
305© Springer International Publishing AG, part of Springer Nature 2019 
J. J. Roelofs, L. Vogt (eds.), Diabetic Nephropathy, 
https://doi.org/10.1007/978-3-319-93521-8_19

Chapter 19
Microvascular Complications in the Eye: 
Diabetic Retinopathy

Esmeralda K. Bosma, Cornelis J. F. van Noorden, Ingeborg Klaassen, 
and Reinier O. Schlingemann

 Introduction

Diabetic retinopathy (DR) is a major cause of vision loss and blindness among per-
sons with diabetes mellitus. It is estimated that approximately 35% of diabetes 
patients develop some form of DR [1]. DR is a progressive disease that is predomi-
nantly characterized by alterations in the retinal microvasculature. It may develop 
from an asymptomatic nonproliferative form associated with capillary non- 
perfusion, microaneurysms, and retinal hemorrhages, into a vision-threating disor-
der such as diabetic macular edema (DME) and proliferative DR (PDR).

Although DR and diabetic nephropathy (DN) are diseases that manifest them-
selves in different organs, the two diseases are strongly correlated as partly overlap-
ping mechanisms are involved in the pathobiology of DR and DN, in particular 
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microvascular alterations [2]. Compared to other tissues, the retina is highly vulner-
able for the hyperglycemic milieu induced by diabetes, which is often attributed to 
the fact that retinal cells are not dependent on insulin for glucose uptake and to the 
unique anatomy and physiology of the eye. For instance, the density of blood ves-
sels is low in the retina to prevent absorption of light. Yet, the retina has high meta-
bolic demands, in particular in the dark-adapted state [3], which results in 
physiological retinal hypoxia [4]. As such, the retina has a limited capacity to adapt 
to metabolic stress, which may underlie its vulnerability to diabetes [3, 5]. It is often 
stated that DR precedes the development of DN in diabetic patients [6]. However, 
not all patients with advanced DR develop DN, underscoring that the pathobiology 
of both diseases are also different in a number of aspects [7].

A meta-analysis of patients with type 2 diabetes and renal disease indicated that 
DR can be used as a predictive biomarker to distinguish DN from nondiabetic renal 
disease [8]. In line with this observation, the identification of DR in diabetic patients 
with microalbuminuria can confirm the diagnosis of DN [9]. Traditionally, renal 
biopsies are required for the diagnoses of DN, but the potential to indirectly monitor 
DN by studying the retina via noninvasive ophthalmology techniques opens up the 
possibility for early detection of DN and may considerably improve the outcome for 
patients [2].

In this chapter, we discuss the clinical manifestation and disease progression of 
DR, focus on the main molecular and cellular mechanisms involved, and conclude 
by highlighting the current treatment options for DR.

 Disease Progression of DR

DR develops gradually in patients with diabetes. The prevalence of DR increases 
with the duration of diabetes. After 20 years of diabetes, almost 80% of patients 
have some form of DR [1]. In the clinic, DR is broadly divided into two stages: 
nonproliferative DR (NPDR) and proliferative DR (PDR) (Fig. 19.1). However, DR 
is preceded by a long preclinical phase, which is associated with the development 
of several microvascular and other anomalies in the retina. It is likely that diabetes 
affects all cell types of the retina, but the major retinal vascular changes can be eas-
ily imaged, and therefore grading of the disease is based on the severity of the 
vascular anomalies [10]. Recent advances in imaging techniques also enable the 
detection of more subtle alterations such as neurodegeneration, altered distribution 
of cone photoreceptors and anomalies in the thickness of the neural retina 
[11–14].

