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Preface

Diabetic retinopathy (DR) is a disease characterized mainly by damage to the blood
vessels in the retina. A large body of evidence supports the role of both inflammation
and neurodegeneration in the development and progression of DR. Treatments for
DR and diabetic macular edema (DME) have made tremendous advances in recent
decades, but modalities with better efficacy and longer durability are still needed.
Many ongoing trials are aiming to validate new treatment options. These range from
new drugs to advances in dosing or administration of established pharmaceuticals

to entirely new modalities. This book begins with a description of the mechanisms

of development and progression of DME and with the characterization of the early
stages of DR. Inflammation appears to be a key player in the pathogenesis of this con-
dition. It has been noted that levels of inflammatory mediators like hypoxia-inducible
factor, TNF-a, IL-6, and IL-1B, among others, are elevated in the diabetic’s vitreous
gel. Furthermore, oxidative stress-mediated lipid and protein-derived biomolecules
not only add important mediators in the pathogenesis of DR, but also accelerate the
progression and severity of microangiopathy.

Multimodal imaging represents a new diagnostic tool in the field of ophthalmology.
Imaging tools such as optical coherence tomography and optical coherence tomog-
raphy angiography are used for screening this pathology, but a new diagnostic
advantage derived from the possibility of obtaining high-resolution retinal images
of photoreceptors and retinal vessels by adaptive optics faces new perspectives in

retinal physiology and pathophysiology.

This book also discusses standards and novel approaches, as well as current surgical
options and treatment techniques. Anti-VEGF therapies such as ranibizumab,
aflibercept, and off-label bevacizumab have become a first-line treatment for DME,
however new therapeutic approaches are becoming more interesting as alternative
pathways, such as the Tie-2 angiopoietin pathway, that may address unmet needs,
with potential for greater efficacy or durability when compared to monotherapy or
combination treatment. The book concludes with chapters on the latest concepts

of vitreoretinal surgical approaches for both the DME with and/or without internal
limiting membrane peeling and for proliferative DR.

Giuseppe Lo Giudice
San Antonio Hospital,
University of Padua,
Padua, Italy
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Chapter1

Pathophysiology of Diabetic
Retinopathy

Natalia Lobanovskaya

Abstract

Diabetic retinopathy is a prototypical microvascular disorder. Hyperglycemia
causes a multiple pathological changes in the retinal vasculature. It has been suggested
that apoptosis of pericytes due to high glucose levels plays a key role in the develop-
ment of the earliest events during diabetic retinopathy. Advancement of the disease
resulted in a progressive vessel leakage leading to edematous distortion of macula and
increase in hypoxia inducing development of neovascularization with sight threatening
complications. Four basis hypotheses explaining the hyperglycemia harmful effects
were suggested: (1) increased glucose flux through the aldose reductase pathway, (2)
overproduction of advanced glycation end products, (3) activation of protein kinase C
isoforms, and (4) increased glucose flux via the hexosamine pathway. It was admitted
as well that apoptosis of neurons and glial cell activation occur even earlier than vascu-
lar damage. Disturbance in glial cell functions leads to increase in metabolic abnormali-
ties such as glutamate accumulation, promotion of inflammation, and oxidative stress
resulting in neuron apoptosis and deterioration of vascular disorders. Clarification
of significant biochemical mechanisms involving in the development of diabetic
retinopathy can help to create new effective ways in diabetic retinopathy treatment.

Keywords: diabetic retinopathy, diabetic maculopathy, microvascular changes,
metabolic pathways

1. Introduction

Diabetic retinopathy (DR) is a common complication of diabetes. Elevated
blood glucose levels induce alterations in a number of metabolic pathways that
trigger microvascular lesions. It can cause significant vision deterioration due to
development of macular edema or proliferative DR leading to intravitreal hemor-
rhages and tractional retinal detachment. Elaboration of effective methods in the
treatment of DR is based on understanding of pathogenesis of this disease.

2. Blood flow changes

A hallmark of diabetes is a high blood glucose levels. It was shown in nondiabetic
animals that infusion of glucose causes a rapid increase of retinal blood flow [1].
Patients with mild or no DR demonstrated significantly increased retinal blood
volume flow compared with nondiabetic participants [2, 3]. Apparently, blood
flow abnormalities contribute to the pathogenesis of DR and precede the earliest
visible signs of diabetic retinal complications. Blood flow in the retina is controlled

3 IntechOpen



Diabetic Eye Disease - From Therapeutic Pipeline to the Real World

mostly by metabolic autoregulation. Metabolic autoregulation is an adaptation of
the diameter of vessels to the metabolic demands in the tissues. Oxygen saturation
is a principal metabolic stimulus for blood flow changes in the retina. Impaired
metabolic autoregulation in patients with DR may be due to changes in the retinal
metabolism. It was founded that glucose flux through the polyol pathway in DR
disrupts balance between pyruvate and lactate levels that resulted in pseudohypoxia
and increased blood flow [4]. Probably, this is a direct mechanism of glucose-
induced hyperperfusion in DR [5]. It was shown that increased blood flow induces
increase in shear stress followed by a damage of the endothelial cell lining and
basement membrane thickening [6]. Production of the vasoconstrictor endothe-
lin-1 (ET-1) by endothelial cells is changed depending on the level and duration of
the shear stress [7]. At the same time increased shear stress stimulates production
of vasodilators, namely prostacyclin (PGI,) and nitric oxide (NO) followed by
additional increase in blood flow [8, 9]. Hyperglycemia by its direct deleterious
effect on pericytes inhibits contraction of small vessels, impairing autoregulation
[10]. The dilatation of retinal vessels during the early stages of DR is accompanied
with impaired pressure autoregulation. Pressure autoregulation is a capacity of the
resistance vessels to adjust diameter to maintain stable microcirculation during
changes in the arterial blood pressure. Thereby, in DR the systemic blood pressure
more easily conveys to the capillary bed, increasing tangential stress on the capillary
wall where it contributes to the formation of microaneurysms, hemorrhages, and
breakdown of the blood-retina barrier (BRB) [6, 11]. The fact that hyperperfusion
is essential in the development of DR is confirmed by conditions that are associated
with its progression and characterized by increased blood flow. Hypertension is an
important risk factor for the incidence and progression of DR [12-14]. Pregnancy in
patients with diabetes is often associated with a deterioration in DR [15].

3. Microvascular changes

DR initially is a disorder of retinal capillaries that later propagates to the larger
vessels. In the early stages of DR, microvascular lesions are characterized by devel-
opment of microaneurysms, capillary leakage resulting in intraretinal hemorrhages,
hard exudates, retinal edema, and also capillary occlusion resulting in ischemia
and cotton wool spots formation. More advanced stages of DR are associated with
vascular changes such as vein beading, loop formation, intraretinal microvascular
abnormalities (IRMA). DR progression leads to neovascularization, intravitreal
hemorrhages, expanding of fibrous tissue, causing retinal traction and detachment.
Exudative or ischemic forms of the sight threatening diabetic maculopathy may
develop in any stage of DR [16].

Long before any clinically visible alterations occur, histological and pathophysi-
ological changes in the wall of the vessels develop, involving thickening of the base-
ment membrane, loss of pericytes, disturbance of endothelial cell functions. A crucial
role in the progress of the disease is played by pericytes, developmentally originating
from mesoderm. Pericytes are located along the endothelial cell tube, embracing with
their cytoplasmic processes endothelial cells and providing mechanical support for the
capillary wall [17, 18]. Pericytes are known as specialized contractile cells and function
in the capillaries such as smooth muscle cells in the larger vessels, controlling vascular
tone, and perfusion pressure [18, 19]. Pericytes are encased in a basement membrane
(BM) that is continued with the endothelial BM (Figure 1A). The pericyte-endothelial
cell interface is mainly divided by the BM. However, it was demonstrated that pericyte
and endothelial cell plasma membranes contact across the BM fenestra [20]. There are
different types of contacts described between endothelial cells and pericytes:
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Figure 1.

Blood-retina barrier. (A) Schematic transverse section of capillary showing the endothelium, basement
membrane, pericyte, and gap junction. (B) Schematic drawing of the proteins linked with tight junctions
between endothelial cells. JAMs — junction adhesion molecules, ZO-1 — zonula occludens-1. (Modified from
Ueno [29]).

peg-and-socket junctions, adhesion plaques, and gap junctions. In peg-and-socket
contacts, cytoplasmic fingers of the pericytes interposed into the deep endothelial cell
invaginations and, as assumed, support anchorage [21]. Adhesion plaques at the
pericyte and endothelial cell plasma membrane serve as a mechanical binding among
two cells, which allows the contraction or relaxation of the pericyte to be conveyed to
the endothelial cell and thereby to affect capillary diameter [22]. Gap junctions are
supposed to permit a direct connections between the cytoplasm of pericyte and
endothelial cell [23]. It was proposed that ionic currents, the passage of small mol-
ecules and nucleotides, occur between endothelial cells and pericytes through the gap
junctions [23, 24]. Moreover, it was shown that pericytes suppress capillary endothe-
lial cell proliferation when cells are co-cultured in physical contact with each other,
probably via gap junctions [25]. Interactions between endothelium and pericytes are
also regulated by cell adhesion molecules, produced by both cell types, imbalance of
which may cause leakage of the BRB during the early stages of DR [26]. Thereby,
pericytes in the capillaries are closely associated with endothelial cells and regulate
each other functions. Total cytoplasmic areas of the pericytes enveloping capillary and
the cytoplasmic areas of the endothelial cells covering these capillaries comprise an
average 1:1 ratio in human, which is much higher than that in other tissues [27, 28]. The
cause for this high ratio is the necessity for an exceedingly high barrier function in the
retina itself in order to prevent an extra fluid accumulation that could result in vision
impairment. It seems that pericyte coverage in capillaries correlates positively with
endothelial barrier characteristics in different tissues, and greater pericytes density
apparently provides better integrity for the vasculature [27]. The BRB comprises the
inner BRB (iBRB) and the outer BRB (0BRB). The iBRB is formed by the continuous
lining of endothelial cells, tight junctions (zonula occludens) between adjacent
endothelial cells and interconnecting pericytes. Tight junction proteins between apical
regions of retinal pigment epithelial cells are structural components of the 0BRB

[29, 30]. The tight junctions are composed of integral membrane proteins, namely:
claudin, occludin, junction adhesion molecules, and a number of accessory proteins
such as zonula occludens —1 (ZO-1), ZO-2, ZO-3 (Figure 1B) [29, 31]. Pericytes are
supposed to maintain the integrity of the iBRB by induction of expression of occludin
and other junction proteins [30]. The early feature of DR is loss of pericytes, induced
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by high glucose levels that has been shown in a row of experiments. Naruse and
colleagues demonstrated that high concentration of glucose inhibited proliferation of
retinal capillary pericytes in the culture [32]. In particular, fluctuating glucose levels
increased pericyte apoptosis in vitro [33]. Since pericytes are important compound of
the capillary wall and maintain a capillary structure, loss of them results in localized
outpouching of the microvessel wall. This process is linked with microaneurysms
development, which is the earliest clinical sign of DR. Progressive pericyte apoptosis
in complex with hypoxia causes dilation of the capillaries, venous caliber abnormali-
ties such as venous beading and venous loops. Microaneurysms and dilated capillaries
are usually incompetent and leaky [16]. Pericyte loss is accompanied by dysfunction
and apoptosis of endothelial cells as well. Endothelial cells play an important role in
the regulation of capillary permeability and tone. These cells are responsible for
metabolism of BM, coagulation balance, migration, and adhesion of leucocytes to the
vessel wall, production of ET-1 [34]. It was demonstrated in vitro that endothelium in
high glucose conditions secreted more BM material such as collagen and fibronectin
IV, and overexpression of these products remained detectable even after endothelial
cells were returned to normal glucose exposure [35, 36]. Thickening of BM in the early
phase of DR may prevent endothelium-pericytes contacts that increases pericyte
apoptosis due to deprivation of nourishment, while endothelium, losing control of
proliferation from pericyte is involved in the formation of new vessels in later stages of
retinopathy. Thickened BM reduces a diameter of affected vessels and facilitates
capillary obliteration. Dolgov and colleagues demonstrated weakening of endothelial
intercellular gap junctions in the vessels during DR [37]. It was shown an increased
apoptosis in cultured endothelial cells exposed by high glucose levels [38].
Furthermore, high glucose affects functions of endothelium indirectly by increased
production of vasoactive agents and growth factors in other cells [39]. Thereby, DR
progression leads to pericyte and endothelium pronounced disappearance, thickening
of BM, and formation of acellular capillaries (tubes formed by basement membrane
only), capillary occlusion, and ischemia. Non-perfusion in some capillaries induces
hypoxia, dilatation, and increased intracapillary pressure in others. Thereby, loss of
pericytes impaired functions and later apoptosis of endothelium resulted in progres-
sive retinal ischemia and BRB breakdown. BRB disintegration may occur at the level of
both the iBRB and 0BRB, causing accumulation of intraretinal fluid and plasma
proteins first of all in the inner and outer plexiform layers of the retina, which is visible
ophthalmoscopically as intraretinal hemorrhages, retinal edema, and hard exudates.
Fluid accumulation in the macular region can cause a macular edema leading to
neuronal distortion and visual impairment [16]. Diabetic macular edema may be focal
or diffuse. Focal edema is mainly caused by leakage from microaneurysms, whereas
diffuse macular edema is a result of generalized leakage from dilated capillaries
throughout the posterior pole, which is coupled with occlusion of capillaries. Diabetic
maculopathy can associate with ischemia as well, due to mostly capillary obliteration,
which is the main cause of visual impairment in this case. Progressive vessel occlusion
increases retinal hypoxia and leads to the formation of significant non-perfusion areas
in the retina, cotton wool spots, or soft exudates and intraretinal microvascular
abnormalities (IRMA). Cotton wool spots develop in cases of retinal arteriole occlu-
sion and focal ischemia, which courses blockage of axoplasmic current and accumula-
tion of large spheroidal axon swellings (“cystoid bodies”) and intra-axonal organelles
in the retinal nerve-fiber layer [40]. IRMA is a tortuous collateral vessel located
midway between arteries and veins. It is hypothesized that IRMAs are either dilated
preexisting capillaries or newly formed vessels developing due to obliteration of
capillaries and ischemia. IRMAs practically have no leakage and usually do not cross
major large vessels [41]. In response to tissue hypoxia, vascular endothelial growth
factor (VEGF) is released and stimulates angiogenesis. New vessels usually emerge
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from venous part of the retinal vasculature and grow uncontrolled [42]. If these
vessels break the inner limiting membrane, they are defined as retinal neovasculariza-
tion. New vessels penetrate through the inner limiting membrane, proliferate along
the posterior hyaloid. They are fragile and may tear leaking blood into the retina and
vitreous. Subsequently, a fibrovascular scar tissue grows from the retinal surface into
the vitreous cavity. Fibrous tissue retraction may course tractional retinal detachment
and vision loss [43, 44].

4. Metabolic pathways implicated in hyperglycemia-induced lesion of
vasculature

The Diabetes Control and Complications Trial (DCCT) clinical trial confirmed
that chronic hyperglycemia is detrimental in the development and progression of
DR, though the exact mechanisms of microvascular lesions due to hyperglycemia
are not yet fully understood [45]. A lot of interconnecting biochemical pathways are
involved in hyperglycemia-induced vascular pathologies. Four major mechanisms
explaining how hyperglycemia causes diabetic complications include: (1) increased
glucose flux through the polyol pathway, (2) increased formation of advanced
glycation end products (AGE), (3) activation of the protein kinase C (PKC) path-
way, and (4) a fourth mechanism has been suggested recently: increased glucose
metabolism through the hexosamine pathway [46].

4.1 Increased polyol pathway flux

Excessive glucose in diabetes is metabolized through the polyol pathway. In
the polyol pathway, aldose reductase (AR) reduces glucose to sorbitol (polyol),
using nicotinamide adenine dinucleotide phosphate (NADPH) as a cofactor.
Subsequently, sorbitol is slowly metabolized into fructose by sorbitol dehydroge-
nase (SDH) with NAD" reduced to NADH. Sorbitol is a sugar alcohol and strongly
hydrophilic; therefore sorbitol cannot diffuse easily across the cell membrane.
It was demonstrated that excessive intracellular storage of sorbitol results in
hyperosmotic cellular damage [47]. Increased polyol pathway flux is considered
to have several negative effects on retinal cells. Concomitant decrease of NADPH
results in less NADPH availability for use by glutathione reductase, which uses
NADPH as a cofactor to regenerate intracellular glutathione. Glutathione protects
cells by neutralizing reactive oxygen species (ROS). Thereby, reduced NADPH in
a hyperglycemic environment could course or exacerbate intracellular oxidative
stress. Fructose produced by the polyol pathway is metabolized consequently to
fructose-3-phosphate or 3-deoxyglucosone, which are potent glycating substances
and can lead to generation of AGEs [48]. The presence of AR was shown in the
ganglion retinal cells, Miiller cell processes, retinal pigment epithelium, and the
pericytes and endothelial cells of retinal capillaries in diabetic models in animals.
These studies also pointed out increased apoptosis of pericytes due to AR activity
[49, 50]. It was demonstrated in other work, however, the presence of AR in the
cytoplasm of pericytes but not in endothelial cells in experimental diabetes [51].
Sato and colleagues observed accumulation of sugar alcohols in pericytes in contrast
with similar cultured endothelial cells [52]. It was shown that AR was localized in
human retinal pericytes but not in the endothelial cells [53, 54]. This data suggested
that a selective degeneration and loss of retinal pericytes may be due to AR activity.
Some studies showed that aldose reductase inhibitors (ARIs) were able to reduce
the incidence and severity of diabetic retinal lesions occurring in the galactose-fed
animals. The administration of ARIs to animal model of diabetes indicated that
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ARIs can prevent pericyte loss, formation of microaneurysms, hemorrhages, and
abnormal growth of endothelial cells in areas of pericytes loss [55, 56]. Thickening
of basement membrane in the retinal capillaries was significantly inhibited by
administration of ARI in animal diabetic model [57]. It was shown in human
genetic studies that certain polymorphisms of the AR gene are associated with
elevated tissue levels of AR and higher risk of diabetic complications [58]. However,
sorbinil retinopathy clinical trial, where ARI sorbinil was administred for 2-3 years
to adults with insulin-dependent diabetes, had no clinically important effect on DR
[59]. Probably, it is important to develop more effective ARIs.

4.2 Increased formation of advanced glycation end products (AGE)

AGEs are built up at a permanent but slow rate starting at the embryonic develop-
ment, accumulate through entire life, and linked with aging. However, AGEs forma-
tion is markedly accelerated in diabetes because of hyperglycemic environment [60].
AGEs are formed from the non-enzymatic reaction of sugars, such as glucose and
fructose with free amino groups of proteins, lipids, and nucleic acids. The initial prod-
ucts of this reaction, such as Schiff bases, which spontaneously reform themselves
into Amadori products, are reversible. Further reactions and molecular rearrange-
ments result in the formation of irreversible crossed-linked derivatives termed AGEs,
which are composed of a heterogeneous class of molecules that are yellow brown
pigments, fluoresce. AGEs capable of forming cross-links with other structures and
interact with cells via specific cell-surface AGE-binding receptors (RAGE), triggering
inflammatory events, production of growth factors, generation of reactive oxygen
intermediates induce oxidative stress [61, 62]. AGEs are toxic because they can modify
intracellular proteins, including those involved in the regulation of gene transcription,
or transfigure the extracellular matrix proteins, leading to reduction of the cell-to-cell
interaction and vascular dysfunction, and also can modify circulating blood proteins.
It demonstrated free radical generation by glycation products in vitro [63, 64]. The
interaction of AGEs with RAGE has been involved in the development of DR. It was
demonstrated that retinal endothelial cells, pericytes, and ganglion cells are expressed
RAGE under normal or diabetic conditions in vitro and in vivo [61, 62, 65, 66].
Yatamagishi and colleagues demonstrated pericytes apoptosis mediated via AGEs-
RAGE interactions. It was proposed that AGEs-RAGE interactions induced genera-
tion of intracellular ROSs, which course overexpression of proapoptotic Bax protein
in pericytes [67]. Schmidt studies demonstrated that AGEs after interaction with
their cellular receptors are responsible for induction of oxidative stress, activation of
nuclear factor kappa-light-chain-enhancer (NF- kB) both in vitro and in vivo [61, 62].
NF-kB is associated with transcriptional activation of genes associated with inflam-
matory responses [68]. Interestingly, persistent hyperglycemia leads to a gradual
accumulation of AGEs in the BM and in pericytes in diabetic animal models, however,
the retinal endothelial cells did not store AGEs. It was suggested that endothelium
is capable to uptake AGEs directly from the blood stream through RAGE located on
their luminal surface and further transfer the AGEs to subendothelial matrix and to
pericytes. The preferential appearance of intracellular AGE deposits within pericytes
and BM may affect their functions and lead to progression of DR [65]. Another
study by Yamagishi demonstrated that in vitro exposure of retinal pericytes to AGEs
retarded pericytes growth and induced apoptosis; moreover, these effects were
cell-specific [66]. It was found that administration of an inhibitor of AGEs to diabetic
animals prevented accumulation of AGEs in the retinal capillaries and significantly
diminished pericyte loss, subsequent formation of microaneurysms, acellular capillar-
ies, and capillary closure [69]. Furthermore, it was shown in vitro that AGEs induced
VEGEF overproduction by retinal pericytes, that is, additionally disturbed retinal
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microvascular homeostasis in concert with pericyte apoptosis [70]. Thereby, accumu-
lation of AGEs significantly contributes to the development of diabetic retinopathy.

4.3 Activation of the protein kinase C (PKC) pathway

PKC activation has been shown to induce retinal vascular abnormalities in
diabetes. Diacylglycerol (DAG) is the primary activator of PKC in physiology [4].
Increased total levels of DAG in DR were found [71]. Augmentation of DAG levels
in diabetes can occur by several pathways. Hyperglycemia results in an increase of
glucose flux through the glycolysis pathway, which in turn leads to enhanced de
novo synthesis of DAG from glycolytic intermediates [72-74]. DAG can be gained
as well from the hydrolysis of phosphatidylinositides, from the metabolism of
phosphatidylcholine by phospholipase C [75]. Increased generation of DAG and the
subsequent activation of PKC isoforms affect retinal functions in multiple differ-
ent ways. Activation of DAG-PKC pathway is associated with cellular and vascular
abnormalities in the retina such as increased endothelial permeability, basement
membrane thickening, leucocyte adhesion, cytokine activation, abnormal angiogen-
esis, and excessive apoptosis [72]. Activation of PKC regulates gene expression via of
phosphatidylinositol 3-kinase (PI3K) and mitogen-activated protein kinase (MAPK)
pathways. Induced by phosphorylation, in response to extracellular signals, MAPK
and PI3K regulate functions of a broad array of proteins involved in cell growth, pro-
liferation, motility, adhesion, survival, apoptosis, and angiogenesis [76, 77]. Among
the various PKC isoforms, the beta-isoform seems to be activated preferentially in
the vasculatures of diabetic animals [78]. It was demonstrated that PKC beta-isoform
plays a role in the VEGF-induced vascular permeability in the retina of diabetic ani-
mals and VEGF-induced proliferation of endothelial cells. Furthermore, PKC beta-
isoform-selective inhibitors decreased VEGF-induced vascular permeability and
endothelial cell growth [77, 78]. VEGF is a dimeric glycoprotein and has a crucial role
in the development and progression of DR. In mammals, the VEGF family comprises
seven members where VEGF-A typically, and below, referred to as VEGF. VEGF
regulates cell functions via vascular endothelial growth factor receptor-1 (VEGFR-1)
and VEGFR-2, which belongs to the receptor tyrosine kinase family and primarily
implicated in angiogenesis [79]. Hypoxia is the major inducer of increased VEGF
transcription in the retina via hypoxia inducible factor-1 (HIF-1) [44, 80]. In addi-
tion to hypoxia, a number of other factors can stimulate the overexpression of VEGF
in DR, including oxidative stress and insulin-like growth factor [81]. The pathways
by which these factors regulate upregulation of retinal VEGF transcription are not
yet understood. However, it has been demonstrated that ROS can induce VEGF tran-
scription by a mechanism involving the activity of signal transducer and activator of
transcription factor 3 (STAT3) [82]. It was found that increased vessel permeability
is correlated with increased ocular levels of VEGF [83]. It was suggested that VEGF-
induced permeability results from triggering of a cascade of proteolytic activities
on the endothelial cell surface. VEGF induces expression of urokinase plasminogen
activator receptor (uPAR) that initiates cleavage of plasminogen by urokinase
plasminogen activator (uPA). Subsequently, plasmin formation leads to activation
of membrane-bound pro matrix metalloproteinase-9 pro (MMP-9) [84]. MMP-9
induces pericellular proteolysis affecting cell-cell and cell-BM attachment, producing
leaky vessels and permitting to the endothelial cells to penetrate the underlying BM,
migrate, and proliferate [85]. It was shown as well that VEGF increases microvascu-
lar permeability via increasing the intracellular calcium concentration in endothelial
cells [86]. Growth of new blood vessels is induced by VEGF-VEGFRs mediated
activation of MAPK cascades resulting in endothelium proliferation, migration, and
tube formation [44]. Anti-vascular endothelial growth factor (anti-VEGF) drugs are
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viable treatment option for patients with diabetic macular edema and proliferative
diabetic retinopathy [87, 88].

A role of PKC activation in the thickening of capillary basement membrane that
is the prominent structural abnormality in the retinal microvessels in early DR was
demonstrated. Treatment with PKC agonists stimulated type IV collagen expression
and fibronectin accumulation that may increase the BM thickness [89, 90]. It was
reported that inhibition of Na* -K* -ATPase by hyperglycemia was due to consecu-
tive activation of PKC and cytosolic phospholipase A2 (cPLA2), inducing release of
arachidonic acid and increased production of PGE2, which are known inhibitors of
Na+,K(+)-ATPase [91]. Na'-K*-ATPase is a component of sodium pump, and it takes
part in regulation of cellular contractility, MAPK transduction pathways, ROS forma-
tion, intracellular calcium levels. PKC takes part in sustaining of chronic inflamma-
tion in DR. A row of studies were demonstrated that activation of PKC in endothelial
cells triggered upregulation of intercellular adhesion molecule 1 (ICAM-1) and
vascular cell adhesion molecule (VCAM)-1 that increased adhesion of leukocytes to
the vascular endothelium. PKC inhibitors prevented upregulation of ICAM -I and
(VCAM)-1 and adherence of neutrophils to endothelial cells [92-96]. It was demon-
strated that leukocytes trapped in retinal vasculature course capillary occlusion, vas-
cular cell, and BM alterations in the animal diabetic model [97]. Being adhered to the
vessel wall, leukocytes may release ROS, enzymes, and cytokines, which damage the
endothelial cells and increase vascular permeability [98, 99]. Taking in account
the significance of pathological events inducing by activation of PKC, inhibitors of
PKC have been studied as potential therapeutic agents for the treatment of patients
with microvascular complications associated with diabetes [100].

4.4 Increased flux through the hexosamine pathway

The hexosamine biosynthesis pathway (HBP) is a comparatively minor part of
glycolysis. Hyperglycemic condition increases glucose flux through HBP. High avail-
ability of intracellular glucose leads to an excess amount of fructose-6-phosphate.
The largest proportion of fructose-6-phosphate is utilized in the glycolytic pathway.
Glutamine: fructose-6-phosphate aminotransferase (GFAT) regulates the entry
of fructose-6-phosphate into the HBP. The major end product of the HBP is UDP-
N-acetylglucosamine (UDP-GIcNAc) that catalyzes the addition of O-linked p-N-
acetylglucosamine (O-GlcNAc) to serine and threonine residues of proteins [101].
O-GlcNAcylation is an important protein posttranslational modification (PTM) that
involves the addition of O-GlcNAc moiety to the hydroxyl groups of serine and/or
threonine residues of proteins. Such as phosphorylation, protein O-GlcNAc modi-
fication can directly modify protein functions and also lead to the changes of gene
expression [102]. Under conditions of sustained hyperglycemia that occur in diabe-
tes, GFAT is upregulated, fructose-6-phosphate flux increases through the HBP and
results in increase of O-GlcNAc-modified proteins. There are studies showing an
association between elevated flux through HBP and insulin resistance [103]. It was
demonstrated that high levels of O-GlcNAcylation of proteins in the retinal endo-
thelial cells and pericytes correlated with glucose concentration levels, but the physi-
ological consequences of this mainly remain unknown [104]. O-GlcNAc protein
modification dysregulation under hyperglycemia and/or ischemia may contribute
to the pathogenesis of the DR and retinal neovascularization [104, 105]. Decreasing
glucose flux through the HBP by preventing the biosynthesis of UDP-GlcNAc would
appear to reduce glucose toxicity, but would also induce adverse effects. A lot of
proteins including kinases, phosphatases, transcriptional factors, and metabolic
enzymes can be O-GlcNAc modified, but the functional consequences of this modi-
fication remain unknown for most of these proteins and need to be clarified.
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5. Retinal neural and glial cell impairment

The neural retina is transparent and largely undistinguished during clinical
examination in contrast to retinal vessels. Nevertheless, the retina comprises a
complex network of neurons and glia closely interconnecting with vasculature.
The neurons: photoreceptors, bipolar cells, horizontal cells, amacrine cells, and
retinal ganglion cells percept, integrate, and transmit visual signals into the brain.
Glia comprises astrocytes, Miiller cells (MCs), and microglial cells. MCs are the
primary glial cells of the retina and play a pivotal role in retinal metabolism. It is
now broadly acknowledged that in addition to the vascular alterations structural
and functional detriment to nonvascular cells contributes to the pathogenesis
of DR. Abnormalities of the neural retina have been found in experimental and
human diabetes. There is evidence demonstrating an early neurodegeneration
of photoreceptors in animal diabetic models [106]. Apoptosis of retinal ganglion
cells has been observed as well in cases of short-term experimental diabetes and in
humans with diabetes [107]. Decline of color sensitivity [108] and contrast sensi-
tivity [109] are early signs of neural retinal malfunction that take place after only
2 years of diabetes. As glia maintenance functions of neurons and endothelium,
apparently, glial reactive changes affect the function and survival both of vascular
and of neuronal cells of the retina. It was detected that high glutamate levels in
the retinas of diabetic animals as a consequence of MC reduced ability to convert
glutamate into glutamine [110, 111]. Glutamate has been demonstrated to be toxic
to neuronal cell [112, 113]. These findings suggested an early and probably per-
sistent glutamate excitotoxicity in the retina during diabetes that courses neural
degeneration. One of the early signs of retinal metabolic stress is the upregulation
of glial fibrillary acidic protein (GFAP) in MCs and astocytes, which was detected
in animals and in human patients with non-proliferative retinopathy [111, 114].

It was found that in activated MCs and astrocytes, VEGF expression was sig-
nificantly increased [115, 116]. Glial cell proliferation is a well-recognized latest
change in DR that induces epiretinal membrane formation, and fibrous tissue
grows [43]. Microglia become activated early in diabetes in human and diabetic
animal models [117]. It is supposed that diabetic conditions lead to an elevation
of proinflammatory cytokine expression within the retina that induce microglia
activation [118]. Being activated, microglia migrate to the source of inflammation
and start to produce a wide range of proinflammatory cytokines, such as TNF- a,
IL-6, IL-1, and IL-1, glutamate, ROS, NO, matrix metalloproteinases. All of these
factors are implicated in the pathogenesis of DR, affect neuronal cell functions,
and induce apoptosis [117-121]. It has been recognized that inflammation plays a
pivotal role in pathophysiology of DR. Microglia, as highly sensitive to even low
pathological changes in immune-effector cells in the retina, might be expected

to have a significant role in the promotion and sustaining this inflammatory
response.

6. Conclusions

Hyperglycemia induces a bewildering list of changes during DR in the retinal
vasculature, neurons, and glia in animal models of diabetes and in diabetic patients.
Apparently, increased flux of glucose and its metabolites affects a lot of cellular bio-
chemical pathway driving a diverse nature of the changes. The main challenge for
research studies is to identify those hyperglycemia-induced biochemical alterations
that are significant in causing vascular and neural pathologies for the development
of new effective ways for the treatment of DR.
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Chapter2

High-Risk Diabetic Maculopathy:
Features and Management

Maya G. Pandova

Abstract

A substantial group of patients with diabetic macular edema in our clinical
practice is at high risk for profound and irreversible vision deterioration. Early iden-
tification of modifiable factors with long-term negative impact and their manage-
ment, close monitoring and timely adjustments in the treatment can significantly
reduce the probability of visual disability in the individual patient. This approach
can also provide important guidelines for proactive decision making in order to
avoid the risk of suboptimal response and unsatisfactory outcome.

Keywords: Retinal symptoms and signs, systemic risk factors, treatment options,
management stages

1. Introduction

The introduction of intravitreal pharmacotherapy dramatically improved the visual
prognosis of the patients with diabetic macular edema (DME). However, the pivotal
randomized clinical trials demonstrated that a sizable proportion of the eyes remained
with disabling visual acuity despite intensive treatment and vigorous monitoring for
2 years [1]. Moreover, after transition to standard clinical care for the next 3 years, the
visual acuity worsened even in patients with significant vision gain [2]. Real-world
studies on DME management from Europe, USA, Japan and Australia reveal significant
differences in the registration, national policies and restrictions for the use of the medi-
cations. A common issue is a tremendous pressure on the ophthalmic care providers to
reduce the cost of visits and treatment. This invariably has resulted in visual outcomes
that were meaningfully inferior to those achieved in randomized controlled trials [3-8].

These data suggest that a substantial group of patients with diabetic macular
edema in our clinical practice is at high risk for profound and irreversible vision dete-
rioration. Early identification of modifiable factors with long-term negative impact
and their management, close monitoring and timely adjustments in the treatment
can significantly reduce the probability of visual disability in the individual patient.
Such a systematic approach can also provide important guidelines for proactive deci-
sion making in avoiding the risk of suboptimal response and unsatisfactory outcome.

2. Low visual acuity at baseline

Post hoc analysis of the best-corrected visual acuity (BCVA) achieved in DRCR.
net Protocol T randomized clinical trial after anti-VEGF treatment [1] demonstrated
that 96-100% of eyes enrolled in the trial with BCVA 20/32 to 20/40 retained
high vision after 6 months even in the presence of persistent edema. A small
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proportion - 8% of these eyes - deteriorated below 20/40 at the end of the first year
and further 5-8% worsened after 2 years, and only if the edema was persistent. The
outcome in eyes with baseline BCVA 20/50 to 20/320 was far less — through the 24th
week 21-41% of them failed to improve over 20/50, and the results were worse if

the edema was persistent — 31-51% of them had BCVA less than 20/40. By the end of
the first year 11-30% of these eyes were still seeing below 20/40 and the outcome was
worse if the edema was persistent — 33-46% remained in the low vision group. After
2 years of anti-VEGF treatment 17-25% of these eyes did not improve over 20/50 and
their proportion reached 46% in eyes with persistent edema. Standard clinical care
in the next three years resulted in vision deterioration by at least one Snellen line (4.8
letters) in the whole cohort and the proportion of eyes with BCVA less than 20/40
increased from 16% at the end of the second year to 27% [2]. The overall impression
from the clinical trials and real-life practice is that significant vision gain is achiev-
able even in eyes with low baseline vision at relatively low risk of severe vision loss,
however it requires intensive treatment and the long-term outcome is often unstable.
In contrast, eyes with higher visual acuity at baseline have much better chance to
retain it in the next 2 and 5- year interval with appropriate management.

3. Imaging and biomarkers

Stereoscopic examination of the retina readily reveals signs predicting slow,
limited visual response to treatment and tendency for recurrence:

Diffuse edema, ischaemic areas in the posterior pole, hard exudates close to the
fovea and atrophic changes in the deep layers are often associated with long-standing
disease. These changes persist if pharmacotherapy was provided occasionally and in
long intervals.

Previous laser treatment close to the macula leaves chorioretinal scars that
slowly progress towards the fovea, particularly if the photocoagulation spots were
confluent and with high intensity.

PDR - active proliferative disease, signs of hypo- or nonperfusion and particularly
the presence of retinal ischaemic areas in the equatorial zone and periphery indicate
advanced microvascular damage and carry poor visual prognosis if left untreated.

As noted in the secondary analysis of Protocol T patients, eyes with less than severe
nonproliferative diabetic retinopathy (EDTRS severity levels 10 to 47) had 3.1 letters
more visual acuity improvement after treatment for 2 years compared to patients with
inactive advanced PDR and no prior panretinal photocoagulation [9].

