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Purpose

To assess long-term ophthalmic and clinical blood test changes in patients with different severities of diabetic retinopathy (DR).





Methods

We performed a longitudinal case-control study of 130 patients with diabetes mellitus (DM) and 67 controls, including visual acuities from 2,201 eye clinic visits and 44,833 blood tests. We also analyzed optic disc and macular structure and vasculature using optical coherence tomography (OCT) and angiography (OCTA).





Results

Ninety-one percent of eyes in diabetic patients had stable visual acuity (better than 20/40) over 7 years. Cluster analysis revealed most prominent blood test changes in the DM included elevated glucose and hemoglobin A1c and evidence of nephropathy. Optic disc OCTA was most correlated with OCT in the superior and inferior quadrants. Notably, peripapillary and macular OCTA measurements revealed evidence of microvascular drop out even in those with DR grade 0.





Conclusions

Majority of patients with DM monitored by physicians maintained good visual acuity over years. Ophthalmic imaging revealed evidence of early vascular changes even in patients without evidence of DR on clinical exam and color fundus imaging. In addition to ophthalmic functional and structural assessments, clinical blood tests for renal function are also important early biomarkers of end organ damage in DM.
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Introduction

Diabetic retinopathy (DR) is the most common cause of vision loss in the working population and one of the most feared consequences of diabetes mellitus (DM) (1). DR is characterized by a combination of metabolic syndrome-induced retinal and optic nerve vascular disease and microaneurysms, leading to ischemia, hemorrhage, edema, and neurodegeneration (1–3). Given that the retina is one of the most metabolically active tissues in the body, with its blood supply from the superficial capillary plexus of the superficial retinal layer, it’s no surprise that DR is highly correlated with end-organ damage, peripheral neuropathy, and cognitive decline (1, 3–5). DR is graded over 5 stages, from no vasculopathy (DR0) to non-proliferative DR (DR1-3), and proliferative DR (DR4) (1, 2, 5). Proliferative DR is defined by neovascularization and chronic hyperglycemia, leading to retinal neurodegeneration through inflammation and increased oxidative stress. Important unmet needs in the field include the lack of good early diagnostic and prognostic biomarkers of DR prior to the development of vision loss (5, 6). Thus, noninvasive ophthalmic measurements may be the most accessible early biomarker for diabetic end-organ damage (7).

Optical coherence tomography (OCT) imaging is routinely used to assess retinal thickness and pathology in patients with DR in the clinical setting. However, there is still a lack of imaging biomarker for DR. Common OCT findings in DR include macular edema, which increases retinal thickness, and neurodegeneration, which leads to retinal thinning. Macular edema and thinning can also occur simultaneously, resulting in no change in retinal thickness (8, 9). Optical coherence tomography angiography (OCTA) is a highly promising, novel, noninvasive imaging technique, but is limited by segmentation algorithms needed for quantitative assessment (10, 11). The most severely affected part of the retina in DR is the inner retina (8, 9), which is supplied by the superficial capillary plexus, which is easily measured and quantified in vivo using OCTA (8, 10). Such imaging is now routinely performed in 10 minutes without pupillary dilation in the eye clinic (7). Limitations of the OCTA study in DR include: 1) difficulty of obtaining high quality images and limitation of the analysis software, which can typically only measure vessel area density (VAD) and 2) lack of correlation between OCTA measurements and clinical assessments of DM itself. In this study, we used OCTA imaging on patients in order to better understand the ophthalmic vascular changes observed in patients with diabetes. The novelty of this study lies within the limited use of OCTA in current clinical settings for patients with diabetes to examine early retinal changes. The necessity of this study were to improve early clinical management for patients with diabetes by detecting early vascular changes on OCTA that correlate with progressive retinal disease due to underlying diabetes.

The aims of this study were to assess long-term ophthalmic and clinical blood test changes in patients with different severities of diabetic retinopathy through analyzing OCTA and clinical laboratory data from baseline and most recent follow up.