The first anomalies that arise in the retina during the preclinical stage are 
thickening of the vascular lamina basalis, pericyte loss, increased vascular per-
meability, and formation of acellular capillaries. Progression of the disease into 
NPDR is recognized by the appearance of microaneurysms and hemorrhages, 
both associated with areas of capillary regression, vascular leakage, and hard 
exudates and spreading areas of capillary non-perfusion. When the disease pro-
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gresses to an even more advanced stadium, with widespread areas of retinal non-
perfusion and ischemia, neovascularization can develop, which is the characteristic 
hallmark of PDR. PDR occurs more frequently in patients with type 1 diabetes 
[1]. PDR may lead to vitreous hemorrhage, fibrosis via the angio-fibrotic switch, 
fibrovascular membrane contraction, retinal detachment, and eventually blind-
ness [15]. NPDR generally develops as a consequence of vascular damage caused 
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Fig. 19.1 Schematic overview of the microvascular changes occurring in retinal capillaries of 
diabetic patients. Hyperglycemia induces various molecular and cellular alterations ultimately 
leading to endothelial dysfunction, degeneration of retinal capillaries, and retinal ischemia. Before 
clinically relevant stages of diabetic retinopathy (DR) are manifested, thickening of the vascular 
lamina basalis, pericyte loss, neurodegeneration, upregulation of levels of growth factors, and 
increased vascular leakage occur. These processes lead to the induction of a pro-inflammatory 
microenvironment that is accompanied by increased leukocyte infiltration, endothelial cell hyper-
trophy causing narrowing of the capillary lumen and endothelial cell death, and subsequently for-
mation of acellular, non-perfused capillaries. Nonproliferative DR is accompanied by further 
dysfunction of the retinal capillaries, increased leakage of capillaries and impaired fluid clearance 
from the retinal tissue to the circulation by Müller cells, ultimately leading to edema formation. In 
the more advanced stages, retinal ischemia may induce neovascularization, which can be accom-
panied by scarring and blindness. PCDR, preclinical DR; NPDR, nonproliferative DR; PDR, pro-
liferative DR; Ang-2, angiopoietin-2; VEGF, vascular endothelial growth factor; CTGF, connective 
tissue growth factor
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by hyperglycemia, whereas PDR develops as a direct result of retinal ischemia 
induced by capillary non- perfusion and is therefore not directly affected by meta-
bolic control [16].

An important additional manifestation of DR is DME, which can occur in com-
bination with NPDR and PDR. Blood vessels of the retina are highly selective in 
regulating the entry of molecules into the retinal tissue, comparable to vessels of 
the blood-brain barrier. DME is caused by the breakdown of these inner 
blood-retinal barrier (BRB) properties, which leads to leakage of fluid and plasma 
proteins from the vasculature into the neural retina and ultimately to edema forma-
tion [17]. DME in the central area of the retina, the macula, often leads to severe 
loss of visual acuity. DME is the most prevalent disease manifestation in type 2 
diabetes and therefore represents the most common cause of vision loss in patients 
with diabetes [1].

 Early Stages of DR

Hyperglycemia is a major factor that triggers the development of DR. It elicits the 
activation of molecular and cellular mechanisms suggested to be involved in the 
disease progression such as metabolic damage, inflammation, upregulation of levels 
of growth factors, and neurodegeneration. All these factors may induce damage to 
the retinal blood vessels and may eventually lead to vessel degeneration and forma-
tion of acellular, non-perfused capillaries. This process, which is also known as 
vasoregression, leads to the formation of an ischemic retina, and provides the basis 
for the formation of NPDR, DME, and PDR.

 Metabolic Damage

High plasma levels of glucose lead to vascular damage due to the induction of 
oxidative stress, caused by mitochondrial overproduction of reactive oxygen spe-
cies (ROS) [18]. Hyperglycemia also leads to endothelial dysfunction via activa-
tion of the polyol pathway, the formation of advanced glycation end products 
(AGEs), activation of protein kinase C (PKC) isoforms, and an increased flux 
through the hexosamine pathway [18]. These four pathways all lead to the produc-
tion of ROS which are thought to be the cause of endothelial cell dysfunction and 
cell death. This subsequently leads to the vascular abnormalities observed during 
preclinical DR. For instance, increased levels of glucose activate the polyol path-
way provides an alternative form of glucose metabolism in which glucose is con-
verted to fructose [19]. However, this occurs at the expense of NADPH and NAD+, 
which are important cofactors involved in redox reactions, making cells more 
sensitive for oxidative stress, as NADPH is the major substrate for the detoxifica-
tion reactions of ROS [20]. Activation of the PKC isoforms leads to endothelial 
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cell apoptosis and the formation of acellular capillaries, whereas it also induces 
the expression of growth factors such as vascular endothelial growth factor 
(VEGF) [21, 22]. AGEs play a role in lamina basalis thickening by increasing the 
expression of proteins involved in synthesis of the extracellular matrix such as 
connective tissue growth factor (CTGF), but also induce the expression of other 
factors involved in the disease progression such as angiopoietin-2 (Ang-2) [23–
25]. Activation of the hexosamine pathway, in which fructose 6-phosphate is con-
verted into N-acetyl glucosamine, is associated with neuronal apoptosis [26]. 
Even when normal glucose levels are obtained in patients, progression of DR 
continues which suggests the existence of the phenomenon known as “metabolic 
memory” [27]. Oxidative stress plays an important role in the establishment of 
this metabolic memory, probably via modulating alterations in the epigenetic 
landscape [27, 28].

