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Purpose

Recent studies of glaucoma, age-related macular degeneration, and diabetic retinopathy have demonstrated that flavoprotein fluorescence (FPF) can be utilized non-invasively as an indicator of mitochondrial oxidative stress in the retina. However, a comprehensive assessment of the validity and reliability of FPF in differentiating between healthy and diseased eyes across multiple disease states is lacking. Here, we evaluate the sensitivity and specificity of FPF in discriminating between healthy and diseased eyes in four leading causes of visual impairment worldwide, one of which has not been previously evaluated using FPF. We also evaluate the association between FPF and visual acuity.



Methods

A total of 88 eyes [21 eyes of 21 unaffected controls, 20 eyes from 20 retinal vein occlusion (RVO) patients, 20 eyes from 20 diabetic retinopathy (DR) patients, 17 eyes from 17 chronic exudative age-related macular degeneration (exudative AMD) patients, and 10 eyes from 10 central serous retinopathy (CSR) patients] were included in the present cross-sectional observational study. Eyes were imaged non-invasively using a specially configured fundus camera OcuMet Beacon® (OcuSciences, Ann Arbor, MI). The macula was illuminated using a narrow bandwidth blue light (455 – 470 nm) and fluorescence was recorded using a narrow notch filter to match the peak emission of flavoproteins from 520 to 540 nm. AUROC analysis was used to determine the sensitivity of FPF in discriminating between diseased eyes and healthy eyes. Nonparametric Kruskal-Wallis Tests with post-hoc Mann Whitney U tests with the Holm-Bonferroni correction were performed to assess differences in FPF intensity, FPF heterogeneity, and best corrected visual acuity (BCVA) between the five groups. Spearman rank correlation coefficients were calculated to assess the relationship between FPF and BCVA.



Results

AUROC analysis indicated that FPF intensity is highly sensitive for detecting disease, particularly for exudative AMD subjects (0.989; 95% CI = 0.963 – 1.000, p=3.0 x 107). A significant difference was detected between the FPF intensity, FPF heterogeneity, and BCVA in all four disease states compared to unaffected controls (Kruskal-Wallis Tests, p = 1.06 x 10-8, p = 0.002, p = 5.54 x 10-8, respectively). Compared to healthy controls, FPF intensity values were significantly higher in RVO, DR, exudative AMD, and CSR (p < 0.001, p < 0.001, p < 0.001, and p = 0.001, respectively). Spearman rank correlation coefficient between FPF intensity and BCVA was ρ = 0.595 (p = 9.62 x 10-10).



Conclusions

Despite variations in structural retinal findings, FPF was found to be highly sensitive for detecting retinal disease. Significant FPF elevation were seen in all four disease states, with the exudative AMD patients exhibiting the highest FPF values compared to DR, CSR, and RVO subjects. This is consistent with the hypothesis that there is elevated oxidative stress in all of these conditions as previously demonstrated by blood studies. FPF intensity is moderately correlated with the late-in disease-marker BCVA, which suggests that the degree of FPF elevation can be used as a metabolic indicator of disease severity.
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Introduction

Mitochondria are the essential cellular components for energy production, apoptosis, steroid synthesis, cellular signaling, and maintenance of homeostasis (1–4). They are the site of oxidative phosphorylation and are thus vital for oxygen-dependent adenosine triphosphate (ATP) production. Retinal cells are highly metabolically active with high baseline oxygen consumption demands and are thus particularly susceptible to mitochondrial dysfunction. Apoptosis may occur through the release of reactive oxygen metabolites that impair mitochondrial DNA (mtDNA) and the electron transport chain (5, 6). Inappropriate induction of apoptosis vis-à-vis activation of caspase-3 results in premature loss of cells and subsequent tissue dysfunction (7).

Mitochondrial dysfunction secondary to oxidative stress has been demonstrated to drive the pathogenesis of numerous retinal diseases such as age-related macular degeneration (AMD), diabetic retinopathy (DR), and retinal vein occlusion (RVO) (8–11). Oxidative stress results from the accumulation of reactive oxygen species that exceeds the antioxidant defense capacity of the cell (12). In healthy cells, reactive oxygen species are scavenged by antioxidant enzymes like manganese superoxide dismutase (5). Under stress, flavoproteins linked to mitochondrial enzymes in the electron transport chain become oxidized and emit a green autofluorescence when stimulated by blue light (13–16). The spectral properties of flavoproteins have previously been demonstrated to be distinct from those of other retinal fluorophores, such as lipofuscin (4). Thus, assessing levels of mitochondrial flavoprotein fluorescence (FPF) can potentially serve as a measure of metabolic dysfunction present within the human retina (4, 17).

Traditionally, retinal damage has been assessed by structural changes that occur in the setting of disease. However, this approach shows the end-result of metabolic disturbance but is not sensitive to detecting real-time fluctuations in oxidative stress. Recently, a method of functional imaging of mitochondria has been developed which provides in vivo quantitative information of FPF. Prior studies involving dry age-related macular degeneration, pseudotumor cerebri, glaucoma, and central serous retinopathy measured FPF by imaging patients’ retinas with a back-illuminated electron-multiplying charged-coupled device (EMCCD) camera equipped with a 512 x 512 pixel chip (14, 15, 18–22). These retinal metabolic imaging devices have undergone three iterations, with the first iteration capturing FPF over a 3° field of view (4). The latest generation of the device captures infrared images of 60° x 21.5° and an FPF image of 17° x 21.5° field of view. All three generations use a 1-ms flash of blue light (455 – 470 nm) to capture fluorescence from 520 - 540 nm. FPF is primarily expressed as two parameters known as FPF intensity and FPF heterogeneity (4). The former reflects global signal strength by measuring average pixel intensity over a 5.5 mm-diameter region centered at either the macula or the optic nerve head (4, 23). The latter captures the variation of signal intensity of all the pixels in the region of interest in the imaged eye. Both elevated levels of FPF intensity and heterogeneity have been correlated with disease progression and may be of value for evaluation of clinical severity, acuity of disease, and predicting prognosis (21, 24, 25).

Building upon these previous works, the present study uses the OcuMet Beacon®, a third-generation retinal metabolic analysis device, to quantify FPF in patients with four leading causes of visual impairment (26). One of the main objectives of this study was to evaluate the sensitivity and specificity of the OcuMet Beacon® in discriminating between healthy control eyes and diseased eyes. A second objective was to expand the clinical investigation of FPF to subjects with retinal vein occlusion (RVO), a condition that has not been studied to date. Finally, our third objective was to investigate the association between FPF and best corrected visual acuity (BCVA) across different disease states. Here, we demonstrate the consistent response of FPF as a sensitive indicator of metabolic dysfunction across a variety of disease states and its significant association with visual acuity. With further characterization, FPF could become a clinically useful means of assessing therapeutic impact of a variety of interventions aimed at reducing oxidative stress in the human retina.