Panretinal photocoagulation (PRP) for advanced PDR (EDTRS severity levels
61 to 75) at baseline in the same clinical trial was associated with approximately 3
letters less vision gain after 2 years [9]. This finding needs careful interpretation.
Often, advanced PDR is associated with various stages of macular edema, and laser
treatment that prevented the total blindness is such patients, was done years prior
to the introduction of pharmacotherapy for the macular complication. On the other
hand, confluent, high-intensity laser treatment applied over large areas in one or
two sessions is associated with significant thermal trauma and can lead to inflam-
mation, worsening of the macular edema, followed by atrophic changes and vision
deterioration that may not respond to treatment.

Glistening, taut epiretinal membranes in the posterior pole with characteristic
folds and retinal distortion require close monitoring - they may limit the vision gain
in response to treatment, particularly in the presence of atrophic macular changes
(Figure1).

Anterior—posterior vitreo-macular traction can cause edema per se and will not
respond to intravitreal treatment [10].
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Figure1.

63 years old male, DM for 23 years, DME, PDR. a —VA decreased from 20/40 to 20/80 in two month during
decompensation of CAD and CABG -epiretinal membrane, lamellar macular hole, severe recurrence of
intraretinal edema with macrocysts, subsensory fluid collection; b -after 5 anti-VEGF injection —persistent
intraretinaledema, resolved subsensoryfluid, VA 20/40, ¢ — 27 months and 9 anti-VEGF injections later —
persistent intraretinal edema, hyperreflective foci, epivetinal membrane, lamellar macular hole, VA 20/40;
d —persistent macrocysts, ischemic areas, hard exudates and microaneurisms.

4. Optical coherent tomography

Systematic analysis of OCT at the initial visit provides insight into the severity and
duration of the disease and guides the appropriate choice of treatment and regimen.

The location, size and content of intra- and subretinal fluid collections:
Cystic spaces exceeding 200 um involving the outer nuclear layer (ONL) are seen in
late stage of DME and have a worse impact on macular function than smaller cysts or
cystoid formations occurring in inner retinal layers (Figure 2b). Large cysts located
in the perimacular area tend to extend centrally with time (Figure 3b and d). Even
though in the early phases the visual acuity is not severely deteriorated, in the pres-
ence of other risk factors treatment has to be initiated - these patients have excellent
chances to retain good function without major fluctuations. Lack of retinal bridges
between the cystic spaces in the inner and outer retina is a sign of long-standing
severe disease and is associated with poor visual prognosis despite resolution of the
fluid post treatment (Figure 2d). Subfoveolar neurosensory detachment is seen in
cases with more severe edema and has been associated with more active inflamma-
tory components of the disease (Figure 1a). These patients responded favorably in
the pivotal clinical trials on anti-VEGF and dexamethasone treatment with signifi-
cant functional gains. This type of edema has a tendency to recur in chronic cases
with interrupted intravitreal treatment, deterioration of the systemic disease or after
cataract surgery (Figure 4).

Hyperreflective retinal foci appear as small lesions with size less than 30 pm
with reflectivity similar to retinal nerve fiber layer and without back-shadowing over
the underlying layers. They appear to represent subclinical lipoproteins that extrava-
sate after breakdown of inner blood-retinal barrier, although there are suggestions
that they might be activated microglial cell, and indicate chronicity and predominant
inflammation in the eye. Increased number of the spots indicate tendency for recur-
rence of the edema and require close monitoring (Figures 1c and 7d).

Hard exudates present in the OCT as hyperreflective intraretinal accumulations
larger than 30 pm with back-shadowing. The deposits are thought to consist of
lipoproteins and indicate advanced microvascular damage and chronicity. In severe
cases they can form fibrotic lesions that are associated with visual decline, espe-
cially if located in or close to the macula (Figure 5) [11].

Disorganization of retinal inner (DRIL) and outer layers within the central
1 mm retinal zone may not be readily distinguishable if the edema is severe and
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Figure 2.

58 years old male, nephropathy, diabetic foot, CAD, PDR, recurrent macular edema, neovascularglaucoma
after glaucoma drainage implant (Ahmed valve). a —OCTA total vetina —broad areas of hypoperfusion,
microaneurisms, enlarged distorted foveolar avascular zone; b -severe recurrence during Leukemoid reaction,
HbA1c 11%, VA 20/200; ¢ -one week after anti-VEGF injection, VA 20/70; d — 3 months later -vecurrence
after treatment on Imatinib for 3 months, VA 20/100; e -one month after anti-VEGF injection, VA 20/50;

[ —recurrvence during deteriovated foot ulcer, HbA1c 9% VA 20/150; g —one month after anti-VEGF intravitreal
injection, VA 20/50; h —~OCTA superficial plexus-decreased central perfusion by 54% in 6 months after 4
magjor recurrences; i —advanced OND pallor, macrocystsand atrophic aveas in the macula, severe ischemia
and NVE.

Figure 3.

60 years old female, 20 years of poorly controlled DM, arterial hypertension; multiple recurrences of
perimacularedema, NPDR. a —One month after anti-VEGF injection, VA 20/20; b —treatment interrupted
for 8 months, VA 20/30, 5 months after hystevectomy; c —one month later after anti-VEGFE, VA 20/20;

d, e-3 months later-new recurrent intravetinal edema progressing towards the macula, new ischemic areas,
VA 20/30, f, g-one month after anti-VEGF injection and focal laser, persistent perimacular ischemia,

VA 20/20.

associated epiretinal membranes and hyperreflective lesions, especially if there are
media opacities (Figure 2). It is becoming evident in the course of the treatment after
regression of the edema and explains the low visual acuity and minimal vision gain.
DRIL has been attributed to macular capillary non-perfusion, the size and erosion
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Figure 4.

57 years old female, DM for 25 years, sleeve gastrectomy, chronic cholecystitis, CAD, DME, PDR, secondary
glaucoma. a —after 3 anti-VEGF injections and 1 OgurdexVA 20/60, cataract; b —deteriorated edema with
subsensory fluid 14 days after phacemulsificationVA 20/60; ¢ — 14 days after anti-VEGF injection, VA 20/30; d —
recurrent edema during CABG, subsensory fluid, hyperreflective foci VA 20/40; e —severe edema after pyocele and
sepsis, VA 20/40; f —recurrence after stroke, VA 20/30; g — 7 days after Ozurdex, VA 20/25; h —severe recurrence

3 months after the second Ogurdex, VA 20/40; j —rapid response to Iluvien, VA 20/25; k —microperimetry-decreased
central retinal sensitivity, unstable central fixation; | -decreased central perfusion in the superficial plexus by 46%
in 18 months; m —microcystic edema and hard exudates in the macula, stable PDR, visible Iluvien implant.

Figures.

70 yeays old female. Chronic macular edema, NPDR, chronic uveitis, secondary glaucoma for 12 years, poorly
controlled diabetes, artevial hypertension, lost for follow up for 4 years. a —Three weeks after intensive topical
stevoids and antiglaucoma medications VA 20/250; b -after 4 anti-VEGF and focal laser —persistent macrocystic
edema, regressing hard exudates, VA 20/50, c ~OCTA —total retina-significant capillary dropout, enlarged
irregular foveolar avascular zone; d —chronic edema, circinate hard exudates.

of the foveolar avascular zone and has been correlated with increasing severity of
the retinopathy, especially in patients with proliferative disease (Figure 6). The
presence of DRIL can be associated with disorganized outer retinal layer disruption,
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Figure 6.

60-years old female, 20 years of poorly controlled diabetes. Phacoemulsification and vitrectomy, choroidal
effusions. a -Severe DME, epiretinal membrane, DRIL one month after surgery; b — 4 months later after 3
anti-VEGF injections —incomplete, unstable vesponse; ¢ — 6 months later after 2 Ogurdex implants —vesidual
perimacular degenerative fluid spaces; d —persistent macular edema, mild DRIL, epiretinal membrane, hard
exudates and microaneurisms.

specifically ellipsoid zone (EZ) and external limiting membrane (ELM). Moreover,
Sun and colleagues have found that an increase in DRIL during 4 months predicted a
decline of visual acuity by one line [12].

OCT assessment of the vitreomacular adhesions and traction is indispens-
able in the choice of treatment. The presence of anterior—posterior traction is
considered an indication for pars-plana vitrectomy in eyes with DME, however
other OCT findings - greater retinal thickness, presence of subretinal fluid, lack of
external limiting membrane integrity and disruption of the ellipsoid zone - have
been associated with a poorer final absolute BCVA [10]. Macular edema in eyes with
lamellar holes associated with tangential traction needs careful consideration - it
often responds favorably to intravitreal treatment and may remain stable, however
should be monitored closely in the presence of active PDR and may eventually
require surgical management (Figure1).

5. Optical coherent tomography angiography

The contribution of OCTA in the assessment of high-risk DME is substantial. It
will detect capillary dropout, microaneurisms and neovascularization in detailed
3-dimentional segments (Figure 2a) and provide quantitative estimates of the
perfusion and vascular density by areas [13] (Figure 4I). A recent study demon-
strated that although there was no significant difference in the superficial capillary
plexus between anti-VEGF responders and poor responders, poor responders
tended to show greater damage and more microaneurysms in the deep capillary
plexus and a larger foveolar avascular zone (FAZ) area. The topographic location
of the disrupted synaptic portion of the outer plexiform layer in SD OCT exactly
corresponded to the nonflow area of the deep capillary plexus in OCTA [14]. The
enlargement and irregularities of the FAZ have to be interpreted carefully in the
presence of large central cysts as such findings could be associated with capillary
displacement rather than ischemia, especially in eyes with retained inner and outer
retinal morphology. OCTA assessment of patients with DME and neurosensory
detachment demonstrated improvement in cysts area and perfusion density in the
superficial and deep capillary plexus in response to treatment with Dexamethasone
and ranibizumab [15]. Persistent microaneurisms and declining perfusion in the
deep capillary plexus in another comparative work was associated with less vision
gain and incomplete resolution of the edema after treatment with aflibercept [16].
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6. Fundus autofluorescence

Short-wavelength FAF derives its signal mainly from lipofuscin in the RPE. Long
wavelength autofluorescence or near-infrared FAF derives its signal from melanin,
which is present in RPE and choroid. Intraretinal cysts in DME unmask the under-
lying RPE by displacing the luteal pigment in the fovea and this prevents the normal
blockage of foveal FAF signal. Granular and patchy hyper- and hypo-autoflurescent
lesions in the parafoveolar area have been described and correlated with foveolar
cystoid spaces in DME patients. Larger area of hyper-autofluorescence in eyes
with higher number of hyperreflective foci and presence of subfoveal neuroretinal
detachment may indicate a prevalent inflammatory condition in DME with specific
response to steroidal treatment [17, 18].

7. Mlicroperimetry

Micoperimetry is able to quantify macular sensitivity and fixation pattern
in an exact, fundus-related fashion, thus adding detailed information about
the degree and pattern of macular function alteration (Figure 4k). It has been
successfully used in the diagnosis and follow-up of different macular disorders,
including age-related macular degeneration, myopic maculopathy, macular
dystrophies, and diabetic macular edema. Vujosevic S et al. have demonstrated in
a series of studies that macular sensitivity is significantly affected when diabetic
macular edema develops and it deteriorates further in eyes at more severe stages
of macular edema even in the absence of ischemia. The stability of the fixation is
decreasing late in the disease and indicates advanced photoreceptor damage and
chronicity [19].

8. Glaucoma in eyes with DME

In a recent meta-analysis of prospective cohort studies the pooled risk ratio of
the association between primary open-angle glaucoma (POAG) and diabetes was
1.36 [20]. The prevalence of glaucoma in diabetics ranges from 4.96% to 14.6% with
significant variations in geographic regions and racial groups. Moreover, there is a
statistically significant association between the duration of diabetes and glaucoma
[21]. Hou et al. compared rates of visual field (VF) loss and retinal nerve fiber layer
thinning for patients with POAG and found no difference in progression between
patients without and with type 2 diabetes and no detectable diabetic retinopathy.
They also found that treated diabetes was linked to significantly slower loss of
RNFL thickness [22].

The risk of ocular hypertension in a patient presenting with DME needs to be
considered in the treatment choice. While anti-VEGF agents are generally safe, a
key DRCR.net report on eyes with center-involved DME and no preexisting open-
angle glaucoma treated on ranibizumab and monitored for 3 years demonstrated
increase in the risk of sustained IOP elevation or the need for ocular hypotensive
treatment after anti-VEGF treatment [23]. In patients with POAG and DME treated
with ranibizimab and monitored for 24 months, Fursova et al. report a decrease
in the functional and structural parameters of the retina and optic nerve, and a
higher rate of progression of glaucomatous optic neuropathy compared to patients
without DME. Long-term results have not revealed a significant deterioration in the
structural parameters of the optic disc and retina as a consequence of anti-VEGF
therapy [24].
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Intravitreal steroids will induce hypertensive response in up to 50% of the eyes
with DME. The MEAD Study reported that over 40% of eye required initiation of
a topical ocular hypotensive agent and 0.3% of eyes required incisional glaucoma
surgery after Ozurdex [25]. In the FAME Studies, 18.4% of eyes that were injected
with the 0.2 pg Iluvien-FA per day implant developed an IOP higher than 30 mmHg
and 4.8% underwent incisional glaucoma surgery [26]. After a follow-up of 5 years,
9% of eyes that had multiple injections of triamcinolone acetonide required a trab-
eculectomy [27]. An eye that does not develop substantial IOP elevation after a chal-
lenge course with a topical steroid may still respond with an IOP rise after Ozurdex or
[luvien, however in most cases it is well controlled on antiglaucoma medications [28].

Patients with refractive DME and well compensated glaucoma on one or two
antiglaucoma drops responded favorably to both Ozurdex and Iluvien in our prac-
tice (Figure 4). An eye with advanced glaucoma on more than 2 medications is ata
high risk of uncontrollable IOP and severe vision loss after intravitreal steroid, and
glaucoma surgery has to be performed prior to the switch from anti-VEGF.

Neovascularization of the iris or neovascularization of the angle that ultimately
lead to neovascular glaucoma is a consequence of long-standing ischemia in patients
with PDR. The incidence of neovascular glaucoma is further increased in patients
who have undergone vitrectomy and lensectomy. Breach of the posterior capsule
from a complicated cataract extraction or even from Nd: YAG laser capsulotomy
may allow angiogenic factors to gain access to the anterior segment more readily,
accelerating formation of neovascularization. The management of DME in these
eyes with intravitreal anti-VEGF provides temporary regression of the iris neovas-
cularization, decrease in the PDR severity and facilitates the panretinal photocoag-
ulation [29]. Early glaucoma surgery significantly improves the visual prognosis of
DME in eyes with neovascular glaucoma, however they remain at high risk of IOP
decompensation, reactivation of the PDR and recurrences of the macular edema
and need prompt, often urgent treatment (Figure 2).

9. Uveitis

History of a previous uveitis episode or evidence of a chronic intraocular inflam-
mation in a patient with DME heralds high rate of complications and difficult man-
agement (Figure 5). A large database from the UK was analyzed for the prevalence
of acute uveitis over a six-year period among populations without (n = 889,856)
and with diabetes (n = 48,584) and evaluated the impact of glycaemic control on
disease risk. Poor glycaemic control increases the risk of acute uveitis, with patients
that have an HbAlc over >11.3% almost 5 times more likely to have an event. Acute
uveitis was also more common in those with proliferative retinopathy. The odds
ratio (OR) for acute uveitis was significantly higher in patients with type 1 DM (OR
2.01), Black (OR 20.17) or Asian (OR 2.09) ethnicity, proliferative disease (OR 2.42)
and escalated with increasing HbAlc, however the association with maculopathy
was less - OR 1.15 [30]. In a cohort of middle-aged diabetic patients with uveitis,
who were followed up for 4 years, 42% had final visual acuity worse than 6/18. In
53% of the eyes, the poor visual acuity was thought to be uveitis related, and a half
of these eyes had clinically significant macular edema. Progression of diabetic reti-
nopathy to proliferative stage occurred in 10% of the eyes. In patients with available
HbA1c data, the levels were over 7.0% on almost all cases in the quiescent period
and rose by 1.5-4% in the acute episodes. The authors conclude that uveitis occur-
ring in patients with pre-existing diabetes can be associated with numerous ocular
complications and recurrences. Macular involvement related to both the uveitis and
the diabetes appears to be the main cause of reduced vision [31].
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In clinical practice, diabetic patients with macular edema and uveitis have higher
tendency to develop fibrinous exudates in the anterior chamber and posterior syn-
echiae, particularly after intraocular surgery. They respond favorably to topical, peri-
ocular and intravitreal steroids and require close monitoring for intraocular pressure
spikes. Interestingly, the IOP in many patients with uveitic glaucoma decreases in
response to appropriate anti-inflammatory management; in the meantime the macu-
lar edema deteriorates, particularly if the patient is on systemic steroids or a biologi-
cal agent and with significant fluctuations in the glucose levels. The recurrence of the
edema may remain unnoticed in eyes with media opacities and active inflammation
and is “discovered” once the uveitis subsides in the search for explanation of the poor
vision - severe macrocysts in the macula are usually accompanied by exudative sub-
sensory fluid collections. Early detection of the DME while the visual acuity is still
reasonable and prompt intensive intravitreal treatment improve greatly the visual
prognosis (Figure 5). These patients are very unstable - they present frequently with
recurrent uveitis and macular edema in the course of each attack of their systemic
inflammation or in periods of deteriorated metabolic control.

10. Cataract surgery and DME

Cataract surgery in diabetic patients has been associated with higher risk of
complications, including postoperative macular edema (Irvine-Gass syndrome)
and worsening of pre-existing DME (Figure 4b). The risk is high in patients with
inconsistent previous treatment or chronic edema with incomplete response to
intravitreal management. The prevalence is increased by intraoperative vitreous
loss, vitreous traction at incision sites, vitrectomy for retained lens fragments, iris
trauma, posterior capsule rupture, intraocular lens dislocation, early postoperative
capsulotomy, iris-fixated intraocular lenses and placement of an anterior chamber
intraocular lens and is further exaggerated by persistent postoperative inflamma-
tion [32, 33]. In clinical practice the edema is usually revealed late in the postopera-
tive period and the differentiation between pseudophakic cystoid (Irvin-Gass) and
macrocystic diabetic edema may not be very straightforward on OCT. The presence
of hard exudates, atrophic changes and hypoperfusion in the posterior pole and
some degree of retinopathy in an eye with low vision is more suggestive of a DME
(Figure 5) while better vision and characteristic fluorescein angiography findings
like retinal telangiectasis, capillary dilatation, and leakage from perifoveal capil-
laries in the early phase frames, and perifoveal hyperfluorescent spots classically
described as a “petalloid” pattern in the late phase frames are suggestive of pseu-
dophakic cystoid macular edema. While in most cases, acute pseudophakic CME
spontaneously resolves with relatively good vision, the eyes with deteriorated DME
after cataract surgery remain with low vision despite vigorous treatment on intra-
vitreal anti-VEGF and steroids. There is a general consensus that DME and severe
diabetic retinopathy should be stabilized before undergoing cataract extraction and
proactive management is recommended in preparation for surgery. Recurrence or
worsening of DME has been successfully prevented by preoperative or intraopera-
tive ranibizumab [34] and triamcinolone acetonide (TA) [35], however the efficacy
was short lasting and a sizable group of the eyes with TA develop elevated IOP.
Dexamethasone implants have been used intraoperatively and postoperatively [36,
371, however if inserted 2 to 4 weeks prior to surgery they reach their peak activ-
ity at the time of the procedure and help control the postoperative inflammation.
The initial improvement in visual acuity and decrease in the edema in the first
1-2 months start deteriorating in the next 2-3 months, yet these eyes respond favor-
ably to repeated dexamethasone treatment [38].
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11. Diabetic macular edema after vitrectomy

The development and use of smaller gauge instrumentation has been associated
with a trend towards earlier surgical intervention for diabetic retinopathy. PPV
indications include non-clearing vitreous hemorrhages, traction retinal detach-
ment in PDR, and vitreoretinal interface abnormalities impeding macular edema
resolution. The role of pars plana vitrectomy (PPV) for eyes with DME without
traction elements is less clear. Debate still exists as to the necessity of ILM removal
during vitrectomy for DME [39]. Several studies over the past 3 decades have
established the structural improvements following vitrectomy in recalcitrant DME
cases. Visual improvements however have not been as consistent and as significant
as the reduction in retinal thickness following the procedure. Surgical intervention
continues to be reserved for those cases that have had chronic and severe forms of
DME when retinal damage is usually irreversible thereby compromising the results
[40]. Vitrectomy itself is associated with morphological changes in the posterior
pole. Detailed evaluation of the macular microstructure after vitrectomy has
demonstrated deteriorated photoreceptor outer segment (PROS) length, ellipsoid
zone (EZ) and external limiting membrane (ELM). The postoperative recovery was
uneven — while PROS increased significantly after 12 months, ELM recovered but
did not improve by 24 months when compared to baseline, and the EZ continued
improving up to 24 months [41, 42]. Another factor contributing to lower postop-
erative visual results is post-vitrectomy cystoid macular edema that ranges between
5-47% and has been associated with combined cataract surgery, silicone oil tam-
ponade and its removal, and removal of retained lens fragments in the diabetic
eye. This inflammatory condition needs to be differentiated from a recurrence of
pre-existing DME after PPV. The presence of dense hard exudates, disorganized
retinal layers in the edematous macula, paramacular laser spots, capillary drop-
out on OCTA and persistent ischemic changes anywhere in the retina indicate the
increased risk of poor postoperative vision, however, early intensive management
on intravitreal steroids and anti-VEGF combined with careful laser treatment will
significantly improve the prognosis (Figure 6). A recent meta-analysis estimated
the overall pooled incidence of neovascular glaucoma (NVG) after PPV in PDR
patients at 6%. The study showed a positive correlation for NVG after PPV in PDR
patients with higher baseline IOP, preoperative iris neovascularization, lack of
panretinal photocoagulation, preoperative or intraoperative combined cataract sur-
gery, postoperative vitreous hemorrhage and a negative correlation with age [43].
Persistent macular edema in these eyes is a therapeutic challenge. Early glaucoma
valve surgery with perioperative anti-VEGF, followed by appropriate intravitreal
treatment can stabilize these eyes despite the grave prognosis, moreover that suc-
cessful combined management of DME correlated closely with long-term recovery
of photoreceptor integrity and visual outcome in patients with resolved DME in the
presence of retained vascular density in the deep capillary plexus [44].

12. Age

The participants in Protocol T were enrolled at an average age of 61 years
[45-58]. Secondary analysis of the baseline factors associated with visual out-
come after 2 years of intensive anti-VEGF treatment revealed that even in such
a relatively young cohort with every decade of age the scope of mean visual
improvement decreased by 2.1 EDTRS letters. When the change in visual acu-
ity over 2 years was estimated longitudinally as area under the curve (AUC),
the improvement was reduced by 1.9 letters for each decade of life [9]. This
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association supports previous findings from DRCR.net Protocol I on treatment
with a single anti-VEGF [59] and the RISE and RIDE trials where the odds of
achieving at least a 15-letter gain at 2 years fell for every 5-year increase in the
age of the patients.

13. Glycemic control

There is controversy on the correlation of HbAlc and visual response to anti-
VEGEF from large phase 3 trials. An analysis of ranibizumab-treated patients from
the RISE and RIDE trials did not find an association between mean change in
BCVA at weeks 52 and 100, with the baseline HbA1lc [60]. This is in contrast to an
analysis of aflibercept-treated patients from the VISTA and VIVID trials, which
found that the mean improvement in VA at 2 years was dependent on HbA1lc levels
[61]. An exploratory analysis of DRCR.net Protocol T, in which participants were
randomized to receive bevacizumab, ranibizumab, or aflibercept, found that the
magnitude of vision improvement after anti-VEGF treatment decreased by 1 letter
for each 1% increase in HbA1lc levels at baseline [9]. More recently, lower HbAlc
levels at baseline (7% or less) were significantly associated with greater reduction
in central macular subfield thickness at one month after injection of bevacizumab
or ranibizumab, however the change in BCVA after treatment did not have any
correlation with the glycemic control [62]. Chen et al. reported that after one
year of treatment on ranibizumab, only in the responder group the baseline level
of HbA1lc was significantly associated with the changes in BCVA and the final
BCVA [63]. The common methodological issue with these trials and cohorts under
observation is the estimate of glycemic control - HbAlc at baseline, only. There
is a significant variability in the glucose plasma levels in diabetic patients. Its
impact on microvascular complications in type 2 diabetes was investigated in a
post-hoc analysis of 12 042 participants in both Action to Control Cardiovascular
Risk in Diabetes (ACCORD) and the Veteran Affairs Diabetes Trial (VADT) that
were observed for 84 to 87 months. Variability measures included coefficient
of variation and average real variability for fasting glucose. Both indices were
associated with development of future microvascular outcomes - higher risk of
developing PDR that requires laser treatment - even after adjusting for other risk
factors, including measures of average glycemic control (ie, cumulative average
of HbA1lc). Meta-analyses of these 2 trials confirmed these findings and indi-
cated fasting plasma glucose variation may be more harmful in those with less
intensive glucose control [64]. A patient with DME and significant fluctuations
in the plasma glucose, hypoglycaemic episodes and HbAlc over 7.5% needs close
monitoring — even though the edema may respond structurally to intravitreal
treatment, the visual outcome will be limited and very unstable. In addition to
the ubiquitous dietary mistakes and sedentary lifestyle, often there are problems
associated with ongoing infections, diabetic foot ulcers, non-ocular surgeries
and systemic steroid treatment (Figures 2 and 4) Dynamic fasting and random
plasma glucose and HbA1lc re-assessment at the clinic and prior to intravitreal
treatment are easy and useful in identifying these patients, particularly during
worsening of the DME and diabetic retinopathy after periods of stabilization.

14. Cardiovascular disease

The association between cardiovascular disease and diabetic retinopathy was
studied mainly in patients with mild retinal lesions. A recent meta-analysis was
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performed on 7604 individuals with type 2 diabetes from 8 prospective population-
based surveys that were monitored for 5.9 years (3.2 to 10.1 years) where DME

was identified in retinal photographs. DME was observed in 0.5% to 7.6% of the
participants and was related to an increased risk of first-ever cardiovascular disease -
incidence rate ratio 1.65 and fatal cardiovascular disease - incidence rate ratio 2.85.
The incidence rate ratio for first-ever coronary heart disease was 1.57 and for fatal
coronary heart disease - 3.55. These associations were consistent after multivariable
adjustment for vascular risk factors, including smoking, systolic blood pressure,

use of hypertension medication, total cholesterol level, and body mass index. When
duration of diabetes, use of treatment for diabetes, and glycosylated hemoglobin
level were included in the multivariable model, the relationship remained signifi-
cant [65]. This analysis resonates with an early report on markers for subclinical
cardiovascular disease in diabetic patients: CSME was associated with a high coro-
nary artery calcium score (odds ratio, OR 2.86), low ankle-brachial index (OR 4.08)
and high ankle-brachial index (OR 21.4) after adjusting for risk factors including
hemoglobin Alc level and duration of diabetes, but there was significant association
with carotid intima-media thickness or carotid stenosis, defined as >25% stenosis or
presence of carotid plaque [66]. The diagnosis of CSME in these studies was based
on fundus photographs; had OCT been used as a more sensitive imaging modality
[13, 45, 671, the proportion of DME patients with increased cardiovascular risk
could have been even higher. In clinical practice, confirmed or probable decom-
pensated coronary artery disease is usually associated with more severe retinal
ischemia, unstable response to treatment and higher risk of cardiovascular compli-
cations after intravitreal anti-VEGF if used in the course of an acute episode. The
extent of macular edema and rate of its recurrence decrease notably after successful
angioplasty or coronary bypass graft, however these patients remain at high risk as
they are prone to new coronary heart attacks, severe infections and vision-threat-
ening complications — neovascular glaucoma, ischemic diabetic optic neuropathy,
vitreous hemorrhages and chronic macular edema (Figures 1, 3 and 4).

15. Diabetic nephropathy and hemodialysis

Chronic kidney disease has been related with progression to PDR and DME
in type 2 diabetic patients in advanced stages of their microvascular impairment.
Systematic assessment of 2135 type 2 diabetic patients for 8 years revealed in 9.2%
of new-onset DME identified in fundus photographs that had meaningful relation-
ship with albumin/creatinine ratio below 31 mg/g at baseline, mean follow- serum
creatinine levels and estimated glomerular filtration rate 30 and 45 mL/min/1.73 m2
[46]. This longitudinal study clearly emphasizes the importance of screening the
DME patients for abnormal renal profile at baseline and throughout the whole
follow up. A marked VEGF expression secondary to glomerular injury and elevated
levels of serum VEGF in patients with advanced nephropathy could explain the
incomplete and unstable response of their macular edema to intravitreal treatment.
Introduction to hemodialysis of patients with end-stage renal disease and coexist-
ing DME was associated with significant reduction in the central retinal thickness
lasting over the next 12 months, to a level that eliminated the need for intravitreal
treatment in 93.2% of the eyes. The fluid resolution was greater in eyes with sub-
retinal detachment compared to spongelike swelling and macrocystic edema. A
significant correlation between changes of BCVA and central retinal thickness at
12 months after hemodialysis initiation was found in the patients with good BCVA
(over 20/50) but not in the patients with poor BCVA (less than 20/50) [47]. In
clinical practice, a sizable group of patients with advanced renal decompensation
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Figure7.

59%/&173 old male, DM for 25 years, renal failure, chronic hemodialysis, CAD, DME, PDR, recurrent anterior
uveitis, recurvent ivis neovascularization, secondary glaucoma. a, b -Perimacular edema progressing centrally
during deterioration of CAD and CABG, VA 20/20, ¢ — 6 months and 4 intravitreal injections later, VA 20/20,
d - OCTA —superficial plexus, capillary dropout, microaneurisms, hyperreflectivefoci and distorted enlarged
foveolar avascular zone.

had notable stabilization of their DME after induction of hemodialysis and needed
less intensive management, however they remain at high risk for recurrences of the
edema and severe retinal ischemia (Figure7).

16. Treatment plan

Patients with DME at high risk for complications and vision loss require close
monitoring at short intervals, intensive flexible treatment and arrangements for
urgent visits and referrals. Very often, the patients present with multiple oph-
thalmic and systemic risk factors or develop them while they are under our care.
Unrecognized and poorly treated complications and their exacerbations will readily
explain the lack of results after “routine” management. Instead of labeling the
patient as “non-responder” and giving up treatment altogether, or waiting for the
inevitable vision deterioration in order to “start reacting’, a “proactive” approach is
more effective to achieve high and stable visual acuity, even in difficult patients.

17. Early start with high visual acuity

Initiation of treatment in high-risk eyes with BCVA better than 20/40 (Decimal
0.5, LogMAR 0.3) has resulted in better response and higher visual outcome in
short- and long term. In our cohort of 152 eyes, 82.89% had BCVA 20/40 at their
final visit after 3 to 8 years of management. Out of 126 eyes with BCVA 20/40 and
better prior to treatment, 76.96% retained it through the follow up, however only
34.63% of the eyes with BCVA 20/50 and less could improve to 20/40 and better.
Final BCVA 20/150 and less (the level of legal blindness in Kuwait) was seen in
4.82% of the eyes with high initial visual acuity and in 23.06% in the eyes with
worse baseline vision.

18. Early start in eyes with perimacular edema

Recent or chronic edema close to the macula seldom affects the visual acuity, how-
ever it tends to progress centrally after major non-ocular surgeries, severe infections
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and exacerbations of cardiovascular and renal complications (Figures 3, 4 and 7).
Early intravitreal treatment is usually effective and results in high visual acuity - in our
cohort, 40% of the eyes with final BCVA 20/40 and better had significant perimacular
edema at baseline. In eyes with more distant chronic lesions where persistent leakage
and hypoperfusion are evident, intravitreal treatment can be followed by delicate focal
laser once the edema has regressed. The classical perivascular technique of P. Hamilton
performed with the 50 micrometer spot and minimal power settings applied in the
temporal half of the posterior pole is suitable in severe chronic cases.

19. Severe NPDR and PDR in an eye with DME

Nowadays these patients seldom come without any previous treatment.
Incomplete retinal laser and particularly interrupted intravitreal anti-VEGF injections
for PDR have resulted in sight-threatening complications. PRP, primary vitrectomy
or pharmacotherapy, alone or in combination, have been proposed with excellent
outcome. The choice greatly depends on the ability of the patient to visit the clinic
for regular follow up or emergency. Serious comorbidities and psychiatric diseases
are associated with lengthy admissions and recuperation — and lack of eye treatment.
Such patients will benefit from completion of the PRP and a longer-acting intravitreal
medication while they are still ambulant. The main concern with PRP is the periph-
eral visual field (VF) loss associated with photocoagulation burns. A recent ad hoc
review of DRCR.net Protocol S data reports decline of the pericentral and peripheral
visual field 5 years after treatment with 20 ranibizumab injections to a level close
to the pattern in eyes with PRP and 7 ranibizumab injections, suggesting that there
are factors besides PRP associated with VF loss in eyes treated for PDR. In the longi-
tudinal model describing total VF point score loss, the amount of loss depended on
the type of laser treatment applied. On average, additional PRP sessions were associ-
ated with less VF loss than an initial PRP session, and endolaser application during
vitrectomy was associated with more loss than an initial PRP session. The losses may
be direct and immediate effects of heavier vs. lighter photocoagulation or reflections
of delayed deleterious effects of the treatments, conditions associated with the per-
sistence or return of neovascularization necessitating additional treatment, cataract
progression, or, in the case of endolaser with vitrectomy, adverse effects of vitreous
hemorrhage or the surgical procedure, such as cataract [48]. In practice, early, gradual
and sparing laser technique with smaller spot size and less duration, particularly after
intravitrel pharmacotherapy, is seldom associated with significant field loss — these
defects appear after severe ischemia and correspond to non-perfusion areas.

20. Anti-VEGF medications as first choice

Abundant published data emphasize the safety of all off-label and approved
drugs. Ranibizumab (Lucentis®, Novartis, Basel, Switzerland) and Aflibercept
(EYLEA®; Bayer HealthCare, Berlin, Germany/Regeneron Pharmaceuticals Inc.,
Tarrytown, NY, USA) are preferable as initial treatment for eyes with DME and
primary or secondary glaucoma, however the IOP needs close monitoring for
spikes if larger volume has been injected intravitreally. This class of antibodies
induces regression of the iris neovascularization and resolution of intraretinal
edema and hemorrhages in eyes with PDR and this facilitates greatly the comple-
tion of PRP. An important consideration is the partial response and persistence
of macular edema - data from Protocol T demonstrated chronic fluid in up to
65.9% of the eyes on bevacizumab, in 44.2% of the eyes on ranibizumab and
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39.2% of the eyes on aflibercept after 2 years of treatment [1]. The number of
intravitreal injections during the first year is decisive — in Protocol T, after the
loading dose, the eyes that ended up with chronic edema had on average 3 injec-
tion from the 24th to 52nd week vs. 6 injections in eyes without chronic DME

for the same period. Even though the eyes with chronic edema were given 4 to 6
injections during the second year, they remained with persistent fluid, unlike the
eyes without fluid after the first year — they maintained relative stability on 2-3
injections during the second year [1]. The ability of a high-risk patient to com-
plete such an intensive treatment, particularly if the edema is bilateral, needs to
be discussed beforehand.