 Inflammation

Several inflammatory mechanisms are considered to be involved in the formation of 
microvascular complications during the early stages of DR, which include, among 
others, activity of the pro-inflammatory transcription factor NF-κB, pro- 
inflammatory cytokines such as IL-1β and TNFα, and the intracellular adhesion 
molecule-1 (ICAM-1) [13, 29]. These inflammatory mediators may play a central 
role in the degeneration of capillaries, pericyte loss, vascular permeability, and neu-
rodegeneration [13, 29]. Especially increased leukostasis, induced by cytokines and 
VEGF, has been suggested to cause the formation of early vascular lesions in the 
diabetic retina, via endothelial damage by FAS-FAS-L interactions, and progressive 
vascular occlusions and subsequent development of areas of non-perfusion [30, 31]. 
However, others have suggested that leukostasis is only an epiphenomenon of the 
retinal diabetic milieu and cannot explain by itself the pathogenesis of DR [32, 33].

 Growth Factors

Several growth factors have been associated with the development of early vascular 
lesions in the diabetic retina, including Ang-2, VEGF, and CTGF.

Angiopoietin-2 (Ang-2) The angiopoietin (Ang)-Tie system plays an important 
role in maintaining vascular stability [25]. Ang-1 is secreted by perivascular cells 
and activates the tyrosine kinase receptor Tie2 on endothelial cells, thereby induc-
ing increased cell survival, endothelial barrier function and vessel stabilization. In 
contrast, Ang-2 inactivates Tie2, leading to endothelial cell degeneration and vessel 
destabilization. It is thought that Ang-2 plays a key role in initiating vasoregression 
in preclinical DR [25]. Hyperglycemia induces Ang-2 expression, altering the bal-
ance between the two ligands and favoring the inhibitory effects of Ang-2 on the 
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Tie2 receptor [34]. High levels of Ang-2 lead to pericyte loss, which is one of the 
first morphological change observed in the diabetic eye [35]. In addition, high levels 
of Ang-2 lead to endothelial cell death and formation of acellular capillaries [25].

Vascular Endothelial Growth Factor (VEGF) VEGF is an important inducer of 
vascular permeability and the major pro-angiogenic factor [36, 37]. These functions 
are mainly mediated via the VEGF family member known as VEGF-A. In this chap-
ter, we refer to this family member when discussing the functions of VEGF. The role 
of VEGF in the development of the advanced stages of DR such as PDR and DME 
is discussed below in detail. However, VEGF also plays an important role in the 
preclinical stage of DR. Hypoxia is a major inducer of VEGF expression, but hyper-
glycemia can upregulate VEGF expression as well [3]. VEGF induces vascular per-
meability, increases the adhesion of leukocytes to the vasculature, and translocates 
the insulin-independent glucose transporter-1 (Glut-1) from intracellular stores to 
the membrane which may further promote hyperglycemia-induced damage in the 
early diabetic retina [38, 39]. VEGF over-expression in the diabetic retina may also 
induce endothelial cell hypertrophy, leading to narrowing of the capillary lumen and 
thereby eventually be the cause of capillary non-perfusion [32]. This may even 
incite a vicious circle of disease progression, creating areas of local ischemia, fol-
lowed by more endogenous VEGF production and further luminal narrowing. This 
vicious circle, which is an alternative or complementary mechanism to the para-
digm of VEGF-induced leukostasis as the cause of capillary occlusion, could 
explain why vascular lesions spread from focal points in the diabetic retina, whereas 
other areas remain totally unaffected [31, 32].

