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A B S T R A C T   

Diabetic retinal disease (DRD) remains a leading cause of vision loss and blindness globally. Although treatments 
can be effective when given at vision-threatening stages of DRD, there is a lack of knowledge about the earliest 
mechanisms leading to the development of clinically evident DRD. Recent advances in retinal imaging methods 
for patients with diabetes allow a more precise and granular characterization of the different stages of DRD than 
is provided by the classic Diabetic Retinopathy Severity Scale based on fundus photographs. In addition, recent 
clinical studies have yielded more information on how to adjust blood glucose levels, lipid levels and blood 
pressure to minimize the risk of DRD. Given the incomplete success of current therapies, there is a critical need 
for better understanding of the mechanisms underlying DRD and novel treatment targets that address the entire 
neurovascular retina. Moreover, the causes for interindividual variability in the development of DRD in patients 
with similar glycemic history and other metabolic factors are not yet clarified either. Finally, greater focus on 
patients’ experience with visual disabilities and treatment effects should be addressed in research in this field.   

1. Problem statement 

Diabetic retinal disease (DRD) is the most common complication of 
diabetes mellitus, and one of the leading causes of vision-loss and 
blindness globally. Over the next few decades it will increase in inci
dence worldwide with correspondingly greater socioeconomic costs.1,2 

Currently, approximately 103 million persons with diabetes have DRD, 
of which 19 million have clinically significant diabetic macular edema 
and 29 million have vision-threatening retinopathy.3 

Current therapies with anti-vascular endothelial growth factor (anti- 
VEGF) and corticosteroid injections or laser photocoagulation address 
late-stage retinal vascular disease and do not target the factors initiating 
the disruption of normal visual function. Thus, a better understanding of 
the basic mechanisms and pathophysiology of DRD may provide new 
clinical practices to fully optimize visual outcomes for patients with 
diabetes. 

The concepts included herein were formulated at the “Frontiers in 
Diabetes Complications” Conference held at the University of Michigan 
Caswell Diabetes Institute, May 11 and 12, 2022. The aim of this paper is 
to address how research should move forward to enable patients to 
maintain good vision by focusing on three interrelated areas of 
investigation. 

2. What is the pathophysiology of DRD and its relation to vision 
impairment? 

Many aspects of the pathophysiology underlying DRD onset and 
worsening remain unresolved. The historical perception of DRD as a 
microvascular disease has been challenged by numerous studies which 
have shown that the entire neurovascular unit (blood vessels, neurons, 
macroglia and microglia) is affected in the preclinical phases of the 
disease.4–6 The cellular alterations have been examined mostly in rodent 

☆ From the Frontiers in Diabetes Complications Conference, University of Michigan Caswell Diabetes Institute, Ann Arbor, Michigan, May 11-12, 2022. 
* Correspondence to: M.E.W. Torm, Department of Ophthalmology, Rigshospitalet, Valdemar Hansens Vej 13, 2600 Glostrup, Denmark. 

** Correspondence to: T.W. Gardner, Department of Ophthalmology and Visual Sciences, University of Michigan Medical School, 1000 Wall St, Ann Arbor, MI, USA. 
E-mail addresses: mtor0036@regionh.dk (M.E.W. Torm), tomwgard@med.umich.edu (T.W. Gardner).  

Contents lists available at ScienceDirect 

Journal of Diabetes and Its Complications 

journal homepage: www.elsevier.com/locate/jdiacomp 

https://doi.org/10.1016/j.jdiacomp.2022.108386 
Received 11 July 2022; Received in revised form 22 November 2022; Accepted 16 December 2022   

mailto:mtor0036@regionh.dk
mailto:tomwgard@med.umich.edu
www.sciencedirect.com/science/journal/10568727
https://www.elsevier.com/locate/jdiacomp
https://doi.org/10.1016/j.jdiacomp.2022.108386
https://doi.org/10.1016/j.jdiacomp.2022.108386
https://doi.org/10.1016/j.jdiacomp.2022.108386
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jdiacomp.2022.108386&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Journal of Diabetes and Its Complications 37 (2023) 108386

2

models, and the clinically evident mild microvascular signs only in 
patients.7,8 