Methods

In this study, we performed deep phenotyping of visual function and structure and in patients with DM and compared analysis of clinical blood tests with that of severity of DR. We analyzed over 300 DM and control eyes using >100 ophthalmic parameters per eye and assay longitudinal visual outcomes 4-7 years later. Our study will provide better understanding of the management of patients with DR beyond that of ophthalmic measurements.




Study participants

This is a cross-sectional longitudinal observational study, approved by the Stanford Institutional Review Board and adherent to the Declaration of Helsinki, in compliance with the Health Insurance Portability and Accountability Act.

We created a large database of DM patients using the STAnford Research Repository (STARR) database (12), which contains electronic health records for patients in the Stanford healthcare system. All study participants were first seen at the Byers Eye Institute at Stanford University between 2014 and 2018, and OCTA was separately acquired for these patients. The number of patients was not calculated prior to this study.

Inclusion criteria included any patient diagnosed with DM (including Type 1 and Type 2) with a normal anterior segment and clear media, which was determined by a single retina specialist. Exclusion criteria included presence of a nuclear, cortical, or posterior subcapsular cataract that was grade 3 or higher, epiretinal membrane, macular hole, vitreomacular traction, glaucoma, staphyloma, or tractional retinal detachment as determined by a single retina specialist (TL). 130 patients with DM (218 eyes) were included in this study. All control subjects (67 healthy controls, 95 eyes) were volunteers without evidence of retinal vascular or optic nerve disease as determined by a single neuro-ophthalmologist (JL).

All diabetic patients were graded according to the International Clinical Diabetic Retinopathy Disease Severity Scale at baseline, throughout their ophthalmic care, and follow-up, that included no retinopathy (DR0), non-proliferative diabetic retinopathy (NPDR) categorized into mild (DR1), moderate (DR2), and severe (DR3); and proliferative diabetic retinopathy (PDR) (DR4) (1). Diabetic macular edema was graded as no center-involving diabetic macular edema (Grade 0), presence of active center-involving diabetic macular edema (Grade 1), and quiescent center-involving diabetic macular edema (Grade 2).

We extracted a comprehensive list of patient demographics using diagnosis test codes (Table 1). Custom scripts using ICD9/ICD10 codes were used to extract patient demographics, past medical history (hypertension, hypercholesterolemia, macular degeneration, glaucoma, and Type 2 DM), and all relevant clinical and laboratory tests (HbA1c, serum glucose, albumin, creatinine, estimated glomerular filtration rate, blood urea nitrogen, protein, globulin, alkaline phosphate, alanine transaminase, aspartate transferase, bilirubin, potassium, calcium, chloride, sodium, carbon dioxide, hemoglobin, red blood cell distribution width, hematocrit, high density lipoprotein cholesterol, low density lipoprotein cholesterol, non-high density lipoprotein cholesterol, and total cholesterol) between 2014 and 2022 (85% with multiple follow-up measurements over 4-7 years) using Stanford’s electronic health records database. These clinical biomarkers were extracted within the timeframe of OCTA measurements, as OCTA measurements were from 2018. LogMAR is calculated as -Log(Snellen numerator/Snellen denominator), where LogMAR (20/20) = 0.0 and LogMAR (20/200) = 1 (13).


Table 1 | Demographic information of control (Ctrl) groups and diabetic mellitus (DM).







OCT and OCTA acquisition, processing, and quantification

OCT and OCTA performed at the Byers Eye Institute, Stanford University was collected between December 1, 2017 and October 31, 2018. From the ophthalmic imaging database Forum, we extracted a wide-range of peripapillary and macular OCT imaging metrics. OCT and OCTA images were acquired using spectral-domain Cirrus HD-OCT (AngioPlex, 68 kHz, Model 5000; Carl Zeiss Meditec In., Germany). To measure OCT RNFL, we performed the Optic Disc Cube scan pattern acquiring 200 horizontal scan lines each composed of 200 A-scans. We quantified average thickness of RNFL using a circle with 3.46 mm diameter centered on the optic disc and quadrant RNFL thickness (superior, nasal, inferior and temporal) (Table 2). To measure macular ganglion cell complex, we used Zeiss automatic segmentation software to quantify mean macular ganglion cell complex and thickness in 6 sectors: superior, superior temporal, superior nasal, inferior temporal, inferior nasal, and inferior. Visual field testing was obtained using matching, which was performed at the same time as OCT/OCTA acquisition. Reliability of visual field testing was accounted by Zeiss Humphrey Field Analyzer 3.