21. Intravitreal dexamethasone as first choice

The use of Dexamethasone intravitreal implant (0.7 mg) (Ozurdex, Allergan,
Inc., Irvine, CA, USA) in eyes with DME, alone or in combination with anti- VEGF
drugs, vitrectomy and retinal laser has been studied extensively since 2011. The
implant provides rapid resolution of the macular fluid in all compartments that
is sustained oved the next 2-4 months. It decreases the existing hard exudates
and prevents the formation of new ones [49], and reportedly reduces the rate of
progression of retinopathy [50]. Dexamethasone implant is selected as primary
treatment in patients with recent and severe cardiovascular complications or
pregnancy where the risk of systemic side effects from anti-VEGF injections
needs to be avoided. Severe chronic maculopathy is often refractory to anti-VEGF
management and a trial loading dose with these drugs may turn out to be an
unnecessary delay. A dexamethasone implant as initial treatment might be a better
choice for such patients, moreover that treatment-naive eyes consistently fared
better that eyes on long previous non-steroidal management. The main concerns
are the formation of cataract in phakic eyes and elevation in the IOP. In the MEAD
studies, the incidence of cataract-related side effects was 67.9% in the 0.7 mg dexa-
methasone implant and the rate of cataract surgery was 59.2%. In the same trial,
an increase in IOP was observed in 27.7% of the eyes and 1.4% of them required a
glaucoma procedure (trabeculoplasty, iridotomy, iridectomy, or trabeculectomy)
[51]. A patient with advanced glaucoma, even well compensated on topical treat-
ment or after glaucoma surgery, is at risk of developing further optic nerve disc
damage and vision deterioration after a steroid- induced IOP spike. A short trial
use of dexamethasone drops 4-5 times daily readily provokes a meaningful IOP
elevation in a steroidal responder and foretells similar issues with the implant. In
clinical practice, an increase in the IOP is observable a week after implantation
and responds well to topical beta blockers and carbonic anhydrase inhibitors. The
IOP needs monitoring for at least three months as in some cases it decreases after
resolution of the implant, and in others it remains permanently high and requires
consistent glaucoma care. The DME patients with glaucoma on intravitreal dexa-
methasone in our practice remained controlled on topical medications and none
needed glaucoma surgery. The progression of cataract after several dexamethasone
implants and the need for surgery as part of the vision rehabilitation has to be
discussed with the high-risk patients beforehand - in most cases the possibility of
good functional results outweigh the apprehension and fear (Figures 4 and 6). In
vitrectomized eyes with aphakia, large iridectomies, zonulolysis, large peripheral
defects in the posterior lens capsule and dislocated IOLs the implant tends to
migrate in the anterior chamber and induce elevated IOP and corneal edema to a
point that may require a corneal graft. A peribulbar depo-steroid might be a safer
option in such complicated eyes.
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22. Vitrectomy as first choice

The introduction of small gauge platforms and refined instrumentation have
greatly improved the safety and reliability of PPV as primary treatment for eyes
with DME and vitreomacular traction. The role of primary PPV for eyes with DME
without traction elements is less clear. An earlier publication of Michalewska Z et al.
[52] on 20-G vitrectomy and ILM removal, the multicenter trial of Iglicki M et al.
[53] using 25-G PPV and ILM peeling and the report of Lin HC et al. [54] on 23-G
vitrectomy with ILM peeling as a first line treatment for DME demonstrate substan-
tial increase and stabilization of visual acuity, macular fluid resolution and rapid
regression of hard exudates, without additional therapy up to 24 months post sur-
gery. Prognostic factors associated with a greater visual gain include no history of
prior macula laser treatment, lower hemoglobin Alc, recent onset of the edema and
younger age, however delay of the procedure and damage of the IS/OS and ellipsoid
zone at baseline had negative effect on the vision gain 12 and 24 months postopera-
tively. The complications after PPV can not be ignored - lamellar and full-thickness
macular holes, non-resolving preretinal hemorrhages and rhegmatogenous retinal
detachments have all been reported, and up to 50% of the phakic eyes develop
significant cataract during the next 12 to 24 months that requires surgery compared
to 7.14% of the eyes in the pharmacotherapy group [53]. These results suggest that
earlier intervention with pars plana vitrectomy may be beneficial for treatment-
naive eyes, but they need to be replicated in larger prospective controlled trials.

23. Management of diabetes and its complications

Partnership and regular consultations with the diabetologist or treating physician
are essential part of the management in high-risk DME patients. The adjustments or
frank replacement of diabetic medications, provision of glycemic monitoring devices,
lifelong screening for cardiovascular and renal complications, prompt referral to the
necessary subspecialist create the foundation for better glycemic control, improved
stability and less severe retinal complications. Regular measurements of HbAlc at
the retinal clinic and RBS prior to intravitreal injections easily screen patients with
unsatisfactory glycemic control and have become routine in our practice. Sudden
worsening of the retinopathy and macular edema are often preceding serious sys-
temic complications and a swift arrangement for medical assessment may prevent a
major disability or even save the life of the patient (Figure 1). Discussing the medi-
cal background with a patient presenting with relapsing DME reveals sometimes
bureaucratic and financial barriers to qualified medical care. Direct contacts with a
dedicated medical team and suitable procedures for referral are particularly helpful in
challenging situations that need consistent management. Holistic approach, continu-
ous interest and candid conversations with the patients improve substantially the
compliance and, in the long run, the outcome of DME treatment.

24. First outcome — review and adjustments of the treatment

Careful observation of high-risk eyes one week after the first anti-VEGF intravit-
real injection reveals a degree of fluid resolution (Figure 2c) and its recurrence one
month later. Rather than lack of response, this indicates ongoing retinal ischaemia and
the need for tight metabolic control and management of systemic comorbidities. An
early positive response on OCT may not be associated with immediate improvement
of the visual acuity, however the monthly injections with the chosen drug need to be
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continued until the loading dose is completed. Meanwhile, if patient and physician have
decided to perform further laser treatment for eyes with PDR and severe ischemia, it is
split in suitable intervals. Intensive metabolic control - and the much needed changes
in the diet — are usually followed by short episodes of hypoglycemia and deterioration
of the retinopathy severity and recurrences of the edema. The patients need to be
prepared for this difficult initial period in order to comply with the visits and pro-
cedures without anxiety and confusion. Monthly monitoring of eyes with advanced
maculopathy is highly advisable — edema that is persistent after one or two anti-VEGF
injections and is associated with large cysts, hyperreflective spots and particularly
progressive disorganization in the outer retinal layers indicate severe disruption of the
blood-retinal barrier and active inflammation. Extending the loading dose to 24 weeks
will not provide better functional or anatomic outcomes and prompt transition to a
dexamethasone implant at this point will be more beneficial (Figure 4g). At month
12, the probability of achieving a BCVA improvement of >10 letters was reported

as 3.71 times greater after intravitreal dexamethasone vs. anti-VEGF treatment [55].
High-risk eyes with good response to anti-VEGF in terms of vision gain and fluid
resolution by the end of the 3rd to 4th month, need sufficient number of injections
and comprehensive medical care in the next years in order to maintain the outcome.
Patients with high vision and completed intravitreal course in the first 2 years may
present with recurrences - they are still at high risk — however they continue respond-
ing well to treatment and retain the acuity with minor variations.

An eye with a high-risk DME, good response to dexamethasone implant as ini-
tial treatment and well controlled IOP is already facing recurrence of the edema and
deterioration of vision after 3 to 4 months (Figure 4h). Insertion of the implant at
this point reduces the fluctuations in the edema and resulting detrimental changes
in the outer retina. Improved metabolic control, successful cardio-vascular manage-
ment and particularly, induction into hemodialysis are associated with more stable
maculopathy - this allows increase the intervals between implants or even transition
to anti-VEGF on “as needed” regimen.

25. Further management

The eyes with high-risk DME remain unstable even after they have responded
well to intravitreal treatment. The patients often present with recurrences during and
after severe systemic infections, major surgeries, trauma and stress. There are also
fluctuations in the edema associated with variations in the metabolic control, ongoing
ischemic events in patient with cardiac and renal complication and ocular surgeries.
The visual acuity of a well treated diabetic eye is not severely affected by the new fluid
in the first few months, however if left untreated, it causes gradual functional deterio-
ration that may not be reversible. The management of these eyes is oriented towards
early detection of the recurrences and timely treatment, in parallel with dynamic
collaboration with the diabetologist in order to control the systemic complications.

Frequent assessment, sufficient number of intravitreal injections and adequate
treatment of the retinopathy in the first 2 years are critical, and they need to con-
tinue for lifetime in order to maintain the visual outcome. The initial therapy needs
modifications and combinations in response to the challenges of the disease.

A shift to a longer acting medication needs to be considered for eyes that can not
remain stable for more than 45-60 days. There are some early results from the KITE and
KASTREL studies on brolucizumab where 55.1% of the eyes in KESTREL and 50.3% of
the eyes in KITE remained on a three-month dosing interval through year one, based on
a treatment approach determined by disease activity assessment. If disease activity was
detected, the patients were switched to two-month intervals through the end of the first
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year [56]. Faricimab, the first bispecific antibody to target both anti-Angiopoietin-2 and
anti-vascular endothelial growth factor (VEGF) was investigated in YOSEMITE and
RHINE trials as monotherapy for DME. More than 70% of patients achieved every-12-
week or better dosing status at week 52--73.8% in the YOSEMITE study and 71.1% in
the RHINE study with every 12-week and every-16-week dosing [57].

Temporary use of dexamethasone implants is convenient for systemically
unstable patients or in preparation for major surgeries or ocular procedures - this
will reduce the probability of severe inflammation and macular edema, provided
the patient is able to use the antiglaucoma drops.

A patient with favorable response to dexamethasone is a good candidate for
an intravitreal fluocinolone sustained-release Implant (Figure 4g and m). Two
parallel, prospective, randomized, sham injection-controlled, double-masked,
multicenter clinical trials (FAME trials) demonstrated significant reduction of the
central macular thickness, mean BCVA improvement and a higher proportion of
patients achieving a BCVA improvement of >15 letters in eyes with the implant vs.
sham. The need of glaucoma surgery was 3.7% and 0.5% in the implant and sham
groups, respectively [58]. A comparison of the effectiveness and safety of the fluo-
cinolone acetonide intravitreal implant between the observational Iluvien Clinical
Evidence study in the United Kingdom (ICE-UK) and the Fluocinolone Acetonide
in Diabetic Macular Edema (FAME) randomized controlled trials (RCTs) in people
with diabetic macular edema demonstrated statistically significant improvements
in visual acuity 12 months after implantation in both the real-world study and in
the RCTs. The improvement in vision and central retinal thickness in the RCTs was
marginally greater than in the real-world study; however, recruits in the real-world
study had more severe visual morbidity at baseline [68].

Flexible arrangements for walk-in visits or open appointments prevent delays in
the evaluation of patients missing their regular review or presenting with a deterio-
ration. Leaving a few empty slots for such unplanned patients in the daily schedule
decreases the disorder in the medical retina clinic. A registry of the DME patients
is useful in tracking any lapse in treatment of 3 months or longer that increases the
probability of poorer outcome.
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Chapter 3

Role of Inflammation in Diabetic
Retinopathy

Anuj Sharma and Deepesh Arora

Abstract

As the global burden of diabetes is increasing there is a corresponding increase
in the complications associated with the same. Diabetic retinopathy is a sight threat-
ening complication of diabetes mellitus which was considered to be a microvascu-
lopathy. Recent evidence however, has brought to light that inflammation may be a
key player in the pathogenesis of this condition. Levels of inflammatory mediators
like Hypoxia inducible factor, TNF-a, IL-6 and IL-1B amongst others have been
noted to be elevated in the diabetic vitreous gel. The concept of the neurovascular
unit better explains the changes that take place resulting in the breakdown of the
blood retinal barriers and how these inflammatory mediators affect the morphol-
ogy of the retina at a cellular level. Glial cells form a key instrument of this neuro-
vascular structure and are also the cells from where the inflammatory response is
initiated. Understanding of the pathogenesis of diabetic retinopathy will help us in
finding targeted therapies which may provide long term benefits and possible cure.
Few anti-inflammatory medications have shown promise albeit in a small clinical
or experimental laboratory setting. However, future research may lead to better
understanding of the disease and a better pharmacological intervention.

Keywords: pathogenesis of diabetic retinopathy, glial cells in diabetic retinopathy,
retina inflammation, steroids, cytokines

1. Introduction

In the past few years, unhealthy lifestyle coupled with obesity hasled to a
rampant increase in the global burden of diabetes mellitus. As per WHO the global
prevalence of the condition was 422 million in the year (2014) with 8.5% of adults
aged more than 18 years suffering from this condition. Approximately 1.6 million
deaths yearly are supposed to be caused by diabetes alone, this number excludes
the mortality associated with cardiovascular events, renal disease and tuberculosis
secondary to chronic hyperglycemia [1]. The global burden of diabetes is expected
to swell to 642 million adults by the year 2040 with 75% of the affected individuals
belonging to low and middle income countries. Diabetic retinopathy affects 1 in 3
adults with diabetes and is one of the major causes of blindness in the working-age
population [2].

Diabetic retinopathy (DR) is a major microvascular complication of diabetes
and it is categorised into a non-proliferative stage (NPDR) or proliferative stage
(PDR) depending on the presence of retinal microvascular changes. The non-
proliferative stage is characterised by the presence of microaneurysms, cotton wool
spots, vascular tortuosity, retinal haemorrhage and lipid exudation while in the
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proliferative stage aberrant new blood vessels develop which are fragile and can
extend into the posterior cortical vitreous [3]. Another important element in the
vast conundrum of DR is diabetic macular edema (DME). It can occur across all
levels of DR changes and compromises central vision. DME is the most common
cause of diminished vision in an individual with DR [4].

2. The neurovascular unit in diabetic retinopathy

In recent years a concept of neurovascular unit in diabetic retinopathy has
emerged. This is based on the findings that neurodegeneration is one of the
earliest changes in a case of diabetic retinopathy. Indeed, a reduction in oscilla-
tory potential in the electroretinogram is the first measurable change in retinal
function, being recorded even in cases wherein there is no clinical change
suggestive of DR. This indicates that neurodegeneration precedes microvascular
abnormalities [5].

The retinal neurovascular unit includes the physical and biochemical interac-
tions amongst the neurons, the vascular beds and the supporting cells of the retinal
framework. The neural unit includes the ganglion cells and the glial cells while the
vascular component of the unit is made up of the endothelial cells and the pericytes.
The neurovascular unit reflects the inter-dependance of the vascular barrier and
blood flow regulation on the glial cells, pericytes and neurons as well as their recip-
rocal dependance on vascular support. Together with the neurovascular unit the
retinal pigment epithelium contributes to the formation of the blood retinal barrier
[6]. The inner blood retinal barrier (iBRB) encompasses the endothelial cells of
the retinal microvasculature which are covered by astrocytes, pericytes and muller
cell end-feet. It regulates the transport across the retinal capillaries and maintain
the micro-environment of the inner retina. The outer blood retinal barrier (0BRB)
comprises the tight junctions of the neighbouring RPE cells and it serves as a filter
for nutrients and solutes from the blood [7].

3. Histopathological changes in diabetic retinopathy

Diabetic retinopathy has been traditionally described as a microvasculopathy,
however newer evidence has suggested that inflammation may provide a substantial
role in the histopathological changes that are noted in the disease.

3.1 Microvascular changes

Retinal ischemia is the initiator that propels the plethora of changes that occur
in DR. In the initial stages, prior to even the development of visually significant
vascular alterations, there is a disruption of vascular auto-regulation which leads to
oxygen and nutrient deprivation in the inner retinal layers [8].

Retinal vascular basement membrane thickening is present in the early stages
of the disease and is mediated by hyperglycemia. Impaired sugar levels lead to an
up-regulation of extracellular matrix proteins, collagen and fibronectin [9]. This
thickening of the basement membrane may lead to an impairment in cell to cell
communication between the endothelium, pericytes, glial cells and the retinal
immune cells, ultimately leading to a loss of function [10]. Loss of pericytes leads to
a weakening of the capillary wall; this ultimately results in the development of areas
of out-pouching labelled as microaneurysms (MA), which are amongst the first
clinically detectable signs of DR [11].
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A progressive occlusion of the retinal capillaries is noted on histopathological
evaluation of post-mortem specimens. Stitt et al. [10] evaluated trypsin digest
preparations of these capillaries and noted them to be acellular tubes of naked
basement membrane without endothelial cells. The loss of endothelial cells can be
attributed to pericyte death which ultimately culminates into breakdown of the
inner blood retinal barrier.

The breakdown of the inner blood retinal barrier would lead accumulation of
fluid and exudates in the retinal layers contributing to diabetic macular edema
(DME). Fluid exuding out from the superficial capillary plexus leads to accumula-
tion of fluid in the inner nuclear layer while that exuding out from the deep capil-
lary plexus is believed to collect in the outer plexiform layer. Cystoid spaces noted
in the macula appear due to liquefaction and necrosis of the muller cells and the
production of prostaglandins and inflammatory cytokines [12].

3.2 Neuroglial changes

The muller cells, astrocytes and microglial cells are present in close vicinity of
the retinal blood vessels and help to maintain retina homeostasis. Muller cells play
a central role in the retinal metabolism and hence are susceptible to the metabolic
alterations of diabetes. An increased production of glial fibrillary acidic protein
(GFAP) by the muller cells is noted in the early part of the disease, which plays a key
role in gliosis. This is indicative of a state of glial hypertrophy [13].

Microglial cells are the resident inflammatory cells of the retina which get acti-
vated in DR. In the early stages of mild DR a hypertrophy of the microglia is noted
and the cells are settled along the retinal plexiform layers. When the DR progresses
into a proliferative stage the microglial cells are found to be extensively distributed
in areas of retinal ischemia and neovascularisation [14]. A strong tendency of the
microglial cells to invade the outer retinal layers is also noted in prolonged DR [15].

3.3 Neuronal changes

Overt degeneration of retinal neurons during diabetes is a concept that was first
described in the 1960s in post-mortem patient samples. By the late 1990s experi-
mental evidence reinforced this finding by demonstrating that depletion of some
neuronal populations occurred in diabetic rodent models, possibly even prior to
appearance of obvious microvascular lesions. Apoptosis of the retinal ganglion cells
(RGCs) is histologically noted in diabetic retinas. This also accounts for the dimin-
ished thickness of the retinal nerve fibre layer on optical coherence tomography
(OCT). It is believed that hyperglycemia induces a down-regulation of neuronal
growth factors thereby contributing to programmed cell death [16].

3.4 Immune cell activation

Histological evaluation of blood vessels, early in the course of DR, have shown
increased interaction between leukocytes and endothelial cells. This phenomenon
called leukostasis is characterised by an adherence of monocytes and neutrophils to
the endothelial lining of the blood vessels. This leads to blockage of the thin retinal
capillaries and areas of retinal non-perfusion [17].

3.5 Retinal pigment epithelium and choroid

The changes are not only localised to the inner retinal layers but also extend
to the RPE and the choroid compromising the outer blood retinal barrier. RPE
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dysfunction and leakage from the choriocapillaris is noted leading to outer retinal
edema and impaired clearance of fluid [18].

Choroidal atrophy has been noted in cases of long standing DR, with a dimin-
ished choroidal thickness noted on OCT evaluation. This thinning of the choroid
have been linked to HbAlc levels and may lead to choroidal neovascular membranes
or intra-choroidal microvascular abnormalities [19].

4, Inflammation in DR
4.1 What is inflammation?

Inflammation is non-specific response of the the body to injury or stress
which includes a variety of molecular and cellular mediators. Tissue stress may
lead to de-inhibition of the transcription factor nuclear factor kappa beta (NF-
kB) which stimulates the production of acute phase proteins, pro-inflammatory
cytokines and chemokines such as TNF-a, IL-6 and IL-1B amongst others. These
pro-inflammatory mediators play a major role in the unfolding of the inflamma-
tory processes with recruitment and activation of monocytes and leukocytes.
Inflammation usually resolves spontaneously in a coordinated manner, however
when this fails to happen the beneficial effect of inflammation is lost and conse-
quences ensue.

4.2 Inflammation in pathogenesis of diabetic retinopathy

If we consider diabetic retinopathy to be a disease mediated via the inflamma-
tory pathway then anti-inflammatory medications should provide some degree of
safety. This was noted in 1964 by Powell and Field who reported that patients with
rheumatoid arthritis on high dose aspirin therapy tended to have a less severe form
of DR [20]. Histological features of DR were less commonly noted in dogs wherein
aspirin was initiated in a dose of 20-25 mg/kg/day shortly after the diagnosis of
diabetes mellitus and continued for a period of 5 years [21].

Increased concentrations of inflammatory cytokines such as IL-1, IL-6, IL-8,
TNF-a and MCP-1—have been reported in ocular tissues from non-proliferative
DR (NPDR) patients. The accumulation of these cytokines is believed to lead to
early neuronal cell death. Cytokines such as MIP-1, IL-3 and IL-1 are believed to
have a role in the angiogenesis. Thus inflammation may contribute towards and
precede the development of neovascularisation [22]. Cylco-oxygenase-2 (COX-2) is
expressed in the retinal astrocytes in human diabetic retinas. Prostanoids generated
from COX-2 lead to an increased expression of VEGF and other pro-angiogenic fac-
tors, thereby contributing to development of proliferative diabetic retinopathy [23].

In case of diabetic macular edema (DME) levels of pro-inflammatory molecules
Vascular Endothelial Growth Factor (VEGF) and IL-6 are noted to be elevated as
per different studies. In particular DME associated with sub-retinal fluid on OCT
shows elevated levels of these cytokines [24].

4.3 Diabetes and inflammation

The signal for the initiation of inflammation in a diabetic retina is believed to be
metabolic in origin. Cell death was proposed as one of the causes, however, retinal
cell death in DR is primarily via apoptosis and hence may not be associated with
an inflammatory response. Certain factors that contribute directly or indirectly to
increased inflammation are summarised below:
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4.3.1 Hyperglycemia

Presence of hyperglycemia is linked with a pro-inflammatory environment.
Retinal cells when incubated in high glucose environment led to increased produc-
tion of iNOS, COX-2 and leukotrienes [25]. Furthermore, Joussen et al. in 2004 dem-
onstrated diabetic retinopathy like disease following a sugar rich diet in laboratory
mice. This was associated with leukostasis and increased vascular permeability [26].

4.3.2 Oxidative stress

Diabetes is known to produce oxidative stress at a molecular level. Two months of
diabetes in rats led to a significant increase in levels of IL-1 and NF-kB. This increase is
inhibited by antioxidants. It is believed that oxidative stress induced increase in retinal
permeability and inflammation is mediated via the WNT signalling pathway [27].

4.3.3 Lipids

Diabetes results in a decrease in the levels of poly-unsaturated fatty acids especially
docosohexanoic acid (DHA) and these changes are associated with chronic inflam-
mation. Long term administration of omega 3 fatty acids has been linked to retinal
capillary degeneration. DHA, resolvins and autocoids have shown to have critical anti-
inflammatory properties. Li et al. noted that administration of statins (HMG-CoA
inhibitor) inhibited diabetes induced changes in the blood retinal barrier [28].

4.3.4 Age

Interaction between the advanced glycation end-products (AGE) with its recep-
tor (RAGE) is known to have pro-inflammatory consequences. Pharmacological
inhibition of RAGE signalling led to a significant decrease in retinal capillary
degeneration and other early lesion of DR in animal models [29].

4.3.5 Hypertension

Hypertension is a main secondary risk factor associated with DR. Silva et al. [30]
in 2007 found an increased expression of VEGF and ICAM-1 in an experimental
model in rats who were in a prehypertensive or hypertensive group. They concluded
that hypertension led to an increased inflammatory response in the diabetic retina
and consequently worsened retinopathy.

4.4 Inflammatory mediators involved
A variety of factors are involved in the cascade of the inflammatory process in
a diabetic retina. It has been seen that intravitreal levels of cytokines, chemokines

and growth factors change under inflammation leading to increased secretion from
endothelial cell and development of neovascularization. The major factors are

highlighted below:
4.4.1 Growth factors
4.4.1.1 Vascular endothelial growth factor (VEGF)

It is known that VEGF is the principal target of pharmacologic intervention
for proliferative diabetic retinopathy and studies have confirmed elevated levels
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of VEGF in vitreous samples in DR causing increased vascular permeability

[31, 32], stimulates angiogenesis because of its mitogenic effect on endothelial
cells, and enhances endothelial cell migration and survival [33, 34] and their
production increases markedly under conditions of hypoxia [35]. Intercellular
adhesion molecule-1 (ICAM-1) is involved in inflammation and acts as a local
intensifying signal in the pathological processes associated with chronic eye
inflammation. It has been seen that VEGF increases ICAM-1 and leukocyte
adhesion to vessel wall and elevated ICAM-1 and cell adhesion molecule-1 syn-
thesis in retina. It further increases ICAM-1 in endothelial cells and this in turn
leads to activation and increased production of cytokines and leukocyte activa-
tion [36], these cytokines initiate and mediate the inflammatory response and
stimulate further release of VEGF [37]. Various studies have strongly indicated
that the increased level of ICAM-1 generally exists in the patients with DR and
it may associated with the severity of DR [38]. Placental growth factor (PGF),
member of VEGF family, binds to VEGF- and neuropilin-receptor sub-types.
PGF induces a range of neural, glial and vascular cell responses that are distinct
from VEGF-A. As its expression is associated with pathological angiogenesis
and inflammation, its blockade does not affect the healthy vasculature [39].
High levels of PGF have been found in aqueous humour, vitreous and in retina
of patients especially those with diabetic retinopathy (DR). Results suggest that
anti-PGF therapy might have advantages over anti-VEGF treatment, and that it
may have clinical applications as a standalone treatment or in combination with
anti-VEGF [39]. Low concentrations of VEGF have been seen to rise with PGF
stimulating endothelial cell proliferation, migration, and angiogenesis [40].
Higher levels of PGF in vitreous are seen in DR and these levels are correlated
well with VEGF levels [41].

4.4.1.2 Tenascin-C (TNC)

Tenascin-C is an extracellular matrix protein and plays an important role in cell
growth and adhesion, playing an equally involved in angiogenesis, oncogenesis,
wound repair and inlflammation [42, 43]. Studies have shown that TNC is involved
in the pathogenesis of ischemic proliferative retinopathy. Elevated levels have been
detected in PDR vitreous humour. mRNA and protein expression of TNC has been
found in pre-retinal fibrovascular membranes excised from PDR patients [44].
Extracellular matrix (ECM) synthesis plays an important part in the pathogenesis of
the intravitreal membranes and is thus characteristic of both proliferative vitreo-
retinopathy (PVR) and early stages of proliferative diabetic retinopathy (PDR).
Hence it is clear that TNC plays a role in the development of epiretinal PVR and
PDR membranes by controlling cell adhesion and regulating extracellular matrix
formation formation [45].

4.4.1.3 Insulin like growth factor

It is known that IGF-1 is has a significant role in pathogenesis of DR as it is
involved in regulation along with influencing growth, maturation and functioning
of blood vessels. It also activates VEGF in human RPE cell and receptors which are
actively involved in development of vitreo-retinal disorders [46, 47]. Insulin-like
growth factor-I (IGF-I) is known to enhances insulin action in normal subjects and
in both type 1 and 2 diabetes. It is associated with significant side effects in a high
percentage of patients. Simultaneous administration of IGF binding protein-3 with
IGF-I limits IGF-I inducible side effects, but it does not downgrade the ability of IGF-I
to enhance protein synthesis and bone accretion [48]. Severity of DR in patients with
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type 1 diabetes is inversely related to serum IGF-1 levels. Low IGF levels are an indica-
tor for closer follow-up and strict management of diabetes and retinopathy [49].

4.4.1.4 Basic fibroblast growth factor

Amongst the factors which play a role in mitogen and antigenic activity involv-
ing survival and maturation of glial cells and neuron, basic fibroblast growth factor
(bFGF) play an important role [50]. Neurotrophic factors synthesised from glial
cell line stimulates Muller cells which produce bFGF, which initiates endothelial cell
proliferation and VEGF production [51, 52]. Studies have detected presence of two
growth factors in same cells of ocular neovascular membrane suggesting more than
one growth factor may contribute to defective angiogenesis. Growth factors are not
exclusively seen in neovascular tissues and are not localised mainly in the vascular
endothelium as shown by this study which detected their presence in choroidal
neovascular membranes also [53]. Another study documented increased levels of
basic fibroblast growth factor in vitreous specimens from patients with proliferative
diabetic retinopathy, particularly those with active proliferative retinopathy [54].
Various studies have shown that bFGF, nerve growth factor, and glial cell line-
derived neurotrophic factor are also part of process involved in the formation of
epiretinal membranes in PDR [55]. This confirms that both vegf and basic fibro-
blast growth factor are present in diabetic eyes and part of process causing PDR.

4.4.1.5 Aminopeptidase

Adipocytes are involved in production of a polypeptide hormone named
aminopeptidase, which circulates at very high levels in the bloodstream, exerts
anti-inflammatory effect. It also expresses an anti-atherosclerotic effect and
inhibits intimal thickening and vascular smooth muscle cell proliferation in injured
arteries [56]. Angiogenesis, a neo-vessel formation from pre-existing micro-vessels
requires sequential steps involving detachment of pre-existing pericytes for
vascular destabilisation, extracellular matrix turnover, migration, proliferation,
tube formation by endothelial cells, and reattachment of pericytes for vascular
stabilisation. Aminopeptidases has been found to regulate the N-terminal modi-
fication of proteins and peptides for maturation, activation or degradation, and
thereby relate to a variety of biological processes. Three types of aminopeptidases
which have been reported are involved in angiogenesis. They include type 2
methionine aminopeptidase, aminopeptidase N, and adipocyte-derived leucine
aminopeptidase/puromycin insensitive leucyl-specific aminopeptidase [57]. It has
been documented and shown by Costagliola et al. [58] that APN levels in aqueous
humour of patients with type 2 diabetes, PDR, and macular edema are higher than
in aqueous of control subjects.

4.4.1.6 Connective tissue growth factor

Connective tissue growth factor, also known as CCN2, is a cysteine-rich
matricellular protein forms part of control on biological processes, such as cell
proliferation, differentiation, adhesion and angiogenesis, as well as multiple
pathologies, such as tumour development and tissue fibrosis [59]. Possible role of
CTGF, CD105, and gelatinase B in the pathogenesis of proliferative vitreo-retinal
disorders has been suggested by various studies [60]. It has been see that both
CTGF and VEGEF levels are elevated in PDR patients and CTGF could help in
development of proliferative membranes in PDR though plays no role in retinal
neovascularization [61].
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4.4.1.7 Hepatocyte growth factor

Its has been seen that HCG and its receptor unit control motility, growth and
morphogenesis of various cell types and possess angiogenic activity [62]. Data indi-
cates that HGF is a pro-permeability, pro-inflammatory, and pro-angiogenic factor
and along with its activator is found increased in ischemic retina providing support
for a potential role of HGF in macular edema and in ischemic retinopathies such as
diabetic retinopathy [63]. Elevated levels of HCG in aqueous have been found to be
directly related to degree of PDR [64].

4.4.1.8 Stem cell factor

EPO is a glycoprotein which is multifunctional, produced in foetal liver
and adult kidney when exposed to hypoxic conditions [65]. It possess anti-
inflammatory, antioxidant, pro-angiogenic properties [66-68]. Some studies
have also documented neuro-protective and anti-apoptotic properties [69, 70].
The mechanisms controlling the expression of the gene encoding for the hormone
erythropoietin (EPO) are exemplary for oxygen-regulated gene expression.
In humans and other mammals, hypoxia modulates EPO levels by increasing
expression of the EPO gene [71]. Expression of EPO is mediated by HIF-1a which
simultaneously stimulates VEGF secretion [72]. The hormone erythropoietin
(EPO) maintains red blood cell mass by promoting the survival, proliferation and
differentiation of erythrocytic progenitors. Circulating EPO originates mainly
from fibroblasts in the renal cortex. EPO production is controlled at the transcrip-
tional level. Hypoxia attenuates the inhibition of the EPO promoter by GATA-2
[73]. In patients with PDR, both EPO and VEGF are up-regulated into the vitreous
each acting independently [74]. It has been seen that inhibition of EPO or VEGF
leads to suppression of retinal neovascularization, results are best when both are
suppressed together and in vitro inhibition of EPO leads to attenuation of endo-
thelial cell proliferation in PDR [75].

4.4.2 Transcription factors
4.4.2.1 Nuclear factor kappa beta (NF-xB)

NF-kB is a pro inflammatory transcription factor and a regulator of inflamma-
tion related to immune responses, cellular proliferation and cell apoptosis [76]. It
is located in endothelial and retinal pericytes and released on exposure to hypoxia
and hyperglycemia and thereafter releases cytokines, chemokines, and other
pro-inflammatory molecules [59]. Once NF-kB is activated it leads to production of
cytokines, chemokines and other pro-inflammatory molecules [77]. Studies have
shown a relation between NF-kB activation and downstream up-regulation of vas-
cular endothelial growth factor (VEGF) in DR. VEGF SNPs i.e., RS2010963 C allele
and RS3025039 T allele might be strongly associated with PDR occurrence and in
turn regulating VEGF expression in PDR subjects [78]. NF-kB is also involved in
the formation of both glial and vascular endothelial cellular components, and that
these two cell types might have functional interactions that lead to the enlarge-
ment of intraocular proliferative membranes namely ERM [79]. Receptor activa-
tor of NF-xB ligand (RANKL) is a member of the tumour necrosis factor (TNF)
superfamily. RANKL increases endothelial permeability and induces angiogenesis,
suggesting its critical roles in the vasculature. Hence the use of an RANKL blockade
as a potential therapeutic approach against ischemic retinopathies is confirmed
[80]. It is important to remember that the signal related to RANKL plays a role in
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the pathogenesis of insulin resistance and suggests a link between inflammation
and the pathogenesis of type 2 diabetes mellitus [81].

4.4.2.2 Hypoxia inducible factor

Adapting to hypoxic conditions leads to cellular and tissue transcriptional
induction involving genes that participate in angiogenesis, glucose metabolism, and
cell proliferation and survival. The principal factor mediating this response is the
hypoxia-inducible factor-1 (HIF-1), an oxygen-sensitive transcriptional activator.

It consists of a constitutively expressed subunit HIF-1p and an oxygen-regulated
subunit HIF-1a [82]. It has been shown that diabetic factors result in HIF-1 produc-
tion and angiogenesis and Treins et al. [83] showed that insulin-like growth factor-1
(IGF-1) stimulates accumulation of HIF-1 in human retinal pigment epithelial cells.
As HIF-1 becomes active it activates several genes, including the genes for IL-6,
IL-8, and pro-angiogenic growth factors. It has also been shown that acute intensive
insulin therapy exacerbates the diabetic induced BRB breakdown through HIF-1 and
VEGF [84] and presence of HIF-1a has been demonstrated in diabetic epiretinal
membrane [85]. NF-kB controls the expression and synthesis of HIF-1 in response
to inflammatory stimuli. Hypoxia activates NF-kB that binds promoter of HIF-1,
stimulates the production of IL-6 and IL-8 in the vitreous of patients with PDR.
HIF-1a, Ang-2 and VEGF seem to play an important role in the pathogenesis of PDR
and simultaneously provide adverse angiogenic milieu in PDR epiretinal mem-
branes favouring aberrant neovascularisation and endothelial abnormalities [84].

4.4.3 Cytokines
4.4.3.1 Interleukin-6 (IL-6)

IL-6 is a cytokine regulates the expression of matrix metalloproteinases (MMPs)
which is a primary constituent of the vitreous [86, 87] and it also regulates immune
response, increases permeability of vessels and initiates angiogenesis [88, 89].
Studies, have indicated that IL-8, VEGF-A, and PIGF demonstrated a strong cor-
relation in vitreous and aqueous of patients with PDR. The aqueous may serve as a
proxy for vitreous for some cytokines involved in PDR. More recently anti-VEGF
injections have been able to decrease VEGF-A levels in aqueous, however they did
not significantly affect other cytokines, indicating a need for other targeted thera-
pies in PDR management [90]. Role of IL-6 in neovascularization, a key clinical
feature of DR, is shown in studies that show IL-6 can not only promote angiogenesis
directly but support angiogenesis by inducing expression of VEGF, an angiogenic
factor [91]. Hence, the role of IL-6 and IL-8 as angiogenic and factor for causing
neovascularization is supported.

4.4.3.2 IL-1p

Macrophages produce IL-1f which is an inflammatory cytokine mainly which
can further activate the transcriptional factor NF-xB, which plays an important role
in transcription of inflammatory cytokines [92]. Furthermore TNF-a and recom-
binant IL-1p seem to stimulate human retinal pigment epithelium cells leading to
secretion of IL-6 and IL-8 [93]. It has been seen in studies that TNF-a and IL-1p
promote angiogenic activity leading to stimulation and synthesis of collagen glial
cells, and fibroblasts leading to proliferation and contraction promoting angio-
genesis and ocular neovascularization [94]. It has been observed that invading
microorganisms activate the inflammatory response by secreting pro-inflammatory
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cytokines particularly IL-1p. IL-1-responsive genes initiate and coordinate local
inflammation and also attract and activate cells of the adaptive immune system at
sites of infection eventually leading these signals to activate NALP3-inflammasome
pathway, which plays a central role in acute and chronic sterile inflammation [95].
Studies assessing inflammatory mechanisms involving NLRP3 inflammasome were
carried out using akimbo mouse, revealing an increased vascular leakage, reduced
retinal thickness, and function in Akimba retina. High levels of IL-1f along with
increased NLRP3, ASC, and Caspase-1 at mRNA and protein levels were seen
suggesting a critical role for NLRP3 inflammasome in akimbo retina depicting
advanced stages of DR pathogenesis [96]. Other studies have shown elevated levels
in aqueous of IL-6 and macular thickness indicating IL-6 may play a central role in
the development of diabetic macular edema [97].