Autoregulation of the capillary bed is impaired early in the course of 
preclinical retinal dysfunction. Under physiologic conditions, autor
egulation maintains blood flow to match retinal metabolism9,10 and is a 
function of neurovascular coupling controlled by the retinal macroglia 
(Müller cells and astrocytes) and mediated by lipid small molecules and 
nitric oxide.11,12 Thus, impaired autoregulation implies impaired neu
rovascular coupling, and it can be assessed indirectly as reduced arterial 
vasodilation in response to flickering light and reduced vasoconstriction 
in response to hyperoxic breathing.13,14 

Alterations of the capillary walls by glycemic variability include 
basement membrane thickening, pericyte loss and eventually endothe
lial cell loss. The latter compose the inner blood-retinal-barrier together 
with the Müller cells (astrocytes surround only the innermost vascular 
plexuses). Thus, wall dysfunction may lead to leakiness or dilations of 
the capillaries resulting in early clinical signs of DRD (described on page 
4).15 

Retinal macroglia express vascular endothelial growth factor (VEGF) 
and may therefore play a role in neovascularization.16,17 One of the most 
used biomarkers of glial activation in preclinical studies is glial fibrillary 
acidic protein,18 a marker also demonstrated to be upregulated in tissues 
from human donor eyes with DRD.19 Overall, specific populations of 
Müller cells have been proposed to play a particularly critical role in 
central visual function20 since they are the only non-neuronal cells in the 
fovea which is free of astrocytes, microglia, and endothelial cells.21,22 

Inflammation has also been suggested to contribute to DRD. Micro
glia are the resident immune cells of the retina expressing both pro- and 
anti-inflammatory molecules and being capable of phagocytosis in 
response to inflammation. Microglia are normally resident in the inner 
and outer plexiform layers23 and the ganglion and nerve fiber layers, but 
when activated, they have been seen to migrate outwards to the 
photoreceptor layer24 or inwards towards microaneurysms and hemor
rhages.25 Additionally, microglia have a function in neurogenesis, 
mostly via nerve growth factor and tumor necrosis factor, and may serve 
neuroprotective functions, while if activated uncontrollably may 
contribute to neurodegeneration.26 

By extension, a major unresolved question is the nature of the 
metabolic dysfunction in DRD. Analysis of postmortem eyes has 
revealed a potential role for photoreceptor-secreted retinol-binding 
protein 3 as a protective factor in persons with long-standing type 1 
diabetes,27 and suggests a therapeutic potential. In addition, Fort and 
colleagues28 identified defective phosphorylation of alphaA-crystallin as 
a key regulatory step in the loss of intrinsic neuroprotective pathways 
for retinal neurons. Fort et al.29 also found that persons with DRD exhibit 
decreased retinal complex lipid biosynthesis and impaired fatty acid 
oxidation, and that similar patterns occur in the serum of persons with 
type 2 diabetes. Thus, studies of human tissues will provide information 
that is more directly relevant to clinical care than studies only in 
rodents. 

The main diabetes-induced retinal microvascular alterations 
observed clinically are increased permeability, microaneurysm forma
tion and non-perfusion, which contribute to the transudation of plasma 
into the neurosensory retina and eventually macular edema, and to 
retinal ischemia and eventually neovascularization.15 Balaratnasingam 
and colleagues have summarized multiple details of human diabetes- 
induced retinal vascular features of DRD.30 

Increased vessel permeability occurs early in the course of experi
mental retinal dysfunction18,31 and in patients with diabetic macular 
edema.32,33 The “hard” exudates seen in diabetic macular edema have 
been considered to result from exudation of lipoproteins through the 
vessel wall. However, Wolter34 proposed that they may result from 
phagocytosis of neuronal debris, demanding further study of their 
origin. 

Non-perfused (ischemic) areas are defined by lack of fluorescein dye 
perfusion. These coexist in the region of microaneurysms,35,36 and 

retinal thinning colocalizes with capillary non-perfusion.37,38 The 
capillary plexuses of the retina can be visualized on fluorescein angi
ography and optical coherence tomography angiography,39 respec
tively, simultaneously or separately. When viewed by ophthalmoscopy 
or fundus photography, regions of non-perfusion may be indicated by 
adjacent white-appearing blood vessels but can also appear relatively 
normal. Over time, the surrounding retinal area can become generally 
devoid of hemorrhages, to which the term “featureless retina” has been 
applied.40 

