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Diabetic retinopathy (DR) has been considered a microvascular disease, but it has become evident that neurodegeneration also plays a key role in this complex pathology. Indeed, this complexity is reflected in its progression which occurs at different rates in different type 2 diabetic (T2D) individuals. Based on this concept, our group has identified three DR progression phenotypes that might reflect the interindividual differences: phenotype A, characterized by low microaneurysm turnover (MAT <6), phenotype B, low MAT (<6) and increased central retinal thickness (CRT); and phenotype C, with high MAT (≥6). In this study, we evaluated the progression of DR neurodegeneration, considering ganglion cell+inner plexiform layers (GCL+IPL) thinning, in 170 T2D individuals followed for a period of 5 years, to explore associations with disease progression or risk phenotypes. Ophthalmological examinations were performed at baseline, first 6 months, and annually. GCL+IPL average thickness was evaluated by optical coherence tomography (OCT). Microaneurysm turnover (MAT) was evaluated using the RetMarkerDR. ETDRS level and severity progression were assessed in seven-field color fundus photography. In the overall population there was a significant loss in GCL+IPL (−0.147 μm/year), independently of glycated hemoglobin, age, sex, and duration of diabetes. Interestingly, this progressive thinning in GCL + IPL reached higher values in phenotypes B and C (−0.249 and −0.238 μm/year, respectively), whereas phenotype A remained relatively stable. The presence of neurodegeneration in all phenotypes suggests that it is the retinal vascular response to the early neurodegenerative changes that determines the course of the retinopathy in each individual. Therefore, classification of different DR phenotypes appears to offer relevant clarification of DR disease progression and an opportunity for improved management of each T2D individual with DR, thus playing a valuable role for the implementation of personalized medicine in DR.
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INTRODUCTION

Diabetic retinopathy (DR) is a leading cause of vision loss and preventable blindness worldwide and the most common microvascular complication of diabetes (Ting et al., 2016), causing significant disability that threatens independence with a major impact on life quality (Narayan et al., 2006). Its progression occurs at different rates in different individuals, with some developing major vision-threatening complications that lead to vision loss, diabetic macular edema (DME), and proliferative diabetic retinopathy (PDR) (Cunha-Vaz et al., 2014).

Indeed, these inter-individual alterations are of major relevance when studying DR, its biomarkers, and possible therapeutic strategies. Diabetic retinopathy has been considered a microvascular disease, characterized by microaneurysms and dot blot hemorrhages, with these alterations forming the base for its current grade classification, diagnosis, and therapeutic strategies. Based on this concept, retinal microvascular alterations identified by the turnover rate of microaneurysms (MAs) and retinal structural alterations, namely central retinal thickness (CRT), allowed the identification of three phenotypes of non-proliferative DR (NPDR) (Nunes et al., 2013), which have been shown to be associated with the development of vision-threatening complications (Marques et al., 2020b) and disease severity progression (Marques et al., 2021b). Individuals with low microaneurysm turnover (MAT; <6) and normal CRT are classified as phenotype A, whereas individuals with low MAT (<6) and increased CRT are classified as phenotype B, and individuals with MAT >6, independently of the CRT, are classified as phenotype C (Nunes et al., 2013; Ribeiro et al., 2018).

Importantly, DR is now understood as a complex disease, in which, besides microvascular alterations, neurodegeneration also appears as a relevant disease pathway (Simó et al., 2018; Marques et al., 2019, 2020a,b). In diabetic individuals, the use of optical coherence tomography (OCT) facilitated the identification of these neurodegenerative changes. Thinning of the ganglion cell layer + inner plexiform layer (GCL+IPL) and retinal nerve fiber layer (RNFL) assessed in serial OCT examination and reflecting retinal neurodegenerative changes have been shown to occur in early stages of DR and in a progressive manner (Chhablani et al., 2015; Kim et al., 2019; Aschauer et al., 2020; Lim et al., 2020). In fact, it has been suggested that the DR neurodegenerative processes result from diabetes-induced neuro-glial activation, which leads to reduced neuronal function and apoptosis, proceeding to microvascular impairment in certain individuals (Lieth et al., 2000; Sohn et al., 2016).