4.4.3.3 TNF-alpha

TNF-a, a cytokine with tumour necrosis activity is produced by various types of
cells which includes macrophages, is recognised as an important host defence factor
that affects malignant and normal cells. It is synthesised by T cells and macrophages
and its expression is regulated by NF-xB [98]. It also plays the role of inflammatory
mediator of neuronal cell after cerebral ischemic trauma and also a similar role in
retinal tissue [99]. Besides increasing endothelial cell permeability [100]. TNF-a
is also involved in stimulating leukocyte adhesion and inducing oxidation and
simultaneous production of reactive oxygen due to the death of retinal ganglion
cells and degeneration of the optic nerve [101]. High pharmacological doses of
TNF-a combined with chemotherapy has been seen to regress intractable tumours.
Evidence demonstrates that pathophysiological concentrations of endogenous
TNF-a could act to promote tumour genesis and growth [102]. In diabetic retinopa-
thy pro-inflammatory mediators regulated by cytokines, such as TNF-a, IL-1p and
growth factors leads to further progression of these processes, leading to vaso-
permeability (diabetes macular edema) and/or pathological angiogenesis (prolif-
erative diabetic retinopathy) [103]. Diabetic patients have shown higher TNF-«
levels in vitreous/serum ratio compared to non-diabetics [104]. Strong correlation
between plasma TNF-« levels and severity of DR has been documented [105]. It has
been documented that TNF-a is expressed in the endothelial cells and stromal cells
of the fibrovascular membranes of diabetic patients with PDR [106]. Studies have
confirmed the presence of vascular endothelial growth factor (VEGF) and TNF-a
in epiretinal membranes in proliferative eye disease [107]. Recent studies assessing
the impact of anti-TNF agents on intermediary metabolism suggest that TNF-a
blockade could improve insulin resistance and lipid profiles in patients with chronic
inflammatory disease [108].

4.4.3.4 HMGB1

HMGBI though secreted from numerous sites in the retina, including the
ganglion cell layer, inner nuclear layer, outer nuclear layer, inner and outer segment
of the photoreceptors, and retinal pigment epithelial cells [109, 110]. It is a protein
that stabilises the formation of nucleosomes and gene transcription [111]. Studies
indicate that HMGBI is released from activated innate immune cells or necrotic cells
and functions as an important mediator of endotoxaemia, sepsis, arthritis, and local
inflammation hence agents that inhibit HMGBI release or action, confer significant
protection against endotoxaemia, sepsis, and arthritis in animal models and thus
hold potential for the clinical management of various inflammatory diseases [112].
HMGBI functions as a cytokine that amplifies the effect of the receptor for AGE
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(RAGE) axis and mediates the secretion of survival factors such as VEGF-A, to
counteract the effects of oxidative stress. HMGB1 is thought to contribute to the
accelerated micro and macro-vasculopathy seen in diabetes [113]. Its level has been
detected on higher side in vitreous in patients with PDR and has been detected in
endothelial and stromal cells of ERM in PDR patients [114].

4.4.4 Chemokines

Chemokines constitute a family of chemoattractant cytokines and are subdi-
vided into four families on the basis of the number and spacing of the conserved
cysteine residues in the N-terminus of the protein. They seem to play a role in
selectively recruiting monocytes, neutrophils, and lymphocytes, along with induc-
ing chemotaxis through the activation of G-protein-coupled receptors.

4.4.4.1 Monocyte chemoattractant protein-1 (MCP-1/CCL2)

Monocyte chemoattractant protein-1 (MCP-1/CCL2) is considered one of the
key chemokines that regulate migration and infiltration of monocytes/macrophages
[115]. The expression of MCP-1 is regulated by NF-kB and MCP-1 can induce VEGF
production [116]. Both CCL2 and its receptor CCR2 have been demonstrated to be
induced and involved in various diseases [115]. Diabetic patients have shown ele-
vated levels of MCP-1 in vitreous and its levels are higher in the vitreous than in the
serum indicating local production of MCP-1 [117]. Studies have shown that there is
a significant association between the vitreous MCP-1 levels and DR severity [118].
The MCP-1 is also a potent chemotactic factor for monocytes and macrophages that
can stimulate them to produce superoxide and other mediators. Following hyper-
glycemia, retinal pigment epithelial (RPE) cells, endothelial cells, and Miiller’s glial
cells are of utmost importance for MCP-1 production, and vitreous MCP-1 levels
rise in patients with DR. Increased expression of the MCP-1 in the eyes can also
play a significant role in the pathogenesis of DR [119]. Interferon-gamma inducible
protein 10 (IP-10) is a CXC chemokine that is expressed at higher levels in the vitre-
ous of diabetic patients [120], and its vitreous levels are higher than its serum levels
[121]. Anti-inflammatory cytokines such as IL-10 and IL-13 may be involved more
in the pathogenesis of DR and CRVO than in other diseases and both cytokines and
chemokines may be correlated to VEGF in the vitreous fluid and the inflammatory
reaction may be more active in CRVO than in DR [122].

4.4.4.2 Monokine

Monokine which is induced by interferon-gamma (MIG) is a chemoattrac-
tant for activated T cells and also has angiostatic activity [123]. In their study
Wakabayashi et al. reported that MIG could play an role in the pathogenesis of DR
and works in cooperation of VEGF in the progression of pathological angiogenesis
in DR. The authors have detected higher levels of MIG in vitreous of DR patients
[123]. Elevated MIG levels are could be in response to the up-regulation of angio-
genic factors such as VEGF. The alternative mechanism could be in play in DR
which results in chemotaxis of leukocytes rather than in carrying out its angiostatic
functions [26].

4.4.4.3 Stromal cell-derived factor-1

Stromal cell-derived factor-1 (SDF-1) is a chemokine that is up-regulated in
response to tissue damage and is involved in stimulation and mobilisation of cells
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involved in tissue repair and cellular migration, differentiation, and proliferation
of endothelial progenitor cells [124]. SDF-1 repairs after ischemic injury by bind-
ing to its receptor, CXCR4 and recruits the progenitors of endothelial cells from
the bone marrow. The levels off SDF-1 in vitreous have been found to be on higher
side in DME and PDR patients [125]. Studies have demonstrated that inhibiting the
N-(carboxymethyl)lysine-induced TPL2/ATF4/SDF1 axis can effectively prevent
diabetes mellitus-mediated retinal microvascular dysfunction and this signalling
axis could include the therapeutic potential for other diseases involving pathologi-
cal neovascularization and or macular edema [126].

4.4.4.4 Fractalkine

Fractalkine (CX3CL1) is an intriguing chemokine that plays a central role in the
nervous system. Expression of CX3CL1 on neurons and its receptor CX3CR1 on
microglia facilitates a privileged interaction, playing important roles in regulating
the function and maturation of these cells. CX3CL1 is reported to have neuro-
protective and anti-inflammatory activities [127]. Studies suggest that dysregulated
microglial activation via loss of FKN/CX3CR1 signalling disrupts the vascular
integrity in retina during systemic inflammation [128].

4.4.4.5 Macrophage migration inhibitory factor

Macrophage migration inhibitory factor (MIF) is a chemokine that stimulates
macrophages causing their recruitment at sites of inflammation, increasing their
adherence, motility, and phagocytosis. It also prevents random migration of mac-
rophages [129]. Studies indicate increased levels of MIF in the vitreous of patients
with PDR and a significant association between MIF levels and grades of fibrous
proliferation, suggesting the possibility that MIF may play a part in the develop-
ment of the proliferative phase of PDR [130].

4.4.5 Intercellular adhesion molecule-1 (ICAM1)

ICAM-1is a cell surface glycoprotein, which serves as an adhesion receptor that
is known for regulating leukocyte recruitment from circulation to sites of inflam-
mation. In addition to vascular endothelial cells, ICAM-1 expression is also induced
on epithelial and immune cells in response to inflammatory stimulation. ICAM-1
also serves as a biosensor to transduce outside-in-signalling via association of its
cytoplasmic domain with the actin cytoskeleton following ligand engagement of
the extracellular domain. Thus, ICAM-1 has emerged as a master regulator of many
essential cellular functions both at the onset and at the resolution of pathologic
conditions [131]. Increased expression of adhesion molecule leads to activation of
RAGE, oxidative stress, vascular leakage in the diabetic retina, capillary non perfu-
sion, and damage of endothelial cells and the adhesion of leukocytes to the endo-
thelium and expression of retinal vascular adhesion molecules such as VEGF [132].
ICAM-1 is the primary adhesion molecule involved in DR and its levels in vitreous
are elevated in patients with active PDR [114].

5. Therapy aimed at inflammatory targets
Maintenance of a good glycemic control is considered to be the most important

modifiable factor influencing the stage and progression of diabetic retinopa-
thy. However, inhibition of retinal inflammation may also reduce the degree of
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retinopathy despite the presence of a hyperglycaemic state. High-dose aspirin,
COX-2 inhibitors and corticosteroids have been used, either experimentally in
animal models or therapeutically in humans, and found to have a beneficial effect
in reducing DR changes. However, these drugs are associated with unfavourable
side effects especially when used over a long-term course. Hence other alternatives
should be looked at. These alternatives can include RAGE inhibitors, minocycline,
derivatives of salicylates and inhibitors of TNF-a and 5-lipoxygenase. Salicylates
inhibit the nuclear migration and possibly activation of NF-kB in retinal neurons
[133]. Evidence is accumulating showing that lipid supplementation with omega 3
polyunsaturated fatty acids (especially DHA) has a beneficial effect in DR [134].

Retinal inflammatory changes in diabetics have been found to be inhibited by
therapies wherein the primary target is at a different site. The antihypertensive
telmisartan, angiotensin receptor blocker (Type I receptor) was found to suppress
retinal leukostasis and expression of VEGF and ICAM-1 [135]. Similarly, in diabetic
animal models, Candesartan reduces the presence of acellular retinal capillaries,
iNOS and nitric oxide [136]. The beneficial effect of statins on DR has also been
reported by Kang et al. in 2019 [137]. The authors evaluated patients with diabe-
tes and dyslipidemia and found that statin use was associated with a decreased
prevalence of DR and a lower need for invasive therapy for vision threatening
diabetic retinopathy complications. This therapeutic benefit can be attributed to the
pleiotropic property of statins, which also function as anti-inflammatory agents.
Tuuminen et al. [138] found a decreased intravitreal levels of pro-angiogenic fac-
tors, transforming growth factor Bl and matrix metalloproteinase 9 in individuals
treated with simvastatin.

The role of salicylates in DR has been studied extensively, following the initial
reports by Powell and Field in 1964 [20]. Administration of aspirin in animal
models has found to reduce retinal capillary degeneration but conflicting results
were reported in human trials. The Early Treatment Diabetic Retinopathy Study
(ETDRS) is particularly of note in this case. The ETDRS report number 8 results
indicated that aspirin has no clinically beneficial effect on the progression of
retinopathy in individuals taking 650 mg of aspirin per day [139]. However, we
have to take into account that the anti-inflammatory dose of aspirin is much higher
than what was being administered in the study. Salicylates have shown to reduce
insulin resistance in the retina in a Type II diabetic rat model as per Jiang Y and
co-workers [140].

TNF-a is a key molecule in the inflammatory puzzle thus it serves as an attrac-
tive pharmacological target. Subcutaneous injection of TNF-a trap (Eternacept)
was found to significantly reduce retinal inflammation, retinal cell injury and vas-
cular permeability in diabetic rats [141]. However, no clinical trials have reported
this effect till date. A small pilot study of 4 patients who were administered
Infliximab (TNF-a antibody) showed a decrease in central macular thickness and a
corresponding improvement in visual acuity [142].

Inhibition of leukostasis is another mechanism that can be targeted in anti-
inflammatory therapy for DR. Leukocyte function associated antigen-1 (LFA-1)
is an integrin molecule and is extremely important for leukocyte-endothelial
cell interactions. SAR-1118 is a topical antagonist of LFA-1 and has shown a dose
dependant reduction of leukostasis and vascular leakage in a diabetic rat model
[143]. Anti CD49a neutralising antibody blocks the interaction between very
late antigen-4 (VLA-4) and VCAM-1 and has also shows efficacy in reducing
leukostasis [144].

Apart from their antibiotic activity both Minocycline and Doxycycline are
known to possess neuro-protective and immunomodulatory properties, such as
inhibiting production of NO, prostaglandins, TNF-a and caspases [145]. A small
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study of minocycline in 5 patients with DME showed improvement in visual acuity
with reduction in macular edema [146]. Another study involving doxycycline
demonstrated an improvement in perimetric parameters in individuals with severe
NPDR or PDR [147].

Photobiomodulation is another prospective therapy which has shown promise in
a small clinical study of patient with non-centre involving diabetic macular edema
[148]. It consists of series of brief illumination with specific wavelengths of light
emitted from a laser. It has shown to affect the signalling pathways within the cells
and inhibits diabetes induced leukostasis, ICAM-1 expression and production of
reactive oxygen species [149].

6. Conclusion

Studies carried out both in diabetic patients and experimental animal models
of diabetic retina have shown that the diabetic milieu promotes an increased local
expression of inflammation. Unlike, uveitis however this inflammation is not
clinically apparent and is noted at a molecular level. Critically located between the
vasculature and neurons of the retina, Glial cells have a key role in closely regulat-
ing the retinal microenvironment. Recent findings implicate that these cells also
responsible in the initiation of the inflammatory cascade.

It is possible that inflammation does not perfectly describe all the changes that
ultimately occur in diabetic retinopathy, but it does seems to describe the pathogen-
esis of the retinopathy better than the previous concept of microvasculopathy. It is
likely that this concept will become better focused with future research.
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Chapter 4

Local Inflammatory

Biomarkers and Potential
Inflammation-Targeting Therapies
in Diabetic Retinopathy
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Abstract

Diabetic retinopathy (DR) is one of the most frequent microvascular
complications of diabetes. A large body of evidence supports the role of inflam-
mation in the development and progression of DR. Currently, DR is diagnosed
based on the presence of morphological lesions detected on fundus examination.
Yet, there are other laboratory or imaging biomarker whose alteration precede
DR lesions. This chapter will first briefly explain the role of inflammation in DR
pathogenesis and will analyze the molecules involved. Further, it will discuss
significant and recent studies that analyzed local laboratory or imaging inflam-
matory biomarkers in different DR stages. It will then focus on several potential
inflammation-targeting therapies which proved to be effective in animal or
human studies. Validation of these reviewed biomarkers would allow the iden-
tification of patients who do not respond to the current available treatment and
could benefit from an adjunctive therapy.

Keywords: diabetic retinopathy, inflammation, biomarker, retinal imaging,
anti-inflammatory therapy

1. Introduction

Diabetus mellitus (DM) is an important public health issue, with a constantly
growing prevalence from 4.7% in 1980 to 8.5% in 2014 [1]. In 2019, 463 million adults
between 20 and 79 years had DM [2]. Diabetic retinopathy (DR) is one of the most
frequent microvascular complications of diabetes. Most type 1 DM (T1DM) patients
develop DR only after 5 years or even more from the onset of DM, but after 20- year
history of disease, 99% present a form of DR [3]. On the contrary, for type 2 DM
(T2DM) patients, DR may be present even from the diagnosis, while after 20 years
of T2DM, 60% of the patients develop DR [3]. Currently, DR staging is performed
depending on the presence of clinical ocular biomarkers, such as microaneurysms,
hemorrhages, soft or hard exudates, macular oedema and new vessels. The treatment
for DR targets especially the severe non-proliferative diabetic retinopathy (NPDR) or
proliferative diabetic retinopathy (PDR) stage and diabetic macular oedema (DME).
The therapeutic options are intravitreal injections with anti-VEGF agents, cortico-
steroids injections, retinal laser or surgery such as pars plana vitrectomy (PPV). A
large body of evidence supports the role of inflammation in the development and
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progression of DR. There is evidence that low-grade subclinical inflammation is
responsible for many of the characteristic vascular lesions of DR [4]. In this review
we provide an overview of several local inflammatory biomarkers of DR laboratory
and retinal imaging together with anti-inflammatory therapeutic options.

2. Inflammation and diabetic retinopathy

Inflammation is defined as the body’s mechanism of self-defense against patho-
gens. In this complex process, mediators such as pro-inflammatory cytokines,
chemokines and adhesion molecules are involved. They initiate the interaction
between the endothelium and leukocytes and consequently induce the migration of
leukocytes towards the injured or infected tissue [5]. Although acute inflammation
is considered beneficial, a chronic and dysregulated one produces harmful effects,
being known to be involved in diseases such as rheumatoid arthritis, multiple
sclerosis and atherosclerosis [5].

Lutty et al. were the first who reported an increased neutrophil number per
square millimeter in both retinal and choroidal vessels in DR patients [6]. Moreover,
they continued the study of neutrophils in diabetic monkeys and found an associa-
tion between the accumulation of neutrophils and capillary closure [7]. Further
studies found evidence that capillary occlusion and intraretinal neovascularization
are associated with the attachment of neutrophils and monocytes [8], while the
level of leukocytes adherence to the retinal vasculature, known as leukostasis,
is associated with the progression of DR [9]. Recent findings implicate that an
increase of ICAM-1 and integrins at the level of endothelial cells and leukocytes is
responsible for the increase in leukostasis, while ICAM-1 blocking and CD18 dele-
tion decreases the leukostasis induced by DM [10, 11]. Microglial cell is a resident
macrophage distributed throughout the retina, which releases inflammatory
cytokines such as TNF-a after being activated [12].

There are several processes in DR pathogenesis in which inflammation is
involved:

1. vessel leakage: retinal endothelial permeability is induced by TNF-«, but is
successfully prevented by PKCC inhibitor [13]. After TNF-a was blocked with
Etanercept, a soluble TNF-o receptor, the activation of NF-kB was inhibited
and blood retinal barrier (BRB) breakdown was prevented [14]. Similarly,
VEGEF is directly involved in the breakdown of inner BRB, being proved that
after blocking ICAM-1, the leukostasis is reduced but also VEGF induced
vascular leakage is blocked [15].

2.vessel closure: IL-1p and TNF-a increase caspase 3 activity and induce
endothelial cell apoptosis [16, 17].

3. pathological neovascularization: New vessels’ formation is induced by leuko-
cytes by interfering in the releasing of pro-angiogenic factors, such as VEGF,
angiopoietin 1, basic fibroblast growth factor, transforming growth factor and
platelet derived factor. All these agents promote recruitment of endothelial
progenitor cells and enhance the migration, proliferation and survival of the
pre-existing endothelial cells [17].

4.retinal neuronal death: TNF-a, IL-1f, reactive oxygen species (ROS) and

excessive nitric oxide (NO) released by leukocytes during inflammation are
involved in retinal neuronal cell death [5].
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DM causes increased systemic and local production of numerous inflammatory
molecules involved in DR onset and development.

3. Inflammatory biomarkers

A biomarker has been defined as “a biological molecule found in blood, or other
bodily fluids, or tissue which represents a sign of a normal or abnormal process
of a condition or disease” [18]. Due to the rapid advancement in engineering,
methodology and equipment, researchers are able to generate large amounts of data
analyzing only small amounts of samples, using mass spectrometry techniques.
In DR studies, several kinds of samples were used, such as tear, cornea, aqueous
humor (AH), lens, vitreous humor (VH), retina and serum [19]. Although VH is in
direct contact with the retina, it requires a highly invasive procedure, whereas the
tears can be collected using non-invasive methods but interact indirectly with the
retina [19].

3.1Local laboratory biomarkers
3.1.1 Tears

The tears are composed of an aqueous solution of water, lipids, proteins and salt.
The major proteins are lactoferrin, lysozyme, serum albumin, secretory immuno-
globin A, lipocalin and lipophilin [20]. One study identified 1526 proteins using
protemics approaches, most of them being shown to respond to insults such as
cataract surgery or diseases like DM [21, 22]. Mainly because it contains proteins in
high concentration (about 8 pg/pl) and it is easy to collect, tears have been a fluid of
interest for many studies [21]. Herber et al. was one of the first to demonstrate that
DM patients’ tear composition is different from control subjects [23]. Azzaralo et al.
found increased levels of lactotransferin, also known as lactoferrin, a glycoprotein
with immunomodulatory, anti-microbial and anti-tumor effects [24]. Increased
levels of monocyte chemoattractant protein-1 (MCP-1) were also identified in DM
with or without DR. A previous study demonstrated elevated Interleukin-1 receptor
anatagonist (IL-1ra) levels, which represent an anti-inflammatory factor inhibiting
pro-inflammatory activity of IL-1beta [25]. A positive correlation between IL-6
levels and DR stage was found. IL-6 is involved in synthesis and the release of acute
phase reactants and matrix metalloproteinase 9 (MMP-9), decreased tear produc-
tion, having also a role in the release of IL-1f [26]. TNF-a is a cytokine able to
induce the disruption of BRB by loosening the tight junctions between endothelial
cells and between RPE cells, with a role in the leukocytes adhesion to the endothe-
lium [13]. TNF-a level was increased in patients with PDR (13.5 pg./mL) compared
to NPDR (2.8 pg./mL) [27]. The tear sample can be obtained using two techniques:
the direct one using aspiration with the help of a micropipette or a microcapillary
tube placed in the inferior fornix, or the indirect one, with the help of a Schirmer
test strip or cellulose sponge.

3.1.2 Aqueous humor

Aqueous humor (AH) is produced by the ciliary body epithelium and represents
the fluid in the anterior chamber of the eye. It is involved in the removal of meta-
bolic wastes, in ocular immunity, it supplies oxygen and nutrients, and has a role
in refraction. AH is composed of water, electrolytes and proteins, which although
are present in relatively low concentrations compared to blood serum, are vital in
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the maintenance of anterior segment homeostasis. AH is not in direct contact with
the retina but proteins released from it can enter AH either through disrupted BRB,
cilio-retinal circulation or through diffusion from the VH and the VH-AH barrier
[28]. Proteomic analysis studying AH from patients with DR compared to subjects
without DM, found several proteins associated with PDR like apolipoprotein

A-1 (APOAL1), apolipoprotein A-II (APOA2), apolipoprotein A-IV (APOA4), and
a-1-acid glycoprotein 1 (ORM1) [29] as well as selenoprotein P (SELENOP), and
cystathionine f-synthase (CBS) [28].

IL-23 levels were increased in PDR patients, and IL-17 was also higher in NPDR
and PDR compared to control subjects as shown by Wang et al. in 625 patients with
T2DM [30]. IL-17 is a powerful pro-inflammatory cytokine capable of mobiliz-
ing neutrophils and inducing the secretion of IL-6 and IL-8 prostagladin E2 [30].
Regarding IL-23, it stimulates Th17 cells to secrete IL-17, which further increases the
cycle of inflammation.

Concerning IL-10, the cytokine with immunosuppresive properties, capable
of attenuating the antigen-presenting ability of APC, studies found contradic-
tory results: decreased concentrations in DR compared to NPDR by Cheung et
al. and Zhang et al., contrary to Hu et al. who reported increased levels [30]. It
was also suggested that IL-10 levels could be correlated with central subfield
thickness (CST), one study reporting higher IL-10 concentration in PDR
(224,79 pg./mL) that in the control group (160/14 pg./mL) [31]. TGF-beta is
involved in the differentiation of activated CD4'Thy cells into Treg cells, but it
is also involved in promoting differentiation of CD4"Thy cells into Thy; cells in
combination with IL-23 [32]. Zhang et al. found elevated and stable TGF-beta
levels in DM compared to control [30].

Myonectin inhibits the inflammatory response triggered by lipopolysaccharide
in macrophages and in myonectin-knockout mices, in which the proinflammatory
gene expression was identified. Previous studies demonstrated decreased myo-
nectin concentrations in AH belonging to T2DM especially with PDR but also in
NPDR compared to control subjects [33, 34]. In refractory DME, IL-2, IL-8, PIGF
and VEGF were found elevated but only IL-8 was correlated with responsiveness,
exhibiting higher levels in the refractory group [31]. This result is supported by
Jeon et al., who observed that after injecting triamcinolone intravitreally to patients
unresponsive to IVB, the effect was positive while the efficacy was associated with
IL-8 levels in the AH [35].

IL-6, another proinflammatory cytokine was found elevated in PDR and DME
patients. Additionally, it induces VEGF expression, being involved in the break-
down of BRB and thus being involved in the pathogenesis of earlier stages of NPDR
[36]. IL-6 is considered as a driving force because it changes the overall cytokine
profile in the AH of DM patients. Moreover, the level of VEGF in AH was strongly
correlated with VEGF level from the VH [37].

IFN-a is a known angiogenic inhibitor, with a protective role against retinal
damage in diabetes. Cheung et al. found reduced IFN-a levels in DM patients
compared to control subjects [38].

MCP-1level in AH is believed to be a predictor for a worse visual acuity outcome
of PDR patients after vitrectomy, while there was no significant correlation between
VEGEF levels and BCVA, as noted by Lei et al. [39]. MCP-1 stimulates the recruit-
ment and activation of monocytes and macrophages which further leads to higher
microvascular permeability or ischemia from vessel occlusions. A few studies have
investigated the effect of intravitreal triamcinolone [40] or dexamethasone implant
[41] on the intraocular inflammatory cytokines and concluded that both drugs
could significantly decrease the level of MCP-1 in the AH.
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Samples from AH are collected through a paracenthesis from patients under-
going cataract surgery, trabeculectomy or from post-mortem eyes. The volume
collected ranges from 100 to 150 pL. The samples from living patients are more
useful since the profile from post-mortem eye is different due to the accumulation
of metabolic waste [26].

3.1.3 Vitreous humor

The vitreous humor is the gelatinous component of the posterior segment of the
eye that gives its spherical shape. In addition to its role in structural support, the trans-
parent nature of the vitreous body aids in light transmission to the retina. Because of
its avascular nature, much of the proteins found in VH are derived from the retina
itself [28]. Several proteins in the VH have been identified as biomarkers for differ-
ent stages of DR, like components of the acute phase response, coagulation pathway,
complement system and other inflammatory pathways (e.g., VEGF, amyloid-p A4
protein, metalloproteinase inhibitor 1, kininogen-1) [19].

Pigment epithelium-derived factor (PEDF) is a negative regulator of inflam-
matory processes, with lower levels in VH from DR patients compared to NDR.
This finding suggest that beside an increase in proinflammatory cytokines, there
is also a decrease in the anti-inflammatory ones [42]. Clusterin, a protein involved
in the regulation of complement cascade, was found decreased in DR patients
[43]. One of its function consists in an anti-inflammatory protection for the BRB
[44]. Kallikrein, a known central component of pro-inflammatory kallikrein-kinin
system, was found elevated in the VH from DR patients [45].

Anti-VEGF agents such as bevacizumab did not have a significant effect on VH
inflammatory proteins as shown by Loukovaara et al. [46], as opposed to Zou et al.
who studied VH proteome from patients treated with anti-VEGF agent ranibizumab
and found decreased VEGF levels as well as a decrease in complement activation
protein, acute inflammatory response and platelet degranulation [47]. Similarly,
photocoagulation reduced the levels of pro-inflammatory protein osteopontin
(SPP1), as shown by Wei et al. [48].

When exposed to intravitreal injection of IL-1p, retinal capillary endothelial
cells degenerate [49], while co-administration of IL-1p, together with high concen-
trations of glucose, disrupt the RPE cells [50]. Increased levels of IL-1f were found
in the VH collected from diabetic patients compared to control [51], underlining its
role it the DR-related inflammatory processes.

IL-8, responsible for activating neutrophils and T Lymphocytes, together
with IL-6, a chemokine responsible for increased endothelial cell permeability by
rearranging actin filaments and changing the shape of endothelial cells, were both
found elevated in VH of PDR patients [52]. Their origin does not seem to be the
serum, since higher levels were found in the vitreous, suggesting that macrophages,
RPE cells, glial cells or monocytes from the vitreous of PDR patients, could produce
citokines [53]. IL-10, another anti-inflammatory cytokine, with the ability of deac-
tivating macrophages, was not found to be increased in PDR patients, the author
of the study suggesting the lack of a counter balanced by the anti-inflammatory
cytokines [54].

MCP-1, with its known role in promoting leukocyte recruitment and inducer of
angiogenesis and fibrosis, was found elevated in DR VH, with levels being higher
than in the serum [55]. Hyperglycemia seems to increase the formation of MCP-1
from RPE cells, retinal vascular endothelial cells and Muller’s cells [56]. This finding
further encouraged that MCP-1 gene polymorphism to be proposed as a potential
risk factor for DR [57].
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Stromal cell-derived factor-1 (SDF-1) is upregulated in damaged tissues and as a
response, it mobilizes progenitor cells to promote repair [58]. Together with VEGF,
it promotes endothelial progenitor cells from the bone marrow to the ischemic
retina [59]. Butler et al. found increased SDF-1 concentrations in VH from DME or
PDR patients, and moreover the increase was correlated with disease severity [60].

Extracellular High-Mobility Group Box-1 Protein (HMGB1) as a proinflamma-
tory cytokine, leads to overexpression of TNF-a, MCP-1, ICAM-1, through activa-
tion of NF-p [61]. In addition, El-Asrar reported elevated levels of HMGB1 in VH
belonging to PDR patients. They further reported that HMGB1 and its receptor for
advanced glycation products (RAGE) are expressed by vascular endothelial cells
and stromal cells in PDR fibrovascular epiretinal membranes [61].

Tumor Necrosis Factor-a (TNF-a) was found elevated in VH from DM patients,
with a higher vitreous/serum ratio [51]. In addition, TNF-a was also found
expressed in vascular endothelial and stromal cells in epiretinal membranes belong-
ing to PDR eyes [62].

ICAM-1 levels in PDR were found increased, especially in active PDR compared
to inactive PDR [61]. ICAM-1 was highly expressed in retinal and choroidal blood
vessels, as well as in fibrovascular membranes, and its expression seems to correlate
with the number of migrated neutrophils in the retina and choroid [6]. When
ICAM-1 blocking was obtained, the leukostasis, endothelial cell death and also the
vascular leakage in the retinal vessels was diminished.

When retinal capillary endothelial cells were exposed to high concentration of
glucose, TNF-a or IL-1p, they produce the membrane-bound form of vascular adhe-
sion protein-1(VAP1) and release the soluble vascular adhesion protein 1 (sVAP-1)
[63]. Its role consists in leukostasis and leukocyte entrapment. High levels of sVAP-1
were found in the serum and VH of patients with PDR [64].

Samples from VH are collected through vitreous taps from patients that under-
went PPV or after intravitreal injections. Simo et al. raised the problem of con-
founding factors that could lead to misinterpretation of result. Vitreous hemorrhage
could induce a massive influx of serum proteins. Similarly, the disruption of BRB
also leads to increased protein levels in VH. The first problem could be solved by
rejecting samples with hemoglobin >5 mg/mL, while the second one, by correcting
the intravitreal concentration of peptide under study for total vitreal proteins or
calculating the vitreous/plasma ratio [56].

3.2 Imaging retinal biomarkers
3.2.1 Hyperreflective vetinal foci

These lesions are found under the name of hyperreflective foci, dots or spots.
Hyperreflective retinal foci (HRF) have been first described in wet AMD but they
were also noted in retinal vein occlusion, MacTel type 2, central serous retinopathy,
retinitis pigmentosa, Stargardt disease and Best disease. Different pathogenetic ori-
gins were hypothesized: initially they were considered precursor of hard exudates
or lipid-laden macrophages [65], representing subclinical features of lipoprotein
extravasation that were not observed on clinical examination, fundus photography,
or fluorescein angiography, due to their small size [66]. In contrast to the previous
studies, Lee et al. proposed that HRF represent activated microglial cells since they
determined the presence of increased soluble CD14 in the AH. Soluble CD14 seems
to be released by activated microglial cells [67, 68]. Other theories assumed that
HREF represent debris of photoreceptors or RPE hyperplasia [65, 66].

HREF are initially present in the inner retinal layers, where resting retinal microg-
lia are normally located and after they are activated, they subsequently migrate to
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the outer retinal layers [66, 69]. Another argument that HRF are in fact microglia
is that both are primarily found in the inner retina in DR without edema and show
an extended distribution into the outer retina in DME [68]. By contrast, Bolz et al.
described that HRF are distributed throughout all retinal layers in eyes with dif-
ferent types of diabetic macular edema (DME), diffuse or cystoid [70]. Uji et al.
reported the presence of HRF in the outer retina in 53.7% cases while in the inner
retina in 99.1% cases in eyes with DME [71]. Uji et al. further suggested an origin
from degenerated photoreceptors or macrophages engulfing the former, since HRF
were found in the outer retina closely associated with disrupted external limiting
membrane or IS/OS line [71].

HRF appears on OCT as small discrete, well-circumscribed, dot-shaped hyper-
reflective intraretinal lesions (Figure 1) [69]. Their size is less than 30 pm, and as
opposed to hard exudates they do not induce back-shadowing, while their reflectiv-
ity is similar to retinal nerve fiber layer and equal or greater than the retinal pig-
ment epithelium (RPE) band [67, 72].

As opposed to HRF, hard exudates are thought to form from microaneurysms,
which is the major source of leakage in focal edema [68]. Other theories even
suggested that HRF can occur even before DR development, representing a neuro-
degenerative process [69]. Both the presence and number of HRF was increased in
diabetics versus control subjects, especially in those with signs of DR, but interest-
ingly, none of the patients had signs of DME, hard exudates nor subclinical signs of
DME on OCT examinations [68].

The size and also the number of HRF seem to decrease after treatment with
anti-VEGF or corticosteroids [71]. The decreased microglial activity following
anti-VEGF therapy could contribute to the reduced loads of inflammatory cyto-
kines, which further translates into decreased number of HRS and reduced CMT
[68]. Moreover, HRS was the first feature to disappear or reduce after anti-VEGF
therapy [66]. One study revealed that an initial presence of larger number of
HRF responded better to dexamethasone implants than anti-VEGF therapy but a
higher number of HREF is associated with early recurrence of DME after steroid
implant [67].

One study found that eyes with HRF in the outer retinal layers presented
a greater disruption in EZ (IS/OS) lines at baseline but they improved more
than the eyes without the foci at 12 months. Taking into account this result,
the authors further suggested that greater VA improvement could be partially
explained by foveal photoreceptor restoration in eyes with HRF in the outer
retinal layers [65].

Figure 1.
Spectral domain OCT linear scan in the macula of a diabetic patient with PDR. The yellow arrows indicate
HRF while red arrows indicate hard exudates.

77



Diabetic Eye Disease - From Therapeutic Pipeline to the Real World

3.2.2 Sub-foveal neurosensory detachment

Hypoalbuminemia lowers the intravascular osmotic pressure and together with
increased hydrostatic pressure can cause retention of fluid in the subretinal space.
The role of subretinal fluid (SRF) in final visual and anatomical outcomes is still
unclear. There is a number of studies which have shown that the presence of SRF
is associated with good anatomical and functional gains. Contrary to this, there
are other studies which have reported the association between the presence of
SRF with poor visual gains [73]. Results from RESTORE study [74] and post hoc
analysis from RISE/RIDE study [75] proved the protective role of SRF. These studies
revealed the correlation between the presence of baseline SRF with better visual
gains at the end of 1 year. These studies also showed a positive impact from SRF in
response to ranibizumab therapy. Eyes with SRF seem to have increased IL-6 levels,
which signifies active inflammation in these eyes, suggesting that inflammation has
an important role in the development of this phenotype of DME [76]. Sonoda et al.
found that eyes with subretinal detachment (SRD) presented increased intravit-
real levels of IL-6, IL-8 and VEGF [77]. Discontinuation of the external limiting
membrane in the SRD type of DME induces cellular damage, which further attracts
scavenger cells to the retina, producing IL-6 (Figure 2) [78]. The migration of
activated microglia in the outer segments of the retinal layer could support the pro-
duction of IL-6 and subsequently the accumulation of SRF. The SRD type of DME is
associated with an increased number of HRF and significant functional impairment
of the macula [78]. The presence of numerous HRF is also associated with poorer
glycemic control in patients without significant DME [79]. The levels of ICAM 1 are
associated with the height of SRF, indicating that increased vascular permeability
by inflammatory mediators results in SRF [80]. An important finding was that
DME eyes with SRF respond significantly better to dexamethasone implants and
the authors consequently supported the use of dexamethasone implants in patients
with DME with SRF [81]. Interestingly, a recent study assessing the change of
parameters in DME with SRD after treatment, reported that intravitreal injection
of steroid like dexamethasone implant showed greater decrease in number of RHF
compared to anti-VEGF agent such as ranibizumab [82].

3.2.3 Hyperreflective choroidal foci

The analysis of the choroid could be an important tool in the assessment of
progressing DR. Choroidal parameters such as luminal area (LA), stromal area (SA)
and total choroidal area (TCA) were found decreased in diabetic patients compared
to control by a recent study [83]. Hyperreflective choroidal foci (HCF) is a recently
described entity in DR. It is postulated that HCF represent HRF migrated from the
retina, into the choroidal layers, which was permitted by ELM and EZ disruption
(Figure 3). The hypothesis that HCF are actually migrated HRF, is supported by the
study of Roy and al. where all 59 eyes with HCF had HRF as well and there was no
eye which had HCF in the absence of HRF on SD-OCT [84]. Presence of HCF could
be used as a biomarker of disease severity in eyes with DR [84]. HCF were found to
be present significantly more in PDR eyes than NPDR eyes [67].