A central concept in the DRD field has been that the nonperfused 
areas in the retina lead to hypoxia; i.e., the pO2 is less than the normal 
25 mmHg. However, Einar Stefansson, who has long studied retinal 
oxygenation, stated, “There is no direct evidence confirming the pres
ence of retinal hypoxia in proliferative retinopathies such as diabetic or 
branch retinal vein occlusion…The finding of capillary nonperfusion or 
retinal ischemia suggests that retinal hypoxia may be present. However, 
the tissue compensates for ischemia through increased blood flow in 
adjacent blood vessels as well as atrophy of the ischemic tissue to reduce 
its oxygen consumption, and this may partially or completely relieve the 
hypoxic state”.41 A new imaging technique, adaptive optics scanning 
laser ophthalmoscopy, showed that retinal blood flow was increased in 
eyes of diabetes patients without diabetic retinopathy, but decreased in 
eyes after the onset of diabetic retinopathy, compared to healthy con
trols.42 This finding indicates that there may be a limit to for how long 
the retina can adjust its blood flow to avoid hypoxia. If diabetes does not 
initially cause overall retinal tissue hypoxia, then does the increase in 
VEGF expression result from another mechanism, such as metabolic 
stress? Or is it vice versa, that metabolic stresses within the retina pre
dispose to capillary involution? 

Regional nonperfusion is also considered to result in infarcts in the 
nerve fiber layer. This process is believed to be the cause of the loss of 
transparency of the ganglion cell axons seen on fundus photography, 
termed “cotton wool spots”, due to impaired axonal transport. However, 
David McLeod43 has cogently argued that cotton-wool spots are not 
necessarily areas of ischemia, but that their presence in inflammatory 
conditions and poorly controlled diabetes suggests they may result from 
impaired retinal cell metabolism. This could also explain why they are 
seen in the “early-worsening” phenomenon in which a minority of 
persons having a rapid improvement in diabetes control experiences a 
worsening of their retinopathy.44 Could cotton wool spots reflect energy 
issues, e.g. in the mitochondria, of poor delivery or utilization of sub
strates of glucose homeostasis? Understanding the formation of cotton 
wool spots may resolve some basic mechanisms of DRD. 

Indeed, it is unresolved whether retinal neurons or capillaries are 
affected first in diabetes and how they interplay in non-perfusion: What 
is the status of astrocytes, Müller cells and retinal neurons adjacent to 
non-perfused areas? Is nonperfusion the consequence of intravascular 
events; e.g. platelet or leucocyte thrombi, migration of Müller cells into 
vascular lumens,49,50 or intraretinal events whereby loss of metabolic 
activity and trophic support from neurons and glia leads to secondary 
closure of capillaries because they have no stimulus to provide blood to 
inactive cells? Could semaphorins secreted by metabolically starved 
neurons diminish vascular viability,51 or could downregulation of key 
gene expression in ganglion cells or astrocyte-derived trophic factors 
influence on retinal vessels? That is, does ischemia represent a cause or a 
consequence? Answering these questions may have important implica
tions for understanding how diabetes impairs vision. 

Hyperglycemia has been considered to be the underlying cause of the 
above retinal microvascular alterations, while the significance of hy
poglycemia is unknown. Remarkably, mild microvascular lesions 
develop in about 7 % of persons who do not have overt diabetes45 and 
even advanced DRD can occur in individuals with normal glucose tol
erance.46–48 These findings suggest that metabolic factors other than 
glucose may also contribute to the development of DRD. 

As described, the role of blood vessels in DRD remains central from a 
clinical standpoint but therapies that have primarily targeted blood 
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vessels, aside from VEGF inhibition (i.e., advanced glycation end- 
product inhibitors, aldose reductase inhibitors, protein kinase C in
hibitors, histamine receptor inhibitors, Tie2 activators, kallikrein in
hibitors) have not demonstrated clinically significant utility. Primary 
neuroprotective therapies have not been tested yet but may provide 
future opportunities, particularly if combined with vasoprotective stra
tegies. Future studies of the mechanisms by which diabetes disturbs the 
neurovascular unit may yield indices that could serve as physiologic 
endpoints for clinical studies with short-term durations by which to test 
potential therapies.52 

Together, the above findings reveal clues about mechanisms by 
which diabetes impairs vision, and that some long-held assumptions 
about the pathophysiology of DRD require additional investigation. We 
submit that multimodal structure-function studies in patients and in 
post-mortem human eyes provide the best potential opportunity to 
resolve these issues. 