Materials and methods


Study population

This cross-sectional observational study was conducted at New York Eye and Ear Infirmary of Mount Sinai in New York, USA. The study protocol was approved by the Institutional Review Board (IRB) and adhered to the guidelines outlined in the Declaration of Helsinki. Written informed consent was obtained from all participants prior to their inclusion in the study and involved discussion of the study methodology along with associated risks and benefits. A total of 76 subjects and 24 age-matched healthy controls were recruited between October 2021 and August 2022. Patients’ demographic information, comorbidity data, chronology of illness, retinal diagnosis, and sub-classification of their retinal disease was collated through review of their electronic medical records and confirmed during the consent process. Three controls were excluded from the present study because it was discovered after recruitment that they were diagnosed with Type 2 diabetes mellitus. One control, two RVO, and three DR subjects were excluded after data collection because it was discovered during retrospective chart review that the patients had a prior history of cataract surgery in the study eye. One subject with central retinal vein occlusion (CRVO) was excluded because he was diagnosed concurrently with glaucoma. One subject’s data with central serous retinopathy (CSR) was excluded because the patient reported a diagnosis of sarcoidosis after enrollment. Two subjects with exudative AMD were excluded because of poor image quality secondary to improper positioning of the patient’s head on the chin rest.

The final analysis cohort included images from 67 subjects and 21 age-matched healthy controls. Inclusion criteria for the study subjects were the singular diagnoses of RVO, DR with or without macular edema, exudative AMD, or CSR in the imaged eye, in addition to natural crystalline lens, good fixation, clear media, and a BCVA better than 20/200 in Snellen. Subjects with other concomitant retinal pathologies in addition to the primary diagnosis were excluded from the study. Other exclusion criteria included history of prior vitreoretinal surgery or surgery impacting the corneal curvature; history of laser surgery within the past 3 months; history of cataract surgery due to data demonstrating that artificial intraocular lens exhibit increased levels of fluorescence compared to natural crystalline lens; uncontrolled hypertension; the presence of systemic vascular disease such as sickle cell disease and systemic inflammatory diseases like human immunodeficiency virus (HIV); current systemic immunosuppression; diabetes mellitus; retinal or vitreous hemorrhages that obscure the macula; ≥ Grade 3 nuclear sclerotic, cortical, or posterior subcapsular cataract based on the Lens Opacity Classification System III; inability to fixate; inability to comply with study procedures; active anterior chamber inflammation; and neurodegenerative disorders such as Alzheimer’s and Parkinson’s disease. Only one eye from each subject was included for imaging and data analysis to avoid interocular correlation. Enrollment of age-matched controls involved recruiting subjects between 43 and 74 years of age with natural crystalline lens with no evidence of vitreoretinal disease. Controls were also required to have a BCVA of 20/25 or better and no prior history of ocular pathology or ocular surgery.

Prior to enrollment in the study, all patients underwent a comprehensive ophthalmic evaluation including ETDRS visual acuity testing, slit lamp biomicroscopy, pupillary dilation using tropicamide 1% eye drops and phenylephrine hydrochloride 2.5% eye drops administered twice at 5-minute intervals, tono-pen tonometry (Reichert Technologies, Depew, NY), dilated fundus photography (Optos, Marlborough, MA), and OCTA imaging (XR Avanti; Optovue, Inc., Fremont, CA, USA). For patients in whom both eyes met the inclusion criteria, a single eye was selected at random for inclusion in the study.

Patients with DR were evaluated by a member of our retina service as non-proliferative diabetic retinopathy (NPDR) or proliferative diabetic retinopathy (PDR) with or without clinically significant macular edema according to the Early Treatment Diabetic Retinopathy Study (ETDRS) criteria (27). Patients with RVO were classified as possessing either central retinal vein occlusion (CRVO) or branch retinal vein occlusion (BRVO) through chart review and dilated fundus examination findings, color fundoscopic images, and IVFA images within six months of image acquisition. Patients with CSR were classified as active or chronic inactive using diagnostic wide-field IVFA imaging and OCT (28–30). Patients with exudative AMD were all noted to be advanced cases involving neovascularization as per the Age-Related Eye Disease Study (AREDS) Risk Factor Scoring System (31).



Retinal metabolic analysis image acquisition and processing

Functional imaging of retinal mitochondria was performed by measuring the FPF values at the macula using the OcuMet Beacon® (OcuSciences, Ann Arbor, MI; Investigational Device) (Figure 1). The device is classified as a Group 1 for light safety under American National Standards Institute (ANSI) Z80.36-2016 and International Organization for Standardization (ISO) 15004 guidelines. It captures infrared images of 60° x 21.5° and an FPF image of 17° x 21.5°. Optical filters for the excitation and peak flavoprotein emission are designed to maximize signal-to-noise ratio and minimize confounding fluorescence from other retinal fluorophores including lipofuscin. Each subject’s pupil was dilated prior to imaging. The macula was exposed to 60 ms of excitation flash. Images were excluded from the present study if they were of low quality due to poor focus, eyelash interference or pupil cropping. All images were stored as 1920 x 700 pixel 12-bit grayscale PNG files. The integrated Ocumet® Image software package analyzed the images for average FPF pixel intensity and heterogeneity, from all pixels within a 17° rectangular field. One macular image per subject was included in the analysis and was subjectively evaluated by the same operator for image quality. FPF heterogeneity was also automatically calculated as the average width of the histogram curve at one-half the maximum FPF frequency (4). A composite of FPF and infrared images comparing a control subject’s retina to subjects with each of the disease states investigated in this study are found in Figure 2.




Figure 1 | Overview of the OcuMet Beacon® imaging technique. (A) 60° x 21.5° infrared image with the region-of-interest (ROI) marked in yellow in a subject with exudative AMD. (B) Corresponding 17° x 21.5° FPF heatmap highlighting areas of increased mitochondrial dysfunction in warmer hues. (C) OcuMet Beacon's proprietary software automatically calculates the FPF intensity and heterogeneity using the pixel count. FPF intensity reflects the average pixel intensity over a 17° x 21.5° region centered at the macula. FPF heterogeneity captures the varation of signal intensity of all the pixels in the ROI.






Figure 2 | Representative images of (A) healthy control, (B) exudative AMD (C) nonproliferative DR, (D) active CSR, and (E) chronic non-ischemic CRVO. (Left) Infrared images of 60° x 21.5° with the yellow box indicating the region of interest (ROI) at the macula for FPF measurements. (Center) 17° x 21.5° FPF heat map. Warmer colors indicate higher FPF intensities. FPF heterogeneity is the average width of the histogram curve at one-half the maximum FPF frequency. (Right) Distribution of FPF intensities among all image pixels.





Statistical analysis

Statistical analyses were performed using SPSS 24.0 (IBM Corporation, Chicago, IL, USA) and Microsoft Excel (Microsoft Corporation, Redmond, WA). BCVA in Snellen was converted to LogMAR for statistical analysis. A one-way ANOVA test with post hoc Tukey test was used to assess for any significant differences in age between the different disease groups compared to controls. Since there were limited sample sizes and not all groups met the Kolmogorov-Smirnov test for normality, initial analysis consisted of nonparametric Kruskal-Wallis Tests and the post hoc Mann-Whitney U tests with the Holm-Bonferroni correction for multiple comparisons. The post hoc analysis was intended to control the experiment-wise type-1 error rate.