3.2.4 Intravetinal cystoid spaces
Inner BRB is affected by elevated levels of VEGF leading to increased vascular
permeability, which will result in a decreased osmotic gradient, extracellular fluid

accumulation, and cyst formation [67]. VEGF is also responsible for the depletion
of the occludin in RPE which will further disrupt the tight junction in the outer

78



Local Inflammatory Biomarkers and Potential Inflammation-Targeting Therapies in Diabetic...
DOI: http://dx.doi.org/10.5772/intechopen.99807

Figure 2.

Spectral domain OCT linear scan in the macula of a diabetic patient with PDR. The small arrow indicates
sub-foveal detachment. In the magnified segment of the image, the tall arrows indicate intact external limiting
membrane (ELM) while the curly brackets indicate a discontinuous ELM.

Figure 3.

Spectral domain OCT linear scan in the macula of a diabetic patient with PDR. Right upper image: White-on-
black OCT scan. Right lower image: Black-on-white OCT scan. The white arvows head indicate hyperreflective
choroidal foci. The white and black arrow highlights a group of hyperreflective retinal foci.

BRB [85]. Damian and al. found decreased RPE thickness in almost all quadrants
in the PDR-DMO group as opposed to NPDR-DMO group, where the quadrants
number was lower [86]. This finding was explained by a disruption of the RPE-
photoreceptors complex due to ischemia and level of inflammation that varies
according to the stage of DR. Cysts larger than >200 pm in the outer nuclear layer
(ONL) are seen in advanced stages of DME and may cause irreversible damage to
visual functions. Due to their location, they damage photoreceptor cells and disrupt
inner segment-outer segment (IS/OS) junction (Figure 4). Regarding their con-
tent, there is paucity of information in the literature. Liang and al. hypothesize that
fibrin and other inflammatory cells may fill these spaces [87]. Treatment with anti-
VEGF therapy leads to a decrease in the number and size of ONL cysts by decreas-
ing the permeability of the inner BRB. This was associated with improvement in
BCVA and microperimetric retinal sensitivity. Hyperreflective signals within the
cyst are associated with severe disruption of the BRB [67].

3.2.5 Foveal hyperautofluorescence
Fundus autofluorescence (FAF) is a rapid, noninvasive imaging technique that

may give new insights into the evaluation of DME. Short wavelength FAF derives
its signal mainly from lipofuscin in the RPE. Long wavelength autofluorescence
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Figure 4.
Spectral domain OCT linear scan in the macula of a diabetic patient with PDR. The white arrows indicate
intraretinal cystoid spaces.

or near-infrared (NIR) FAF derives its signal from melanin which is present in
RPE and choroid. Melanin accumulates in the apical parts of the RPE cells and

is thought to protect the RPE. In DR, local ocular inflammation and oxidative
stress lead to increased amount of lipofuscin and decreased amount of lutein and
zeaxanthin in the macula. This is responsible for increased FAF signal in subjects
with DME. In addition, activation of microglia in DM could cause oxidation of
proteins and lipids. Histologic studies have found lipofuscin to accumulate in
microglia [67].

4. Potential inflammation-targeting in diabetic retinopathy

Over the years, significant effort has been made to develop new strategies for
the treatment of DR by targeting inflammation. Clinical and pre-clinical trials have
tested a variety of anti-inflammatory therapeutics.

4.1 Steroids

Intravitreal injection of crystalline cortisone was first reported in 2001 by Jonas
etal. [88]. Their mechanism of action consist in repressing pro-inflammatory
transcription factors. Several routes of administration were tried but the oral
steroids were avoided because of the high risk of DM exacerbation and systemic
complications [89]. Tamura et al. found that intravitreal injection of dexametha-
sone suppresses the leukostasis, the up-regulation of ICAM-1 and also prevents
retinal vascular leakage [90]. Since it seems to target different pathways than those
targeted by anti-VEGF agents, corticosteroids may improve DME [91]. Especially
DME with SRD, no HRF and a continuous ellipsoid zone at the fovea seems to
have a better response to injectable dexamethasone implant, as shown by previous
studies [92], explained by the increased concentrations of inflammatory cytokines
and IL-6 found in the AH and VH of eyes with SRD. In a similar manner, intravit-
real triamcinolone has proved to be effective in the resolution of cyst in the CME
type of DME [93]. The source of intraretinal cyst is the liquefaction and necrosis
of Miiller cells which subsequently induces the production of prostaglandins and
inflammatory cytokines. The better outcome of steroid might be explained by the
reduction of Miiller cells’ swelling [94]. One study found better results for intravit-
real injection of triamcinolone than with anti-VEGF therapy in reducing macular
thickness and improving BCVA in patients with SRD but the authors requested
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cautious interpretation of the results because of the short follow-up (24 weeks) and
the increased risk of associated long-term complications like cataract and elevated
intraocular pressure [95].

4.2 NSAIDs

Their anti-inflammatory activity is characterized by inhibiting the production
of the two isoforms of cyclooxygenase enzyme-mediated eicosanoid (COX): COX-1
and COX-2. While COX-1 is involved in homeostatic processes, COX-2 produces
pro-inflammatory Prostaglandins (PGE), like PGE2 and PGF2x [96]. In the retina
of diabetic animal models, increased expression of COX-2 and PGE2 was found,
and it seems that COX-2 has a pivotal role in DR pathogenesis since the inhibition
of COX-2 but not COX-1 reduced the levels of PGE2 [97]. Retinal inflammatory
reactions such as ICAM-1 expression and leukostasis were blocked after COX-2
inhibition [98]. Aspirin, sodium salicylate and sulfasalazine prevented capillary cell
apoptosis and vessel degeneration while COX-2 inhibitors reduced vessel degen-
eration, vascular leakage and capillary cell apoptosis [99-101]. Moreover, retinal
microaneurysm development was decreased by high doses of aspirin (900 mg/
day), as shown by the Early Treatment DR study and the Dipyridamole Aspirin
Microangiopathy of Diabetes Study [102, 103]. While COX-2 inhibitors have the
potential to increase the incidence of strokes and heart attacks, their use in clinical
trial being discouraged [104], local COX-2 inhibitors have shown reduction of DR
sigs similar to systemic COX-2 [105].

4.3SAR1118

It is a small-molecule antagonist of leukocyte function-associated antigen
(LFA)-1 a cell surface adhesion molecule of the , (CD18) family of integrin
receptors expressed on leukocytes, and intercellular adhesion molecule (ICAM)-1,
expressed by endothelial cells. SAR 1118 inhibits the binding of LFA-1, to ICAM1-1,
being capable of preventing leukocytes adhesion to endothelial cells in vivo [106].
Rao et al. found that SAR 1118 eye drops significantly reduced BRB breakdown and
leukostasis in a dose dependent manner [106].

4.4 Etanercept, infliximab

Both drugs block TNF-a induced inflammation. High dose of etanercept reduced
leukocyte adhesion and suppressed BRB breakdown, reduced ICAM-1 expression
but it did not reduced the expression of CD11a, CD11b and CD18, and neither
changed the retinal vascular endothelial growth factor levels [14]. After Infliximab
administration, BCVA improved and CMT decreased [107]. But caution should be
taken since intravitreal use of TNF-« inhibitors has proved to induce intraocular
inflammation [56].

4.5 Anti-CD49a neutralizing antibody

Integrin alpha 4 (CD49d), in complex with integrin betal, forms very late
antigen-4 (VLA-4), which interacts with vascular cell adhesion molecule-1,
being involved in leukocyte adhesion. Iliaki et al. showed that injection of
an anti-alpha 4 integrin/CD49d neutralizing antibody reduced the diabetes
induced upregulation of NF- kappaB activation, VEGF, and TNF-alpha protein
levels and significantly reduced diabetes-induced leukocyte adhesion and vascu-
lar leakage [108].
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4.6 Vitamins Cand E

Another key mediator in inflammation is oxidative stress. Vitamin C attenuated
the development of acellular capillaries [109] and vitamin E reversed some changes
in the retinal vessels of diabetic patients [110].

4.7 Soluble RAGE, LR-90

The receptor for advanced glycation end products (AGEs) has been implicated in
the pathogenesis of diabetic complications. When soluble RAGE, a competitor of cel-
lular RAGE for its ligands was administered, neuronal dysfunction and reduced devel-
opment of capillary lesions was proved by Barile et al. in mouse diabetic models [111].

4.8 Apocynin, statin

NAPDH oxidase activity blocking by apocynin reduces oxidative stress. Previous
studies showed that by blocking NADPH oxidase, oxidative stress, retinal inflam-
mation, vessel leakage as well as neovascularization are prevented [5].

4.9 Captopril, Telmisartan, Talsartan, Olmesartan, candesartan, Enalapril

The RAS system is involved in different DR pathways, such as oxidative stress
and AGEs. Captopril proved to inhibit capillary degeneration in early stages of DR,
while Losartan (an AT1R blocker) and Enalapril (angiotensin converting enzyme
inhibitor) reduced the progression of DR by 70% and 65% respectively [112]. Retinal
adherent leukocyte was significantly suppressed by telmisartan or valsartan [113].

4.10 Plasma kallikrein inhibitors: KVD001 and THR-149

Plasma kallikrein is involved in both VEGF-mediated and VEGF-independent
mechanisms of DME. In a Phase 1B study, KVD0O01, a novel intravitreous plasma
kallikrein selective competitive inhibitor was administered in DME eyes [114]. The
authors of the previous study reported that KVDO001 was safe and well tolerated
while a significant number of eyes experienced a reduction of CRT (central retinal
thickness) and BCVA improvement. Another recent Phase 2A study evaluated
patients who received either a sham, a high dose or a low dose of 4 intravitreal
injections of KVDO001 at monthly intervals [115]. There were no statistical differ-
ences between the number of gained letters, neither regarding the central subfield
thickness (CST) nor the diabetic retinopathy severity scale (DRSS) but only 32.5%
of patients from the 6 pg dose group experienced a reduction in vision compared to
54.5% of patients from the sham group (p = 0.042) [116]. THR-149 is a reversible
peptide inhibitor of plasma kallikrein, by inhibiting the release of bradykinin in the
vitreous. Since it is VEGF-independent, anti-VEGF nonresponding patients could
benefit from its effect. A Phase 1 study in which 12 patients were followed, proved
THR-149 is safe and well tolerated while BCVA improved since day 1 and main-
tained until month 3 [117].

5. Conclusions
In accordance with the presented studies, multiple local laboratory and imaging

biomarkers are involved in the onset and progression of DR, which could support
and improve the screening, treatment and follow-up of these patients.
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The encouraging positive effects of several tested drugs on BCVA but also on
anatomical outcomes are likely to provide a background for further research.
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Abstract

To determine the role of NADPH-oxidase mediated formation of different lipid,
protein-derived molecules, and depletion of vitamin-C level in vitreous behind
the endothelial dysfunction-induced vascular endothelial growth factor secre-
tion and pathogenesis of diabetic retinopathy (DR) in type 2 diabetes mellitus
(T2DM). Fourteen T2DM patients with mild non-proliferative diabetic retinopathy
(MNPDR), 11 patients without diabetic retinopathy (DNR), 17 T2 DM subjects
with high-risk proliferative diabetic retinopathy (HRPDR), and 5 healthy individu-
als without DM underwent vitreous analysis for estimation NADPH oxidase, lipid
peroxide like malondialdehyde (MDA), 4-Hydroxy-noneal (HNE) and advanced
lipoxidation end product (ALE) like Hexanoyl-lysine (HLY), protein carbonyl
compound (PCC), Vitamin-C and concentration of vascular endothelial growth
factor (VEGF) secretion following standard spectrophotometric methods and
enzyme-linked immunosorbent assay (ELISA). Vitreous concentration of NADPH-
oxidase, different protein and lipid-derived molecule, and VEGF were found to
be significantly elevated among DNR and of DR subjects with different grades
compared to HC subjects whereasthe vitamin-C level was found to be decreased
among different DR subjects and DNR subjects in comparison to healthy individu-
als. Oxidative stress-mediated lipid and protein-derived biomolecules not only add
important mediators in the pathogenesis of DR, but also accelerate the progression
and severity of microangiopathy.

Keywords: Diabetic retinopathy, NADPH-oxidase, Lipid peroxide, advanced
lipoxidation end product, protein carbonyl compound
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1. Introduction

Despite remarkable advances in diagnosis and treatment, diabetic retinopathy
(DR), the most frequently occurring complication causing vision loss in working
population, is becoming the burning social problem. Two landmark studies have
established that hyperglycemia is the principal contributing factor to the develop-
ment of the disease, though a reasonable portion of diabetic subjects develops
this complication in spite of good control of blood sugar [1-3]. In a large densely
populated country like India, where strict control of hyperglycemia is far from
reality due to lack of clinic adherence, bad economy and illiteracy. Here, principal
diet is carbohydrate since childhood. Enormous intracellular glucose in tissues
including retina where glucose transport is insulin independent, overwhelms the
glycolysis and citric acid cycle owing to gradual deficiency of oxidized cofactors
i.e. nicotinamide adenine dinucleotide (NAD), flavin adenine dinucleotide (FAD),
thiamine pyrophosphate (TPP), Coenzyme A and lipoate. The essential vitamins,
the precursors of these factors could not be provided with only carbohydrates [4].
Unutilized glucose is diverted to anomalous biochemical pathways like sorbitol
pathway, and advanced glycation end products formation [5]. Hexose monophos-
phate shunt (HMP-shunt) or pentose phosphate pathway (PPP) take-up glucose-
6-phosphate for its catabolism and produces specialized products like pentose
ribose 5-phosphate to make RNA, DNA, and NADPH for reductive synthesis
e.g. reduced glutathione peroxidase and fatty acids, the building blocks of lipid
structure.

Beside reductive biosynthesis, NADPH carries life-saving roles to counter the
damaging effects of oxygen radicals on erythrocytes, cells of lens, cornea and
retina. Retina is a tissue where renewal of outer segment of photoreceptors is con-
tinuously going on in one side and other side shows light and oxygen induced death
of cells as an inevitable phenomenon caused by oxidative stress.

Poorly controlled glycemia and lack of proper metabolism of glucose mainly
result in formation and accumulation of advanced glycation end products (AGEs)
and reactive oxygen species (ROS) which in turn cause microvascular endothelial
cell dysfunction by oxidative modifications of membrane proteins and lipids [6].
Production of advanced lipoxidation end products (ALEs) during peroxidative
damage of lipids may be the important source of protein modification by covalent
bonding with catalytic site. Circulating AGEs and ALEs exert their detrimental
effects through interactions with their cell surface receptor for AGE (RAGE)
leading to post receptor activation of reduced nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase in endothelial cells, mesangial cells and macrophases
[7]. Activation and subsequent uncoupling of NADPH oxidase is coupled with
increased formation of intracellular reactive oxygen species. Activation of this
system also follows the other pathways which suggest increased production of inter-
mediate of faster glycolysis e.g. glycerol 3-phosphate derived inositol triphosphate
and diacylglycerol. Inositol triphosphate mediates a transient increase in the level
of cytosolic Ca"* which is essential for activation of NADPH oxidase and induction
respiratoy burst e.g. generation of large amounts of superoxide anion, hydroxyl
anion, and hydrogen peroxide [8].

Diacylglycerol (DAG) induces the translocation of protein kinase C (PKC) into
plasma membrane from cytosol, where it catalyzes the phosphorylation of vari-
ous proteins including the components of NADPH oxidase, and thus activates this
system [9].

Beside structural modifications of retinal membrane, AGEs and ALEs invite
up regulation of inflammatory mediators and adhesion molecules in capillary
beds which cause apoptosis of endothelial cell and breakdown of tight junctions
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of blood-retinal barrier [10]. Active vitamin C is ascorbic acid and acts as a donor
of reducing equivalents which is capable of reducing compounds as molecular
oxygen, nitrate and cytochromes a and c. This ascorbic acid acts as a water soluble
antioxidant reduce oxidized tocopherol in lipid membranes [11]. Such vitamin is
also required for hydroxylation of amino acids, proline and lysine in the synthesis
of collagen [12]. So, deficiency of vitamin C leading to defective collagen synthesis
and accumulation of reactive carbonyl compounds due to oxidative stress results in
fragility of retinal capillary membranes and enhancement of break-down of inner
blood-retinal barrier. In this study we attempted to determine the accompanying
role of different lipid derived toxic molecules and deficiency of antioxidant in the
pathogenesis of an inflammatory disease, DR.

2. Methodology

A number of 17 subjects with high-risk proliferative diabetic retinopathy
(HRPDR), 14 subjects with mild non-proliferative DR (MNPDR), 11 age and
gender-matched diabetic subjects without clinically evident retinopathy (DNR),
and 5 healthy controls (HCs), whose clinical condition independently indicated for
vitrectomy were enrolled in the present cross-sectional study. Subjects with hyper-
tension (systolic BP > 140 mm Hg and or diastolic BP > 90 mm Hg), cardiovascular
diseases, neuropathy (assessed by Michigan Neuropathy Screening Instrument),
nephropathy (serum creatinine level > 1.5 mg/dl and or urinary albumin creatinine
ratio 300 pg/mg), deficiency of B vitamins, any other ocular diseases (glaucoma,
optic neuropathy, cataract, branch retinal vein occlusion, and Eales disease) were
excluded from the study. The subjects were chosen consecutively from the ‘Outdoor
Patient Department’ of ‘Regional Institute of Ophthalmology, Calcutta Medical
College, West Bengal, and Kolkata, India. The institutional ethical committee was
approved the study and informed consent was collected from all the study subjects
according to the Helsinki guideline.

Subjects with type 2 DM were diagnosed according to the guideline of the
American Diabetes Association (2010). The fasting plasma glucose (FPG),
postprandial plasma glucose (PPG), and glycated hemoglobin (HbAlc %) levels
were used for the assessment of the glycaemic status of each subject. None
of the study subjects were taking insulin or lipid-lowering drugs during the
study period.

2.1 Comprehensive ophthalmological examinations

The subjects enrolled in the study had undergone different ophthalmologi-
cal examinations which included slit-lamp biomicroscopy (by +90 diopters and
Goldman 3 mirror lens), seven fields of digital fundus photography with fluorescein
angiography, and spectral-domain optical coherence tomography (SD-OCT). Visual
functions were evaluated by measuring VA. The subjects with different grades of
DR were diagnosed according to the modified guideline of ‘Early Treatment of
Diabetic Retinopathy Study’ [13].

2.2 Collection of vitreous sample
Vitreous samples from study subjects were drawn by 3-port parsplana vit-
rectomy during surgery of vitreous hemorrhage, of idiopathic macular hole or

removal of a dropped nucleus which occurred accidentally after blunt trauma.
Vitreous was also collected during management of preoperative complication of
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phacoemulsification. Undiluted vitreous gel (500 pL) was excised from midvitreous
by vitreous cutter and carefully aspirated into the hand-held sterile syringe attached
to the suction port of the vitrectomy probe. Immediately after collection, the vitre-
ous samples were taken in micro centrifuged tube and centrifuged at 3000 rpm for
5 minutes. The clear solution without any precipitate was then collected in another
tube and preserved in - 80° C for farther use.

2.3 Measurement of NADPH oxidase activity

NADPH oxidase activity was measured in vitreous using Nitrobluetetrazolium
(NBT) as the substrate. Briefly, 100 pl plasma/ vitreous was mixed with NBT
(4 mg/ml in water) and incubated for 20 minutes at 37°C. 1 M HCl was used
to terminate the reaction. Then the samples were centrifuged at 3500 rpm for
5 minutes. 400 pl Dimethylsulfoxide (DMSO) was added to form a stable triphenyl-
methyl ester whose absorbance was measured at 550 nm using a microplate reader
(MerilyzerEiaquant, Meril Diagnostics Pvt. Ltd., Vapi, Gujarat). OD 550 is directly
proportional to NADPH oxidase activity [14].

2.4 Measurement of vitamin C level

Vitamin C level was measured by the protocol of Kyaw et al. [15]. Briefly,
the colored reagent was prepared using Sodium Tungstate, DisodiumHydrogen
Phosphate, H,SO,4 and distilled water. Plasma/vitreous sample (1 ml) was thor-
oughlymixed with 2 ml colored reagent. After 30 minutes incubation at room
temperature (RT) the tubes were centrifuged at 3000 pm for 10 minutes. The
absorbance was measured at 700 nm from the supernatant, without disturbing the
precipitate. Standard curve was prepared using oxalic acid and distilled water is
used as substrate blank in the experiment. The vitamin C concentration in samples
was expressed in mg/dl.

2.5 Measurement of protein carbonylation (PCC)

Protein carbonylation was measured from vitreous by spectrophotometric
method by protein derivatization with 2, 4-dinitrophenyl-hydrazine (DNPH).
Briefly, protein lysates from vitreous (50 pl) were incubated in dark for 30 min-
utes with DNPH (10 mM in 2 N HCI, 100 pl). After that TCA (20%, 100 pl)
was used to precipitate proteins and free DNPH was removed by washing with
ethanol-ethyl acetate (1:1). The resultant pellet was dissolved in 350 pl of sodium
dodecyl sulfate (2% SDS) and protein-hydrazone complex’s absorbance was
measured at 370 nm using spectrophotometer. The carbonyl concentration was
calculated using the extinction coefficient of the protein-hydrazone complex
(22,000 Mt cm™?) from the specific absorption (relative to the reagent blank).
The final concentration was expressed as nanomoles of carbonyl groups per mil-
ligram protein [16-18].

2.6 Estimation of malondialdehyde (MDA)

The MDA level in vitreous was measured by thiobarbituric acid (TBA) assay
method. In the assay procedure, the plasma samples were first reacted with trichlo-
roacetic acid (TCA) to remove proteins. Then chromogenic adducts of MDA was
precipitated using TBA. Finally the precipitated MDA was extracted using n-butyl
alcohol, by vigorous shaking. Then the chromogenic adduct was measured spectro-
photometrically at 532 nm; the results were expressed as mM/L [19].
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2.7 Measurement of HNE

Human vitreous HNE was estimated by competitive inhibition enzyme immunoas-
say technique (ELISA) using research kit from CUSABIO (cat no: CSB-E16214h). In
the assay, an antibody specific for human HNE was coated on the well plate. A series of
standards ranging from 39 pg/ml to 2500 pg/ml and samples (vitreous samples were
runin 5 fold diluted form respectively) were added into the wells with Horseradish
Peroxide (HRP) conjugated HNE. The competitive inhibition reaction was launched
between HRP conjugated HNE and HNE in the samples. Then a substrate solution
was added to the wells and the color developed is inversely proportional to the amount
of HNE in the sample. The color development was stopped using stop solution and
the intensity of the color was measured colorimetrically by using 450 nm filter in an
ELISA plate reader MerilyzerEiaquant (Meril Diagnostics Pvt. Ltd., Vapi, Gujarat).

2.8 Measurement of HLY

Human vitreous HLY was estimated also by competitive enzyme immunoas-
say technique using commercial kits (MyBiosource, Catalog no: MBS753480) and
utilizing a polyclonal anti-HLY antibody and an HLY-HRP conjugate. At first the
assay sample and buffer were incubated together with HLY-HRP conjugate in pre-
coated plate for one hour. After the incubation period, the wells were decanted and
washed five times. The wells were then incubated with a substrate for HRP enzyme.
The product of the enzyme-substrate reaction forms a blue colored complex. Then,
a stop solution was added to stop the reaction, which will then turn the solution
yellow. The intensity of color was measured spectrophotometrically at 450 nm in a
microplate reader. The intensity of the color was inversely proportional to the HLY
concentration present in the sample. A standard curve was also plotted relating the
intensity of the color (or O.D.) to the concentration of standards. The HLY concen-
tration in each sample was interpolated from this standard curve.

2.9 Measurement of VEGF

Human vitreous VEGF was estimated by sandwich enzyme-linked immune
sorbent assay (ELISA) method using Ray Biotech kit (cat no: ELH-VEGF-001,
Norcross USA). In the assay, an antibody specific for human VEGF was coated
on the well plate. A series of standards ranging from 8.23 pg/ml to 6000 pg/ml
and samples (vitreous samples were run in a half diluted form respectively) were
added into the wells. VEGF protein present in the sample was bound to the wells by
the immobilized antibody. The wells were washed and a biotinylated anti-human
VEGF antibody was added. After buffer washing, HRP —conjugated streptavidin
was pipette to wash and TMB substrate solution was added into the wells and was
placed in incubation at room temperature for 30 minutes. The intensity of the final
color product was proportional to the concentration of VEGF protein present in
the samples and absorbance of the color product was measured colorimetrically by
using 450 nm filter in an ELISA plate reader MerilyzerEiaquant (Meril Diagnostics
Pvt. Ltd., Vapi, Gujarat). The concentration of VEGF was determined by a stan-
dard curve and the assay detects less than 10 pg/ml of VEGF from the sample.

3. Results

As shown in the Table 1, different study groups enrolled in the present study
showed no statistically significant differences for age, gender distributions, body
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Parameters HC DNR MNPDR HRPDR p value
(N=5) (N=11) (N=14) (N=17)
Age (years) 52.00 + 7.48 5129 + 5.46 52.64 +2.853 50.94 + 745 0.905
Gender M 3(60%) 6(54.54%) 7(50%) 8(47.05%) 0.954
F 2(40%) 5(45.45%) 7(50%) 9(52.94%)
BMI (kg/m?) 2330354  2515:2.183 2661 + 4349 2315+ 6.54 0.439
Durationof e 10.14 + 516 1119 + 435 11.27 + 3.80 0.484
DM (years)
Glycaemic FPG 80.46 + 8.48 153.5+ 9,55 1593+2850""  1549:1611"  0.0001
Status (mg/dl)
PPG 1182+1119  182.0+33.000  1935:6214™  218.4 + 32.16" 0.005
(mg/dl)
HbAIC ~ 481+0290  761:0476 843 + 11177 778 £ 1.102' 0.002
(%)

HC, healthy control; DNR, diabetic subjects without clinically evident retinopathy, MNPDR, early non-proliferative
diabetic vetinopathy; HRPDR, high-risk proliferative diabetic vetinopathy; BMI, body mass index; FPG,
fasting plasma glucose, PPG, postprandial plasma glucose; HbA1C, glycated haemoglobin. The Kruskal Wallis
nonparametric ANOVA followed by Dunn’s multiple comparisons test was administrated to find out significant
differences between the groups. A value of p < 0.05 was considered as statistically significant.

"HC vs DNR, p < 0.05.

""THC vs MNPDR, p < 001.

""HC vs MNPDR, p < 0.01.

“HC vs HRPDR, p < 0001.

“HC vs HRPDR, p < 0.01.

', HC vs HRPDR, p < 0.05.

Table 1.
Demographic and clinical characteristics of study subjects.

mass index (BMI), and duration of diabetes, systolic and diastolic blood pressure.
Glycaemic parameters like FPG level were found to be increased significantly in the
DNR (p < 0.05), MNPDR (p < 0.01), and HRPDR (p < 0.01) subjects compared
to the HCs. Similarly, the PPG level were found to be increased significantly in the
DNR (p < 0.05), MNPDR (p < 0.01), and HRPDR (p < 0.0001) subjects compared
to the HCs. Regarding, HbA1C DNR (p < 0.05), MNPDR (p < 0.001), and HRPDR
(p < 0.05) subjects showed significantly higher values of HbAlc compared to HCs.
However, statistical analysis showed no significant differences in FPG, PPG, and
HbAIC levels between DNR, MNPDR, and HRPDR subjects.

Vitreous NADPH oxidase activity was found to be increased significantly among
DNR (0.217 + 0.031 ODs50/100 pL, vitreous, p < 0.0001), MNPDR (0.286 + 0.033
ODs50/100 pL, vitreous, p < 0.0001), and HRPDR (0.365 + 0.032 ODs50/100 pL, vit-
reous, p < 0.0001) subjects compared to HC (0.121 + 0.018 ODs5,/100 pL, vitreous)
subjects. Again, both the MNPDR (p < 0.01) and HRPDR subjects (p < 0.0001)
showed significantly higher level of NADPH oxidase than DNRs. Further, the
HRPDR subjects showed a higher NADPH oxidase level (p < 0.0001) than the
former (Figure1A).

Regarding vitamin-C concentration in vitreous, the DNR (0.807 + 0.043 mg/dl,
p < 0.01), MNPDR (0.874 + 0.061 mg/dl, p < 0.0001), and HRPDR
(0.970 + 0.110 mg/dl, p < 0.0001) subjects showed lower vitamin-C level com-
pared to HC (0.682 + 0.038 mg/dl) subjects. Again, both the MNPDR (p < 0.05)
and HRPDR subjects (p < 0.0001) showed significantly lower level of vitamin-C
than DNRs. HRPDR subjects showed a lower vitamin-C level (p < 0.01) than the
MNPDR ones (Figure 1B).
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Figure 1.

C'ogmparison of vitreous level NADPH oxidase, vitamin-C and protein carbonyl compound among study groups.
[A] Comparison of vitreous level NADPH oxidase, [B] Comparison of vitreous level vitamin-C, [C] Comparison
of vitreous level protein carbonyl compound. The one way ANOVA followed by Tuky’s comparisons test was
administrated to find out significant differences between the groups. A value of p < 0.05 was considered as
statistically significant.

Vitreous PCC concentration was found to be increased significantly among
DNR (41.57 + 19.96 nmol/mg protein, p < 0.05), MNPDR (65.43 + 17.31 nmol/mg
protein, p < 0.001), and HRPDR (88.65 + 24.93 nmol/mg protein, p < 0.0001)
subjects compared to HC (18.46 + 718 nmol/mg protein) subjects. Again, both the
MNPDR (p < 0.05) and HRPDR subjects (p < 0.0001) showed significantly higher
level of PCC than DNRs. Further, the HRPDR subjects showed a higher PCC level
(p < 0.01) than the former (Figure 1C).

Vitreous MDA level was found to be increased significantly among DNR
(2.814 + 0.482 yM/L, p < 0.01), MNPDR (4.58 + 0.655 pM/L, p < 0.0001),
and HRPDR (8.51 + 1.23 pM/L, p < 0.0001) subjects compared to HC
(1.129 £ 0.579 uM/L) subjects. Again, both the MNPDR (p < 0.0001) and HRPDR
subjects (p < 0.0001) showed significantly higher level of MDA than DNRs.
Further, the HRPDR subjects showed a higher MDA level (p < 0.0001) than
MNPDR subjects (Figure 2A).

Regarding HNE concentration in vitreous, the DNR (3936 + 457.2 pg/ml,

p < 0.0001), MNPDR (8643 + 771.8 pg/ml, p < 0.0001), and HRPDR

(7407 + 622.3 pg/ml, p < 0.0001) subjects showed higher HNE level compared

to HC (2092 + 1201 pg/ml) subjects. Again, both the MNPDR (p < 0.0001) and
HRPDR subjects (p < 0.0001) showed significantly higher level of HNE than
DNRs. HRPDR subjects showed a higher HNE level (p < 0.0001) than the MNPDR
ones (Figure 2B).

Vitreous HLY level was found to be increased significantly among DNR
(70.93 £ 16.29 nmol/L, p < 0.0001), MNPDR (113.0 + 10.56 nmol/L, p < 0.0001),
and HRPDR (132.1 + 16.22 nmol/L, p < 0.0001) subjects compared to HC
(30.68 + 7.29 nmol/L) subjects. Again, both the MNPDR (p < 0.01) and HRPDR
subjects (p < 0.0001) showed significantly higher level of HLY than DNRs.
Further, the HRPDR subjects showed a higher HLY level (p < 0.01) than MNPDR
subjects (Figure 2C).

Vitreous VEGF level was found to be increased significantly among DNR
(90.53 + 5.611 pg/ml, p < 0.05), MNPDR (117.0 + 17.09 pg/ml, p < 0.0001),
and HRPDR (131.3 + 12.21 pg/ml, p < 0.0001) subjects compared to HC
(72.06 £ 5109 pg/ml) subjects. Again, both the MNPDR (p < 0.0001) and HRPDR
subjects (p < 0.0001) showed significantly higher level of VEGF than DNRs.
Further, the HRPDR subjects showed a higher VEGF level (p < 0.05) than MNPDR
subjects (Figure 2D).

In the DNR and DR group, vitreous NADPH activity showed significant posi-
tive correlations with PCC, MDA, HNE, and HLY respectively. However, the study
showed no significant correlation with the same in the HC group (Table 2).
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Figure 2.

Comparison of vitreous level MDA, HNE, HLY and VEGF among study groups. [A] Comparison of vitreous
level MDA, [B] Comparison of vitreous level HNE, [C] Comparison of vitreous level HLY, [D] Comparison
of vitreous level VEGF. The one way ANOVA followed by Tuky’s comparisons test was administrated to find out
significant differences between the groups. A value of p < 0.05 was considered as statistically significant.

Study PCC MDA HNE HLY
groups

HC r=0300,p=0491  r=0.205p=0741 r=0.200, p = 0.825 r=0.100, p = 0.100
DNR r=0833,p=0005 r=0673p=0.033 r=0632,p=0.040 r=0.733,p=0.040
DR r=0667p<0.0001 r=0768,p<0.0001 r=0891,p<0.0001  r=0726p<0.0001

A Pearson or spearman correlation coefficient (v) was used and p < 0.05 was considered statistically significant.

Table 2.

Correlation of vitreous NADPH oxidase activity with PCC, MDA, HNE and HLY in HC, DNR and DR

(MNPDR+HRPDR) group.

The VEGF level of vitreous showed a significant negative correlation with

vitamin-C and positive correlations with PCC, MDA, HNE, and HLY levels respec-
tively in both DNR and DR groups. However, the study showed no significant
correlation with the same in the HC group (Table 3).

Parameters HC group DNR group DR group
Vitamin-C r=0.16,p=0.722 r=-0.755,p=.007 r=-451,p=0.035
PCC r=0.235p=0.684 r=0.774,p=0.009 r=.748,p < 0.0001
MDA r=0.285p=0.691 r=0.810, p = 0.003 r=.660,p=0.003
HNE r=0.085p=0.875 r=0.871,p<0.0001 r=.807,p<0.0001
HLY r=0.145,p = 0.802 r=0.783,p=0.007 r=.655,p=0.002

A Pearson or Spearman correlation coefficient (r) was used and p < 0.05 was considered statistically significant.

Table 3.

Correlation of vitamin-C, PCC, MDA, HNE and ALE with VEGF in different study groups.
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4. Discussion

Our study showed that a gradual increment of NADPH Oxidase activity with
the pathogenesis and severity of DR (HC < DNR < MNPDR< HRPDR). However
there is no direct evidence regarding gradual increment and association of NADPH
Oxiadse activity with different graded of DR. An in-Vitro study, Meng et al. [20]
demonstrated that NADPH Oxidase augment insulin-induced VEGF expression and
angiogenesis. In another study by Ushio-Fukai, [21] also showed that VEGF expres-
sion is augmented through ROS, produced by NADPH Oxidase.

Vitreous level of vitamin C was also found to be declined with pathogenesis and
severity of DR (HC > DNR > MNPDR > HRPDR). However there is lack of
evidence between vitreous level of Vitamin C and different stages of DR. Vitamin C
suppress the VEGF gene expression through HIF-1 o pathway [22].

Vitreous PCC level was found to be increase gradually with progression of
DR (HC < DNR < MNPDR< HRPDR). Nevertheless there is no such evidence of
vitreous level of PCC and different stages of DR. Loukovaara et al. [23] shown that
amount of protein carbonylation and HIF-1a elevated in vitreous of PDR subjects.

The present study showed a gradual increment of LPO products like MDA and
HNE and ALE like HLY both in plasma and vitreous sample towards the develop-
ment and progression of DR. The studies by Chatziralli et al. [24], Mondal et al.,
[4] also showed plasma MDA level increases towards the DR pathogenesis and
progression. Another study by Mancino et al. [25] showed that vitreous MDA level
increases among NPDR and PDR subjects compared to nondiabetic HC subjects.
Researchers have demonstrated that the MDA compound is associated with protein
modification in a pH-dependent fashion. At the physiological pH, it rapidly forms
enolates, which are of lower reactivity and do not react as avidly with nucleo-
philic species as other aldehydes [26]. However, at a lower pH, MDA exists as
b-hydroxyacrolein form, exhibiting a higher reactivity, readily reacting with Lys
residues of proteins to form the enaminal type MDA adduct, N e -(2-propenal)
lysine, and the fluorescent product, dihydropyridine (DHP) lysine and thereby
alters proteins structure and functions [27]. On the other hand, the role of HNE
in diabetes and its complications is not well understood [28]. Clinical studies have
reported elevated levels of HNE in the blood of diabetic patients with retinopathy
compared to those without retinopathy and healthy controls [29]. There is also
evidence showing that HNE and HNE-derived ALEs increase in the retinas of rats
rendered diabetic for 4-6 weeks [30]. Another study confirmed these findings
and showed that HNE may contribute to the pathogenesis of DR by activating the
WNT signaling pathway through stabilization of the WNT co-receptor LRP6 [31].
Other animal studies have linked HNE to retinal hemodynamics changes during
DR. Retinal perfusion deficits during early diabetes are thought to be mediated, at
least in part, through the reduced activity of large-conductance Ca2 + —activated
K+ (BK) channels on the retinal vascular smooth muscle cells, causing vasocon-
striction [32, 33]. HNE impairs BK channel function in rat retinal arterioles, as
demonstrated by reduced vasodilatory responses to the BK channel opener, BMS-
191011 [34]. HNE exposure is reported to result in endoplasmic reticulum stress,
mitochondrial dysfunction, and apoptosis in cultures of human retinal capillary
pericytes and Miiller glia [35].