Table 2 | Mean and standard deviations of OCT measurements in RNFL quadrants and GCC sectors for each DR grade.



To measure OCTA, we used 3×3 mm2 square scans of the optic disc were obtained using the FastTrac eye tracking system for OCTA imaging. Algorithms for optical microangiography (OMAG) based automatic segmentation of the raw OCTA data were used to get superficial retinal layer (SRL) en face peripapillary OCTA image, which includes vasculature from the ganglion cell layer and nerve fiber layer. Only images with signal strength index > 7 were used for analysis. We use validated customized quantification scripts using MATLAB software (coded with MATLAB R2016a; MathWorks, Natick, MA) to quantify OCTA images based on the modification of previous algorithm. For each OCTA image, we removed large vessels from the images, perform Hebbian and threshold transformation, and calculated 6 vessel parameters of the peripapillary retina, including vessel area density (VAD), vessel skeleton density (VSD), vessel perimeter index (VPI), vessel complexity index (VCI), vessel diameter index (VDI), and flux index. VAD reflects the proportion of the OCTA image that is occupied by blood vessels. VSD also reflects the OCTA image occupied by blood vessels, but adjusts for variability in different eyes by removing outer pixels of individual vessels so that each individual vessel is quantified by a single line of pixels. VDI is the fraction of VSD divided by VSD, indicating average vessel diameter in an OCTA image. VPI represents the quantification of pixels in vessel perimeters as a ratio to the total area of the OCTA image. VCI quantifies vessel tortuosity by dividing all of the pixels enclosed by vessel perimeters by all of the pixels in a vessel area. Flux represents perfusion of the vessel by measuring the number of red blood cells moving through a segment of a vessel per unit time. These parameters were used in this study as they are the most commonly used quantification parameters of OCTA imaging and also allows to quantify neovascularization in varying severities of DR.

For the optic disc OCTA measurements, we analyzed an annulus region of interest with outer diameter of 1.375 mm and inner diameter of 0.5 mm centered around the disc and the macula and calculate an average for the eye as well as average for 4 disc quadrants: superior, nasal, inferior, and temporal. For the macula, we used an annulus region of interest with outer diameter of 1.375 mm and inner diameter of 0.75 mm centered around the foveal avascular zone and calculated average macular vessel parameters and OCTA parameters in 6 sectors: superior, superior temporal, superior nasal, inferior temporal, inferior nasal, and inferior.





Statistical analysis

The data were analyzed by custom Python version 3.9.6 (Python Software Foundation, 2021. Retrieved from https://www.python.org). and R scripts (R Foundation for Statistical Computing, Vienna, Austria). Quantitative continuous variables were calculated as mean ± standard error (SE) or median (95% confidence interval). A two-tailed Mann-Whitney U test was used to compare the means of two groups of continuous variables. The frequencies of categorical variables were compared using Chi-square test. Kruskal-Wallis H test was performed to determine if there are statistically significant differences among more than 2 groups of independent variables. Spearman correlation test was performed to determine the correlation between OCT, OCTA and visual field MD parameters. The correlation coefficients between 0 and 0.3 indicate weak correlation, between 0.3 and 0.7 indicate moderate correlation, and between 0.7 and 1 indicate high correlation. A value of P <0.05 was considered statistically significant.






Results




Study goal

Longitudinal evaluation of 44,833 data points of various blood laboratories and 2,201 eye clinic encounters that included visual acuity over 7 years revealed hyperglycemia, elevated HbA1c, and worsening renal function tests were consistent in patients with moderate to severe diabetic retinopathy. Figure 1 outlines the stepwise approach of this study to collect and analyze data.