However, most of the studies resulted from cross-sectional analyses or involved short-term follow-up periods, which might not be sufficient to perform a complete evaluation of these changes. Of note, recent findings from our group appeared to indicated that DR microvascular and neurodegenerative events could occur independently (Marques et al., 2019, 2020a). However, the association between these disease components, their correlation with long-term progression, and the relation with specific DR risk phenotypes remains an open question. The study here presented was designed to further characterize the retinal neurodegenerative events in DR, by assessing the retinal layer thickness by OCT, focusing on GCL+IPL thinning (considered as neurodegeneration), over a 5-year follow-up period in type 2 diabetic (T2D) individuals in the early stages of disease. These changes were then correlated with demographic and clinical features of the disease in order to explore possible associations with disease progression or risk phenotypes.



MATERIALS AND METHODS

This prospective longitudinal observational cohort study, the PROGRESS study (ClinicalTrials.gov identifier: NCT03010397) (Marques et al., 2020b), was designed to conduct a 5-year follow-up of individuals with T2D (T2D) and mild NPDR (level 20 or 35 on the Early Treatment Diabetic Retinopathy Study [ETDRS] severity scale) at an ophthalmological level. The tenets of the Declaration of Helsinki were followed, and approval from the AIBILI’s Ethics Committee for Health with the number CEC/007/16 was obtained. Each participant signed written informed consent agreeing to participate in the study.

Individuals were included according to specified inclusion and exclusion criteria, and were followed up at 6 months and then annually for a 5-year period or until they developed vision-threatening complications as DME or PDR (Marques et al., 2020b). Exclusion criteria included (1) glycated hemoglobin A1c (HbA1c) level >10% (85.8 mmol/mol); (2) any previous laser treatment or intravitreal injections; (3) presence of vitreomacular disease, age-related macular degeneration, or glaucoma; (4) high ametropia (spherical equivalent greater than −6 and +2 diopters); and (5) any other systemic disease that could affect the eye, with special attention for uncontrolled systemic hypertension and history of ischemic heart disease. Eyes with baseline CRT identifying center involved macular edema (CIME) defined as a retinal thickness (RT) ≥290 μm in women and ≥305 μm in men (Friedman et al., 2015) were also excluded.

For each participant, the baseline registry of demographic data was performed, including gender, age, duration of diabetes, physical and biometric measures (body weight and height), blood pressure evaluation, and blood analysis with determination of glycated HbA1c and lipid profile, as previously reported (Marques et al., 2020b). The remaining study visits were performed annually or at the last visit before treatment (in eyes that developed one of the endpoints).

At all study visits individuals underwent a complete ophthalmological examination of the study eye including best-correct visual acuity (BCVA, using the ETDRS protocol and Precision Vision charts at 4 m), slit-lamp examination, intraocular pressure (IOP) measurement, digital seven-field color fundus photography (CFP), and OCT.

A total of 212 individuals with T2D were included in the study, and one eye per person selected at baseline according to the inclusion/exclusion criteria. When both eyes fulfilled the criteria, the one showing the more advanced ETDRS severity level was chosen as the study eye. Of those, 145 eyes completed the 5-year follow-up and 27 developed one or more of the study endpoints (Marques et al., 2020b). A total of 170 individuals were considered for data analysis, as 2 individuals were excluded due to missing data on some variables of the initial visit. A population of 58 healthy control individuals was used as reference for baseline demographic variables and structural OCT evaluation.


Color Fundus Photography and Early Treatment Diabetic Retinopathy Study Classification

Color fundus photographs (CFP) were performed according to the ETDRS protocol and under mydriasis. The seven-field photographs were obtained at 30/35°, using a Topcon TRC 50DX mydriatic camera (Topcon Medical Systems, Tokyo, Japan). The DR severity score was determined at baseline and every annual visit by two independent graders in a context of an experienced reading center (Coimbra Ophthalmology Reading Center – CORC, Coimbra, Portugal) using a modified Airlie House classification scheme according to the ETDRS Protocol (Soares et al., 2017; Early Treatment Diabetic Retinopathy Study Research Group, 2020). The observed agreement between the two graders was 97%. All disagreement cases were resolved by mutual agreement (Figueira et al., 2018).

Step changes in the ETDRS retinopathy severity scale were used to describe worsening or improvement of the retinopathy (Klein et al., 2001; Early Treatment Diabetic Retinopathy Study Research Group, 2020), and were determined as the difference between levels of ETDRS at baseline and at the 5-year follow-up and classified as improvement or worsening according to the reduction or increase of the retinopathy severity level, as previously described (Marques et al., 2021b).



