin Med 4 4241 MEDICINE,

GENERAL &

INTERNAL

“Journal impact factor () was queried from the 2020 Journal Citation Reports. *Web
¥ Selarice.
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No. Age Sex OD/OS Cause Clinical manifestation Final VA
Redness  Pain  Blured  Headache  Facial  Elevated Proptosis Ptosis Limited RAPD
vision numbness 0P EOM

1 89 M 08 Unspecified inflammation - - + - + - - + + - 2050 20/63

2 80 3 OD  Systemic lupus + + - - - + - - + - 2063 20/63
erythematosus

3 75 M OD  Urothelial carcinoma with - - + - - - + 3mm + + + NP P
bone metastasis

4 a7 M OD  Tongue cancer with local N - + - - + + + + 2050 20182
invasion

5 83 M 0S  Fungal sinusitis . + + + - = +,2mm T 4 - 2000 P

6 52 M OD  Fungal sinusitis - + - - - - - - - - 2063 2050

7 69 M OS  Prostate cancer with brain - . - + - - + 1mm + + - 2063 NA
metastasis

8 60 M 08 Buccal cancer with local + - + + - + - - + + 20100 NA
invasion

9 54 F OD  Breast cancer with brain . - o + - it = = o+ + NLP NLP
metastasis

10 55 M OD  Carotid carvenous fistula + - + - - - + 5mm + + + 20082 2020

11 57 M OD  NPG with local invasion - - + - + - + + - - CF NP

12 59 M OD  Palatal cancer with local - - + - - - + + + 202000 LP
invasion

13 75 F 0S  Breast cancer with brain - - + - - - - + + + CF NP
metastasis

14 7% F OD  Meningioma - = o = = = + & + 5 LP N/A

15 57 F OD  Cavernous ICA out-pouch - - + + + - - + + - 2082 201400

16 84 M 0S  Trauma - - + - - - - - + + P NA

17 61 M oD Sinusitis - - - - - + + 3mm + + + 2000 20/200

18 69 M OD  suspected GPA - - + - + - - + + + NLP N/A

19 42 M 0S  Buckle cancer with local + - + - - - + - + + NP NA
invasion

20 69 M 08 Sinus cancer with local - - + - - - - + + + NP NP

invasion

IOP, intraocular pressure; EOM, extraocular motiity, RAPD, relative afferent pupillry defect; LR, positive light perception; NLR, no light perception, GPA, granulomatosis with polyangits; OD, Oculus Dexter, right eye; OS, Oculus Sinister,
left eye; CF, counting finger; HM, hand motion; NPC, nasopharyngeal carcinoma; ICA, intemal carotid artery; N/A, not applicable.

Mean of age = 65.55.

The amount of proptosis was quantified by Hertel exophthalmometer.
Cases No. 3, No. 4 and No. 7 died within 1 year after orbital apex syndrome occurred.
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Items Number (n) Percentage (%)

Gender
Male 15 75
Female 5 25
Laterality

Right eye 12 60
Lefteye 8 40
Original S/S

Plosis 11 55
Proptosis 8 40
Diplopia 6 30
Blurred vision 16 80
Facial numbness 4 20
Headache 5 25
Others (red eye, eye pain) 2 10
VA change

Better 4 20
Worse 7 35
No change 3 15
Others (no records) 6 30
Diagnostic image tools

cr 8 40
MRI 5 25
CT/MRIboth 6 30
Loss to follow-up 1 5
Mortality

Yes 3 15
No 16 80
Loss to follow-up 1 5

VA, visual acuity; S/S, symptoms and signs; CT, computed tomography; MR, magnetic
resonance image.
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