Following stratification of the RVO, DR, and CSR disease groups, sub-analyses compared values in PDR and NPDR, active and chronic inactive CSR, and CRVO and BRVO patients to age-matched healthy controls, respectively. Correlation analyses were performed using Spearman’s rank correlation coefficient (ρ) because the FPF and BCVA data were not normally distributed. Univariate regression analysis was performed to evaluate the impact of FPF intensity and heterogeneity on BCVA. Area under the receiver operating characteristic (AUROC) curve with 95% confidence interval (CI) was used to assess the diagnostic ability of FPF intensity and FPF heterogeneity metrics to differentiate between healthy age-matched eyes (controls) and eyes with retinal pathology. AUROC curves were visualized using GraphPad Prism Version 9.0 (GraphPad Software, Inc., San Diego, CA). A p value less than 0.05 was considered statistically significant.

Intra-visit repeatability of OcuMet Beacon® scans at the macula was characterized using the coefficient of variation. Four sequential images taken from a representative diseased eye and from a representative control eye were used to calculate this metric. The calculations were derived from the standard deviation of obtained FPF values divided by their mean.




Results


Participant characteristics

Demographic characteristics for all subjects and controls are included in Supplementary Table 1. 67 out of 76 subjects referred for retinal metabolic imaging met the inclusion criteria and were imaged using the OcuMet Beacon® to determine the average FPF pixel intensity for the imaged eye as well as their BCVA in Snellen at their last visit. Overall, the median age ± interquartile range (IQR) was 58.5 ± 13 years and 42 (47.7%) were female. Race distribution was 40 (45.4%) White, 17 (19.3%) Black, 8 (9.1%) Asian, and 23 (26.1%) Hispanic. Eye laterality was 43 (48.9%) OD and 45 (51.1%) OS. The median age ± IQR for healthy control subjects was 55 ± 9 (N = 21, range: 43 - 74 years) compared to 59 ± 10 for the RVO cohort (N = 20, range: 36 - 77 years), 59 ± 11.25 for the DR cohort (N = 20, range: 40 - 80 years), 70 ± 15 for the exudative AMD cohort (N = 17, range: 48 - 87 years), and 54 ± 11.75 for the CSR cohort (N = 10, range: 35 - 65 years).



Intra-visit repeatability

The coefficients of variation for FPF intensity and FPF heterogeneity in a representative diseased eye were 1.68% and 16.39%, respectively. For an unaffected control eye, the coefficients of variation for FPF intensity and FPF heterogeneity were 2.82% and 7.29%, respectively.



Area under the receiver operating characteristic analyses

AUROC analysis was utilized to compare the ability of flavoprotein fluorescence metrics to differentiate patients with all four disease states from unaffected controls. The results of the AUROC curve analyses are shown in Figure 3 and Table 1. FPF intensity displayed consistent diagnostic capability when differentiating between healthy age-matched eyes and diseased eyes at the region of interest (ROI), with AUROC values ranging from 0.927, 0.951, 0.989, and 0.921 for RVO, DR, exudative AMD, and CSR, respectively. FPF heterogeneity demonstrated poor diagnostic capability for RVO (AUROC = 0.689). Good diagnostic capability was demonstrated for DR and CSR (AUROC = 0.730 and 0.731, respectively). Highest differentiation was noted for FPF heterogeneity in terms of exudative AMD (AUROC = 0.901).




Figure 3 | Area under the receiver operating characteristic (AUROC) curve analyses demonstrating the diagnostic ability of (A) FPF intensity and (B) heterogeneity to discriminate between eyes with retinal pathology (exudative AMD, RVO, DR, and CSR) and unaffected control eyes.




Table 1 | Area under the receiver operating curve (AUROC) analysis for differentiating healthy eyes (controls) and eyes with retinal pathology based on FPF intensity and heterogeneity.





Flavoprotein fluorescence analyses

As shown in Supplementary Table 2, a Kruskal-Wallis Test demonstrated that there was a statistically significant difference in mean FPF intensity between the different disease groups compared to healthy controls (χ2(2) = 42.94, p = 1.06 x 10-8). Mean FPF (± SD) intensity values were lowest in the healthy control group (30.62 ± 8.03, 95% CI = 26.96 – 34.28), followed by RVO (53.80 ± 17.97, 95% CI = 45.39 – 62.21), CSR (53.80 ± 14.34, 95% CI = 43.54 – 64.06), and DR (61.75 ± 19.84, 95% CI = 52.47 – 71.03). Notably, the exudative AMD subjects had a mean FPF intensity score that was 2.2 times as large as the healthy control group (67.47 ± 17.77, 95% CI = 58.33 – 76.61). Box and whisker plots of FPF intensity values for each group are shown in Figure 4A. Post hoc pairwise comparisons after nonparametric Kruskal-Wallis tests indicated that FPF intensity values were significantly higher across all disease groups compared with the healthy control group (Table S3). Importantly, exudative AMD subjects had significantly higher FPF intensity scores compared to RVO subjects (p = 0.048), indicating limited specificity of FPF for discriminating between different disease states (Figure 4A).




Figure 4 | Box and whisker plots of flavoprotein fluorescence (FPF) average pixel intensity between (A) unaffected age-matched control subjects compared to RVO, CSR, DR, and Exudative AMD subjects; (B) Age-matched controls compared to PDR (N=11) and NPDR (N=9) subjects; (C) Age-matched controls compared to active (N=6) and chronic inactive (N=4) CSR subjects; and (D) Age-matched controls compared to CRVO (N=11) and BRVO (N=9) subjects. The means are indicated by crosses, medians by the horizontal lines, 25-75% quartiles by the boxes, and 9%-91% ranges by the whiskers. Significant p values for the post hoc pairwise comparisons after nonparametric Kruskal Wallis tests are shown; all other pairwise comparisons were not statistically significant (p > 0.05). RVO, retinal vein occlusion; DR, diabetic retinopathy; wet AMD, wet age-related macular degeneration; CSR, central serous retinopathy; PDR, proliferative diabetic retinopathy; NPDR, non-proliferative diabetic retinopathy; CRVO, central retinal vein occlusion; BRVO, branch retinal vein occlusion. The symbol * stands for the mean, indicated by the legend in Figure 4.



Sub-analysis comparing PDR and NPDR subjects indicated that both groups had statistically significantly higher FPF intensity values compared to healthy controls (p < 0.001, p < 0.001, respectively, Figure 4B; Table S4). There was no statistically significant difference in FPF intensity between PDR and NPDR subjects (p = 0.948). Compared to controls, active CSR subjects had higher mean FPF intensity values (p < 0.001, Figure 4C; Table S5). There was no significant difference between chronic inactive CSR subjects and controls (p = 0.074). Both CRVO and BRVO subjects displayed statistically significantly higher FPF intensity values compared to controls (p < 0.001 and p < 0.001, respectively, Figure 4D; Table S6). There was no significant difference in FPF intensity scores between CRVO and BRVO subjects (p = 0.619).