Microaneurysm Quantification

Automated microaneurysm (MA) quantification was obtained based on the analyses of 45/50° two-field images, using the RetmarkerDR (Retmarker SA, Coimbra, Portugal), as previously described (Oliveira et al., 2011; Cunha-Vaz et al., 2012; Marques et al., 2021b). Briefly, this automated computer-aided diagnostic system identifies MA and red-dot-like vascular lesions in the macula (all referred to as MAs), and for each eye it computes the number of MAs in each visit and the number of MAs that appear and/or disappear from one visit to the other. This approach allows the calculation of MAT, as the sum of the MA formation and disappearance rates, determined at the 6-month visit.



Optical Coherence Tomography and Retinal Layers Segmentation

Optical coherence tomography (OCT) was performed using the Cirrus HD-OCT 5000 (Carl Zeiss Meditec, Inc., Dublin, CA, United States), applying the acquisition protocol Macular Cube 512 × 128, which consists of 128 B-scans with 512 A-scans each, and was used to assess the subjects’ CRT.

Retinal layer segmentation was gathered with Zeiss Cirrus standard reports, for central retinal thickness (CRT).

Segmentation of retinal layers to assess the average thickness value of the RNFL, GCL+IPL, inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer and inner segments (ONL+IS), outer segments (OS), and retinal pigmented epithelium (RPE), at the inner ring, was performed using the segmentation software implemented by AIBILI (Marques et al., 2020a,b). Automated analysis results were reviewed by a masked grader.



Phenotype Definition

The three different DR phenotypes for NPDR, previously described by our group (Nunes et al., 2013; Cunha-Vaz et al., 2014), were identified in the study eyes at the 6-month study visit. This classification is based on MAT and CRT according to the following rules: phenotype A: MAT <6 and normal CRT values (central subfield RT <260 μm for women and <275 μm in men, i.e., normal mean ± 1 SD); phenotype B: MAT <6 and increased CRT values (CRT ≥260 μm for women and ≥275 μm in men); phenotype C: MAT ≥6, with or without increased CRT. Central retinal thickness reference values presented are the reference for Zeiss Cirrus SD-OCT (Friedman et al., 2015; Lobo et al., 2018).



Best Corrected Visual Acuity Evaluation

Best corrected visual acuity was evaluated and recorded as letters read at 4 m on ETDRS charts. Final BCVA letter score was calculated by adding the number of letters read at 4 m plus 30 (or the number of letters read at 1 m). BCVA was evaluated using the Snellen scale and converted into logarithm units of the minimal angle of resolution (logMAR) (Khoshnood et al., 2010). The presence of any visual loss was recorded.



Endpoint Definition

The outcomes defined in the study were DME and PDR. DME was considered as the presence, in any study visit, of CIME, as defined above, or center involved macular edema (CSME) defined by the ETDRS group as retinal thickening within 500 μm of the center of the fovea or presence of hard exudates (with thickening of the adjacent retina) within 500 μm of the center of the fovea or thickening of at least one disk area located less than one disk diameter from the center of the fovea (Oliveira et al., 2011). PDR was defined by the presence of abnormal neovessels arising to the retina from the optic nerve or elsewhere. For statistical analysis purposes, study participants were divided as endpoint (DME or PDR) or no endpoint.



Statistical Analysis

A linear mixed model was applied to study longitudinal changes in the GCL+IPL thickness (model 1, using a restricted maximum likelihood approach) since some patients had missing data for some of the visits. Visit (0–5 years) was used as a continuous fixed variable and baseline CRT, age, diabetes duration, HbA1c, and gender were inserted as fixed covariates. Participant was used as a random variable (intercept only) (Sohn et al., 2016; Aschauer et al., 2020; Lim et al., 2020; Silk et al., 2020; Van De Kreekeid et al., 2020).

The model was repeated four times using different groups of participants as an additional fixed variable: phenotype (A; B; and C) – model 2; endpoints (yes; no) – model 3; ETDRS level at baseline (10–20; 35) – model 4; and ETDRS level change between baseline and the last visit (improve; equal; and worse) – model 5. The main effect of group and the interaction between group and visit were tested.

To verify the linear mixed models’ assumptions, homoscedasticity and normality of residuals in the models were visually inspected with residuals vs. predicted and Q-Q plots, respectively (Meteyard and Davies, 2020; Silk et al., 2020). The effects of the predicting variables were described with beta coefficients with 95% confidence intervals.

The comparison of baseline characteristics between patients and healthy participants was performed with a t-test for normally distributed continuous variables or Mann–Whitney test for continuous variables not following a normal distribution (age and GCL+IPL thickness), and the chi-squared test for categorical variables (gender).