Connective Tissue Growth Factor (CTGF) CTGF is a growth factor that regu-
lates the expression of several other growth factors and extracellular matrix (ECM) 
proteins [40]. As a consequence, it is involved in a wide range of biological pro-
cesses such as production of ECM components, angiogenesis, wound healing, and 
fibrosis [40]. Thickening of the lamina basalis of retinal capillaries is one of the first 
pathologically visible change in early diabetes, preceding the loss of pericytes [41]. 
CTGF appears to play a key role in this process [42, 43]. In preclinical DR, CTGF 
expression is upregulated by AGEs and VEGF [23, 43]. Besides the role of CTGF 
in lamina basalis thickening, recent findings suggest that CTGF also plays a role in 
inducing pericyte loss and the formation of acellular capillaries in the early stages 
of DR [44].

 Neurodegeneration

Retinal vascular cells are closely associated with neurons and glial cells in the so- 
called neurovascular unit, which critically regulate their function. Before the onset 
of the typical microvascular lesions of NPDR, anomalies in the neuronal structure, 
and function of the retina can be detected [45]. For instance, in a longitudinal study 
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it was shown that thinning of the retinal neural layers precedes the development of 
microvascular changes [46]. Moreover, altered neuronal function is observed in the 
retina, and, as consequence, contrast sensitivity and dark adaptation is reduced in 
the early stages of DR [45]. The causal relationship between early neurodegenera-
tion and vasoregression or the late vascular pathologies in DR remains unclear [46].

 Ischemic Retinopathy

The ischemic milieu of the retina in NPDR induces the production of VEGF and 
other growth factors. High VEGF levels play a central role in the pathobiology of 
both DME and PDR.

 Diabetic Macular Edema (DME)

Breakdown of the Blood-Retinal Barrier (BRB) Integrity of the BRB is essen-
tial for vision. Without a proper BRB, plasma proteins leak into the retinal tissue, 
leading to accumulation of proteins and fluid in the macula and other features of 
DME. In general, there are two main routes for molecules to cross the endothelial 
monolayer, that is, 1) via opening of the junctions between endothelial cells or  
2) through the endothelial cell cytoplasm via vesicles or specific transporters. 
These pathways are known as the paracellular pathway and transcellular pathway, 
respectively. Small molecules and solutes can diffuse back and forth across the 
endothelium via the paracellular route, whereas molecules larger than 3  nm in 
radius cannot pass the BRB paracellularly and use the transcellular route. As 
described by the rules of Starling, the concentration of macromolecules is an 
important determinant of the interstitial osmotic pressure. Increased transport of 
macromolecules via vesicle- mediated transcytosis therefore plays an important 
role in the pathobiology of DME [17]. VEGF appears to be a major regulator of 
this process. VEGF has been shown to increase the number of caveolar vesicles in 
human retinal explants [47]. In addition, intraocular VEGF injections in monkey 
eyes shifted the distribution of vesicles from an abluminal localization to a lumi-
nal localization, without obviously altering the junctional integrity between cells 
[48]. This shift in distribution may reflect an altered direction of vesicular trans-
cytosis, occurring from blood to tissue [48]. Thus, especially active transcytosis of 
plasma proteins via vesicles may alter the interstitial osmotic pressure, which in 
turn draws fluid from the leaky vessels into the retinal tissue causing DME. However, 
it should be noted that generally much more emphasis is put on the role of paracel-
lular permeability in microvascular permeability and BRB breakdown in eye dis-
ease. Accordingly, disruption of the junctional interactions between retinal 
endothelial cells is most widely recognized as important causative factor in BRB 
breakdown and DME formation [17].
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Inflammation The low-grade inflammatory milieu of the diabetic eye promotes 
breakdown of the BRB and further vascular leakage, in addition or as an alternative 
pathway to VEGF [49]. Pro-inflammatory mediators induce BRB breakdown pri-
marily via the paracellular pathway. For instance, the pro-inflammatory cytokine 
TNFα alters the expression of several junctional proteins and increases the permea-
bility for small molecules but not for large molecules [50]. However, the precise role 
of inflammation in the pathogenesis of DME remains still a manner of debate [33].