FPF heterogeneity was statistically significant across all groups (χ2(2) = 17.327, p = 0.002) (Supplementary Figure 1A; Table S2). Mean FPF heterogeneity (± SD) values of healthy controls, RVO, DR, exudative AMD, and CSR patients were 15.62 ± 2.87 (95% CI = 14.31 - 16.93), 18.00 ± 4.10 (95% CI = 16.08 - 19.92), 21.80 ± 10.44 (95% CI = 16.91 - 26.69), 23.12 ± 9.91 (95% CI = 18.02 - 28.21), 18.70 ± 4.19 (95% CI = 15.70 - 21.70), respectively. Post-hoc pairwise comparisons revealed that the difference between healthy controls and all four disease groups were statistically significant (Supplementary Figure 1A; Table S3). All other comparisons were not significant. Sub-analysis comparing PDR and NPDR subjects indicated that FPF heterogeneity was significantly elevated in both PDR and NPDR subjects compared to age-matched controls (p = 0.046 and p = 0.031, respectively, Supplementary Figure 1B; Table S4). FPF heterogeneity values were not statistically significantly different between active and chronic inactive CSR subjects compared to healthy controls (p = 0.117, Supplementary Figure 1C). FPF heterogeneity was also found to not be significantly different between CRVO, BRVO, and age-matched controls (p = 0.112, Supplementary Figure 1D).

Spearman rank correlation analysis revealed that FPF intensity values were moderately correlated with BCVA (ρ = 0.595, p = 9.62 x 10-10, 95% CI = 0.362 - 0.666) (Table 2; Figure 5). FPF heterogeneity values were also found to be weakly correlated with BCVA (ρ = 0.306, p = 0.004, 95% CI = -0.089 - 0.323).


Table 2 | Spearman rank correlation coefficients with 95% CI between FPF intensity and heterogeneity and BCVA.






Figure 5 | Scatter diagram illustrating the association between flavoprotein fluorescence (FPF) intensity and best corrected visual acuity (BCVA). The spearman rank correlation coefficient was 0.595 (95% CI = 0.362 – 0.666, p = 9.62 x 10-10).





Best corrected visual acuity analyses

Best corrected visual acuity (BCVA) differences from controls was statistically significant across all groups (χ2(2) = 39.481, p = 5.54 x 10-8, Supplementary Figure 2A; Table S2). Mean BCVA (± SD) in LogMAR of healthy controls, RVO, DR, exudative AMD, and CSR patients were 0.00 ± 0.00, 0.38 ± 0.32 (95% CI = 0.23 - 0.53), 0.25 ± 0.18 (95% CI = 0.17 - 0.34), 0.32 ± 0.19 (95% CI = 0.23 - 0.42), and 0.18 ± 0.15 (95% CI = 0.06 - 0.29), respectively. Post-hoc pairwise comparisons revealed that the BCVA was significantly poorer in all four disease groups compared to healthy controls (Table S3). All other comparisons were not statistically significant. Post-hoc pairwise comparisons revealed that the BCVA of PDR and NPDR subjects were statistically significantly lower from those of age-matched controls (p < 0.001 and p = 0.001, respectively, Supplementary Figure 2B; Table S4). The BCVA between PDR and NPDR subjects were not significantly different (p = 0.274). The BCVA of both active and chronic inactive CSR subjects were significantly lower than that of age-matched controls (p < 0.001 and p = 0.002, respectively) (Supplementary Figure 2C; Table S5). The BCVA of both CRVO and BRVO subjects were significantly lower than that of age-matched controls (P < 0.001 and P < 0.001, respectively, Supplementary Figure 2D; Table S6). There was no statistically significant difference between the BCVA of CRVO and BRVO subjects (p = 0.708).




Discussion

Quantification of flavoprotein fluorescence (FPF) is a novel and potentially useful technology for assessing clinical severity, predicting prognosis, and detecting treatment response in patients suffering from a variety of retinal diseases. In this study, we chose to investigate retinal FPF in patients affected by the four leading pathologies affecting the macula of the eye: exudative AMD, DR, RVO, and CSR (26). Each of these disorders is the result of and/or cause of significant retinal oxidative stress. We sought to measure the clinical utility of FPF by determining its specificity and sensitivity in discriminating between healthy and diseased eyes. Additionally, while typically a later indicator of disease severity, BCVA is the key functional marker of retinal health. For this reason, we wanted to investigate the relationship between FPF and visual outcomes as measured by BCVA.

Unlike conventional structural tests such IV fluorescein angiography (IVFA) or dilated fundus photography, FPF non-invasively assesses mitochondrial dysfunction in the human retina in vivo. Mitochondria are most densely concentrated in the retinal nerve fiber layer, retinal ganglion cells, inner plexiform layer, outer plexiform layer, the outermost portion of photoreceptors, and the basal surface of RPE cells as demonstrated by cytochrome oxidase (COX) staining (32). As described by Chen et al. and Andrade Romo et al., FPF signal intensity directly corresponds to FAD+ molecules that are oxidized secondary to aging or disease (4, 21, 33). It cannot be elicited from cells that are already dead or in the final stages of apoptosis. The fluorescence signal from oxidized flavoproteins is distinct from conventional fundus autofluoresence (FAF) which is principally due to lipofuscin. The current generation of the OcuMet Beacon® utilized for this study minimizes the contribution of fluorescence from retinal fluorophores like lipofuscin by using narrow filter bands for FPF excitation and emission peaks. The proposed mechanism by which FPF intensity correlates with mitochondrial dysfunction is that the latter results in increased turnover of lipid-rich cellular membranes, which in turn results in increased levels of bioactive lipids, reactive oxygen species, and lipid peroxides that upregulate NK-kB and p38 mitogen-activated protein kinases (MAPK) (34–36). The p38 MAPK pathway has been noted to be particularly active in the RPE and the neurosensory retina and has been implicated in the induction of proinflammatory cytokines such as IL-1B, TNF- α, and IL-6 (37, 38).

This is of particular importance given the fact that in our study, the subjects with the most elevated FPF intensity and heterogeneity scores were found within the exudative AMD cohort. As stated previously, the pathophysiology of exudative AMD involves degeneration of RPE cells secondary to the accumulation of ROS and subsequent oxidative stress damaging mtDNA in the RPE (6, 32). In health, the RPE plays a crucial role in maintaining retinal health by transporting blood-borne nutrients from the vasculature to photoreceptors and phagocytosing outer segments of photoreceptors (39). In exudative AMD, one theory proposes that impaired autophagy of outer segments of photoreceptors by the RPE contributes to the progression of disease (40). RPE injury is thought to provoke a chronic pro-inflammatory response in the Bruch membrane and the choroid (41). Development of an abnormal extracellular matrix precipitates further RPE damage, which subsequently leads to retinal atrophy and neovascularization of the choriocapillaris and choroid (42). It has been shown that human RPE cells treated with hydrogen peroxide demonstrate preferential damage to mtDNA due to oxidative stress (43–45). Brown et al. have also demonstrated that RPE and photoreceptor damage in Sod2 knock-out mice reduced RPE function and increased levels of oxidative stress compared to wild type controls (46).