The comparison of baseline characteristics between patients within each group was performed with t-test (groups with two categories) or ANOVA (groups with three categories) for normally distributed continuous variables, or Mann–Whitney test (groups with two categories) or Kruskal–Wallis test (groups with three categories) for continuous variables not following a normal distribution (age, diabetes duration, HbA1c, MA turnover, BCVA, CRT, and GCL+IPL thickness), and the chi-squared test for categorical variables (gender, phenotype, ETDRS level, and endpoints). Post-hoc t-tests or Mann–Whitney tests were performed for groups with more than two categories if statistically significant effects were observed for continuous variables. For categorical variables, post-hoc analyses were based on adjusted standardized residuals. Bonferroni correction was applied for multiple comparisons among group categories.

Data normality was assessed with the Shapiro-Wilk test and visually verified with histogram plots. Normally distributed variables were described as mean ± standard deviation and variables not following normal distribution were described as median (interquartile range, IQ). Categorical variables were described as frequency (percentage).

Statistical significance was considered at α = 0.05. Statistical analyses were conducted in Stata (version 16.1; StataCorp LLC, United States).




RESULTS

Of the 212 T2D individuals initially included in the study, 172 completed the 5-year period of follow-up or achieved one of the endpoints. Forty participants dropped out of the study (Marques et al., 2020b). A total of 170 T2D individuals were considered for data analysis because 2 participants had missing data on some variables required for the analysis. Of these, 26 (15%) developed an endpoint and, therefore, only 144 (84%) achieved the 5-year follow-up.

The individuals included in the study were in the initial stages of DR (NPDR), with 46 (27%) graded as ETDRS level 10–20 and 124 (73%) graded as ETDRS level 35. After phenotype classification, 63 (37%) individuals were classified with phenotype A, 51 (30%) with phenotype B, and 56 (33%) with phenotype C. After the 5-year period of follow-up or endpoint development, 29 (17%) individuals had shown improvement in the ETDRS severity level, 80 (47%) individuals maintained the ETDRS classification, and 61 (36%) showed worsening of their ETDRS level, corresponding to progression of DR severity (Table 1).


TABLE 1. Baseline characteristics of the study population and comparison with the healthy controls.
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Evaluation of retinal structure at baseline (Table 1) showed that the T2D population presented an average CRT of 281.3 ± 21.6 μm, which was statistically significantly higher than the healthy control population, which presented a CRT with 272.0 ± 18.5 μm (p = 0.003). No differences were observed in the OS layer between T2D individuals and controls, and there was a significant decrease in the RPE layer thickness in the diabetic population (p = 0.011).

Regarding neurodegenerative changes (Table 1), both RNFL and GCL+IPL presented significant thinning in the T2D population when compared with healthy controls. T2D individuals had a median GCL+IPL thickness of 91.8 μm [interquartile range (IQ): 10.6], whereas the healthy control population presented a thickness of 94.8 μm (IQ: 5.3; p = 0.007). For RNFL, T2D individuals showed a thickness with a median of 24.1 μm (IQ: 3), with a control population of 24.9 μm (IQ: 3.7; p = 0.033).

When looking at the baseline evaluation separating the different DR risk phenotypes, phenotype C presented higher HbA1c levels (p < 0.001) than phenotypes A and B, and, as by phenotype definition, higher MAT (p < 0.001). Also, phenotype C had more individuals classified with ETDRS level 35 at baseline (p < 0.001) (Table 2).


TABLE 2. Baseline characteristics of the individuals classified with different DR phenotypes.
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Regarding retinal structural changes, there was a significant difference between the three phenotypes on CRT thickness (p < 0.001), with phenotype B, as by phenotype definition, having the highest value. Significant differences in neurodegenerative response (assessed by GCL+IPL thinning) were also observed between phenotypes (p = 0.009), with phenotype A presenting a baseline thickness of 89.2 ± 7.8 μm, lower than phenotype B (93.9 ± 7.2 μm) and phenotype C (91.5 ± 9.1 μm). No significant alterations were observed in the RNFL layer between phenotypes (Table 2).

Using a predictive linear mixed model for GCL+IPL thinning over the 5-year follow-up period, with visit (0–5 years) being the continuous fixed variable and using baseline central retinal thickness, age, diabetes duration, hemoglobin A1c, and gender as fixed covariates, our data show that GCL+IPL thinning had a progression rate of −0.147 μm/year (p < 0.001), which was positively associated with CRT (0.126, p < 0.001) and negatively associated with age (−0.224, p = 0.008). Also, women showed less thinning of GCL+IPL than men (p = 0.13) (Table 3).