Figure 1 | Flowchart of ophthalmic imaging analysis in patients with diabetes mellitus and control. Of the 218 Dm eyes, 181 had visual acuity data and 71 of those patients had follow-up visual acuity data 4-7 years after their initial visit.







DM patients with more severe retinopathy had worse visual acuity, although the majority of eyes had relatively stable visual acuity over 4-7 years under ophthalmic care

At baseline, where patients’ DR grade were first documented at Byers Eye Institute, analysis of 2,201 eye clinic encounters that included visual acuity revealed that 90% of healthy controls had visual acuity of 20/20 – 20/30 at baseline and 93% of healthy controls had 20/20 – 20/30 visual acuity at most recent follow up visit. Longitudinal comparisons of visual acuity over 4-7 years revealed that of the DM eyes, 94 eyes had repeat measurements over 4-7 years. Analysis of best corrected visual acuity over 4-7 years revealed that the majority of patients had relatively stable visual acuity (Figure 2). DR visual acuity ranges from five eyes from DR3 and DR4 (8.62%) worsened over 4-7 years, but 53 eyes (91.38%) of DR eyes had relatively stable visual acuity over 4-7 years. Relatively stable visual acuity was defined as changing fewer than two lines on the Snellen Chart Category while worsened visual acuity was defined as changing two or more lines on the Snellen Chart Category.




Figure 2 | (A) Heatmap illustrating visual acuity of individuals within each diabetic retinopathy grade over time. Subjects are arranged by average LogMAR within each DR grade and darker colors are used to indicate a worsening of visual acuity. The pattern indicates an association between severity of DR grades and visual acuity: DR0 subjects have fewer cases of visual acuity worse than 20/60 as compared to other DR grades. (B) Percentage (%) of subjects with different categories of visual acuity by Snellen chart at first clinic visit (baseline) and (C) last clinic visit (follow-up at least 4-7 years after baseline).







Blood tests revealed a correlation of severity of diabetic retinopathy

We next analyzed 44,833 data points of blood tests of 95 DM patients vs 10 controls over 4-7 years and showed that patients with moderate (DR grade 3) to severe (DR grade 4) diabetic retinopathy showed worsening renal insufficiency over time (Figure 3, Table 3) with increased DR severity. Glucose and HbA1c were globally significantly elevated in DR0-4 compared with controls (Figure 3, Table 3). Renal function including mean serum BUN, Cr, EGFR, and K worsened. DR3 and DR4 patients had greatest increase in mean BUN levels (DR3: 25.00 ± 5.20 mg/dL and DR4 39.60 ± 14.38 mg/dL; control: 14.66 ±4.29 mg/dL), Cr (DR4: 2.54 ±2.54 mg/dL; control: 0.81 ± 0.19 mg/dL), and EGFR (DR4: 41.80 ± 27.18 mL/min/1.73m2; control: 101.26 ± 25.30 mL/min/1.73m2), compared to that of healthy controls (Table 3).




Figure 3 | (A) Heatmap illustrating 45,221 data points of clinical blood tests of healthy controls (Ctrl) and individuals with different diabetic retinopathy grades (DR0-4). Higher A1c and renal function tests are more common in patients with moderate to severe DR. (DR 2: moderate DR. DR3: severe non-proliferative DR. DR 4: severe proliferative DR with neovascularization.) Values are standardized by the distribution of the control group. (B) Boxplots illustrating the unstandardized blood test values of glucose, EGFR, Cr, BUN and K. Glucose, Cr, BUN and K show an increasing trend with DM severity, while EGFR decreases. The axis for Cr is restricted at 2.5 for presentation purposes: one DR4 patient had a Cr reading of 7.0.




Table 3 | Mean and standard deviation of results from lab tests for the controls and patients of each diabetic retinopathy grade.







Analysis of retinal and peripapillary microvasculature revealed correlation of microvascular abnormality with severity of retinopathy

Patients with diabetic retinopathy experience various levels of vasculopathy, including nonperfusion and neovascularization, which can be visualized on OCTA imaging. We quantified the effect of the disease on the retinal layer by the correlation between structural thickness, derived from OCT imaging, and vascular changes, derived OCTA imaging.