In our study, AUROC analysis demonstrated that FPF intensity and FPF heterogeneity were consistently capable of differentiating between healthy control eyes and diseased eyes, with FPF intensity being relatively more sensitive than FPF heterogeneity. Both FPF intensity and heterogeneity were positively correlated with BCVA, providing objective confirmation to this subjective measure. Diabetic patients exhibited significantly higher FPF intensity and heterogeneity scores compared to age-matched controls. Both PDR and NPDR subjects exhibited FPF intensity and heterogeneity scores that were 2 and 1.4 times higher, respectively, than values found in age-matched controls. Proposed mechanisms by which mitochondrial dysfunction occurs in diabetic retinopathy include chronic hyperglycemia stimulating the production of sorbitol via the polyol pathway, advanced glycation end products (AGEs), and other toxic pro-inflammatory metabolites via the diacylglycerol protein kinase C (DAG-PKC) pathway (47–49). Additionally, FPF intensity and heterogeneity were elevated in the DR cohort because of the disproportionately high number of DR patients with macular edema, a phenomenon that is implicated in inner blood-retinal barrier breakdown (50–52). Chronic hyperglycemia can result in microangiopathy and vascular leakage, which can progress to macular edema and capillary occlusion, the latter of which can cause retinal ischemia and subsequent neovascularization (53, 54). The disproportionate prevalence of severe NPDR in our DR cohort likely resulted in comparable FPF intensity and heterogeneity values between the PDR and NPDR groups.

The CSR cohort also exhibited FPF intensity values that were 1.7 times as high as the age-matched control group. While the pathophysiology of CSR is poorly understood, pathological changes are most often located in the macula and result in extravascular fluid leakage through the RPE into the subretinal space (30, 55–57). Daruich et al. was able to demonstrate increased levels of the oxidative stress biomarker, malondialdehyde, in human tears of patients with CSR (58). In our patients, neurosensory or RPE sensory detachments hindered our ability to distinguish the contribution of the disease process on levels of metabolic stress from stress caused by secondary detachments. This is consistent with Elner et al.’s findings which demonstrated FPF elevation in subjects with bilateral CSR who lack subretinal or sub-RPE fluid (14). He hypothesized that elevated FPF levels revealed some ongoing metabolic stress in eyes with the disease even in its sub-clinical presentation.

The RVO group exhibited a similarly elevated mean FPF intensity value to FPF scores found in the CSR cohort, suggesting that comparable levels of oxidative stress could be found in the two conditions. These findings are consistent with Chen et al.’s study, which found elevated levels of oxidative stress in RVO subjects as measured by malondialdehyde 8-hydroxy-2-deoxyguanosine (MDA) and hydrogen peroxide (H2O2) (59). Retinal venous occlusive disease causes blockage of retinal veins that drain into the central retinal vein, resulting in macular edema, hemorrhaging, and rapid loss of visual acuity from ischemia (60). Importantly, retinal vein occlusion can cause retinal ganglion cell apoptosis under ischemic conditions that generate reactive oxygen species and membrane lipid peroxidation (11). FPF intensity scores were also similar between CRVO and BRVO subjects. FPF heterogeneity, however, was not statistically significantly different between CRVO, BRVO, and age-matched controls. Elevated FPF heterogeneity is hypothesized to reveal variation of FPF signal intensity due to the impact of the disease process on different retinal cells in the macula (4). FPF heterogeneity exhibited lower levels of intra-session repeatability with a coefficient of variability of 16.39% suggesting that FPF heterogeneity may be a more complex indicator of metabolic stress which remains to better understood.

To date, this is the first study to evaluate the validity and reliability of FPF in cohorts of patients with RVO, DR, exudative AMD, and CSR in comparison to control eyes with no evidence of ocular pathology. This is also the first study to investigate retinal FPF in subjects affected by RVO. In 2012, Field et al. used a second generation OcuMet Beacon® device to non-invasively measure elevations in retinal FPF in six patients with non-exudative age-related macular degeneration, three of whom exhibited geographic atrophy (GA), compared to age-matched controls (20). Elner et al. compared data from 14 diabetic patients, 1 advanced non-exudative AMD patients, 1 CSR patients, and 1 retinitis pigmentosa patients and concluded that FPF values were all significantly elevated compared to control subjects (14). Most recently, Chen et al. compared a cohort of 151 control subjects with 117 diabetic patients and found a statistically significant difference in FPF intensity and heterogeneity between the two groups (4). Interestingly, in contrast to our findings, the authors report that higher FPF heterogeneity, rather than FPF intensity, is predictive of poor visual acuity.

It is worth noting some of the limitations in our study design. First, the relatively small sample size of our CSR cohort limits the generalizability of the conclusions. However, this is the first study to include ten CSR subjects in an investigation of retinal flavoprotein autofluorescence; Elner et al.’s study only included 2 CSR subjects and Field et al.’s study compared FPF data from 3 unilateral CSR subjects with their unaffected eyes and 6 age-matched controls (14, 19). The small sample size of our DR cohort restricted our ability to subclassify NPDR patients into early, moderate, and severe stages of clinical severity according to the Early Treatment Diabetic Retinopathy Study (ETDRS) criteria. Small sample size also hindered our ability to stratify RVO cases into ischemic and non-ischemic cases. In the future, studies with larger sample sizes are needed to validate our preliminary results. Second, while we did test for shot-to-shot reproducibility in the form of the intra-session repeatability metric, we did not test longitudinal intersession reproducibility. One FPF image centered at the macula at one time point was included in the analysis for each patient, resulting in an inability to measure the intersession variability of the data. Third, treatment with anti-VEGF injections for some patients included in the DR and exudative AMD cohorts and duration of disease were variables that were not controlled for in this study. Theoretically, earlier therapeutic intervention and administration of anti-VEGF injections on a routine basis could have resulted in better-than-expected FPF and BCVA values. Finally, the median age of the age-matched healthy control subject cohort was within 5 years of all disease groups except for the exudative AMD cohort, which could have potentially confounded the results for this particular disease group. While the OcuMet Beacon® is designed to minimize fluorescence signal from other retinal fluorophores such as lipofuscin that increase with age, it is possible for the retinal fluorescence signal to be partially contaminated by fluorescence emitted by other ocular structures, like the crystalline lens. The spectral curves of tryptophan and non-tryptophan fluorophores in the lens fall between 295 – 329 nm, 364-472 nm, 437-523 nm, respectively, exhibiting minimal overlap with the excitation and emission peaks of retinal flavoproteins (4). It has been previously demonstrated that natural fluorophores in a patient’s lens increase with age, which could potentially affect the fluorescence signal from the retina (18). It is unlikely that the retinal fluorescence signal was contaminated by corneal fluorophores, which exhibit excitation peaks near 300-360 nm and 370-440 nm (4).

In summary, this study highlights the utility of flavoprotein fluorescence as a rapid, noninvasive, and quantitative indicator of mitochondrial dysfunction due oxidative stress in the human retina in vivo. FPF intensity was demonstrated to be a robust and sensitive metric for evaluating disease severity in diseased eyes and was significantly correlated with BCVA. Our findings were in agreement with reports from previous studies that FPF intensity has clinically useful diagnostic capability to differentiate healthy eyes from diseased eyes, particularly in exudative AMD subjects. Larger, longitudinal future investigations will be necessary to evaluate its utility in monitoring therapeutic interventions in diseased eyes or predicting pre-structural trajectory of various diseases.
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Supplementary Table 6 | P values from Kruskal-Wallis Tests Comparing FPF Intensity, FPF Heterogeneity, and BCVA Between CRVO, BRVO, and Control Groups. FPF heterogeneity between age-matched controls, CRVO, and BRVO subjects were not significant (P = 0.112). *Indicates statistical significance.