TABLE 3. Predictive model for GCL+IPL thinning over the 5-year follow-up period.
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Applying the same predictive linear mixed model for GCL+IPL thinning over the 5-year follow-up period using the DR risk phenotypes (Table 4), patients with phenotype B and C had faster GCL+IPL thinning in comparison with phenotype A (B vs. A: −0.243 μm/year, p = 0.014; C vs. A: −0.231 μm/year, p = 0.018). Patients with phenotype B did not differ from phenotype C (−0.012 μm/year, p = 0.991). As seen in Figure 1, GCL+IPL thickness values in phenotype A remained stable over the 5-year follow-up period, whereas there was marked thinning of this layer in phenotype B and phenotype C. The GCL+IPL thickness of the entire T2D diabetic study population was lower than the baseline GCL+IPL thickness of the healthy control population, indicating that neurodegeneration was present in all diabetic patients and in the different phenotypes.


TABLE 4. Predictive model for GCL+IPL thinning (at the inner ring) over the 5-year follow-up period using the DR phenotypes.
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FIGURE 1. Predicted GCL+IPL thinning over the 5-year follow-up period, between the different DR phenotypes. Graphical representation of the predicted GCL+IPL thinning over the 5-year follow-up period, between the different DR phenotypes, using the linear mixed model. Phenotype A is depicted in black; phenotype B is depicted in yellow; and phenotype C is depicted in red. Dash lines represent baseline GCL+IPL thickness in the healthy control population.


Finally, to confirm the relevance of phenotype classification for retinal neurodegenerative changes in T2D individuals, we explored which variable could be more associated and a better predictor of the GCL+IPL thinning rates, considering phenotype, endpoint development, baseline ETDRS level, and DR severity progression (Table 5). Our data showed that the T2D population, in general, presented a progression rate in GCL+IPL thinning of −0.147 μm/year [95% CI: (−0.227; −0.067)]. When applying the different predicting variables as associated factors, only phenotype B [−0.249 μm/year; 95% CI: (−0.380; −0.118)] and phenotype C [−0.238 mm/year; 95% CI: (−0.399; −0.078)] presented a statistically significant association with increased GCL+IPL thinning rates.


TABLE 5. GCL+IPL thinning rates by phenotypes, endpoints, ETDRS levels, and DR severity progression.
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DISCUSSION

Several studies have indicated that neurodegeneration is a disease pathway that is involved in the early pathophysiological events of DR and may precede and therefore be linked to clinically detectable vascular alterations (Sohn et al., 2016; Simó et al., 2018). Indeed, DR has been considered a component of generalized diabetic neuropathy, resulting in the impairment of the so-called retinal “neuro-vascular unit” that causes both neuronal and vascular retinal abnormalities associated with the disease onset and progression (Simó et al., 2018).

In this 5-year longitudinal study we followed up with 170 T2D individuals with minimal DR on fundus examination using OCT image, and we found a significant, progressive loss in GCL + IPL (0.147 μm/year) that was independent of HbA1C, DR grade, progression of DR, or with the development of vision-threatening complications. In agreement with other studies that have reported progressive thinning of GCL+IPL in T2D individuals (Sohn et al., 2016; Kim et al., 2019; Lim et al., 2020), we here confirmed that retinal neurodegenerative changes are a component of DR, and progressive over the course of diabetes.

Interestingly, this 5-year longitudinal study has shown for the first time that these neurodegenerative changes are indeed present in T2D individuals, but with distinct profiles in the different retinopathy phenotypes. Phenotype A showed the presence of neurodegeneration but over the 5-year follow-up period its value remained relatively stable. On the other hand, phenotypes B and C showed a more rapid progression in the thinning of GCL+IPL. It is particularly interesting to note that although the neurodegenerative changes of these two phenotypes showed similar rates of progression, phenotype C was associated with progressive failure in the retinal microvascular response.

This new characterization of the distinct profiles of DR neurogenerative changes identified by the different DR risk phenotypes raises the hypothesis that progression of retinal neurodegeneration in individuals characterized with phenotypes B or C might be the result or consequence of the distinct structural microvascular alterations observed in these two phenotypes, which were not observed in phenotype A. The retina presents refined compensatory mechanisms and bystander effects in response to homeostatic and structural alterations (De Smet, 2017). Therefore, it can be hypothesized that in individuals classified as phenotype B, characterized by increased CRT, the occurrence of edema (Marques et al., 2020b) through disruption of the blood retinal barrier (BRB) may lead to a chronic retinal inflammatory environment (Madeira et al., 2015). On the other hand, individuals classified as phenotype C present progressive capillary closure (Marques et al., 2021b; Santos et al., 2021), leading to retinal ischemic events that have been shown to contribute to further neurodegenerative damage (Garcia-Martin et al., 2019).