The results revealed that in patients of more severe DR, optic disc measurements from OCT and OCTA showed comparatively stronger correlations as compared to both patients with less severe DR, and to macular measurements. Specifically, the results indicated worsening flux, vessel area density and reduced vessel complexity that is moderately correlated with the inferior and superior quadrants in optic disc, and with worsening diabetic retinopathy severity, likely due to known microvascular pathology such as nonperfusion, microaneurysms, and loss of pericytes. Spearman’s rho analysis revealed significant correlations between certain optic disc and RNFL measurements: namely flux, vessel area density and vessel complexity index within the inferior and superior quadrants. Spearman’s rho correlation coefficients for flux, vessel area density and vessel complexity index were 0.44, 0.37 and 0.27, and 0.39, 0.31 and 0.28 for inferior and superior quadrants respectively (Figure 4, Table 2). Additionally, RNFL thickness within the nasal quadrant was also significantly correlated with flux (r = 0.49). These significant correlations indicate relative thinning of the OCT and OCTA flux, VAD, and VCI measurements in the superior and inferior quadrants – patterns consistent with a combination of structural and vascular low in retinal degeneration in DM.




Figure 4 | Microvascular dropout around optic disc but not macula correlated with neurodegeneration. Spearman’s rho correlation matrix of OCT vs. OCTA measurements in DM eyes revealed significant correlation of OCTA vascular flux, vessel area density, and vessel complexity index with OCT thickness of optic nerve unmyelinated axons due to neurodegeneration but not with inner retinal macular ganglion cell complex, where macular edema often occurs. (A) Optic disc peripapillary retinal fiber layer (pRNFL) quadrants thickness vs. 6 peripapillary microvascular parameters (I, inferior; S, superior; N, nasal; T, temporal). (B) Macular ganglion cell complex sector thickness vs. 6 macular OCTA measurements (IN, inferonasal; IT, inferotemporal; SN, superonasal; ST, superotemporal sectors). Red: statistical significance after Bonferroni correction for multiple comparisons, blue: non-significance. The gradient of color illustrates correlation strength.



Worsening of vascular changes in more severe DR are seen including microvascular dropout of the optic disc, but not the macula (Figure 5). Despite moderate correlation between sectoral OCTA measurements with RNFL, the results did not reveal any significant relationships between macular GCC and OCTA (Spearman’s rho coefficients ranged from 0.02 to 0.23, with all p-values above Bonferroni-corrected significance level). This indicates that microvasculopathy is not reflected in basic thickness measurements. Overall, the results between OCTA and optic disc thickness illustrates an association between OCT and OCTA measurements.




Figure 5 | Novel retinal Microvascular biomarkers of diabetic retinopathy. Representative optical coherence tomography angiography of the optic disc showing worsening of vessel density and reduced vessel complexity with worsening of diabetic retinopathy. First row: OCTA images of a healthy control patient and diabetic retinopathy patients in increasing severity from grade 0 to grade 4. Second row: vessel skeleton and annulus of OCTA images generated from custom MatLab script. Third row: Vessel area density (VAD) heat map, indicating areas of high vessel area density (red) to areas of low vessel area density (blue). Fourth row: Vessel complexity index (VCI) heat map, including areas of high vessel complexity (red) to areas of low vessel complexity (blue).



The fact that this result is observed in more severe DR patients and only in optic disc indicates that patients and retinal structures are not impacted uniformly. One possible explanation for why that macular structures do not share the same relationship between OCT and OCTA measurements could be due to the fact that they are not affected yet, due to disease severity (disease has not progressed enough) or time (within the same disease severity, macular regions are only observable after a period of time).