References

1. Poderoso, C, Duarte, A, Cooke, M, Orlando, U, Gottifredi, V, Solano, AR, et al. The spatial and temporal regulation of the hormonal signal. role of mitochondria in the formation of a protein complex required for the activation of cholesterol transport and steroids synthesis. Mol Cell Endocrinol (2013) 371:26–33. doi: 10.1016/j.mce.2012.12.024

2. Kisilevsky, E, Freund, P, and Margolin, E. Mitochondrial disorders and the eye. Survey Ophthalmol (2020) 65:294–311. doi: 10.1016/j.survophthal.2019.11.001

3. Nascimento-dos-Santos, G, de-Souza-Ferreira, E, Lani, R, Faria, CC, Araújo, VG, Teixeira-Pinheiro, LC, et al. Neuroprotection from optic nerve injury and modulation of oxidative metabolism by transplantation of active mitochondria to the retina. BBA - Mol Basis Dis (2020) 1866:165686. doi: 10.1016/j.bbadis.2020.165686

4. Chen, AX, Conti, TF, Hom, GL, Greenlee, TE, Raimondi, R, Briskin, IN, et al. Functional imaging of mitochondria in retinal diseases using flavoprotein fluorescence. Eye (2021) 35:74–92. doi: 10.1038/s41433-020-1110-y

5. Chan, DC. Mitochondria: Dynamic organelles in disease, aging, and development. Cell (2006) 125:1241–52. doi: 10.1016/j.cell.2006.06.010

6. Ferrington, DA, Kenney, MC, Atilano, SR, Hurley, JB, Brown, EE, and Ash, JD. Mitochondria: The retina’s achilles’ heel in AMD. Adv Exp Med Biol (2021) 1256:237–64. doi: 10.1007/978-3-030-66014-7_10

7. Wang, L-L, Yu, Q-L, Han, L, Ma, X-L, Song, R-D, Zhao, S-N, et al. Study on the effect of reactive oxygen species-mediated oxidative stress on the activation of mitochondrial apoptosis and the tenderness of yak meat. Food Chem (2018) 244:394–402. doi: 10.1016/j.foodchem.2017.10.034

8. Feher, J, Kovacs, I, Artico, M, Cavallotti, C, Papale, A, and Balacco Gabrieli, C. Mitochondrial alterations of retinal pigment epithelium in age-related macular degeneration. Neurobiol Aging (2006) 27:983–93. doi: 10.1016/j.neurobiolaging.2005.05.012

9. Avrutsky, MI, Ortiz, CC, Johnson, KV, Potenski, AM, Chen, CW, Lawson, JM, et al. Endothelial activation of caspase-9 promotes neurovascular injury in retinal vein occlusion. Nat Commun (2020) 11:3173. doi: 10.1038/s41467-020-16902-5

10. Zhong, Q, and Kowluru, RA. Epigenetic changes in mitochondrial superoxide dismutase in the retina and the development of diabetic retinopathy. Diabetes (2011) 60:1304–13. doi: 10.2337/db10-0133

11. Masuda, T, Shimazawa, M, and Hara, H. Retinal Diseases Associated with Oxidative Stress and the Effects of a Free Radical Scavenger (Edaravone). Oxid Med Cell Longev (2017) 2017:9208489. doi: 10.1155/2017/9208489

12. Zou, S, and Khoo, BL. A 6-Gene Panel as a Signature to Predict Recovery from Advanced Heart Failure Using Transcriptomic Analysis. Genes Diseases (2022) 9(5):1178–80. doi: 10.1016/j.gendis.2021.12.001.

13. Delori, FC, Dorey, CK, Staurenghi, G, Arend, O, Goger, DG, and Weiter, JJ. In vivo fluorescence of the ocular fundus exhibits retinal pigment epithelium lipofuscin characteristics. Invest Ophthalmol Visual Sci (1995) 36:718–29.

14. Elner, SG, Elner, VM, Field, MG, Park, S, Heckenlively, JR, and Petty, HR. Retinal flavoprotein autofluorescence as a measure of retinal health. Trans Am Ophthalmological Soc (2008) 106:215–22.

15. Elner, VM, Park, S, Cornblath, W, Hackel, R, and Petty, HR. Flavoprotein autofluorescence detection of early ocular dysfunction. Arch Ophthalmol (2008) 126:259–60. doi: 10.1001/archophthalmol.2007.44

16. Moon, J, Yun, J, Yoon, YD, Park, SI, Seo, YJ, Park, WS, et al. ). blue light effect on retinal pigment epithelial cells by display devices. Integr Biol Quantitative Biosci Nano to Macro (2017) 9:436–43. doi: 10.1039/C7IB00032D

17. Hsueh, J, Raimondi, R, Hom, G, Conti, T, and Singh, RP. Flavoprotein fluorescence is a marker of AMD progression. Invest Ophthalmol Visual Sci (2019) 60:9.

18. Field, MG, Elner, VM, Puro, DG, Feuerman, JM, Musch, DC, Pop-Busui, R, et al. Rapid, noninvasive detection of diabetes-induced retinal metabolic stress. Arch Ophthalmol (2008) 126:934–8. doi: 10.1001/archopht.126.7.934

19. Field, MG, Elner, VM, Park, S, Hackel, R, Heckenlively, JR, Elner, SG, et al. Detection of retinal metabolic stress resulting from central serous retinopathy. Retina (2009) 29:1162–6. doi: 10.1097/IAE.0b013e3181a3b923

20. Field, MG, Comer, GM, Kawaji, T, Petty, HR, and Elner, VM. Noninvasive imaging of mitochondrial dysfunction in dry age-related macular degeneration. Ophthalmic Surg Lasers Imaging (2012) 43:358–65. doi: 10.3928/15428877-20120712-02

21. Andrade Romo, JS, Lynch, G, Liu, K, Kim, D, Jansen, M, Field, MG, et al. Flavoprotein fluorescence correlation with visual acuity response in patients receiving anti-VEGF injection for diabetic macular edema. Oxid Med Cell Longevity (2018) 2018:3567306. doi: 10.1155/2018/3567306

22. Suwan, Y, Garg, R, Field, MG, Krawitz, BD, Mo, S, Pinhas, A, et al. Noninvasive detection of mitochondrial dysfunction in ocular hypertension and primary open-angle glaucoma. J Glaucoma (2018) 27(7):592–9. doi: 10.1097/IJG.0000000000000980

23. Zhou, DB, Castanos, MV, Geyman, L, Rich, CA, Tantraworasin, A, Ritch, R, et al. Mitochondrial dysfunction in primary open-angle glaucoma characterized by flavoprotein fluorescence at the optic nerve head. Ophthalmol Glaucoma (2022) 5:413–20. doi: 10.1016/j.ogla.2021.12.006