The ALE component like HLY also found to be increased with the pathogenesis
and severity of DR in the present study. A previous study by [36] reported a signifi-
cant elevation of ALE levels among DNR and MNPDR subjects compared to HCs.
Moreover, significant elevation of HLY in the vitreous and serum of patients with
PDR was also observed by Izuta et al. [37], which is following our findings.
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The study showed a significant negative correlation of VEGF with Vitamin-C
level and positive correlations with PCC, MDA, HNE, and HLY. Decrease vitamin
C level with increased NADPH oxidase activity may turn oxidative stress, which
further damages protein and lipids subsequently causes endothelial dysfunction
induced VEGF secretion.

5. Conclusion

Oxidative stress-mediated lipid and protein-derived biomolecules not only add
important mediators in the pathogenesis of DR, but also accelerate the progression
and severity of microangiopathy.
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Chapter 6

Optical Coherence Tomography in
Diabetic Retinopathy

Surabhi Ruia and Koushik Tripathy

Abstract

Optical coherence tomography (OCT) has become an indispensable modality of
investigation in the assessment of diabetic retinopathy. It is a non-invasive and reli-
able imaging tool that provides a comprehensive analysis of the retina. The images
are obtained very fast. It is useful for quantitative as well as qualitative assessment
of structural changes that occur in diabetic retinopathy. It also enables the detection
of subclinical diabetic macular edema. Various imaging biomarkers have been iden-
tified on OCT imaging. These markers help prognosticate the case and determine
treatment response. The follow-up imaging helps assess the response to treatment
and detect recurrence of disease or need for further treatment.

Keywords: spectral-domain optical coherence tomography, swept-source optical
coherence tomography, diabetic macular edema, optical coherence tomography
angiography, imaging biomarkers

1. Introduction

Diabetes Mellitus (DM) is a disease characterized by elevated blood glucose levels
due to its impaired metabolism. It is principally classified into Type 1 DM and Type 2
DM, the former being defined by the absence of insulin secretion whereas resistance to
insulin defines the latter. According to the figures analyzed at the global level, diabetes
is expected to affect 629 million people by 2045 in the age category of 20 to 79 years
[1]. Long-term uncontrolled DM leads to both macrovascular and microvascular com-
plications. Diabetic Retinopathy (DR), a microvascular complication, affects one-third
of the population suffering from diabetes [2, 3]. The pathology of DR involves capil-
lary endothelial cell proliferation, thickening of the basement membrane, and loss of
pericytes, leading to the formation of microaneurysms, increase in vessel permeability,
and the destruction of the blood-retinal barrier. This leads to the accumulation of fluid
within and beneath the layers of the retina, causing diabetic macular edema (DME).
Diabetic retinopathy is the leading cause of blindness in individuals of the working-
age group [4]. In more advanced cases, capillary blockage and ischemia result in the
formation of new blood vessels, resulting in proliferative diabetic retinopathy (PDR).

The definition of clinically significant macular edema in diabetes was given
by the Early Treatment Diabetic Retinopathy Study (ETDRS) where slit-lamp
biomicroscopy or stereoscopic fundus photography was used to identify retinal
thickening and hard exudates [5]. However, the use of slit-lamp biomicroscopy or
color fundus photography for examining macular edema is subjective and may fail
to detect mild changes in retinal thickness. Biomicroscopy does not provide infor-
mation regarding the exact retinal layer involved. Fundus fluorescein angiography
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(FA) is an investigation modality that is used to classify DME into focal and diffuse
based on the leakage pattern. This classification helps in guiding focal laser treat-
ment to leaking microaneurysms or grid laser to the leaking capillaries. Ischemic
areas and macular ischemia are also well identified on FA. Though FA offers useful
information, it is also a subjective test and retinal thickness or morphology can-
not be assessed on FA. The advent of optical coherence tomography (OCT), has
improved the understanding of DME.

OCT has rapidly grown to become a routine tool of investigation in ophthalmol-
ogy. Its various advantages lie in the fact that it provides an objective, non-invasive,
high resolution, reproducible, and cross-sectional image of the retina [6]. It does
not require a highly skilled person for its operation, or pharmacological dilation of
the pupil. It is sensitive to identify even mild changes in retinal morphology that are
often not visible to the naked eye on clinical examination.

2. Principle and technique
In simple terms, OCT is similar to ultrasound in that a beam of sound or light

directed onto a tissue is differentially reflected from structures with different acous-
tic or optical properties. The time it takes for the sound or light to reflect from the
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different structures determines the dimensions of the structures. This provides an
image similar to the A-scan or depth scan of ultrasound. Imaging of laterally adjacent
depth scans provides a two-dimensional or B-scan image. The time delay involved
when using light is in femtoseconds requiring interferometry to do the calculations [7].

The first generation OCT machine or Time-Domain OCT (TD-OCT) uses low
time-coherence interferometry to obtain depth scans (Figure 1a). A beam splitter
splits the light coming from a broadband light source, one directed to the eye and
the other to the reference mirror. The position of the reference mirror is changed to
mirror the depth of the various layers of tissue being scanned. Light reflected from
the two sources is collected and the interferogram is analyzed to give a complete
depth scan. TD-OCT involves two scans, one for depth scan and one for lateral scan,
thus, resulting in a lesser number of scans acquired per second.

With the use of spectrometer and Fourier-domain technique in the next genera-
tion OCT, called Spectral-domain OCT (SD-OCT), the disadvantage of performing
a depth scan was avoided. SD-OCT uses an array of photo-detectors to capture the
depth scan without having to move the reference mirror (Figure 1b). Therefore,
only a lateral scan has to be performed [7]. This increased the scan speed enor-
mously. Further refinement of technology led to the change of the broadband near-
infrared superluminescent diode light source of wavelength 840 nm in SD-OCT to a
tunable swept laser source with a center wavelength of 1050 nm [8]. In conjunction,
the array of photodetectors in SD-OCT was replaced with a single photodetector
[8]. This led to the evolution of Swept-source OCT (SS-OCT) (Figure 1c). SS-OCT
provides increased scan speed and denser scans with greater resolution as more
A-scan and B scans are acquired per second. The scan area is also increased along
with scan depth due to the use of a longer wavelength light source which allows
better penetration through retinal pigment epithelium (RPE).

3. Normal retinal morphology on optical coherence tomography

The rapid technological evolution of SD-OCT led to the visualization of different
hyperreflective and hyporeflective layers of retina commencing from the innermost
vitreoretinal interface to the outermost choroid-scleral interface (Figure 2) [9]. The
innermost layer visualized is the posterior cortical vitreous which is hyperreflective
followed by a hyporeflective preretinal space [10]. The innermost layer of the retina
is the hyperreflective internal limiting membrane which overlies the retinal nerve
fiber layer (RNFL). The next layer is the ganglion cell layer which is less reflective
than the RNFL [11]. Outer to the ganglion cell layer is the hyperreflective inner plexi-
form layer followed by hyporeflective inner nuclear layer. The outer plexiform layer
is hyperreflective. OCT has greatly improved the understanding of human anatomy
with the identification of Henle’s layer as a component of outer half of the outer
plexiform layer [12]. Outer to the outer plexiform layer lies the hyporeflective outer
nuclear layer. This is followed by the external limiting membrane (ELM), another
hyperreflective layer. Latest OCT machines have also made possible, the identifica-
tion of outer retinal layers that are anatomic correlates of the myoid and ellipsoid
(EZ) zones of the inner segment of the photoreceptors [13]. The myoid zone is hypo-
reflective and lies next to the ELM followed by EZ layer which is hyperreflective.
This is followed by the hyporeflective layer of outer segments of photoreceptor and
then a hyperreflective interdigitation zone is noted between cone outer segments and
apical processes of RPE [13]. The next layer or the outermost layer of the retina is the
hyperreflective RPE-Bruch’s membrane complex which can be sometimes visualized
as separate layers. OCT also helps visualize the components of the choroid [14]. The
innermost layer in the choroid is formed by the choriocapillaris. The Sattler’s layer
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Figure 2.
Normal anatomical landmarks as seen on swept source OCT image.

forms the mid choroid and the Haller’s layer forms the outer choroid. The outer
boundary of the choroid is the choroidal-scleral junction [14].

Clinically visualized changes of diabetic retinopathy are well delineated on OCT.
Hard exudates, cotton wool spots, and epiretinal membrane show hyperreflectivity,
edema exhibits hyporeflectivity, and hemorrhages demonstrate backshadowing.
Other than these, various discerning features and biomarkers have been identified
on OCT which has been discussed later in this chapter.

4. Optical coherence tomography based classification of macular
edema

OCT is a sensitive tool to diagnose, quantify, and classify diabetic macular edema.
The first OCT-based classification for DME was given by Otani et al [15]. They were
the first to identify 3 patterns of fluid accumulation, including sponge-like retinal
swelling, cystoid macular edema, and serous retinal detachment (Figure 3). They
further described that early changes of macular edema were confined to the outer
retinal layer mainly the outer plexiform layer when compared to histopathology [15].
With the further accumulation of fluid, the inner retinal layers were involved. The
presence of serous retinal detachment in patients with DME is a finding which may
not be easily distinguished on biomicroscopy or FA.

In 2004, Panozzo proposed a classification system based on five parameters:
retinal thickness, volume, morphology, diffusion, and presence or absence of
vitreoretinal traction [16]. They quantified the retinal thickness and volume in
three different zones around the fovea. The types of macular edema observed were
in agreement with that described by Otani et al., [15] with the only difference being
that the size of the cyst was measured to subclassify the grade of the cystoid variety
of macular edema. The presence of epiretinal traction and its pattern (tangential or
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Figure 3.
Cystoid macular edema with presence of serous retinal detachment (spectval-domain OCT).

anteroposterior) were also described. This distinguished cases with an additional
component of retinal distortion (Figure 4). In 2006, Kim et al. demonstrated
similar findings of macular edema and posterior hyaloid traction. In addition, they
described tractional retinal detachment as a peak-shaped detachment of the retina
[17]. These 3 previous classifications used TD-OCT (Table 1).

With the advent of SD-OCT, Murakami et al. for the first time showed that in
addition to the morphology of edema, the photoreceptor status played a significant
role in the prognosis of visual acuity [18]. They classified edema into serous retinal
detachment, cystoid macular edema, and Diffuse type (absence of either cystoid
macular edema or serous retinal detachment) with the latter term being used for
cases that had retinal thickening but an absence of cysts or serous fluid [18]. Later
in 2012, Koleva-Georgieva proposed a classification in which the term early subclin-
ical macular edema was introduced, to describe cases with macular edema which
were previously being missed on clinical examination [19]. In addition, they also
included the integrity of both the outer retinal layers, the IS/OS (inner segment-
outer segment junction, now identified as the EZ layer), and the ELM. Retinal
morphology, topography, and presence of traction at macula were also a part of the
classification and were similar to the other classifications [19]. In 2013, Helmy et al.
further subclassified cystoid macular edema based on the proportion of the largest
cyst to the maximum retinal thickness(CME Grade I-IV). The integrity of IS/OS

Figure 4.
Vitreomacular traction in a case of diabetic macular edema (captured with SD-OCT).
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Classifications based on Time Domain OCT

Otanietal. [15]

1. Sponge-like retinal swelling
2.Cystoid macular edema
3.Serous retinal detachment

Panozzo etal. [16]

1. Retinal thickness

2.Retinal volume

3. Retinal morphology
4.Diffusion

5. Presence of vitreous traction

Kim et al. [17]

1. Diffuse retinal thickening
2.Cystoid macular edema

3. Posterior hyaloidal traction
4.Serous retinal detachment
5. Traction retinal detachment

Classifications based on Spectral Domain OCT

Murakami et al. [18]

1. Serous retinal detachment type

2.Cystoid macular edema type

3. Diffuse type (absence of either cystoid macular edema or serous retinal detachment)

Koleva-Georgieva [19]

1. Retinal thickness

2.Retinal morphology

3.Retinal topography

4.Presence and severity of macular traction

5. Retinal outer layers’ integrity (IS/OS and ELM)

Helmy et al. [20]

1. Cystoid macular edema based on the vertical size of the largest macular cyst in proportion to the total
macular thickness (CME Grade I-1V)

2.Integrity of External limiting membrane layer and Ellipsoid zone layer (Sub-classification as A-D)

[Presence of hyperreflective foci (associated finding)]

[Associated neurosensory detachment or vitreomacular traction (associated finding)]

Aiello etal. [21]
1. Center-involved diabetic macular edema
2.Non-center-involved diabetic macular edema

Table 1.
Time domain-OCT and Spectral domain-OCT based classification of Diabetic macular edema.

junction and ELM, presence or absence of neurosensory detachment, or vitreoreti-
nal traction were also included. They extended their classification to include the
presence of hyperreflective foci in the outer retina from the ELM to the RPE [20].

5. Role of OCT in treatment of diabetic macular edema

The introduction of intravitreal anti-vascular endothelial growth factor (anti-
VEGF) agents significantly changed the treatment of DME a few years ago [22, 23].
Though laser treatment prescribed by the ETDRS study reduced the risk of vision
loss significantly, only 20% of laser-treated eyes experienced a gain in visual acuity
of atleast 3 lines (15 letters) at 2 years [24]. A study by DRCR.net compared the
efficacy of anti-VEGF treatment with laser treatment in eyes with DME [25, 26].
Results showed that anti-VEGF therapy was more effective in preventing the loss of
visual acuity. In addition, a significant percentage of eyes showed an improvement
in mean visual acuity [25, 26].
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Monthly injections and follow-up with OCT imaging of the macula have been
recommended in various guidelines [27-30]. Monthly treatment till there is no edema
on follow-up OCT scan and reinitiating treatment when edema recurs or vision
deteriorates is the preferred clinical practice for the management of DME [30, 31].

However, according to the FDA label of Eylea® (aflibercept), ‘the recom-
mended dose for eylea (for DME) is 2 mg (0.05 mL) administered by intravitreal
injection every 4 weeks (approximately every 28 days, monthly) for the first
5 injections followed by 2 mg (0.05 mL) via intravitreal injection once every
8 weeks (2 months)’ [32].

Cases that do not show a response after 3 monthly injections are termed non-
responders [31]. Some authorities, however, term a patient nonresponder after the
failure of 6 injections [29].

However, other definition of non-responder includes no or minimal reduction in
retinal thickness on OCT or no improvement in visual acuity. The study by DRCR.
net defined less than 10% decrease in central subfield thickness on OCT and < 5
letter increase in visual acuity as no response to anti-VEGF treatment [21]. Options
to treat such cases include other anti-VEGF agents, intravitreal triamcinolone,
implantable steroid injection, macular laser, and targeted retinal photocoagulation
(TRP) of peripheral capillary nonperfusion areas [30, 31, 33].

Center-involved diabetic macular edema is defined as retinal thickening involv-
ing the central subfield zone of the macula that is 1 mm in diameter [34]. The
management of center-involved macular edema causing visual decline (visual acu-
ity worse than 20/30) is relatively straightforward and such cases need treatment
[28, 35]. The preferred therapy includes intravitreal anti-VEGF agents, steroids,
steroid implants, or a combination of these. Cases with center-involved macular
edema and good visual function pose a challenge to the treating Ophthalmologist.
The dilemma in such cases is whether to start intravitreal therapy or to observe
[30, 34]. Such cases have been reported to improve with good control of blood
sugar levels alone [31]. The role of anti-VEGF agents in such cases is being explored
[36]. These cases have to be monitored at regular intervals to detect deterioration in
vision which is an indication to begin anti-VEGF therapy [31, 34].

Non-center involved diabetic macular edema is defined as a retinal thickening in
the macula that does not involve the central subfield zone of diameter 1 mm [34]. Laser
photocoagulation is still the standard of care for the treatment of cases with non-center
involving macular edema [37]. For cases with macular edema with vitreomacular trac-
tion, induction of posterior vitreous detachment during pars plana vitrectomy with or
without ILM peeling is the recommended choice for treatment [38-40].

6. Biomarkers of DR on OCT

Biomarkers are markers used externally to assess a medical state reliably and
accurately [41]. Biomarkers may be physical, chemical, or biological. They are used
to assess a physiological state, pathological process, or response to any pharmacologi-
cal intervention [41]. Imaging biomarkers have the advantage of being non-invasive,
reliable, and accurate. Several OCT-based biomarkers have been reported in DME
which help in the management of the disease as well as in prognostication [42].

6.1 Disorganization of the retinal inner layers (DRIL)

Earlier studies showed a variable correlation between central retinal thickness
measured on OCT and visual acuity achieved post-treatment of DME [43, 44].
A study by DRCR.net revealed that this correlation is modest. They also docu-
mented cases with a paradoxical decrease in visual acuity with a decrease in retinal
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thickening [45]. Further studies documented the role of OCT-based markers other
than the central retinal thickness that affect visual acuity.

These include bridging retinal processes, the integrity of ELM and EZ, the
reflectivity of cone outer segment tips, presence of hyperreflective foci, and
subretinal fluid [46-49].

Long-standing cystoid macular edema with disturbance in ELM and EZ may
suggest a poor visual outcome after treatment (Figure 5).

Sun and colleagues evaluated a novel marker in OCT, called disorganization of
the retinal inner layers (DRIL), within the central 1 mm area of the fovea [50]. They
studied the inner retinal layers in cases with existing DME or resolved DME. DRIL
is ‘defined as the horizontal extent in microns for which any boundaries between the
ganglion cell-inner plexiform layer complex, inner nuclear layer, and outer plexi-
form layer could not be identified’ [50]. DRIL was found to have a substantial asso-
ciation with visual acuity. The presence of DRIL explained the paradoxical decrease
in visual acuity in cases with resolved DME [50]. Later, Joltikov et al. reported
the presence of DRIL in diabetics even before the presence of DR, DME, or PDR
[51]. Further, Pelosini et al. proposed a theory to explain the negative correlation
between retinal volume and visual acuity [52]. They suggested that the accumula-
tion of fluid within the inner retinal layers causes the bipolar cells to stretch. Bipolar
cells connect the photoreceptors to the ganglion cells. Fluid exceeding the limit of
elasticity of these bipolar cell axons, may break the continuity of these axons and
affect the transmission of signals between ganglion cells and photoreceptors. The
irreversible destruction of bipolar cells provides a plausible explanation for cases
with no improvement in visual acuity even after the resolution of DME [52]. In
another study, the presence of retinal tissue between the cystic cavities in cases with
DME was found to predict improvement in visual acuity after anti-VEGF therapy.
These retinal tissues comprise of Miiller and bipolar cells that transmit impulses
between inner and outer retinal layers. The absence of these retinal bridging tissues
at baseline explains the foveal thinning after the resolution of edema [53].

6.2 Hyperreflective retinal foci
SD-OCT imaging of diabetic retinopathy identified an additional intraretinal

pathology which was visualized as hyperreflective dot or foci (HF) in few cases of
DME [47]. Bolz et al. reported that the location of these HF on OCT was variable

Figures.
Long standing cystoid macular edema.
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[47]. In some cases, they were noted to be dispersed all through the retinal layers.
In other cases, they were observed in the walls of microaneurysms or as conflu-
ent plaques at the level of the outer plexiform layer [47]. Bolz et al. hypothesized
that the HF represented lipid deposits or precursors of hard exudates [47]. The
similarity in the reflective property of HF and hard exudates supported their
theory. In contrast, Lee and colleagues proposed that HF corresponded to acti-
vated microglial cells [54]. They observed a positive correlation between levels of
the cytokine CD14 in the aqueous humor and the number of HF on SD-OCT in
patients with DME. Cytokine CD14 is derived from activated microglial cells [55].
Microglial cells are the immune cells in the retina that undergo an inflammatory
change in DR [56]. However, further studies are required to establish the origin of
HF. Midena et al., described HF as dots with a size less than 30 microns, absence
of back shadowing, and reflectivity similar to that of the retinal nerve fiber layer
[57]. Their description allowed the distinction of HF from other hyperreflective
spots on OCT such as intraretinal hemorrhage and microaneurysm. Intraretinal
hemorrhage on OCT has a backshadowing effect such that retinal layers beneath
the hemorrhage are not visualized. The microaneurysms on OCT have an external
diameter of more than 70 microns in size [58]. Several studies reported a nega-
tive correlation between the presence of HF and visual acuity [59-62]. Uji et al.
suggested a pathologic association between the presence of HF in the outer retinal
layers and disruption of ELM and EZ resulting in photoreceptor dysfunction

in cases with DME [59]. The presence of HF has been documented to indicate
inflammatory activity or active disease status with studies reporting a significant
reduction in HF after treatment with anti-VEGF and steroid implants [60, 61].
HF has also been identified as a predictor of early recurrence of DME after steroid
(dexamethasone) implant [62]. HF has also been reported in DME cases that are
refractory to anti-VEGF agents [63].

A characteristic arrangement of hyperreflective dots termed as pearl necklace
sign in cases of DME was recently reported (Figure 6) [64]. It was originally
described as HF surrounding the wall of a cyst located in the outer plexiform layer
[64]. However, a similar appearance has recently also been described in cystoid
spaces in the outer plexiform-outer nuclear layer and the inner wall of the neuro-
sensory detachment [65]. Treatment with anti-VEGF agents in these cases led to the
accumulation of hard exudates in the location of HF. A correlation of pearl necklace
sign and visual acuity was only described in cases where the cyst or neurosensory
detachment involved the fovea [65].

Figure 6.
Pearl necklace sign in a case of diabetic macular edema.
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6.3 Hyperreflective material within intraretinal cystoid spaceSolid

Solid appearing cysts with hyper-reflective material within the cyst have been
documented in DME (Figure 7) [66]. The content of these cysts has been hypothe-
sized to be fibrin or of inflammatory origin [66]. However, no alteration to response
to anti-VEGF treatment was reported [66].

Another novel OCT finding that has been recently reported in a patient with
DME is a subretinal pseudocyst [67]. Contrary to what has been earlier documented,
a cyst-like appearance was observed in the subretinal space and not within the reti-
nal layers. The migration of Miiller cells into the subretinal space has been proposed
to be the reason for the development of the pseudocyst in that location [67].

6.4 Thickness of photoreceptor outer segment (PROS)

Advancement in technology has allowed the measurement of the thickness of the
photoreceptor layer with SD-OCT in patients with diabetes. Patients with DR, DME,
or diabetes but no retinopathy, have reported a thin photoreceptor layer in compari-
son to healthy individuals [46, 68]. Variation in visual acuity has been correlated to
the thickness of the outer segment of the photoreceptor (PROS) in eyes with DME.
This thickness of PROS is measured from the inner boundary of IS/OS junction to
the inner boundary of the RPE layer [69]. The correlation of thickness of PROS with
visual acuity is significant particularly when measuring it at the fovea [49].

6.5 Hyperreflective foci within the choroid

Hyperreflective foci within the choroid (HCF) have been recently reported in
diabetic eyes [70]. Roy et al. hypothesized that these are intraretinal HF that migrate
to the choroid with disruption of ELM and EZ. They documented a negative correla-
tion between visual acuity and the presence of HF in the choroid. The presence of
HCF was also observed to have an association with the severity of DR [70].

6.6 Thickness of the choroid
Studies using enhanced depth OCT imaging have evaluated choroidal thickness

in eyes with DME and PDR. These studies have reported contradictory results. Kim
and associates documented an increase in choroidal thickness with the increase in

Figure7.
Hyper reflective material within the cyst in a case of diabetic macular edema.
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severity of DR and cases with DME [71]. They also reported a decrease in choroidal
thickness in eyes treated with panretinal photocoagulation (PRP) [71]. In contrast,
Querques et al. documented thin choroid in diabetic eyes when compared to control
[72]. Rayess et al. documented that eyes with thicker choroid at baseline responded
better to anti-VEGF treatment [73].

A recent study using swept-source OCT showed that choroidal thickness
increased in the early stages of DR and then decreased as the severity of DR pro-
gressed [74]. The study proposed several mechanisms to explain choroidal thickening
in early DR. Diabetic choroidopathy resulting in dysfunction of RPE and increased
vascular permeability was implied as one of the mechanisms. Inflammation and oxi-
dative stress-induced increase in cytokines was also suspected to be associated with
choroidal thickening. In contrast, a decrease in blood flow and hypoxia was prob-
ably associated with thinning of the choroid with the progression of DR. However,
whether choroidal thinning is primary or secondary to retinal ischemia remains to be
established [74].

6.7 Choroidal vascularity index (CVI)

Choroidal vascularity index (CVI), another OCT-based marker enables the
assessment of vascularity of the choroid [75]. Unlike choroidal thickness, this
marker does not vary with physiological factors [75]. The choroid has two main
components, the stroma, and the vascular layer. CVI is the proportion of the
vascular component to the total choroidal area. A positive correlation has been
documented between CVI and the status of choroidal blood supply [75]. Studies
evaluating the CVI in diabetes have suggested that reduction in choroidal blood
flow occurs as an early manifestation in diabetes even before retinopathy devel-
oped [76]. The thickening of choroid noted in the early stages of DR is probably
explained by an increase in the stromal component of the choroid. As retinopathy
progresses, the choroidal blood vessel further reduces in density [76]. However,
further studies are required to confirm these theories.

7.Role of OCT in PDR
7.1 Neovascularization on OCT

High-resolution OCT imaging allows the evaluation of details of neovasculariza-
tion in patients with PDR [77, 78].

Neovascularization of the retina was observed to breach the internal limiting
membrane and protrude into the vitreous cavity [77]. The posterior hyaloid was
attached or partially detached around the neovascularization [77]. Neovascular
loops were seen as hyperreflective loops protruding into the vitreous with back-
shadowing obscuring the retina at the points of attachment [77].

Thick neovascularization of the disc (NVD) was noted to grow along the
posterior hyaloid which serves as a scaffold [77]. NVD appeared as hyperreflec-
tive tissue over the disc protruding into the vitreous cavity in cases with detached
posterior hyaloid, which is uncommon in eyes with NVD [77]. Vaz-Pereira et al. in
their study identified SD-OCT-based features that can distinguish active neovascu-
larization from quiescent neovascularization [79]. They observed the presence of
hyperreflective dots in the vitreous cavity in cases with active neovascularization.
These hyperreflective dots were theorized to represent increased vascular perme-
ability. Features such as the presence of epiretinal membrane, inner retinal tissue
contracture, vitreous invasion, and protrusion towards the vitreous were found
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in cases of quiescent or inactive neovascularization [79]. Another finding in PDR
that is observed on OCT is vitreoschisis [80]. This is defined as the splitting of

the posterior vitreous which leaves a layer of vitreous attached to the retina when
vitreous detachment occurs. These can cause traction on the neovascular vessels and
complicate surgery in PDR [80].

In contrast, intraretinal microvascular abnormalities (IRMA) are intraretinal,
hyperreflective areas that were observed to distort the inner retinal layers. They do
not breach the overlying ILM or vitreous. There is no thickening of the posterior
hyaloid [77].

7.2 Wide-field OCT imaging in PDR

Mishra et al. have recently described a novel technique to facilitate wide-field
imaging of the retina beyond the posterior pole. These images provide a better
assessment of the vitreoretinal interface and therefore help in surgical planning in
eyes with PDR [81].

8. Optical coherence tomography angiography (OCTA)

OCT angiography (OCTA) provides non-invasive imaging of the retinal
vasculature parallel to images provided by FA [82]. The advantage over FA is
that it circumvents the need for dye injection and therefore forestalls the risk of
incidents like anaphylaxis. With the help of OCTA, people with contraindica-
tions to FA, can also undergo imaging of the retinal vasculature. OCTA uses
the split-spectrum amplitude decorrelation algorithm [82]. In simple terms,
it analyzes the light signals reflected from various tissues on repeated B scan
imaging of a particular location. The mobile blood cells of the retinal or cho-
roidal vasculature are the only structures responsible for providing a signal of
different intensity or phases on repeated B scans [82]. The other tissues being
stationary will not show any difference. It provides high-resolution images of
both superficial and deep capillary plexus [83]. It provides better visualization
of retinal capillary non-perfusion areas including capillary drop-out areas and
foveal avascular zone [84]. Swept source-OCTA systems provide better imaging
of the choroidal vasculature compared to SD-OCTA [85]. OCTA enables delinea-
tion of the morphology of microaneurysm into saccular or fusiform swelling
[86]. Unlike FA, OCTA does not evaluate hyperpermeable pathological vessels.
It does not show leakage (as seen on fundus fluorescein angiography) to indicate
retinal edema or neovascularization [87]. OCTA also helps to estimate the activ-
ity status of the neovascularization [86]. Various quantitative measures have also
been described using OCTA [88, 89]. Further details of OCTA are beyond the
scope of this chapter.

9. Newer modalities in OCT

Adaptive optics OCT improves the transverse resolution of OCT images.
Adaptive optics OCT provides microscopic images of the vasculature. It has been
used to quantitatively analyze the lumen of retinal capillaries and microaneurysms
in diabetic retinopathy [90, 91]. Based on the Doppler principle, Doppler OCT is
a functional imaging technique that allows for visualization and measurement of
blood flow [92]. Studies have observed reduced retinal blood flow in patients with
DR compared to healthy individuals [93].

122



Optical Coherence Tomography in Diabetic Retinopathy
DOI: http://dx.doi.org/10.5772/intechopen.100587

10. Conclusion

OCT has become a very valuable tool in the imaging of diabetic retinopathy. It
is useful in the diagnosis of DME as well as decision-making regarding the treat-
ment of DME. It is also helpful in following up the cases with DME after treatment
with anti-VEGF therapy. It helps in diagnosing non-responders to treatment. It
also provides information regarding the vitreoretinal interface and therefore helps
decide the need for surgical intervention. It provides reliable qualitative informa-
tion regarding retinal thickness. Various OCT-based classifications of DME have
helped in better understanding of the disease pathogenesis. The evaluation of
retinal layers on OCT explains the correlation between the retinal thickness at
baseline and the final visual acuity achieved after treatment. The arrival of OCTA
has further enhanced the imaging process. It adds to the information provided by
SD-OCT or SS-OCT. It gives information regarding the blood supply of the retina,
the density of the vessels, changes in the foveal avascular zone and helps to iden-
tify neovascular networks. It precludes the use of the invasive fundus fluorescein
angiography and hence can be used in people with contraindications to fundus
fluorescein angiography.

Thus, OCT has become a vital tool to diagnose and monitor the response of
DME to various intravitreal pharmacotherapies including anti-VEGF agents.
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Chapter7
Adaptive Optics Imaging
Technique in Diabetic Retinopathy

Florian Baltd, Irina Elena Cristescu
and loana Teodora Tofolean

Abstract

Adaptive optics ophthalmoscopy opened a new era in the medical retina field.
The possibility of obtaining high-resolution retinal images of photoreceptors and
retinal vessels addresses new perspectives in retinal physiology and pathophysiol-
ogy. The overwhelming incidence of diabetes in the global population justifies the
need to develop and refine methods of diagnosing early retinal changes, in order to
preserve vision and avoid complications. The current grading of diabetic retinopa-
thy is based on clinical changes only. Nevertheless, imaging tools such as optical
coherence tomography and optical coherence tomography angiography are also
used for screening of this pathology. The corroboration of the information provided
by these imaging methods may lay the foundations for a new approach to the defini-
tion and diagnosis of diabetic retinopathy.

Keywords: diabetic retinopathy, retinal imaging, adaptive optics ophthalmoscopy,
wall-to-lumen ratio, cone mosaic, rtx1™

1. Introduction: Adaptive optics in retinal imaging

The principle of adaptive optics (AO) belongs to Babcock since 1953. Fifteen
years afterward, the technique started to be used in military setups. Its main pur-
pose was obtaining good satellite surveillance images, even in unfavorable meteoro-
logical situations. In 1970, the Soviet and American military managed the real-time
correction of atmospheric turbulences when studying laser sources and stars [1, 2].
In 1996, the first AO ophthalmoscope allowed iz vivo imaging of the human retina,
compensating for static and dynamic aberrations of the optical system of the
human eye. AO technology has three main components: a Hartmann-Shack sensor,
to measure distortion, a deformable mirror to compensate for the distortion, and a
control system to calculate the required compensation.

AO has been allowing iz vivo studies of human retinal photoreceptors mosaic
and vessels at a two-micron transversal resolution. As it is lessening the effect
of optical aberrations on any measurement, it can be combined with almost any
imaging device. AO imaging at histological resolution of the retina opened new
perspectives toward early detection, monitoring, and treatment of retinal diseases.
The devices above are allowing noninvasive iz vivo imaging of retinal structures:

* retinal nerve fiber layers; axons of ganglion cells can be studied with AO scan-
ning laser ophthalmoscopy (AOSLO) [3, 4], AO optical coherence tomography
(AOOCT) [5], and with AO flood illumination ophthalmoscopy [6];
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* ganglion cells, although large in size, they have a low signal-to-noise ratio
and a low intrinsic contrast. They were visualized in monkeys using intrinsic
two-photon excitation fluorescence and AOSLO [7] and in humans using
AOOCT [8];

* bipolar cells could not be visualized using any AO system, as they lack intrinsic
contrast and scatter to be seen by reflectance;

* Henle fibers were visible with AOSLO, but in pathological cases only. In a study
that included four family members with Best vitelliform macular dystrophy,
the inner retinal layers changed their orientation because of the large subreti-
nal lesions, thus producing sufficient scatter to reveal their structure;

* photoreceptors have been the most studied microscopic retinal structures,
being the first neuron of the human visual pathway. Both cones and rods could
be assessed using AO imaging techniques [9]. Advances in AO ophthalmoscopy
led to substantial refinement in the ability to assess these cells, to the point
where recording and analyzing clear mosaics of photoreceptors across of the
macular region become possible;

* retinal pigment epithelium (RPE) was visualized in patients with age-related
degeneration, in which RPE was obvious due to the photoreceptors degenera-
tion, fact confirmed by optical coherence tomography (OCT) scans as well
[10]. Moreover, AOSLO dark field showed RPE cell mosaic in a subject with no
eye disease [11];

* lamina cribrosa—morphological changes were noticed in glaucomatous patients
using flood illumination AO retinal camera [12], AOOCT [13], and AOSLO [10];

e retinal vasculature.

The following section focuses on an overview of AO retinal imaging methods,
namely AO flood illumination imaging, adaptive optics scanning laser ophthalmos-
copy, and adaptive optics optical coherence tomography.

1.1 AO flood illumination imaging

AO flood illumination imaging was obtained by coupling a wave front sensor and a
deformable mirror to a high-magnification fundus camera, thus providing some of the
first organized studies of retinal photoreceptors [14]. This is the principle of the AO rtx1
camera (Imagine Eyes, Orsay, France), which has been extensively used in the study of
retinal photoreceptors [15-17] and vasculature [18, 19]. Compared with the other two
devices, its axial resolution is smaller (~300 pm) [10]. However, an important advantage
of this type of imaging is the speed at which the entire retinal image is acquired (a few
milliseconds). Thus, with a CCD camera, 40 retinal images are taken in 4 s, which are to
be further processed by specialized software in order to deliver a final image [20]. One
single image is minimally influenced by eye movement, and the system is capable of
providing very high frame rates with high sensitivity [21].

1.2 AO scanning laser ophthalmoscopy

AO scanning laser ophthalmoscope provides a higher contrast relative to AO
flood illumination by recording scattered light from a focused beam across the
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retinal surface through confocality. A pinhole conjugated to the focal retinal plane
removes beams of light whose origin is outside the point spread function. By
modifying the pinhole size, different transversal and axial resolutions of the system
can be obtained, allowing imaging of the retinal structures (nerve fiber layers,
photoreceptors, blood vessels). Its accuracy is increased by the AO constituent. In
addition to this, continuous scanning allows the study of larger areas at a superior
rate relative to conventional fundus imaging [22]. AOSLO is being used in high-
resolution imaging, eye-tracking, laser modulations setups, psychophysics and
electrophysiology studies [23].