Discussion

Analysis of 2,201 eye clinic encounters revealed that 91% of eyes in patients with diabetes followed by ophthalmologists had good visual prognosis, with maintenance of visual acuity better than 20/40 over 4-7 years. Analysis of 44,833 blood laboratory data points revealed that patients with more severe DR exhibit evidence of nephropathy, so renal function should be closely monitored. Even borderline abnormal renal function may be early indicator of irreversible multisystem end organ damage. OCTA analysis provided detailed understanding of papillary and retinal microvascular damage in different severities of DR. We found that there is evidence of microvascular drop out even in those with DR grade 0 and that not surprisingly these vascular changes worsen in more severe DR, supporting greater use of this technology in care of patients with DR. While OCTA is likely the most sensitive and noninvasive method to identify microvascular abnormality, this technique and proper analysis are not yet readily available at point-of-care locations to impact patient care. However, we found that optic disc OCTA was most correlated with peripapillary retinal nerve fiber layer thickness in the superior and inferior quadrants – measurements that are commonly available.

There is a well-known clinical association between DM and chronic kidney disease, as the microvascular changes in the superficial capillary plexus also reflects decreased renal perfusion and renal function (14–16). Our analyses revealed that elevated hyperglycemia and evidence of renal failure (elevated blood urea nitrogen, increased creatinine, and decreased eGFR) are more common in those with moderate to severe DR. Patients with severe DR (DR4) were found to have significantly decreased renal function compared to healthy controls and mild and moderate DR patients. Diabetic retinopathy and nephropathy are common complications of DM (14–17), which are consistent with our findings.

Optic disc and macular thickness on OCT and vascular parameters on OCTA correlated with severity of diabetic retinopathy and can be found even in those without clinical evidence of diabetic retinopathy based on examination and fundus color imaging (DR0). This data revealed that worsening severity of diabetic retinopathy is associated with decreased vessel area density and decreased vessel complexity index. This could indicate that patients with progressive DR may be experiencing microvascular nonperfusion, hemorrhages, or overall vascular death (1, 4).

The severity of diabetic retinopathy is graded by evidence of vasculopathy (18, 19). Vascular analysis using OCTA of different layers of the retina revealed significant correlation of neurodegeneration of the unmyelinated optic nerve axon with 3 vascular parameters (vessel flux, vessel area density, and vessel complexity index) in the superior and inferior peripapillary quadrants – the areas most significantly affected in DM. Although OCT and OCTA present as powerful tools to detect microvascular changes and vasculopathy in the superficial capillary plexus (20, 21), our data revealed that there were no significant changes or vasculopathy correlation in the macula. The literature on OCT thickness in DM is highly varied (22–24), so quantification of microvascular changes may be more sensitive for detecting DM-related pathology than that of overall thickness, since it reflects changes due to neovascularization and macular edema (23–25). In a related study conducted by Fernandez-Espinosa et al. showed similar results in that patients with diabetes without evidence of diabetic macular edema had decreased vascular density in the superficial capillary plexus of the retina (26).

Neuropathy, a known complication of diabetes, has been found in recent literature to be a cause of retinal degeneration in patients with diabetes, which precedes the early microvascular changes noted in patients in this study, as evidenced by OCTA. This new data supported by findings reported by Cipres et al. further support the need for early vascular imaging via OCTA in patients with diabetes to detect microvascular changes in the retina to prevent the progression of retinal disease (27).

Our study’s novelty in showing both microvascular changes with OCTA in combination with longitudinal blood chemical data to illustrate disease progression with these parameters indicates an more individualized approach for improved clinical care in patients with diabetes. Moreover, a related study conducted by Sun et al. showed that OCTA serves a promising role in quantifying early microvascular changes in the retina in patients with diabetes (28). This study correlates well with findings in this study, as the OCTA quantification allowed us to identify patterns of microvascular changes in the retina in the early stages of diabetic retinopathy, indicating that this novel imaging technique shows promising clinical advantage to improve care for patients with diabetes.

Limitations to this study include inconsistent ophthalmic imaging with number of follow-up visits and available blood test results ordered based on clinical judgement rather than comprehensive analysis, limiting out ability to detect clinically significant end organ abnormalities.

Overall, this project illuminated the quality ophthalmic care of DM patients at Stanford Byers Institute. The information collected in this study will be used as an informative clinical tool to help improve preventive ophthalmic care for DM patients with routine clinical testing and non-invasive and quick imaging modalities as OCT/OCTA.
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