24. Muste, JC, Seth, K, Kumar, M, Rich, CA, Singh, RP, Traboulsi, EI, et al. Functional imaging of mitochondria in genetically confirmed retinal dystrophies using flavoprotein fluorescence. Ophthalmic Genet (2022) 43(6):1–7. doi: 10.1080/13816810.2022.2144903

25. Sun, MT, Beykin, G, Lee, WS, Sun, Y, Chang, R, Nunez, M, et al. Structural and metabolic imaging after short-term use of the balance goggles system in glaucoma patients: A pilot study. J Glaucoma (2022) 31:634–8. doi: 10.1097/IJG.0000000000002066

26. Wang, M, Munch, IC, Hasler, PW, Prünte, C, and Larsen, M. Central serous chorioretinopathy. Acta Ophthalmol (2008) 86:126–45. doi: 10.1111/j.1600-0420.2007.00889.x

27.Photocoagulation for diabetic macular edema. early treatment diabetic retinopathy study report number 1. early treatment diabetic retinopathy study research group. Arch Ophthalmol (1985) 103:1796–806. doi: 10.1001/archopht.1985.01050120030015

28. Chan, WM, Lai, TYY, Lai, RYK, Tang, EWH, Liu, DTL, and Lam, DSC. Safety enhanced photodynamic therapy for chronic central serous chorioretinopathy: one-year results of a prospective study. Retina (2008) 28:85–93. doi: 10.1097/IAE.0b013e318156777f

29. Yannuzzi, LA. Central serous chorioretinopathy: a personal perspective. Am J Ophthalmol (2010) 149:361–3. doi: 10.1016/j.ajo.2009.11.017

30. Semeraro, F, Morescalchi, F, Russo, A, Gambicorti, E, Pilotto, A, Parmeggiani, F, et al. Central serous chorioretinopathy: Pathogenesis and management. Clin Ophthalmol (2019) 13:2341–52. doi: 10.2147/OPTH.S220845

31. Ferris, FL, Davis, MD, Clemons, TE, Lee, LY, Chew, EY, Lindblad, AS, et al. A simplified severity scale for age-related macular degeneration: AREDS report no. 18. Arch Ophthalmol (2005) 123:1570–4. doi: 10.1001/archopht.123.11.1570

32. Tao, JX, Zhou, WC, and Zhu, XG. Mitochondria as potential targets and initiators of the blue light hazard to the retina. Oxid Med Cell Longevity (2019) 2019:6435364. doi: 10.1155/2019/6435364

33. Ning, X, Baoyu, Q, Yuzhen, L, Shuli, S, Reed, E, and Li, QQ. Neuro-optic cell apoptosis and microangiopathy in KKAY mouse retina. Int J Mol Med (2004) 13:87–92. doi: 10.3892/ijmm.13.1.87

34. Bian, ZM, Elner, SG, Yoshida, A, and Elner, VM. Human RPE-monocyte co-culture induces chemokine gene expression through activation of MAPK and NIK cascade. Exp Eye Res (2003) 76:573–83. doi: 10.1016/S0014-4835(03)00029-0

35. Field, MG, Yang, D, Bian, ZM, Petty, HR, and Elner, VM. Retinal flavoprotein fluorescence correlates with mitochondrial stress, apoptosis, and chemokine expression. Exp Eye Res (2011) 93:548–55. doi: 10.1016/j.exer.2011.06.023

36. Martindale, JL, and Holbrook, NJ. Cellular response to oxidative stress: Signaling for suicide and survival. J Cell Physiol (2002) 192:1–15. doi: 10.1002/jcp.10119

37. Kaarniranta, K, Hannu, U, Blasiak, J, Felszeghy, S, Kannan, R, Kauppinen, A, et al. Mechanisms of mitochondrial dysfunction and their impact on age-related macular degeneration. Prog Retinal Eye Res (2020) 79:100858. doi: 10.1016/j.preteyeres.2020.100858

38. Stitt, AW, Curtis, TM, Chen, M, Medina, RJ, McKay, GJ, Jenkins, A, et al. The progress in understanding and treatment of diabetic retinopathy. Prog Retinal Eye Res (2016) 51:156–86. doi: 10.1016/j.preteyeres.2015.08.001

39. Kwon, W, and Freeman, SA. Phagocytosis by the retinal pigment epithelium: Recognition resolution, recycling. Front Immunol (2020) 11:e604205. doi: 10.3389/fimmu.2020.604205

40. Golestaneh, N, Chu, Y, Xiao, YY, Stoleru, GL, and Theos, AC. Dysfunctional autophagy in RPE, a contributing factor in age-related macular degeneration. Cell Death Disease (2017) 8:e2537. doi: 10.1038/cddis.2016.453

41. Zarbin, MA. Current concepts in the pathogenesis of age-related macular degeneration. Arch Ophthalmol (2004) 122:598–614. doi: 10.1001/archopht.122.4.598

42. Zarbin, MA. Age-related macular degeneration: review of pathogenesis. Eur J Ophthalmol (1998) 8:199–206. doi: 10.1177/112067219800800401

43. Ballinger, SW, Van Houten, B, Conklin, CA, Jin, G-F, and Godley, BF. Hydrogen peroxide causes significant mitochondrial DNA damage in human RPE cells. Exp Eye Res (1999) 68:765–72. doi: 10.1006/exer.1998.0661

44. Jin, GF, Hurst, JS, and Godley, BF. Hydrogen peroxide stimulates apoptosis in cultured human retinal pigment epithelial cells. Curr Eye Res (2001) 22:165–73. doi: 10.1076/ceyr.22.3.165.5517

45. Liang, FQ, and Godley, BF. Oxidative stress-induced mitochondrial DNA damage in human retinal pigment epithelial cells: a possible mechanism for RPE aging and age-related macular degeneration. Exp Eye Res (2003) 76:397–403. doi: 10.1016/S0014-4835(03)00023-X

46. Brown, EE, DeWeerd, AJ, Ildefonso, CJ, Lewin, AS, and Ash, JD. Mitochondrial oxidative stress in the retinal pigment epithelium (RPE) led to metabolic dysfunction in both the RPE and retinal photoreceptors. Redox Biol (2019) 24:101201. doi: 10.1016/j.redox.2019.101201

47. Brownlee, M. Biochemistry and molecular cell biology of diabetic complications. Nature (2001) 414:813–20. doi: 10.1038/414813a

48. Ahmad, FK, He, Z, and King, GL. Molecular targets of diabetic cardiovascular complications. Curr Drug Targets (2005) 6:487–94. doi: 10.2174/1389450054021990

49. Rains, JL, and Jain, SK. Oxidative stress, insulin signaling, and diabetes. Free Radic Biol Med (2011) 50:567–75. doi: 10.1016/j.freeradbiomed.2010.12.006

50. Xu, HZ, Song, Z, Fu, S, Zhu, M, and Le, YZ. RPE barrier breakdown in diabetic retinopathy: seeing is believing. J Ocul Biol Dis Infor (2011) 4:83–92. doi: 10.1007/s12177-011-9068-4