1.3 AO optical coherence tomography

OCT started to be used as a retinal imaging tool in 1991, while the association
of AO technology with the OCT was first introduced more than 10 years ago [24].
An advantage of the AOOCT its ability to adjust images in all three coordinates
(both axial and lateral) and to offer great visualization of individual cells because
of its outstanding axial resolution. Axial resolution increases with the bandwidth
of the imaging coherent light source [23]. Time-domain OCT might reach an axial
resolution of 2-3 pm, whereas spectral-domain OCT an axial resolution between
2.1and 2.5 pm [25]. Nevertheless, individual cells cannot be visualized because of
low acquisition speed and low lateral resolution (>15 pm). Swept source OCT has
a higher acquisition speed, but with an axial resolution of 5.3 pm and a lateral one
of 20 pm. Lateral resolution is influenced by the eye’s aberrations effect on focal
spot size. After coupling AO with OCT imaging, the lateral resolution of the system
reached 2-3 pm [26], and 3D imaging of retinal structures (RPE, ganglion cells,
lamina cribrosa, nerve fiber layer) was achieved [27].

2. Diabetic retinopathy and adaptive optics

Diabetic retinopathy (DR) is a microvascular complication of diabetes
mellitus (DM), representing one of the leading causes of vision loss and blindness
worldwide [28]. Its early diagnosis is necessary to preserve vision and avoid its
complications.

Staging of diabetic retinopathy is currently performed according to clinical
changes only. Given the fact that patients with DR can be asymptomatic for a very
long period of time, even in very advanced stages of the disease, regular screening
of diabetic patients and appropriate treatment are strongly recommended [29].
Besides clinical examination, the new emerging imaging methods provide valu-
able information and lay the foundations of a new approach in the definition and
diagnosis of diabetic retinopathy.

The accepted pathophysiological mechanisms of vision loss entail both retinal
microvascular and neuronal damage [30-34]. Therefore, some authors [35] suggest
diabetic retinal disease to be a more appropriate term for retinal changes in diabetes
mellitus than diabetic retinopathy, as it encompasses both retinal vasculopathy
and neuropathy. Moreover, it appears that retinal diabetic neuropathy (neuronal
degeneration of the internal retinal layers) precedes retinal vasculopathy [36].

Diabetic patients without DR are proven by full-field electroretinography (ERG)
and multifocal ERG studies to have retinal functional alterations [37], as well as
ionic transport changes at photoreceptors’ level [38, 39]. In addition to this, given
that the retina and the cerebral cortex have the same embryological origin, it can be
speculated that the retinal functional alterations may be connected with neurocog-
nitive deficits in diabetic patients [40]. In this context, the study of photoreceptors
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and retinal vessels can lead to the identification of new biomarkers that are able to
mirror retinal alterations induced by DM.

Adaptive optics retinal camera is able to detect early diabetes-induced retinal
changes, often before any documentable sign can be traced using other retinal
imaging techniques, thus shedding new light on the pathophysiology of microvas-
cular and neuronal changes in DR.

Microaneurysms are considered to be the first visible clinical signs, while the
loss of pericytes seems to be the first histological microvascular alteration [41].
Microvascular clinical findings in DR encompass intraretinal hemorrhages, micro-
aneurysms, venous caliber abnormalities, intraretinal microvascular abnormalities
(IRMA), lipid exudates, cotton-wool spots, and retinal neovascularization [42].
Among these, microaneurysms [43], microscopic hemorrhages [43-45], hard
exudates [46, 47], edematous cyst walls [45], and modified arteriolar structures
[48-50] were already morphologically characterized using adaptive optics images
(Figures1and 2). Offering a fine documentation of retinal lesions, AO imaging
technique might become an important instrument for early diagnosis and progres-
sion monitorization of DR [51].

Figure 1.

(a) Color fundus photo and ved free photo of a patient with hard exudates and retinal edema. (b) Optical
coherence tomography corresponding to the green line in (a) shows hard exudates in the middle vetinal layers.
(c) Adaptive optics imaging cone mosaic; small arvows indicate the hard exudates. (d) Magnification of the
upper part in (c), in which besides the hard exudates (small arrows), edema blurring the retinal image can
be noticed. (¢) Magnification of (d), detail of a hard exudate showing foci of hyper- and hypo-veflectivity.
(f) Magnification of (d), detail of two hard exudates and retinal edemas; the cystic spaces have a sharp
demarcation line indicated by the big arrow. (Reproduced from [46]. Copyright by the © Romanian Society of
Ophthalmology.)
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Figure 2.

( ag and (b) Color fundus photo and ved free photo of a patient with microaneurysms and hemorrhages.

(c) and (d) Larger magnification of the area delimited in the previous photos, (a) and (b). The big arrow
indicates a microaneurysm and the arrowheads show hemorrhages. (e) Adaptive optics image corresponding
to (c) and (d). The black lesion with inner hyper-reflectivity marked by a big arrow is a microaneurysm.

The black lesions marked by small arrows are vetinal hemorrhages. (f) OCT angiography revealed only one
lesion from the ones above which is the microaneurysm. (Reproduced from [46]. Copyright by the © Romanian
Society of Ophthalmology.)

2.1Imaging the cone mosaic in diabetic retinopathy

Biological systems are characterized by symmetrical spatial arrangements
as in hexagonal systems. These structures can have equal angles and sides. Even
when they are not clearly delimited [52], Voronoi diagrams can generate the limits
between elements, taking the starting points as generators. It is known that the
regular hexagon is the maximum-sided polygon that could be used to cover a plane
without overlaps. The immediate advantage of this organization is the maximiza-
tion of number of neighbors of each element and the consequent optimization of
cell signaling, resolution, and isotropy (photoreceptors, retinal neurons).

2.1.1 Cone parameters
2.1.1.1 Photoreceptor density

The density of photoreceptors is usually assessed by dividing the number of detected
cones by the analyzed area. This method implies a normal distribution within the ana-
lyzed area and will underestimate the density if this area overlaps over regions for which
no data are available. These limitations motivate the need for Voronoi local density
analysis [53]. The density of photoreceptors can be expressed in metric (cones/mm?) or
angular (cones/degree) units. The value of the antero-posterior axis can influence the
values expressed in metric units. At a certain eccentricity, the distance from the fovea
may be different depending on the antero-posterior axis. For example, an eccentricity of
2° corresponds to a distance between 0.53 and 0.64 mm from the fovea, given an axis of
22-26 mm. As the axis gets longer, the retinal area increases and the cones density gets
lower when expressed in metric units [54].
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2.1.1.2 Cone spacing

This indicator is useful to be used in conjunction with photoreceptor density.
It considers only the closest photoreceptor for each cone detected in the region
of interest, regardless of the measured distance [17]. This can lead to high values
for isolated cells. On the other hand, it has been shown that the distance between
photoreceptors is less sensitive to subsampling (compared to cones) and to the
correlation with a certain pathology. Thus, photoreceptor spacing overestimates the
overall health of the photoreceptor mosaic (e.g., a mosaic with sporadic photorecep-
tor losses may have normal distances between photoreceptors, but in the presence
of an abnormal density). In conclusion, in order to correctly depict a mosaic, all
biomarkers should be considered [55].

2.1.1.3 Voronoi diagrams

Given a finite set of two or more points in an Euclidean plane, we associate all
locations of that plane with the nearest element of the set. The result is a tessellation
of the plane in a series of regions associated with the elements of the set of points.
This tiling is called the Voronoi diagram generated by the set of points, while the
regions that make up the Voronoi diagram are called Voronoi polygons [56]. Li and
collaborators showed that less than 30% of Voronoi polygons are non-hexagonal
in the vicinity of the fovea and that their percentage increases to 50-60% at higher
eccentricities [57]. Cones at higher eccentricities are unevenly distributed and
protect the visual system from perceiving a distorted signal [58].

AO ophthalmoscopy is an accessible tool for clinicians to visualize the human
retina in vivo [59, 60]. Cones parameters have been analyzed in healthy, adult
population [15, 61, 62] and correlated to several factors (age, gender, refractive
error, antero-posterior axis, race, ethnicity). These studies showed a variability of
photoreceptor densities in normal population [15, 63], which makes it difficult to
detect small variabilities of this parameter in comparative studies. The inclusion of
all photoreceptor parameters (distance from the nearest photoreceptor and Voronoi
diagrams—with the analysis of their spatial arrangement) in study protocols prom-
ises to provide more conclusive results [17]. Nevertheless, the first measurements of
cone density come from the postmortem histological analysis of the human retina
[64]. It has been shown that in the center of the fovea, there is a density of 199,000
cells/mm?, which decreases to about 20,000 cells/mm? to 1 mm from the center of
the fovea.

2.1.2 Cone parameters in diabetic retinopathy

AO ophthalmoscopy has been used to assess the parafoveal cone parameters
in diabetic patients (type I or type II diabetes) and controls in various studies
(Figure 3) [16, 17, 48, 66, 67].

Lombardo et al. [17] studied the differences between cone parameters at 1.5
degrees eccentricity in patients diagnosed with DM I without DR or with nonpro-
liferative DR and in healthy subjects. Their results showed that cone density was
higher in the control group as compared with the study group, on both vertical
and horizontal meridians. Another study [47, 68] showed that cone density was
10% lower in type I diabetic subjects with no DR than in controls. Moreover, cone
densities were also investigated in type II diabetic patients with or without DR
and in healthy subjects, at 0 and 2 degrees eccentricity [16]. The results showed a
positive correlation of the extent of cone loss on AO imaging with DR severity in
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Figure 3.

Examples of regions of intevest (ved square) at 2, 3, and 4 degrees nasally analyzed in a control subject
(a) and in a diabetic patient (b). (Reproduced from [65]. Copyright by the ©Romanian Society of
Ophthalmology.)

type II diabetic patients. On the other hand, Tan and collaborators [69] found no
cone densities differences at 7 degrees eccentricity between patients with DM I and
healthy subjects, probably due to the short duration of diabetes in the study group.

In addition to this, cone spacing was found to significantly increase in diabetic
patients, when compared with healthy controls [70]. Results show lessening of
hexagonal mosaics of cones (Voronoi 6 tiles) with increased severity of DR.

The horizontal meridian was proved to have a higher average cone density than
the vertical one in both controls and type I diabetic patients with no DR [47, 68].
However, the asymmetry was higher in the control group. Another study reported
this pattern in normal subjects [15]. This asymmetry, also called “horizontal-verti-
cal anisotropy,” could be related to the way we are using our vision. When reading,
the horizontal meridian is more in demand than the vertical one. Psychophysical
studies have shown a higher contrast sensitivity and spatial resolution of the
horizontal meridian as compared with the vertical one at a given eccentricity [71].
Further studies including more subjects are needed to describe the cone parameters
in diabetic and age-matched volunteers.

2.2 Imaging the retinal microvasculature in diabetic retinopathy

Retinal microcirculation is a network of arterioles, capillaries, and venules with
diameters that do not exceed 150 pm, whose main function is to assure and regulate
an optimal tissue perfusion [72]. Microcirculation alterations, also called microan-
giopathy, lead to organ damage and clinical events in patients with DM.

A microvascular network is assessed from a structural and functional point of
view, taking into consideration both its topology and geometric abnormalities [73].
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Figure 4.
Image of the vetinal artery of a patient with diabetes mellitus, with visualization of the walls (short arrow)
and lumen (long arrow), employing AO detect artery software.

The retinal vascular branching model is similar to a fractal, having a complex pat-
tern of distribution, where each part has similar features to the main structure. DR
is associated with a decreased fractal dimension, which is probably correlated with
the shortcoming of the retinal circulation [74]. The network geometry is appreci-
ated using the length and the diameters of the vessels, by calculating different
derived parameters.

Vascular-addressing diseases encounter different patterns of vascular remodel-
ing. The inward eutrophic remodeling, seen in stages 1 and 2 of essential hyperten-
sion, is characterized by a reduced lumen diameter, with consecutive rearrangement
of the surrounding smooth muscle cells, but without a marked growth response
[75]. The media-to-lumen ratio is increased due to reduced lumen diameter and
external diameter of the wall and due to increased media thickness, with minimum
changes in the total amount of wall tissue. All these result in decreased vasodilation
potential of the vessel and altered arteriolar distensibility [76, 77]. In contrast, the
hypertrophic remodeling, found in diabetes mellitus and in long-standing, severe
and secondary hypertension, exhibits a significant growth response with vascular
smooth muscle cell hypertrophy or hyperplasia [78, 79]. This leads to the increase of
both media-to-lumen ratio and the media cross-sectional area of the vessel [80].

The bedside morphological assessment of human retinal microcirculation is
not facile, the gold standard being the media-to-lumen ratio evaluated by wire or
pressure micromyography on bioptic samples [81]. Recently, noninvasive techniques
for the evaluation of retinal arterioles prove rather good agreement with micromyo-
graphic measurements, in particular scanning laser Doppler flowmetry and adap-
tive optics [81, 82]. Preliminary data suggest that AO has a substantial advantage
over Doppler flowmetry, having a better correlation with the gold standard, but
invasive procedure [81].

Adaptive optics ophthalmoscopy uses a cutting-edge technique, visualizing the
retinal arterioles lumen as a bright band, while the walls correspond to the darker
neighboring regions (Figure 4). The wall thickness of the blood vessels depends on
the vessels’ size, with large lumens requiring thicker walls. The AO-related vascular
parameters of interest are:

» wall thickness (WT);
 lumen diameter (LD);

* vessel diameter (VD—the algebraic sum between the thickness of the arteri-
oles’ walls and the lumen diameter);
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e wall-to-lumen ratio (WLR—the ratio between the wall thickness and the
lumen diameter);

* the cross-sectional area of the vascular wall (WCSA—the calculation is based
on the lumen diameter and vessel diameter values).

Zaleska-Zmijewska et al. [48] found statistically significant differences between
the control group and the prediabetic group with respect to LD and to WLR.
Furthermore, the same scientific team demonstrated that WLR, WCSA, and the
average WT exhibit significant differences between the control group and type II
diabetic patients [70]. An AOSLO study confirms that retinal arterial WT is signifi-
cantly greater in patients with type 2 diabetes than in controls [83].

When it comes to DM type I, the average capillary LD proved to be significantly
narrower in eyes with nonproliferative diabetic retinopathy and type I DM, when
compared with healthy subjects (6.27 + 1.63 pm versus 7.31 + 1.59 pm, p = 0.002)
[50]. When investigating the retinal microcirculation changes in type I and II
diabetic patients without retinopathy, among all studied parameters, only WLR
was significantly different between the control group and each group of diabetic
patients taken individually, while no statistically significant differences were found
between the two diabetic groups [47, 68].

New data characterize retinal arterioles according to DR classification, showing
that LD, WT, and WLR significantly correlate with the stage of DR [84]. AO was
even used to establish the effects of a multinutrient complex on retinal microvas-
culature in diabetic patients. After 3 months of food supplements administration,
WLR, WT, and WCSA had significantly decreased, when compared with initial
observations [85].

AO proved its potential to detect retinal microvascular changes in prediabetic
subjects and diabetic patients, as well as to reveal differences between the diabetic
groups. Providing useful information about the topological and geometrical
features of the retinal microvasculature from early onset of diabetic disease, AO
has a promising role in the future, providing valuable prognostic, diagnostic, and
therapy-related information in diabetic retinopathy.
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Chapter 8

Anatomic and Topographic
Vitreous and Vitreoretinal
Interface Features during
Chromovitrectomy of A, B, C
Stages of Proliferative Diabetic
Vitreoretinopathy (P. Kroll’s
Classification of Proliferative
Diabetic Vitreoretinopathy, 2007):
Fyodorov’s Eye Microsurgery
Complex

Natalia Kislitsyna and Sergei Novikov

Abstract

Methods and results of the developed vitreous body imaging technique in
proliferative diabetic vitreoretinopathy diagnostics using new contrast dye during
operation. The P. Kroll”s classification of proliferative diabetic retinopathy was
modified after receiving new data about vitreoretinal interface structures during
investigation using chromovitrectomy.

Keywords: vitreous, anatomy, diabetes, retinopathy, diagnostics
chromovitrectomy

1. Introduction

Vitreous body is a clear, light-transparent eye part. The visualization of vitreous
structures and their changes after and during pathological processes caused by
diabetes did not provide yet. The purpose of this study was to study the possibility
of developed vitreous body developed technique in proliferative diabetic
vitreoretinopathy diagnostics.

Since 2010 chromovitrectomy with the original dye “Vitreocontrast” is devel-
oping for all intravitreal pathologies in the Fyodorov’s Eye Microsurgery Complex.
This method, called “vitreocontrastography”, allows contrast and visualize all
Worst J. described vitreous structures [1-9].
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2. Materials and methods

The aim of this work was to study the anatomic and topographic specifics of the
vitreous body (VB) and vitreoretinal interface (VRI) changes at different prolifer-
ative diabetic vitreoretinopathy (PDVR) stages.

The inclusion criteria of patients into the study corresponded to the traditional
PDVR classification (A, B, C stages by P. Kroll et al., 2007 [10]), according to it,
patients were divided into three groups.

The first group of patients included 52 patients (52 eyes) with diagnosed PDVR,
stage A. 10 patients had diabetes mellitus II type, 6 out of them had insulin-
dependent, 4 — insulin-related. Best-corrected visual acuity (BCVA) varied from 0.01
to 0.3; IOP varied within 12 mm-22 mm of mercury; the length of the eye-ball was
23 mm. and less. According to B-scanning, all patients had PVD with local fixations
causing local tractional elevation 0.7-0.9 high; 30 patients had hemophthalmia.

In the second group 47 patients (47 eyes) with PDVR, stage B were followed up.
Diabetes mellitus I type was diagnosed in 16 patients; diabetes mellites was diag-
nosed in 31 patients, 14 of them had insulin diabetes. In this group, the BCVA varied
from fingers at face to 0,1 non-corrigible; IOP varied within 12 mm-22 mm of
mercury; the length of the eyeball was 23 mm and less. According to B-scanning, all
patients had PVD with local fixations causing tractional retinal detachment 1,2-1,7
high, 34 patients had hemophthalmia.

In the third group 32 (32 eyes) with PDVR, stage C was followed up. Fourteen
patients were diagnosed with diabetes mellitus type I; 18 patients had diabetes
mellitus type II, 14 out of them had had insulin-related diabetes. BCVA left pr.
certae — 0.03 non-corrigible; IOP varied 14 mm-20 mm of mercury. B-scanning
found PVD in all patients, the tractional retinal detachment was up to 2,2-2,7 mm.
Hemophthalmia was in 18 cases.

All the patients had 25 G vitrectomy with the Constellation Vision System
(Alcon, USA) under the operational microscope Topcon OFFISSOMS 800 (Japan).
The visocontrastophy method was used to contrast the structures.

The distinctive feature of the vitrectomy performed within this study was
contrasting VB structures for the intra vitam imaging of cisterns and canals, the
assessment of their integrity, and anatomic and topographic specifics at each stage
of the disease.

For this purpose, 3 ports at 4.00, 14.30, and 9.30 o’clock positions were installed
pars plana 4 mm from the limbus. 0.1-0.2 ml of vitreocontrast suspension was
injected sequentially through each of the installed ports into the vitreous body with
a 30 G needle in order to contrast retrociliary and equatorial cisterns.

After contrasting the VB structures and video recording of their specific anatomical
and topographic arrangement, an irrigation cannula was installed, an infusion solution
was supplied into the vitreous cavity, and a median vitrectomy was performed. In the
course of the vitrectomy, sequential isolated removal of VB cisterns was possible. At
the next stage, by repeated contrasting, VB cortical layers were sequentially visualized
followed by their removal until the surface of the retinal ILM was exposed. Then,
retinal ILM was contrasted and its peeling in the macular zone was performed. Peeling
was done by shaping ILM petals, followed by their partial removal with a vitreotome
needle in a shave mode, and leaving the ILM in the foveolar zone in order to prevent
the development of neuroepithelial atrophy in the long-term postoperative period.

The results of the studies proved the fact that under contrasting VB structures, in
the first group, retrociliary and equatorial cisterns were preserved. The contrasted
structures fully corresponded to their normal architectonics. The wall of the
discovered structures was preserved, the boundaries were clear, and the contrasting
composition did not go beyond the cisterns in 36 (97%) cases (Figure 1).

148



Anatomic and Topographic Vitreous and Vitreovetinal Interface Featuves...
DOI: http://dx.doi.org/10.5772/intechopen.101724

Figure 1.
Normal architectonics of vetrociliary and equatorial cisterns in PDVR, stage a (the first group of patients).

Figure 2.
The cortical layer on the retinal surface after vitrectomy for PDVR, stage a (the first group of patients).

During central vitrectomy, VB was completely removed without cortex
contrasting. After complete VB removal in all the cases, the retina was attached, no
cortical layers or residual fibers were visualized on its surface. After repeated
staining of the retinal surface with the suspension, a thin layer of fibers was
visualized (Figure 2).

In 94% of cases it had a similar configuration and took the central zone of the
eye fundus limited by vascular arcades. In other cases, this thin layer took the entire
extent of the retina up to the extreme periphery. We managed to remove the
contrasted layer from the retinal surface by endovitreal forceps in 24 patients. In 28
patients, it had a very loose and fibrous structure and was quite tightly fixed to the
ILM along its entire length and to remove it partially from the retinal surface was
possible only by Tano scraper (Figure 3).

To remove it in a single layer in the macular region was not possible. In all the
cases it was removed only in a single block with ILM. The foveolar zone was left
intact to prevent the development of retinal neuroepithelia atrophy (Figure 4).
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Figure 3.
Thin vitreous layer in the central zone limited by vascular arcades after putting the suspension on the retinal
surface under PDVR, stage a (the first group of patients).

Figure 4.
The removal of the cortical layer soldered with ILM keeping the foveolar fixation in PDVR patients, stage a (the

first group of patients).

It is necessary to note that the application of the developed technique of VB
imaging (in comparison with the reference classification) made it possible to
identify the new stage of PDVR defined by us A-1.

The classification features of this stage are:

* Full visualization of the vitreous and the VB layer attached to it at the
background of ophthalmoscopically unchanged ILM;

* Full contrasting of the main VB structures (bursa-like cavities) cisterns with
clear boundaries 1,5-1,7mm and 0,2-0,3 mm wide, the surface is preserved (the
contrasting agent does not go beyond the boundaries

* Lack of the fixation of posterior cortical layers to the retinal surface;

* Tight adhesion of VB layers to ILM;
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* Vitreous layers in the central zone of VB layers in the central area of VRI
vascular arcades.

It should be noted that the last classification sign (as a suggested PDVR stage
A — 1) is presented by new scientific facts. In 70% of the cases this layer can be
quite easily separated from the retina by the forceps (average level of adhesion), in
30% the VB layer is characterized by a high level of adhesion with the possibility of
their partial removal (Figure 5).

According to basic classification [10], stage A is characterized by proliferative
changes of VB and retina especially around the optic disk and posterior cortical
layers. The application of the developed VB imaging technique made it possible to
design the following classification signs of the A-2 stage:

* The presence of well visualized bursa-like cavities in VB 1.5-1.7 mm long and 0.3~
0.5 mm wide with equal clear boundaries, the walls of the cavities are preserved;

* Cortical layers have areas of fixation to the VB. They are removed only by
intraoperative PVD induction (in 40% of the cases) or cannot be completely
removed, staying fixed in the places of firm contact with the retina;

* On the retinal surface in the VRI zone a multilayered (in 94% of cases 2-3
layers) cortical layered with vitreoschisis areas;

* VB layer adjacent to the retina can be completely removed in 30%, partially in
50% of cases. In other cases, it is characterized by the firm degree of adhesion

to the retina;

* In the macular zone, in 80% of cases this layer has such firm adhesion to the
ILM that can be removed only in a single block with ILM;

* In the periphery, true PVD is visualized.

Figure 5.
Cortical VB layer that cannot be mechanically removed intraoperatively.
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Thus, at stage A-2 the tractional element develops in the areas of VB splitting
(but not its complete posterior detachment) that eventually causes a tractional
retinal detachment. At this stage, local tractional detachment localizes in the
periphery in 85% of cases.

The results of the anatomic and morphological assessment of the 2-nd group
patients showed that during vitreocontrastograpy retrociliary and equatorial cis-
terns had fully preserved architectonics, unchanged wall, and clear boundaries. In
most cases (95%) there is no exit of the contrast agent, and only in 5% of the cases,
the structure was disrupted (Figure 6).

After central vitrectomy and removal of contrasted VB structures, the cortical
layers were sequentially stained. At the same time, in 96% of cases, the VB layer
extending to the region of vascular arcades and removed as a single layer was
visualized. After repeated contrasting, another VB layer was visualized in 63% of
the patients. It was also attached to the retina up to the zone of the vascular arcades.
In 41% of the patients, the area of this layer was limited by the macular zone. Thus,
VB cortical layers is a multilayered structure consisting of several formed layers,
each of which has a certain topography and fixation (Figures 7-9).

The discovered VB layers do not get to the peripheral retina being firmly fixed in
the zone limited by vascular arcades. Besides, in this group patients’ true PVD was
discovered in 94% and only in the periphery. After the removal of cortical layers in
the central zone and the retinal surface visualization as well as after repeated
staining with the suspension, in all the cases a thin vitreous layer firmly fixed to the
ILM surface was visualized on the retinal surface (Figure 10).

This layer’s mechanical removal was complicated and possible only partially
because of its insufficient thickness and its loose and unformed structure. Besides,
in the macular zone, this layer removal separately from ILM was not possible
(Figures 11, 12).

According to basic classification [10] stage B is characterized by the shrinkage of
the posterior vitreous cortical layer that leads to its tractional detachment in the
areas of VB fixation to the retina. Proliferative and tractional changes in the tem-
poral lobe (along the upper and/or lower vascular arcades) without the engagement
of the macular zone are related to stage Bt proliferative changes of VB and retina
especially around the optic disc and posterior vitreous cortical layers.

Figure 6.
Fully preserved architectonics, unchanged wall, and the clear boundaries of cisterns under PDVR, stage B (2-nd

group of patients).
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Figure 7.
Splitting of cortical layers (vitreoschisis) extending to vascular arcades in PDVR, stage B (2-nd group of
patients).

Figure 8.
Splitting of cortical layers (vitreoschisis) extending to vascular arcades in PDVR, stage B (2-nd group of
patients).

The application of the developed VB imaging technique made it possible to
design the following classification signs of stage B:

* The presence of bursa like cavities 1.5-1.7 mm high and 0.3-0.5 mm wide with
equal clear boundaries well visualized in VB, the walls of the cavities are
preserved;

* Cortical layers in the central zone have a lamellar structure including up to 5-7
vitreous layers forming numerous vitreoschisis zones that cause tractional
retinal detachment 1.1 to 2.2 high in different segments while using vitreous
layers in vitreoschisis zones as a substrate. Along with the vitreous layers,
neovascularization proliferates and cellular proliferation occurs forming a
typical picture of eye fundus changes;
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Figure 9.
Splitting of cortical layers (vitreoschisis) extending to vascular arcades in PDVR, stage B (2-nd group of
patients).

Figure 10.

Preretinal VB layer extending to vascular arcades after repeated contrasting under PDVR, stage B (2-nd group
of patients).

* VB layer adjacent to the retina may be partially mechanically removed. In 80%
of cases it stays in the places of firm fixation to the retina;

* In the macular zone, in 80% of cases, this layer can be removed in a single
block with ILM.

In general, it is necessary to say that during the preoperative period and during
the surgical intervention, PDVR hemorrhagic manifestations do not complicate the
performance of sequential (lamellar) vitreocontrastography. Besides, the VRI con-
dition makes it possible to study the exact topography of each vitreous layer formed
in the course of the pathological process (collagen crosslinking), vitreoschisis zones
with the possibility of their exact measurement, configuration sizes, the localization
of the fixation points to the underlying vitreous layers. Vessels, and retinal surface.

The results of the anatomic morphologic assessment of the 3-d group
showed that during vitreocontrastography all the retrociliary and equatorial cisterns
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Figure 11.
Removal of the layer soldered with ILM under PDVR, stage B (2-nd group of patients).

Figure 12.
Removal of the layer soldered with ILM under PDVR, stage B (2-nd group of patients).

had fully preserved architectonics, unchanged wall, and clear boundaries
(Figure 13).

After central vitrectomy, in the zone limited by vascular arcades, a fibrovascular
membrane with multiple zones of the fixation to the retina and causing tractional
retinal detachment was visualized. In 11% of the cases, this structure had a multi-
layered structure. However, in other (89%) cases we failed to perform layer-by-
layer contrasting and to identify the zones of layers attachment (Figures 14, 15).

According to the basic classification [10] stage B is characterized by a tractional
retinal detachment that extends to the macular zone. And stages from C1 to C4 are
identified by the number of detached macular quadrants.

Developed VB imaging technique made it possible to develop the following
classification signs of stage C:

* The presence of well-visualized bursa like cavities 1.5-1.7 mm high and 0.3-0.5 mm
wide with equal clear boundaries in VB, the walls of the cavities are preserved;
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Figure 13.
Preserved anatomy and topography of retrociliary and equatorial cisterns in PDVR, stage C (3-d group of
patients).

Figure 14.
Multi-layeved fibrovascular membrane that has numerous zones of fixation to the retina and causes tractional
retinal detachment in the vegion limited by vascular arcades under PDVR, stage C (3-d group of patients).

* In 18% of cases, VB partial destruction is visualized. It is manifested in the
elongation of bursa like structures (cisterns) up to 2.0-2.5 mm, their disrupted
walls, and the exit of the contrast beyond the cavity boundaries;

* VB cortical layers have fibrosis, and in 80% of cases, are not differentiated.
Besides, in the central zone, under the possibility of its visualization, stratified

cortical layers are identified (thicker than at the previous stage, no more than
2-3 layers);

¢ In the central zone, VB has a firm attachment to the retinal ILM.
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Figure 15.
Multi-layered fibrovascular membrane that has numerous zones of fixation to the retina and causes tractional
retinal detachment in the region limited by vascular arcades under PDVR, stage C (3-d group of patients).

When discussing the presented results, it is necessary to single out four main
positions. The first one deals with the PDR basic classification choice. In this regard,
we should note that some classifications proposed before do not take into account
the role of the vitreous in the development of changes under diabetes. They mostly
address retinal vascular changes and are usually based on ophthalmoscopic data that
predominantly reviews the relevance of these classifications for the laser treatment
tactics [citation according to 402]. The classification offered by P. Kroll et al. [10] is
not that much based on PDR classification characteristics but rather on those of
PDVR that determined its choice for the aims of this work. It should be mentioned
again that our analysis of classification signs under different PDVR stages provided
for the application of the developed VB imaging technique based on the original
method of vitreocontastograthy.

The second position defines the main aspects of PDVR pathogenesis from the
perspective of anatomic topographic changes of the vitreous structure. In this
regard, the first thing that draws attention is quite clear delineation into anatomi-
cally preserved pre-equatorial vitreous section and pathologically changed cortical
layers, and the VRI zone. In all the cases irrespective of the stage of the disease
retrociliary and equatorial cisterns preserved their changed cortical layers, and
there was no exit of the contrasting agent deeper than the stained structures.
Another interesting fact is that under the unchanged anatomy of the vitreous
structures, the suspension localizes only in the cisterns and does not reach cortical
layers on the retinal surface. This circumstance may explain the fact that preserved
cisterns prevent the circulation of inflammatory and VGF factors and their occur-
rence in the anterior segment of the eye-ball.

It is also important to note that, in the ILM zone, the thinnest VB layer lining this
area, reaching vascular arcades, and having tight adherence to ILM was found for
the first time. This layer was discovered after multiple contrasts of cortical layers
that again confirm their stratified structure and the ability to split. Such anatomic
localization of the vitreous layer and pathological changes in the area of vascular
arcades may be explained by PDRV development pathogenic specifics. Such ana-
tomic localization of the vitreous layer and pathologic changes in the area of
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vascular arcades can be explained by the pathogenic changes of PDVR develop-
ment. The trigger mechanism in PDVR is known to be vascular permeability disor-
der, more often in the zone of vascular arcades, which leads to the release of
inflammation factors, VGF, PGF. This probably provokes the tight fixation of VB
preretinal layer to the ILM directly in the zone limited by vascular arcades. This is
the discovered VB layer that plays a leading role in the development of following
changes under the disease progression. Propagating to the macular zone and being
tightly fixed to the ILM, these VB changes condition macular edema development,
especially, due to the tangential tractions. They are the risk factor for the develop-
ment of further proliferative changes.

Besides, due to the abnormal PVD in the zone limited by vascular arcades
further changes of cortical layers take place by sort of crosslinking (adhesion) of
vitreous fibers, and as a result, they turn into numerous multilayered vitreoschisis
zones tightly fixed to the retina. These structure layers are the risk factors of
neovascularization and further proliferation with the formation of fibrous mem-
branes with the course of time. These anatomic specifics explain tractional retinal
detachment development during the progression of VB proliferative changes that
also have a specific topography.

The third position is connected to the results of our comparative analytical
assessment of PDVR clinical diagnostic efficiency using the developed technique of
VB imaging and the traditional classification (Tables 1-3). The data presented in
the tables prove to the principally higher level of anatomic and morphologic diag-
nosis at different PDVR stages using the new VB imaging technique (based on the

original method of vitreocontrastography) that, in our opinion, is related to the
following general weaknesses of the traditional classification:

VB imaging technique

Traditional classification

Main weaknesses of the
traditional classification

Definition of the new stage—A-1:

1. Anterior cortical layers are
preserved.

2. VB structures are preserved
(cisterns).

3.The retina is fully attached
without the visible
ophthalmological changes of
the vitreous and retina.

4.VB layer with certain
topography (taking the
central area of the eye
fundus).

Stage A-2:

1. Anterior cortical layers and
VB structures are preserved

2.In the central zone 2-3
layered VB cortical layer is

3. preserved. The layers are
formed by vitreoschisis
zones

4.0n the retinal surface VB
layer firmly fixed to the ILM
in the macular zone is
contrasted.

Characterized by proliferative
changes of VB and retina
especially around the optic disc

and VB posterior cortical layers.

1. Based on the ophthalmoscopy
data.

2. Optically transparent media
are required.

3. Cannot be performed under
hemophthalmia and vitreous
opacification (or in such a case
should be based on B-scanning
data).

4.Based only on the assessment
of the vitreous and retinal
changes visible with the use of
ophthalmoscopy (judging by
pathogenesis, epiretinal
membranes become visible
only at the fibrosis stage)

5. Anterior and central structures
are not assessed.

Table 1.

Results of the comparative analytical assessment of the main classification signs of PDVR, stage a found using
the developed VB imaging technique and tvaditional classification (Kroll et al. [10]).
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VB imaging technique

Traditional classification

Main weaknesses of the traditional
classification

1. Anterior vitreous cortical
layers are preserved.

2.In the central zone, there
are cortical layers with
numerous vitreoschisis
zones causing tractional
retinal detachment 1.7—
2.2 mm high.

3.Normal PVD is at the
retinal periphery. In the
central zone, there is
abnormal PVD with
numerous vitreoschisis

4.zones.

Shrinkage of VB posterior
cortical layers in the places of
VB fixation to the retina
results in retinal tractional
detachment.

1. The assessment is possible only
under transparent media by
ophthalmoscopy or (under
hemophthalmia) should be based on
b-scanning data that is not indicated
in the classification.

2.Takes into account retinal
detachment localization and height
but the analysis of VB changes with
the account of the localization of
vitreoschisis zones is not possible.

3.Only irreversible changes (tractional
retinal detachment) is possible.

4.Only (fibrosis) changes of the
vitreous (epiretinal membranes)
visible by ophthalmoscopy can be
seen

5.There is no analysis of the layer-by-
layer changes of the posterior cortex
and VRI as the main areas of the
pathological process.

Table 2.

Results of the comparative analytical assessment of the main classification signs of PDVR, stage C, found using

the developed imaging technique and according to the.

VB imaging technique

Traditional classification

Main weaknesses of the
traditional classification

1. Anterior cortical layers and
VB structures are intact.
2. Partial destruction of VB

Tractional retinal detachment

covers the macular zone.

1. Evaluate the final result of
pathological changes
(tractional retinal

structures manifested in the
disrupted integrity and
changed sizes of some its sizes.
3. Vitreroschisis areas in the
central zone are not visualized
due to fibrous changes in VB

According to the number of
detached macular from C1 to C4
stages are identified.

detachment area by
segments), VB changes are
not included into the
analysis.

2. Practically does not provide
data about the pathological

cortical layers.
4. After the removal of fibrous

process pathogenesis related
to the retinal detachment
membranes in the central
zone, VB layer tightly fixed to
the ILM of the retina is
visualized.

configuration and
topography.

Table 3.
Results of the comparative analytical assessment of classification signs of PDVR, stage C found using the
developed imaging technique and according to the traditional classification (Kroll et al. [10]).