Impaired Fluid Homeostasis Besides increased protein and fluid extravasation in 
edema formation, impaired fluid reabsorption from the retinal tissue to the circula-
tion also plays a role in edema formation. A correct balance between fluid extrava-
sation and clearance is especially important in the retina, since the retina does not 
have a lymphatic system to remove excess fluid from the interstitium [51]. Müller 
cells, which are the glial cells of the retina, play an alternative role in this process. 
Müller cells regulate via facilitating transcellular water transport via water channels 
termed aquaporins (AQPs) [52]. The transport of water by these channels is tightly 
coupled to the potassium current in cells. In the diabetic retina, expression of the 
potassium channel Kir4.1 is downregulated, resulting in the accumulation of potas-
sium in cells, increased water influx via AQP4, and swelling of Müller cells [52]. 
Moreover, altered expression of the AQPs subtypes in Müller cells of the diabetic 
retina may also impair fluid homeostasis, leading to cellular swelling [53, 54]. Thus, 
altered fluid clearance in the diabetic retina may contribute to both intracellular and 
extracellular edema and DME.

 Proliferative Diabetic Retinopathy (PDR)

There is evidence that retinal ischemia in NPDR leads to a vicious circle of disease 
worsening by VEGF-induced leukostasis and/or endothelial hypertrophy [31, 32], 
and this may eventually lead to PDR, which only occurs when widespread areas of 
capillary non-perfusion have developed. In a response to counteract retinal isch-
emia, a pro-angiogenic response is initiated leading to retinal neovascularization 
and the development of PDR. However, these newly forming vessels are leaky, frag-
ile, and prone to rupture, leading to hemorrhages in the vitreous. In addition, the 
newly formed vessels are the visible component of a coexisting wound-healing 
response, which develops into fibrous tissue formation and scarring and may cause 
retinal detachment and eventually total blindness.

Compared to the VEGF levels detected in the eyes of patients with NPDR, the 
mean concentration of VEGF in the vitreous of patients with active PDR are approxi-
mately 35 times higher [55]. However, it is important to note that high levels of VEGF 
are not sufficient to lead to neovascularization. Altered expression of its receptors in 
retinal vessels is also involved. In fact, one study showed that repeated high doses of 
intraocular VEGF injections did not induce retinal neovascularization in monkey 
eyes [32, 56]. In contrast, prominent neovascularization was detected in the iris [56]. 
This observation was explained by the notion that retinal capillaries express only 
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VEGFR1  in pericytes or on the abluminal side of endothelial cells, under normal 
physiological conditions, whereas the iris vessels constitutively express VEGFR2 
[56, 57]. VEGFR1 has often been described to function only as a regulatory decoy 
receptor for the more important receptor VEGFR2 that mediates the angiogenic 
effects of VEGF. Thus, dysregulation of VEGFR signaling is necessary in the retina 
to facilitate neovascularization, but not in the iris. This may explain why retinal neo-
vascularization only occurs in the advanced stages of DR, whereas increased VEGF 
levels are already observed in the preclinical phase of DR. In diabetic patients with 
established DR, altered expression of VEGFRs in the retina can be observed, showing 
prominent vascular expression of VEGFR1, VEGFR2, and VEGFR3 [57].

The induction of fibrosis in the fibrovascular membranes of PDR is dependent on 
an critical balance between VEGF and the pro-fibrotic growth factor CTGF [15, 40]. 
VEGF itself promotes CTGF expression. When the equilibrium between these fac-
tors reaches a certain threshold, fibrosis may overrule, initiating the angio-fibrotic 
switch [15].