51. Bucolo, C, Gozzo, L, Longo, L, Mansueto, S, Vitale, DC, and Drago, F. Long-term efficacy and safety profile of multiple injections of intravitreal dexamethasone implant to manage diabetic macular edema: A systematic review of real-world studies. J Pharmacol Sci (2018) 138:219–32. doi: 10.1016/j.jphs.2018.11.001

52. Grazia, M, Claudio, B, Filippo, D, Settimio, R, Michelino Di, R, Rosa, I, et al. Attenuation of high glucose-induced damage in RPE cells through p38 MAPK signaling pathway inhibition. Front Pharmacol (2021) 12:684680. doi: 10.3389/fphar.2021.684680

53. Nentwich, MM, and Ulbig, MW. Diabetic retinopathy - ocular complications of diabetes mellitus. World J Diabetes (2015) 6:489–99. doi: 10.4239/wjd.v6.i3.489

54. Elsharkawy, M, Elrazzaz, M, Sharafeldeen, A, Alhalabi, M, Khalifa, F, Soliman, A, et al. The role of different retinal imaging modalities in predicting progression of diabetic retinopathy: A survey. Sensors (2022) 22:3490. doi: 10.3390/s22093490

55. Maumenee, AE. Macular diseases: Clinical manifestations. Trans Am Acad Ophthalmol Otolaryngol (1965) 69:605–13.

56. Spaide, RF, Campeas, L, Haas, A, Yannuzzi, LA, Fisher, YL, Guyer, DR, et al. Central serous chorioretinopathy in younger and older adults. Ophthalmology (1996) 103:2070–80. doi: 10.1016/S0161-6420(96)30386-2

57. Nicholson, B, Noble, J, Forooghian, F, and Meyerle, C. Central serous chorioretinopathy: update on pathophysiology and treatment. Surv Ophthalmol (2013) 58:103–26. doi: 10.1016/j.survophthal.2012.07.004

58. Daruich, A, Sauvain, JJ, Matet, A, Eperon, S, Schweizer, C, Berthet, A, et al. Levels of the oxidative stress biomarker malondialdehyde in tears of patients with central serous chorioretinopathy relate to disease activity. Mol Vision (2020) 26:722–30.

59. Hsiang, E-L, Hsu, M-Y, Chou, Y-C, Lin, T-C, Chang, Y-L, Tsai, C-Y, et al. Elevation of serum oxidative stress in patients with retina vein occlusions. Acta Ophthalmologica (2019) 97(2):e290–5. doi: 10.1111/aos.13892

60. Rehak, J, and Rehak, M. Branch retinal vein occlusion: pathogenesis, visual prognosis, and treatment modalities. Curr Eye Res (2008) 33:111–31. doi: 10.1080/02713680701851902


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 © 2023 Ahsanuddin, Rios, Otero-Marquez, Macanian, Zhou, Rich and Rosen. 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.


OEBPS/Images/fopht-03-1110501-g002.jpg
40
FPF Score

40 60
FPF Score

30 40 50 60 70
FPF Score

Unaffected Control
FPF Intensity: 32
FPF Heterogeneity: 14

Exudative AMD
FPF Intensity: 46
FPF Heterogeneity: 22

Nonproliferative DR
FPF Intensity: 33
FPF Heterogeneity: 18

Active CSR
FPF Intensity: 41
FPF Heterogeneity: 17

Chronic non-ischemic CRVO
FPF Intensity: 36
FPF Heterogeneity: 22






OEBPS/Images/fopht-03-1110501-g004.jpg
FPF Intensity (gsu)

FPF Intensity (gsu)

0001
<0001
140 P=0001
120 P<0001
5
100 o o
| T
| L
80 o 1
! =
60 1 -
& T
- | £
aor L T T i
=008
20 [E.
0
Controls RVO CSR DR Exudative
) AMD
Type of Retinal Pathology
100
- +  Outlier
Median
P<0001 i
80 ean
25%75%
70 — 9%91%
p—
60 * |
50
— 1
40 |
30 =
20
10
0
Controls Active Chronic
Inactive

Type of CSR

FPF Intensity (gsu)

120 P<0.001
P<0.001
100 ] +
1
1
80 I
60 =
T I
40 | |
ol F ~L
20 T
0
Controls PDR NPDR
Type of DR
P <0.001
120 P<0.001
+
100
=5
2
2 80
= e e
s ! I
£ 60 1
w «
o *
" %
=
20 i
0
Controls CRVO BRVO
Type of RVO






OEBPS/Images/fopht-03-1110501-g005.jpg
BCVA (LogMAR)

1.2

0.8

0.6

0.4

0.2

FPF vs. BCVA

® ®
o
® )
° ° y=0.0062x-0.0973 _
R?=0.282 .
[ ] (] o e
o oo e o .7
o o e o e o . oo
© 000 0 o o. 000 o o
@ o .. ® [ ] ®
....... o o oo e o °
é o o 0000000 000 o 0 oo o o
20 40 60 80 100

FPF Intensity (gsu)

120





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Flavoprotein fluorescence elevation is a marker of mitochondrial oxidative stress in patients with retinal disease

      

        		

          Purpose

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusions

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Study population

          



          		

            Retinal metabolic analysis image acquisition and processing

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Participant characteristics

          



          		

            Intra-visit repeatability

          



          		

            Area under the receiver operating characteristic analyses

          



          		

            Flavoprotein fluorescence analyses

          



          		

            Best corrected visual acuity analyses

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
FPF Intensity

Clinical Characteristic* Spearman Coefficient 5% Cl Lower Limit 95% Cl Upper Limit P Value
BCVA 0595 0362 0.666 9.62 x 1070
FPF Heterogeneity 7

Clinical Characteristic* Coefficient v 5% CI Lower Limit 95% CI Upper Limit P Value
BCVA 0306 -0.089 0.323 0.004*

BCVA, Best Corrected Visual Acuity in LogMAR; CI, Confidence Interval. *Indicates statistical significance.
The bolded values are statistically significant P values.
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Measurements ROC (95% Cl) Error P Value

FPF Intensity
Controls vs. RVO 0927 (0.853 - 1.000) 0.038 3.0x10%
Controls vs. DR 0951 (0.890 ~ 1.000) 0.031 7.7 x107%
Controls vs. Exudative AMD 0.989 (0.963 - 1.000) 0.013 3.0x107%
Controls vs. CSR 0921 (0.828 ~ 1.000) 0.047 1.8x 107

FPF Heterogeneity

| Controls vs. RVO 0.689 (0.518 - 0.861) 0.088 0.038*

Controls vs. DR 0730 (0.575 - 0.884) 0.079 0.012*
Controls vs. Exudative AMD 0.901 (0.806 ~ 0.995) 0.048 27x10%
Controls vs. CSR 0731 (0.521 - 0.941) 0.107 0.040%

FPF intensity showed the largest AUROC of 0.989 for exudative AMD subjects, followed by DR, RVO, and CSR subjects. FPF heterogeneity had lower AUROC values ranging from 0.689 for RVO
subjects and 0.901 for exudative AMD subjects. CI, confidence interval; RVO, retinal vein occlusion; DR, diabetic retinopathy; Exudative AMD, age-related macular degeneration; CSR, central serous
retinopathy. p values < 0.05 is considered statistically significant.

The bolded values are statistically significant P values.