Indeed, it has been proposed that since the early stages of diabetes, hyperglycemia induces retinal oxidative stress, low-grade inflammation, increased expression of glutamate, and changes in the expression of their receptors, leading to impaired neurotransmission and calcium homeostasis associated with degeneration of retinal ganglion cells (Santiago et al., 2006, 2009; Ishikawa, 2013). Likewise, this suggests that it is the retinal vasculature response to the early neurodegenerative changes that determines the course of retinopathy in each individual, whether predominantly characterized by alteration of the BRB and edema (in phenotype B) or by capillary closure and ischemia (in phenotype C).

The physiological, genetic, or other mechanisms that regulate this distinct interindividual response, which categorize each individual in its specific phenotype, remain to be elucidated. Importantly, previous work from our group has identified specific gene variants associated with the different risk NPDR phenotypes, which may explain underlying mechanisms that differentiate the three phenotypes (Simões et al., 2014). These data support our hypothesis, as phenotype B was shown to be associated with ICAM1 gene variants, supporting the role of specific susceptibility to inflammation in this group of individuals. Likewise, phenotype C revealed an association with variants of the PPARGC1A gene, that are involved in endothelial damage, vascular leakage, and ischemia, and variants of the MTHFR gene, which contribute by inducing susceptibility to vascular damage (Simões et al., 2014).

Aschauer and colleagues have recently used OCT-angiography to demonstrate, in a 2-year longitudinal study, the relationship between subclinical changes in capillary perfusion and retinal neurodegeneration, showing that they may appear in parallel and in a progressive manner since the initial stages of NPDR (Aschauer et al., 2020). Likewise, taking this into account and the data here presented, additional longitudinal studies, taking advantage of OCT-angiography metrics, will clarify the correlation between retinal neurodegeneration and retinal capillary changes.

A limitation of this study is the focus on the initial stages of DR, allowing conclusions to be made only on the development of vision-threatening complications in people with T2D with ETDRS levels 20 and 35. Furthermore, the population studied is relatively well controlled, chosen using exclusion criteria such as excessive HbA1C levels (>10%) and uncontrolled blood pressure. However, the use of these criteria guaranteed a relatively homogenous population. Another possible limitation is the relatively small number of people with T2D that completed the 5-year period of follow-up. However, the five-year duration of the study is of major value and offers new insights into the progression of retinal diabetic disease.

The observations here reported offer promising perspectives not only for personalized management of DR but also for development or identification of new therapeutic options that can also be used according to the phenotypic classification of each individual. Evidence that low-grade inflammation may play a key role as one of the responses to diabetic retinal neurodegeneration suggests that it can be envisaged as a target for the development of improved treatments (Madeira et al., 2015; Semeraro et al., 2019). This strategy could be used from the initial stages of DR, to control DR-associated neurodegeneration, limiting the microvascular-related inflammation that can itself lead to further retinal ganglion cell loss. Likewise, due to the central role of neurodegeneration in the course of DR, the use of neuroprotective agents can also be foreseen as a strategy for treating this disease (Simó et al., 2018) to delay the retinal microvascular response to neurogenerative events.

Finally, the findings here reported have a clear implication in the management of DR individuals, as they reinforce non-invasive methodologies that can be used to identify the eyes that are at risk of progression and developing vision–threatening complications, which are added value for improved management strategies of NPDR and allowing timely diagnosis of vision–threatening complications of diabetes. According to these observations and our previous reports (Marques et al., 2020b, 2021a,b), after diagnosis of NPDR and still in the initial stages of retinal disease, individuals classified with phenotype A showing a slower rate of retinal neurodegeneration are not expected to develop vision-threatening complications or DR severity progression and, therefore, do not require extensive follow-up at short intervals. On the other hand, T2D individuals classified as phenotype B or phenotype C should receive more attention, with relatively short follow-up intervals that facilitate a timely and efficient management of any sign of disease progression.

In summary, the classification of different retinopathy phenotypes in T2D is proposed as an easy to perform, reliable, and non-invasive method of individual categorization, facilitating a more accurate management and implementation of personalized medicine in DR.
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