 Therapeutic Options

DR is a complex disease and many factors are involved. Hyperglycemia is the main 
underlying factor leading to vascular damage. Therefore, metabolic control is 
important for the management of DR. However, due to the phenomenon known as 
metabolic memory, and by the independent effects of established retinal capillary 
non-perfusion and ischemia, proper glycemic control alone is not effective to reduce 
the prevalence of DR or to treat DR when vision-threatening stages have developed 
[10, 58]. Other risk factors for DR include hypertension and hyperlipidemia, and 
management of these factors is relevant for DR, in particular for the clinical phases 
such as DME.  Besides these general measures, there are only a few therapeutic 
options available for DR at the present.

Available treatments for DME are laser photocoagulation, anti-VEGF therapy, 
and corticosteroids. Focal and grid laser photocoagulation has been the standard 
care for DME for decades, but anti-VEGF agents have been shown to be superior 
[59]. Anti-VEGF therapy requires regular injections for 2 or more years and is asso-
ciated with suboptimal responses in some patients. In addition, there are concerns 
that VEGF has important neuroprotective functions in the retina, suggesting the 
need for alternative treatment options [60]. Anti-VEGF treatment of DME has nev-
ertheless led to a major improvement in treatment outcome in DME and has been 
shown not only to have a direct effect on macular edema but also a more long-term 
inhibitory effect on the progression of the underlying NPDR [61, 62]. The latter 
effect seems to underscore the presumed role of VEGF in the pathogenesis of the 
diabetes-induced damage leading to vasoregression and eventually NPDR.

Glucocorticoids have been shown to reduce DME, which generally is explained 
by their targeting of the inflammatory part of the pathogenesis and fluid clearance 
by Müller cells [52, 63]. However, glucocorticoids may have a direct restorative 
effect on the BRB [64, 65], providing an alternative explanation for their effectivity 
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in DME. Nevertheless, corticosteroids are associated with serious side effects such 
as cataract formation and glaucoma due to increased intraocular pressure [66, 67]. 
Therefore, treatment with these agents is only advisable in patients that do not 
respond to anti-VEGF therapy.

Patients with PDR are treated with panretinal laser photocoagulation and vitreo-
retinal surgery. During panretinal laser photocoagulation, focal thermal burns are 
used to destroy retina pigment epithelial cells and the overlying photoreceptors. 
Although this procedure sounds counterintuitive as a treatment option, it is signifi-
cantly effective in reducing PDR, probably by downregulation of VEGF production 
induced by the reduction in oxygen consumption of the retina [68]. Vitreoretinal 
surgery may be necessary in later stages of PDR, when severe complications have 
been developed in the retina such as vitreous hemorrhage, tractional retinal detach-
ment, and epimacular fibrovascular proliferations [10]. Recently, anti-VEGF ther-
apy has also been shown to be a promising alternative treatment option for PDR 
targeting the pro-angiogenic phenotype of the retina [69]. However, targeting VEGF 
in PDR patients with advanced fibrovascular proliferations carries a risk of accel-
eration of the angio-fibrotic switch, inducing retinal fibrosis, contraction, and pos-
sibly retinal detachment [15, 70].

 Screening

DR gradually progresses from an asymptomatic manifestation into a more advanced 
disease associated with vision loss. By the time clinical symptoms occur, several 
irrevocable cellular and molecular changes in the retina have already occurred. 
Although various treatment options exist for patients with DR, the currently available 
therapies are generally less effective in restoring vision loss beyond a certain stage of 
the disease. This indicates that early detection by screening of asymptomatic persons 
with diabetes is of uttermost importance. In addition, there is a great variability in the 
rate of disease progression and risk to develop clinically significant forms of DR 
among diabetic patients [71]. Some diabetes patients do not develop vascular anoma-
lies and have good visual acuity after many years of diabetes, whereas others have a 
rapidly progressing form that does not respond to therapy [71]. An additional impor-
tant aspect of screening is to identify the patients that are at risk at developing vision-
threatening forms of DR. However, this remains a problem in the clinic.