3. How can visual function and quality of life best be 
determined? 

Fear of vision loss is a common concern among persons with dia
betes.53 Standard clinical assessments of DRD severity include visual 
acuity and image-based tests—fundus photographs, optical coherence 
tomography, and fluorescein angiograms—while the impact on quality 
of life is seldom systematically determined. Whereas functional assess
ments are central to the evaluation of cardiac, neurologic and renal 
components of diabetes by guiding diagnostic testing and therapeutic 
decisions, the field of DRD research has to date not incorporated aspects 
of visual function other than central visual acuity into routine assess
ment of patients. This historical clinical convention is in contrast to the 
standard practice of including visual fields and other aspects of visual 
function for glaucoma, optic neuropathies and inherited retinal 
degenerations.54 

Retinal nerve functions have been evaluated in diabetes patients 
with or without DRD via electrophysiology, visual fields, contrast 
sensitivity, microperimetry and color vision testing, revealing e.g. de
fects in cone and rod photoreceptor pathways, diminished amplitudes of 
retinal interneurons, and impaired contrast and peripheral vision.54–57 

The methods have, however, not been incorporated into clinical practice 
due to lack of standardization, time required, and lack of understanding 
how they can be used to assess clinical phenotypes and patient symp
toms, provide prognostic information and guide therapy. In addition, 
there has not been sufficient long-term prospective data in clinical trials 
to result in their regulatory approval. A National Eye Institute/Food and 
Drug Administration Diabetic Retinopathy Clinical Trial Design and 
Endpoints Workshop in 2016 led to the first statement that validated 
functional endpoints could be acceptable.58 Functional tests of visual 
fields and contrast sensitivity are now secondary endpoints in the Dia
betic Retinopathy Clinical Research Network Study AF (NCT04661358) 
and the Hoffman-LaRoche-sponsored CANBERRA study of a cannabi
noid receptor agonist (NCT04265261). 

The latter studies have also utilized psychophysical tests of vision, 
but do they reflect the subjective difficulties experienced by patients? 
Chen et al.59 evaluated persons who had previously undergone pan
retinal photocoagulation for proliferative diabetic retinopathy. The 
subjects had excellent visual acuity but marked impairment of macular 
and peripheral vision revealed by frequency doubling perimetry, 
Humphrey 60-4 visual field sensitivity and a low luminance question
naire. The patients also had poor quality of life as revealed by the low 
luminance- and the National Eye Institute VFQ-25 questionnaires, both 
broadly used in ophthalmology. A recent DRD-specific instrument 
(RetCAT™)60,61 incorporates several quality of life tests and correlates 
the test result with DRD and/or visual impairment severity, but has been 
tested in Asian populations only. 

It is also useful to obtain insights directly from patients. Three per
sons with 20-plus years of type 1 diabetes who had undergone successful 

panretinal photocoagulation volunteered the following observations1:  

▪ Driving at night is tough and I avoid it when possible.  
▪ My peripheral vision does not cover objects near my feet.  
▪ I cannot find my friends in dimly lit rooms.  
▪ Going from light to dark - it takes me a long time for my eyes to 

adjust.  
▪ I cannot take hikes as well without a walking stick due to depth 

perception issues.  
▪ I avoid passing a vehicle on my affected side.  
▪ I avoid brick sidewalks, or uneven sidewalks, especially at 

night.  
▪ I can’t see my pump readings on the Omnipod™ when it is too 

light because they accommodate for the lighting being too dark, 
but not too bright.  

▪ I need to use a high wattage bulb in all of my lamps.  
▪ I often can’t see the edge of steps and need to feel the edge. 

Thus, the time has come for a concerted effort to define which 
functional tests and patient-reported outcome metrics that are sensitive, 
predictive and useful in clinical trials as well as in clinical practice. 
Therefore, JDRF and the Mary Tyler Moore Vision Initiative™2 held a 
workshop in October 2022 with key patient, industry, clinical and reg
ulatory stakeholders to launch this effort. The measures of visual func
tion and quality of life identified by this work will be incorporated into 
an updated grading scale for DRD severity, as proposed recently by two 
groups,62,63 along with measures of basic mechanisms of disease and 
retinal neurodegeneration. Also, the scale will include advanced imag
ing technologies to better assess the periphery of the retina and the 
whole neurovascular unit. 

4. How do we develop more effective therapeutics? 

Results from Diabetes Control and Complications Trial/Epidemi
ology of Diabetes Interventions and Complications study (DCCT/EDIC) 
clearly showed that DRD and other complications of type 1 diabetes can 
be reduced with intensive metabolic control. However, there are other 
factors, many not well characterized, that contribute to the development 
and progression of DRD, and the degree of glucose control required for 
optimal glucose management benefit is difficult for many persons to 
achieve due to risks of hypoglycemia and the expenses of medications 
and devices. Thus, the goal is to determine means to benefit persons 
whose control is suboptimal as well as account for the other contributors 
to the development and progression of DRD. We submit that a multi
faceted approach offers a potential way forward to eliminate visual loss 
and blindness from diabetes. 

New understanding of DRD pathophysiology may arise from studies 
of human eyes using targeted and untargeted -omic analyses, similar to 
the path used to develop therapeutic targets for diabetic kidney dis
ease.64 Structure-function analyses of various grades of DRD severity (no 
detectable DRD, mild nonproliferative retinopathy, moderate-severe 
nonproliferative retinopathy, diabetic macular edema and prolifera
tive diabetic retinopathy before and after standard treatment) can define 
the cellular defects that can be modified. Patients with diabetic macular 
edema and proliferative diabetic retinopathy can continue to have 
impaired visual acuity despite anti-VEGF therapy.65–67 These conditions 
are prime candidates for restorative approaches that benefit from the 

1 Heather Stuckey-Peyrot, Kendra Durdock and Amy Heffelfinger provided 
comments to TWG with permission April 2022.  

2 The Mary Tyler Moore Vision Initiative™ is a joint effort of the Mary Tyler 
Moore and S. Robert Levine, MD Charitable Foundation, the Caswell Diabetes 
Institute, and the JDRF. Its mission is to accelerate development of methods to 
preserve, restore, and protect visual function in people with diabetes, including 
those with significant visual loss. 
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lessons derived from successful gene therapy for photoreceptor 
dystrophies. 

Having the patient in focus is crucial for optimized treatment. How 
do the patients perceive a difference in vision after treatment? Is an 
improvement in visual acuity always related to a subjective improve
ment of vision? How can we better study how patients with diabetes live 
with visual disabilities? It is important to find ways to address psycho
social impacts of DRD on patients’ lives. For this purpose, we suggest 
development of up-to-date, cloud-based, computer-assisted question
naires for patient-reported outcomes. Also, we need to consider how we 
can best explain to newly-diagnosed diabetes patients the risk of late 
complications, taking into consideration the benefits of newer contin
uous blood glucose measurement devices, to combat fears of vision loss 
and blindness. We also believe that bringing patient voices into the 
research lab will help scientists think about disease within the context of 
patients’ lives. 

An organizational structure should be established to provide long- 
term progress with the key stakeholders, as exemplified by the Kidney 
Precision Medicine Project (https://www.kpmp.org/). Existing organi
zations such as the DRCR Retina Network (formerly the Diabetic Reti
nopathy Clinical Research Network) and the European Association for 
the Study of Diabetes Eye Complications (EASDEC.org) together with 
research and expert collaborations such as the Mary Tyler Moore Vision 
Initiative™ will be key partners. 

5. Final recommendations based on the provided solutions 

To summarize, more research in pathophysiology and early detection 
of DRD is needed to understand the gap between its subclinical stages 
and vision-threatening abnormalities, and to find new therapeutic tar
gets for preventing DRD development. Keeping the patient voice in focus 
is important to have accurate evaluations of treatment effects. The latter 
should not be restricted to visual acuity or structural measures, but also 
parameters of subjective visual function. For this purpose, computer- 
assisted, patient-reported outcome questionnaires could be developed 
that can be widely applied to any context of care, region, or community. 
Additionally, not only better characterization of disease development, 
but also of its relation with metabolic and inflammatory factors, such as 
blood glucose levels, serum lipid levels, blood pressure, oxidative stress 
and mitochondrial function, is key to understanding DRD and devel
oping more effective therapeutics. 
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