 Retinal Imaging

In the clinic, noninvasive imaging techniques are used to monitor the disease pro-
gression of DR. Commonly used techniques include ophthalmoscopy, fundus pho-
tography, fluorescein angiography (FA), and optical coherence tomography (OCT) 
[14]. Fundus photography allows detection of microvascular abnormalities within 
the retina, making grading of the disease possible (Fig. 19.2). To provide additional 
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Fig. 19.2 Fundus images of patients with diabetic retinopathy (DR). Color or red-free fundus 
images of a normal retina (a), a retina with severe nonproliferative DR and maculopathy (b), and 
a retina with proliferative DR (c, d). Note intraretinal hemorrhages (b, white arrow) indicating reti-
nal ischemia, yellow intraretinal hard exudates (b, black arrow) indicating vascular leakage, and 
neovascularization extending from the optic disk to the surface of the retina (c, d)

information, FA and angio-OCT are useful. During FA, the fluorescent dye fluores-
cein is administrated into the systemic circulation, and the vascular filling and 
extravasation of fluorescein from the retinal vasculature are assessed (Fig. 19.3). FA 
allows the detection of vascular leakage but also characterizes areas of capillary 
non-perfusion. OCT generates cross-sectional, three-dimensional images of the 
retina, whereas angio-OCT provides a detailed image of the perfused microvascula-
ture. OCT makes it possible to determine the thickness for each individual layer of 
the retina, enabling detection of fluid accumulation and monitoring of treatment 
effects [72, 73].

Screening for DR is very cost-effective, and fundus photography and subsequent 
grading is the standard approach [74]. Addition of OCT imaging to screening pro-
grams considerably improves correct detection of DME and reduces the overall 
costs [75]. Implementation of OCT imaging in screening programs may therefore be 
useful for early detection of DR. Recently, automated image analysis employing 
artificial intelligence software, developed with deep learning algorithms, have been 
presented with high sensitivity and specificity outperforming human graders [76].
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Although the specific sequence of events leading to the onset of DR remains a 
manner of debate, it is becoming clear that neurodegeneration can be observed in 
the retina long before the clinical recognized vascular lesions can be detected [45, 
46]. OCT imaging can detect the associated thinning of the neural layers within the 
retina [46].

Biomarkers Due to the multifactorial nature of DR, it is likely that multiple bio-
markers are needed in clinical practice for meaningful prognostic or predictive pur-
poses rather than one individual biomarker [10]. Common biomarkers for DR are 
HbA1c, visual acuity, glucose levels, lipid levels, imaging characteristics, of which 
only HbA1c has a proven prognostic significance [77, 78]. Identification of novel 
biomarkers may have immense value for the clinic. For instance, the identification 
of increased VEGF levels in eyes of diabetic patients has significantly increased our 
understanding of the pathogenesis of DR, and the concomitant introduction of anti- 
VEGF agents and OCT imaging has revolutionized its treatment. The current search 
for novel biomarkers is mainly focused on the basic mechanisms underlying DR, 
which include AGEs, oxidative stress, endothelial dysfunction, inflammation, and 
pro-angiogenic factors [79].

a

c d

b

Fig. 19.3 Fundus image (a), fluorescein angiogram (b), optical coherence tomography (OCT) 
cross section (c), and OCT macular thickness map (d) of a patient with nonproliferative diabetic 
retinopathy and diabetic macular edema. Note hard exudates (a, white arrows), capillary non- 
perfusion (b, dark areas marked with white arrows) and leaky microaneurysms (b, orange arrow), 
retinal cysts (c, star), and thickened retina (d)
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 Concluding Remarks

DR is the most common microvascular complication affecting diabetic patients. 
The threat of loss of vision from DR is one of the main concerns of persons with 
diabetes in relation to their disease [80]. It is becoming clear that DR should not be 
classified as a solely vascular complication of diabetes, as neurodegeneration and 
inflammation play an important role in the pathobiology of DR as well. Although 
significant progress has been made in the understanding of DR at a molecular and 
cellular level, there are still a limited number of therapies available at present. A 
better understanding of the basic mechanisms involved in the pathogenesis is essen-
tial for the identification of novel therapeutic targets and may explain why the cur-
rently available therapies are not effective in some patients.
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