* Classification signs are based on ophthalmoscopy data (assessment of VB and
retina changes seen only by ophtolmoscopy);

* There are sufficient limitations related to the transparency of optical media (in
particular, under hemophthalmia and vitreous opacification, B-scanning data

is required,;

¢ There is no assessment of anterior and central vitreous structures;
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* Lack of the visualization of layer by layer posterior vitreous cortex and VR
interface in general, the structures of which are recognized as the main areas of
the pathological process development under PDVR [11, 12];

* Classification signs are based on the assessment of irreversible changes
(localization and the height of tractional retinal detachment) without taking
into account VB changes related to vitreoschisis zones.

The fourth position defines the cumulation of PDVR classification anatomic
morphological signs (CAMS) developed using the original VB imaging technique
with the position of vitreoretinal surgery improvement (Table 4).

The data presented in Table 4 makes it possible to formulate the following main
areas of surgical intervention improvement under PDVR that is supported by the
application of the developed VB imaging technique on the basis of the original
vitreocontrasting method:

1. Maximum full visualization of all the pathological changes including the area
of VB layer (CAMS - 1,2,3,8);

2.Maximum possible (without accompanying iatrogenic retinal damages)
removal of the VB layer on the retinal surface as a prognostic factor of the
pathological process severity increase (CAMS-6,7);

3.In the cases of the partial removal of the layer firmly adhered to the retina, it is
viable to correct these retinal zones by selective, pathogenetically based
endolazocoagulation or by endovitreal tamponade (either the gas-air one or
the silicon one). Anti VGF therapy to prevent hemorrhagic complications
(CAMS - 6,7) is also indicated;

4.1In the cases of visible tractional component and the VB layer firm fixation to
the ILM in the macular zone, retinal ILM peeling is advisable to remove the
traction component (CAMS - 4,5).

Thus, the application of the developed VB imaging technique (based on the
vitreocontrastography) in patients with PDVR provides a principally new approach

## Classification anatomic morphological sign A1 A2 B C
1. Visualization of VB structures (cisterns, cavities) FH+ A+ 44
2. Visualization of VB cortical layers with the possibility of their I S T T £ 2

complete removal only in the periphery

3. Partial VB destruction (structural integrity is disrupted) — — + +

4. The presence of stratified cortical layers with vitreoschisis zones + + 4+ 4
5. Tractional retinal detachment manifestation — + 4+ i
6. The adhesion degree of the VB layer adjacent to the retina + ++ HHE
7. The adhesion degree of the VB layer in the macular zone + 4+ 4+ .
8. Visualization of true PVD in the retinal periphery + + + et

« » « »

Sign: “-” — no sign, “+” — the sign is insignificant; “++” — the sign is moderate; “+++” — the sign is distinctly manifested.

Table 4.
Classification of PDVR anatomic and morphological signs developed on the basis of the original VB
visualization technique.
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to clinical diagnostic research based on the development of anatomic and morpho-
logical signs (imaging of VB structures and cortical layers (including on the retina),
the VB adhesion level, etc). and characterized by principal advantages comparing to
PDVR traditional classifications. In general, on the basis of the given recommenda-
tions, this makes it possible to increase the level of vitreoretinal surgery efficiency.

The above given positions are illustrated by the following clinical case.

The clinical case:

Patient F-va, 52 years old, medical record #1469012, diagnosis —- PDVR,
hemophthalmia, condition after transpupillary retinal laser coagulation.
Hemophthalmia. Visual acuity — 0.03. IOP 16 mm. of mercury. Anterior posterior axis
—22.8 mm. The main stages of diagnosis and treatment are presented in Figures 16-23.

The first stage was the step-by-step consistent contrasting of vitreous structures
(Figure 16). Thus, the presence of nontransparent optic media does not influence the
quality of the imaging technique of complex VB structures and gives the opportunity
to build the three-dimensional image of the topographic anatomy of VB structures.

After the vitrectomy, eye fundus imaging with the assessment of its pathological
changes was performed. Without vitreocontrastography, vitreous cortical layers are
not visualized on the eye fundus, no major pathological changes are seen, and the

Figure 16.

a — Contrasting of vitreous cisterns at the backdrop of hemophthalmia does not influence the quality of
vitreocontrastographia. The contrasted vitreous cavity with clearly outlined boundaries, preserved walls (red
arrow), patient F-va, medical vecord # 1469012. b — Contrasting of VB structuves. Contrasted vitreous cavities
(cistern according to ].Worst) with clear boundaries arve visualized, no exit of a contrasting agent, possibility to
perform a vitreocontrastometry (changes of sizes) (black arrow), patient F-va, medical record #1469012. ¢ —
Contrasting of vitreous structuves. Partial destruction of VB (blue arrow). changes of the cavity (cistern) clear
boundaries, no exit of a contrasting agent, patient F-va, medical record #1469012.
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eye fundus looks quite good to complete the surgery. However, the further applica-
tion of VRI contrasting made it possible to visualize a cortical VB layer on the retinal
surface. Besides, vitreocontrastography made it possible to assess the topographic
anatomy (boundaries, area, relation to other anatomic structures) of the visualized
layer (Figures 17-19). Since there is no cito and phototoxicity of the contrasting
suspension, these manipulations are not limited by time. At the next stage, the
attempt of the discovered VB layer mechanical removal with the concurrent assess-
ment of its adhesion to underlying tissues is made (Figure 20). The role of this very
layer in the pathological process, and in the support and development of its com-
plications, is expressed in the development of hemorrhagic complications during
the attempt to remove the cortical layer in the places of its tight fixation to the
retinal ILM and (or) to the vessels (Figure 21).

The highest level of the contrasted layer adhesion is observed in the macular and
paramacular zone (Figure 22).

At this stage of the process, the cortical layer can be removed from the retinal
ILM surface in the macular and paramacular zone both as a separate layer and in a
single block with retinal ILM. After the VB layer removing from the ILM surface in
the macular and paramacular zones, retinal ILM is contrasted. If on the ILM surface
there is the residual VB layer, its thickness is assessed, and the need in ILM peeling
is reviewed. In this case, in order to maximally eliminate the tractional component

Figure 17.
Putting the contrasting agent on the retinal surface (patient F-va, medical record #1469012).

Figure 18.
Removal of the contrasting suspension excess by aspirational canula (patient F-va, medical record #1469012).
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Figure 19.
Visualization of VB cortical layer on the retinal surface (patient F-va, medical vecord #1469012).

Figure 20.
Removal of the contrasted VB layer from the retinal surface by endivitreal forceps (patient F-va, medical record
#1469012).

and to prevent the development of neuroepithelial atrophy in the long-term follow-
up period, the ILM was removed in the paramacular zone without affecting the
macular zone. The VB contrasted layer was removed from the retinal surface as
much as it was possible leaving the areas of tight fixation to ILM, vessels, and optic
disc to prevent hem Due to the adhesion of the contrasting suspension particles to
the VB fibers, this layer becomes more formed, denser and well visualized, which
makes this delicate process easy to manage and control. Retinal endolaser coagula-
tion was carried out selectively, in the areas of this VB layer dense fixation to the
retinal ILM, to the vessels, in the zones where this layer mechanical removal is
impossible, and in the neovascularization zones. The tamponade of the vitreous
cavity with the air completed the surgery.

Neither in the early nor in the late postop period, the patient had complications.
Two years after the surgery, visual acuity — 0.7; IOP 16 mm of mercury, the photo of
the eye fundus is presented in Figure 23.

The clinical case:

Patients P 49 years old.

Female: Diabetes mellitus type 2, noninsulin-dependent. Glycemia level
8-9 mmol/l.

Diagnosis: Proliferative diabetic retinopathy. Tractional retinal detachment
2,2-2,5 mm.
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Figure 21.

a, b. the photo of the VB layer fixation place to the retinal ILM (black arrow), patient F-va, medical record
#1469012. ¢, the development of hemorrhagic manifestations under the attempt to remove the VB cortical layer
in the places of the tight fixation to the ILM (patient F-va, medical vecord #1469012).

Figure 22.

During the removal of the contrasted VB layer from the retinal surface, its tight fixation to the retinal ILM is
seen in the macular zone (indicated by the black arrow). In the indicated zone VB layer mechanical separation
is complicated (patient F-va, medical recovd #1469012).

Visual acuity 0,06, IOP 19 mm. of mercury. APA 22,1 mm.
B scan: Strong destruction of the vitreous body, PVD causing tractional retinal
detachment 2,2-2,5 mm high.
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Figure 23.
Photo of the eye fundus 2 years after the surgery (patients F).

According to the ophthalmological picture, this stage corresponds to stage 2 by
Kroll classification.

Vitreocontrastography.

Visualization of vitreous structures.

The first stage of the vitreocontrastography is step-by-step staining of vitreous
structures. This investigation can be carried out in any of relevant quadrants.

In this example, cavities (cisterns by J. Worst) filled with the dye are visualized.
Stained cavities have clear borders, unchanged size, suspension vitreocontrast did
not go beyond the cavities.

It is possible to do vitreocontastomentry with the identification of the sizes of
stained cisterns (Figure 1).

Figure 24.
Vitreocontrastography. The preserved cisterns of the vitreous body with clear-cut bovders ave visualized. The
measurement of stained structures is possible.
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Haembhorragic and neurotrophic complications (Figure 24).

The next step is the central vitrectomy with the removal of all stained
endovitreal structures. After that, the possibility to investigate the cortical layers of
the vitreous body by vitreocontrastography is given.

The staining composition is applied to the cortical layer of the vitreous body
(Figure 25).

The use of vitreocontrastography in the course of the vitreoretinal surgery
makes it possible to execute the step-by-step lamellar removal of vitreous cortical
layers with the precise visualization of their topography (Figure 26a-d).

The interoperative image of the eye fundus after the removal of one vitreous
cortical layer (Figure 27).

Vitreous body visualization using vitreocontrastography method. Applying of
suspension Vitreocontrast (Figure 28) makes it possible to visualize the next corti-
cal layer of the vitreous body (Figure 28). After staining it is possible to remove the
isolated vitreous cortical layer both by vitreotome needle (Figure 28) and
endovitreal forceps (Figure 28a, b) (Figures 29 and 30).

To evaluate the topographic anatomy of the second layer of the vitreous body
and to identify the places of its fixation to underlying tissues for its separation and
removal we used the endovitreal forceps (Figure 31a and b).

After the intraoperative dissection and the delicate removal of the second layer
of the vitreous body, the underlying layers of the vitreous body remain transparent
and practically are not visualized. Intraoperatively, it is possible to evaluate only
irrepressibly changed areas of the vitreous body (Figure 31).

During the vitreocontrastography, the dye was applied for the second time for
further intraoperative diagnostics (Figures 32 and 33).

After this stage of vitreous staining, another cortical layer of the vitreous body is
visualized (Figure 34a-d).

In the course of the third vitreous layer removal, its tense fixation to the retinal
ILM in the macular area was discovered. The removal of the discovered layer
separately is impossible (Figure 35). Under the accurate dissection of this layer in

Figure 25.
Visualization of the topographic anatomy of cortical layers. Staining of the first layer of the vitreous body.
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Figure 26.
Removal of the stained layer of the vitreous body. When the vitreotome needle has used the particles of the dye do

not change the degree of adhesion making it possible to remove the vitreous body consistently strictly within the
limits of one layer. The lack of the shaking effect facilitates surgical procedures.
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Figure 27.

One layer of the vitreous body is removed. Visually accessible changes of the vitreous body are visualized in the
form of the proliferative tissue niduses that cause tractional retinal detachment (black arrows). In the macular
zone puckers can be seen (blue arrow). the visualization of other pathological changes is hampered.

Figure 28.
Applying suspension vitreocontrast on the retinal surface.

the macular zone, it showed a very high level of adhesion, and its removal without
ILM is impossible in this zone.

In the macular zone, the removal of this layer is possible only as a single block
with retinal ILM (Figure 35).
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Figure 29.
Visualization of the second layer of the vitreous body.

Figure 30.
Isolated step-by-step removal of the second stained layer of the vitreous body by the vitreotome needle.

To prevent the development of neuroepithelium atrophy in the long-term
follow-up period ILM segment is not removed in the macular zone (Figure 36).

The changes of ILM physical properties in the course of staining make
any manipulations with retinal ILM easily performed, manageable, and well
visualized.

Thus, during vitreocontastography and practical lamellar intraoperative
dissection of the structures and layers of the vitreous body, it is possible to
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Figure 31.
A—TIsolated lamellar intraoperative dissection of the second cortical layer of the vitreous body. b—Identifying
the places of the second vitreous layer fixation to the underlying tissues (designated by the black arrow).

Figure 32.

The image of the eye fundus after the removal of the second layer of the vitreous body. The underlying cortical
layers ave transparent (blue arrows), only the changed areas of the vitreous body are visualized (black arrows),
some insignificant amount of the staining suspension on the surface (red arrows).
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Figure 33.
The second application of the dye to identify the topographic anatomy of underlying tissues.

Figure 34.
Cortical layers visualizing.
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Figure 35.
The lamellar removal of the stained layer from the retinal surface is impossible in the macular zone due to the
high level of adhesion between the cortical layers and ILM (blue arrows).

Figure 36.
In the course of the removal of the vitreous layer as a single block with ILM we refrain from performing this
manipulation (blue arrow).

Figure 37.
Foto of the eye fundus 2 years after surgery.
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visualize numerous areas of vetreoschisis that are the substrate for the process of
proliferation and the growth of neovessels (Figure 37).
3. Conclusion

Developed method of vitreocontrastography during vitrectomy allowed to find
and describe new structures and interactions in VRI. It is shown that vitreococn-
trastography method is very simple, safe, and effective for the ultrathin and trans-

parent eye structures visualization. Due to vitreocontrastography new classification
of PDVR was proposed.
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Chapter 9

Current Management of Diabetic
Macular Edema

Ogugua Ndubuisi Okonkwo, Toyin Akanbi
and Chineze Thelma Agweye

Abstract

Diabetic macular edema is a complication of diabetes mellitus (DM) which con-
tributes significantly to the burden of visual impairment amongst persons living with
diabetes. Chronic hyperglycemia triggers a cascade of pathologic changes resulting
in breakdown of the retinal blood barrier. Understanding the pathophysiological and
biochemical changes occurring in diabetes has led to developing novel therapeutics
and effective management strategies for treating DME. The clinical utility of optical
coherence tomography (OCT) imaging of the retina provides a detailed assessment of
the retina microstructure, valid for individualization of patient treatment and moni-
toring response to treatment. Similarly, OCT angiography (dye-less angiography),
another innovation in imaging of DME, provides an understanding of retinal vascula-
ture in DME. From the earlier years of using retinal laser photocoagulation as the gold
standard for treating DME, to the current use of intravitreal injection of drugs, several
clinical trials provided evidence on safety and efficacy for the shift to intravitreal ste-
roids and anti-vascular endothelial growth factor use. The short durability of available
drugs leading to frequent intravitreal injections and frequent clinic visits for monitor-
ing constitute an enormous burden. Therefore, extended durability drugs are being
designed, and remote monitoring of DME may be a solution to the current challenges.

Keywords: Diabetes Mellitus, Hypertension, Diabetic Macular Edema,
Diabetic Macular Ischemia, Intravitreal Anti Vascular Endothelial Growth Factor,
Intravitreal Steroids, Retinal Laser Photocoagulation, Optical Coherence
Tomography, Clinical Trials

1. Introduction

The rising number of persons living with diabetes worldwide has significant impli-
cations for global blindness. Diabetes is a condition of public health importance and
paramount health concern in our time, with about 463 million adults worldwide living
with diabetes as of 2019 [1]. The prevalence of diabetes for all age groups worldwide is
2.8% in 2000 and will increase to 4.4% in 2030 [2]. Projections suggest that the total
number of individuals with diabetes will more than double from 171 million in 2000
to 366 million by 2030 [2]. Diabetic retinopathy (DR) is a microangiopathy and a
significant finding amongst people living with diabetes. About 140 million patients are
estimated to have diabetic retinopathy, and 10% of this number, i.e., about 14 million,
have impaired vision. Diabetic macular edema (DME) is the commonest cause of
visual impairment amongst persons living with diabetes [3].
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The prevalence of DME is influenced by the type of diabetes and the use or
non-use of insulin treatment [4]. The ten-year incidence of DME is highest amongst
older onset patients on insulin, in which a rate as high as 25% has been reported. In
research examining the prevalence and risk factors for DME in the United States,
non-Hispanic blacks had a higher odd of developing DME than non-Hispanic whites
[5]. There was a more significant burden of DME among non-Hispanic blacks,
individuals with high hemoglobin Alc, and those with a longer duration of diabetes.
It would appear that race plays a vital role in developing DME.

Development of DR and DME is associated with well-researched risk factors,
including long duration of diabetes, suboptimal glycemic control as evidenced by
elevated HbA1lc, hypertension, obesity, elevated serum lipid levels, anemia, preg-
nancy, associated kidney disease, and smoking [6-10]. DME patients are at increased
risk of cerebrovascular accidents (stroke) and cardiovascular disease (CVD) when
compared to other DM patients without DR [11]. Also, DME has been shown to
negatively impact the quality of life (QoL) of the patient [12]. The most feared
complication of all the complications associated with diabetes is a loss of vision [13].

The management of a patient living with diabetes requires the input of a multi-
disciplinary team [14, 15]. It includes such psychosocial support as can be provided
by the family, peers, and even the workplace. This kind of support will help improve
patient compliance to treatment and result in an overall healthier patient. There are
physician and patient challenges in the care of DR and DME. Physician challenges
include managing wide variations in patient responses to treatment, the complex
comorbidity profile of the high-risk population, and the suboptimal outcomes
associated with delayed initiation of treatment with intravitreal anti-VEGF therapy.
Obvious patient challenges include compliance to treatment and clinic attendance
for monitoring, the cost of treatment and medical insurance, the burden associated
with long-term follow-up and management, problems with access to health care
and treatment (especially amongst the low and medium-income), and the time
spent on treatment, visits, and follow-up, particularly for the working-age popula-
tion. Nonetheless, to prevent visual impairment and blindness from DR and DME
amongst patients living with diabetes, timely intervention is required. It is possible
through the early detection of treatable retinopathy.

2. Screening for DR and DME

DR and DME occur in DM patients, and risk factors are as outlined previously.
Therefore, this disease lends itself to early detection through screening of at-risk
persons. DR is a progressive disease. The early stages of DR, which can be asymp-
tomatic, can progress to more advanced sight-threatening forms of the disease. The
role of ophthalmic screening for early detection of vision-threatening disease in at-
risk patients living with diabetes is an essential and practical strategy for preventing
vision loss from DR and DME. Though systematic screening is preferred and has
proven to reduce rates of blindness from DR effectively, few nations have this in
place. In most countries, only some form of opportunistic screening is available or
no screening at all [16].

There are different real-world examples of the benefit gained through DR
screening. The English national health service (NHS) diabetic retinopathy screen-
ing program is a successful model of a screening program that has evolved from
opportunistic to effective systematic screening [16]. The UK’s systematic screening
has effectively reduced the prevalence of DR-related blindness in the UK. The
UK national screening program was established in 2004 to provide standardized,
quality-assured DR screening across England. All patients living with diabetes
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above the age of 12 years are invited at least annually for an ophthalmic screen.
Those patients at higher risk could have more frequent visits, while those at least
level of risk could be considered for more extended visits. Screening is done by
qualified screeners who carry out two-field retinal photography, using an updated
list of persons living with DM. Images are then digitally transferred to a centralized
location for retinal grading by qualified individuals (graders). A comprehensive
quality-assurance system is set up, including regular auditing of grading carried
out by individuals grading within the English screening program. The UK’s screen-
ing program has a coverage of 83% and screened close to 3 million persons in
2018/2019. The entire program has reported successes, such that after seven years of
the program, a review of the causes of blindness in the UK showed that DR was no
longer the most common cause of blindness amongst the working-age [17]. This UK
experience of DR screening provides compelling evidence that systematic diabetic
retinopathy screening, coupled with timely treatment of sight-threatening disease,
can reduce vision impairment and blindness.

For a DR screening program to be effective, it should be composed of the follow-
ing seven component pathways, 1. identifying the population eligible for screening;
2. invitation and information; 3. testing; 4. referral of screen positives and reporting
of screen-negative results; 5. appropriate diagnosis; 6. intervention, treatment, and
follow-up; 7. reporting of outcomes [16].

The entire framework of the screening program should be based on the following,
resources and infrastructure, a pathway for screening, quality of screening, and equity
in access to high-quality screening. In addition, standardization of the process, quality
assurance, and auditing of the screening program should be implemented to ensure
effectiveness and a high level of sensitivity for timely detection of sight-threatening
disease and appropriate referral. Although there are well-designed guidelines for DR
screening, considerable gaps exist in deciding the best screening methods and how
often to screen, infrastructure and resources for screening, and the fact that several
patients living with diabetes fail to keep screening appointments. In addition, in
several low- and mid-income countries, healthcare coverage is not countrywide. There
is a scarcity of updated information on persons living with diabetes who are the targets
of such DR screening programs [16].

In consideration of the economic aspect of DR screening, issues relating to the
overall cost-effectiveness of ophthalmic care, the cost-effectiveness of systematic
versus opportunistic screening, how screening should be organized and delivered,
how often screening should be performed, have all been raised. It has been shown
that systematic screening for DR is cost-effective in terms of sight years preserved
than no screening [18]. In addition, teleophthalmology screening offers remote
screening by trained paramedics in out-of-hospital facilities, including rural and
hard-to-reach communities [19, 20]. Other remote screening initiatives include
healthcare kiosks and smartphone tele screening, which provide teleophthalmology
solutions for a broader range of patients, including in underserved locations and
rural communities. In countries with inadequate primary care systems, without a
routine systematic screening program, a holistic approach to screening for diabetes
is recommended to prevent end-organ damage. This holistic approach should
include at least retinal screening, foot examinations, blood pressure monitoring,
urine albumin testing, HbA1lc, and lipid testing [19]. A significant side benefit of
DR screening is that it can also identify other ophthalmic conditions, including
cataracts, glaucoma, and other retinal and retinovascular diseases.

In recent times, the entry of artificial intelligence (AI) algorithms further
provides immediate grading and feedback on fundus photographs acquired by
trained personnel in an out-of-hospital location (including primary care clinics and
pharmacies) [21-23]. These Al-backed systems feature automated retinal image
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analysis (ARIA) [24, 25]. The image to be graded or analyzed can be acquired using
digital fundus cameras, and now even handheld mobile devices, including smart-
phones, can be used. Internet access is required to upload the image for grading to
the Al software. The software then compares the uploaded image with cloud-based
images. It can provide information on if there is a presence of sight-threatening DR
or not with a high level of sensitivity and specificity. This AI software-based screen-
ing is the future of DR screening. Utilizing ARIA, detection of DR can be done
without the need for human image graders. ARIA, in turn, standardizes the process,
is more efficient, and covers a larger area within a shorter period. The EMERALD
Study is a recent multicenter study conducted in 13 centers within the UK [26].

This study examined the sensitivity, specificity, and acceptability of an alternative
pathway using spectral-domain OCT to detect DME and 7-field Early Treatment
Diabetic Retinopathy Study [ETDRS] and ultra-widefield fundus images for PDR.
These images were interpreted by trained nonmedical staff (ophthalmic grad-

ers) to detect reactivation of previously treated disease. The authors compare this
alternative pathway with the current standard of care (face-to-face examination by
ophthalmologists). They concluded that this new alternated pathway has acceptable
sensitivity and offers a significant release of resources.

At this time, home screening using optical coherence tomography (OCT) device
has been explored, “Home OCT device” [27]. Success and experience gained from
using the Foresee Home Device in monitoring eyes with AMD have evolved into
the idea that patients at risk of DME can be monitored remotely from their homes
using the Home OCT device, reducing the number of hospital visits [28]. Home
OCT can be combined with home monitoring of visual acuity and other aspects
of visual function. This innovative idea also provides information on DME’ entire
clinical evolution and history, which is missed between clinic visits for several
patients. The patient uses the Home OCT device to scan the macula for early disease
detection constantly. Therefore, home teleophthalmology and home monitoring
combined can detect early disease, lead to intervention early in the disease process,
and prevent vision loss from DR and DME. This home screening and monitoring
of DME is another current reality in the COVID 19 era and provides a way out for a
future lockdown, as happened during the COVID 19 pandemic.

To conclude, DR screening of at-risk patients living with diabetes is essential for
the early detection of sight-threatening disease to enable timely, effective treat-
ment. With increasing numbers of patients diagnosed with diabetes, DR-related
visual disabilities will likely increase in the coming years. An interdisciplinary orga-
nized public health approach will provide the best approach to achieving screening
for many patients. Collaboration amongst all different partners is required to reduce
the incidence of vision loss resulting from DME and DR. This multidisciplinary
approach will ensure that relevant information about diabetes and the eye screened
is shared with the screened patient and across the system responsible for diabetes
care. This will facilitate integrated care for the patient. Other incidental findings
diagnosed during eye screening, such as cataracts or glaucoma, should be referred
to the appropriate eye care team.

3. Pathophysiology of DME
3.1 Pathophysiology
The pathophysiology of DME is multifactorial and has not been clearly and

completely defined since it involves various complex pathological processes
[29-31]. In health, the retinal circulation is unique in that retinal capillaries are

180



Current Management of Diabetic Macular Edema
DOI: http://dx.doi.org/10.5772/intechopen.100157

non-fenestrated, and their endothelial cells have tight junctions which do not allow
fluid leakage. A lymphatic system does not exist in the retina, but leakage can occur
in the presence of retinal pathology, causing edema and swelling [32]. Chronic
capillary non-perfusion and retinal ischemia are said to be the primary contribu-
tors to DME [33]. Signaling molecules such as insulin-like growth factor-1 (IGF-1),
platelet-derived growth factor (PGF), angiopoietin, and most importantly, vascular
endothelial growth factor (VEGF) all play a role in the subsequent development of
diabetic microangiopathy [33].

The trigger for the vascular damage has been convincingly linked to the chronic
hyperglycemia present in DM. Vessel damage occurs via the glucose metabolic path-
ways, which include the Diacylglycerol (DAG)-protein kinase C (PKC) pathway,
Advanced glycation end-products (AGE), Polyol (sorbitol) pathway, Hexosamine
pathway, and the plasma kallikrein-kinin system (KKS) [34-36]. The blood-retinal
barrier (BRB) is an essential structure that regulates normal visual function [31, 37].
It is a physiologic barrier that tightly regulates the balance of electrolytes, protein,
solute, and water movement in and out of the retina. It is composed of both an outer
and an inner portion [31, 37]. The inner BRB comprises tight junctions between
retinal capillary endothelial cells, basement membrane surrounding it, and peri-
cytes outside [31, 37]. The outer BRB tight junctions exist between retinal pigment
epithelial cells located between them the fenestrated choriocapillaris and the outer
retina [31, 37].

In DME, disruption of the BRB is common, leading to increased vasopermeabil-
ity associated with vascular leakage, neovascularization, and inflammation [38]. In
chronic hyperglycemia, cellular and structural alteration in the BRB is character-
ized by the breakdown of cell-cell junctions between endothelial cells, pericyte
loss, basement membrane thickening, increased deposition of extracellular matrix
components, and Muller cell metabolism disturbance heralding the beginning of
the microangiopathy [30, 37, 39]. Over time, continued retinal microvasculature
damage results in the release of reactive oxygen species and inflammatory media-
tors and capillary nonperfusion, giving rise to retinal hypoxia and ischemia that
drives upregulation of angiogenic factors, such as vascular endothelial growth fac-
tor (VEGF) and breakdown of the BRB [29, 39]. The breakdown of the inner BRB
then results in the accumulation of plasma proteins such as albumin, which exerts a
high oncotic pressure in the neural interstitium, inducing interstitial edema, neural
tissue impairment, and ultimately vision loss if there is a delay in treatment or no
treatment at all [29, 31, 40].

Patients with DME have elevated vitreous levels of VEGF, Intracellular Adhesion
Molecule-1 (ICAM-1), interleukin-6 (IL-6), and monocyte chemoattractant
protein-1 compared to nondiabetic patients [41]. VEGF-A mediates angiogenesis by
promoting endothelial cell migration, proliferation, and survival [41]. VEGF-A also
possesses inflammatory properties through its capacity to mediate microvascular
permeability and increase the adhesion of leukocytes. It has been noted to stimulate
expression of ICAM-1 and vascular cell adhesion molecule —1 (VCAM-1), thus
incorporating the inflammatory cascade, initiating early diabetic retinal leukocyte
adhesion, and aiding the development of diabetic vasculopathy [39, 41]. VEGF-A
inhibitors have been shown to reduce vascular permeability [30, 31]. Anti-VEGF
agents such as Ranibizumab, Aflibercept, and Bevacizumab administered accord-
ing to various treatment protocols are currently the gold standard for treating
center-involving DME [31, 37, 42]. The introduction of intravitreal anti-VEGF
therapy has led to notably improved outcomes for some patients with DR/DME
[39]. Nevertheless, there are several practical limitations to the treatment with
anti-VEGF. They include; cost, need for frequent intravitreal injections, undertreat-
ment, and incomplete response in some patients [39, 43].
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3.2 Alternative pathways

Furthermore, clinical trials have demonstrated that only 33-45% of DME
patients on intravitreal anti-VEGF agents showed three lines or more of visual
improvement. Other DME patients showed an intermediate response (5-9 letters of
improvement) or inadequate response (<5 letters of improvement or worse). Eyes
with suboptimal early vision response showed poorer long-term visual outcomes
than eyes with pronounced early response [37, 44, 45]. In the clinical setting,
available data have shown that anti-VEGF therapy does not live up to the high goals
set by clinical trials, leaving patients with suboptimal vision [46]. These limitations
have resulted in exploring alternate pathways involved in aberrant angiogenesis,
including the Tie-2 pathway and the effect of genetics [39].

The angiopoietin-tyrosine-protein kinase (Ang-Tie) system plays an essential
and complementary role alongside VEGF-mediated vessel formation and vascular
stability [42]. The angiopoietins, Ang-1 and Ang-2, are a family of growth factors
that interact with one another to play a vital role in vessel homeostasis, angio-
genesis, and vascular permeability via interacting with the Tie-2 transmembrane
receptor tyrosine kinase [37, 39, 42]. Ang-1 plays a protective role in pathological
angiogenesis, supports quiescent vessel maturation, and prevents intravesical
inflammation [39, 42]. In contrast, Ang-2 promotes vascular instability through its
competition with Ang-1 and inhibition of Tie-2, contributing to DME [47]. Ang-2 is
upregulated in response to hyperglycemia and plays a vital role in altering the BRB
in DME [37]. Increased Ang-2 leads to decreased phosphorylation of Tie-2, which
results in increased retinal vascular permeability [37]. Together Ang-2 and VEGF-A
have been reported to produce accelerated neovascularization in the developing
retina and ischemic retina [39].

3.3 Systemic control

The UKPDS and FIELD studies concluded that good control of modifiable risk
factors of diabetic retinopathy delayed its development and progression [48-51].
Howbeit, findings of the ADVANCE trial came to a contrary conclusion [52].
Moreover, it has been observed in clinical practice that despite prolonged periods of
poor control of glycemic and systemic blood pressure in some patients, DR was not
observed, contrary to expectations. On the other hand, some other patients would
develop DR within a relatively shorter period of diabetes, despite better control
[53, 54]. These observations suggest that mechanisms other than hyperglycemia,
elevated blood pressure, and hyperlipidemia contributes to the development and
progression of DME and diabetic retinopathy in some patients [55]. In addition,
disparities in the risk of developing diabetic retinopathy have been noted among
patients of different ethnic groups even after correcting for environmental fac-
tors, alluding to the fact that genetic factors may play a role in the pathogenesis of
diabetic retinopathy [56-59]. This ethnic bias and variable predisposition bring to
the fore the consideration of a concept of genetic predisposition to DME and DR in
individuals of diverse ethnicity and genetic constitution.

3.4 Genetics of DME and DR

Gene mapping has been employed to identify novel genetic variants underlying
DME and DR. However, only weak associations have resulted [55, 60]. The Genome-
wide association studies (GWAS) had identified loci of interest MRPL19 and NRXN3
as novel loci with suggestive association with DME and PDR, respectively, which are
sight-threatening complications of DR [61]. Although DR-associated genes have yet
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to be replicated and confirmed, these early findings represent the initial groundwork
and maybe a preview of DR genetics’ complexity [55, 60, 62].

3.5 Macular ischemia

Retinal ischemia has been recognized as a primary risk factor for developing
proliferative diabetic retinopathy (PDR); it sometimes occurs with DME. A paucity
of studies describing diabetic macula ischemia (DMI) exists, mainly due to difficulty
in its detection using fluorescein angiography and limited treatment options [63].
Clinically, DMI is defined by an enlargement of the foveal avascular zone (FAZ) and
paramacular areas of capillary nonperfusion [64]. Two anatomical changes can be
characteristically seen in the retina of patients with DMI. First, due to marked cellular
and extracellular damage, there is extensive loss of neuro-retinal tissue. Secondly,
there is notable occlusion of the vessels supplying the retina [63]. DMI results in the
upregulation of growth factors such as VEGF, which contribute to DME development
[65], making it difficult to observe and anatomically characterize DMI in isolation.
The anatomical and physiological basis of this disease is still very poorly studied
[63]. Recently optical coherence tomography angiography (OCTA) offers a better
image of macular microvasculature and is superior to conventional FA in assessing
DMI. Anatomically the microcirculation supply to the retina is divided mainly into
superficial capillary plexus (SCP) and deep capillary plexus (DCP) [66]. Choroidal
circulation seems to be the most critical blood supply to the central macula, including
the photoreceptor inner segment (IS) band, which appears to be the most critical
consumer of oxygen [67]. It is thought that the DCP is responsible for up to 15% of
the blood supply to the photoreceptors, especially during dark adaptation [65, 66].

3.6 Classification of DME
3.6.1 The classification of diabetic retinopathy (DR) and DME

The classification of diabetic retinopathy (DR) and DME have evolved over the
years. About five decades ago, experts in ophthalmology gathered in Airlie House
for a symposium to review the state of knowledge of DR; an outcome from that
meeting was developing a standardized classification of DR [68-70]. Afterward,
this classification was modified for use by the Diabetic Retinopathy Study (DRS)
[69, 70]. The modified Airlie House classification of diabetic retinopathy used
in the DRS was further developed for the Early Treatment Diabetic Retinopathy
Study (ETDRS). This randomized, prospective study evaluated the efficacy of laser
treatment for macular edema [68]. It became the gold standard for many years. The
ETDRS introduced the term clinically significant macular edema (CSME). CSME
was defined using slit-lamp biomicroscopy, when it met any of the three criteria
viz. “(1) thickening of the retina at or within 500 pm of the center of the macula;
or (2) hard exudate at or within 500 pm of the center of the macula associated
with thickening of the adjacent retina; or (3) a zone of retinal thickening one disc
area or larger, any part of which is within one disc diameter of the center of the
macula” [71]. After that, fluorescein angiography was used to guide laser treatment
[72]. The ETDRS found that macular laser photocoagulation effectively reduced
moderate visual loss by at least 50% in laser-treated eyes with CSME compared to
untreated eyes [68, 70]. In 2003, an international classification called the Diabetic
macular edema disease Severity Scale with greater simplicity was proposed [29, 73].
The DME disease severity scale put forward that DME is ‘apparently present’ when
some apparent retinal thickening or hard exudates exist in the posterior pole; DME
is proposed to be ‘absent’ otherwise [29, 70]. When DME is present, it is classified
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into mild, moderate, or severe if the retinal thickening or hard exudate is distant
from the center of the macula, approaching the center of the macula but not
involving the center and involving the center of the macula, respectively [29, 70].
Ten years after ETDRS, Optical Coherence Tomography (OCT) became the new
imaging modality that enabled ophthalmologists to utilize the qualitative and
quantitative measurement of central subfield macular thickness (CSMT) and visual
acuity to diagnose and determine the response of DME to treatment [29, 72]. OCT is
invaluable due to its reliability and reproducibility; its importance in evaluating and
monitoring DME cannot be over-emphasized [41, 74].

A classification based only on slit-lamp biomicroscopic evidence of retinal thick-
ening is grossly insufficient to precisely describe DME and determine the appropri-
ate therapeutic modalities for the various morphologies [72, 75].

3.6.2 DME classification based on OCT

DME classification based on OCT is described using various morphology (1)
diffuse edema type (sponge-like diffuse retinal thickening), (2) cystoid macular
edema (CME) type (thickening of the fovea with intraretinal cystoid change), (3)
serous retinal detachment (SRD) type (thickening of the fovea with subretinal
fluid) and (4) vitreomacular interface abnormalities as seen in incomplete or com-
plete posterior vitreous detachment and epiretinal membrane (ERM) formation or
vitreomacular traction or both [74-76].

Other parameters deployed by the OCT in DME diagnosis include retinal thick-
ness, volume (quantitative data), and inner and outer layers of the retina [72, 74].

3.7 Clinical presentation (symptoms and signs)

Patients with DME may be asymptomatic if the macula center is not involved.
However, some eyes having center involving DME (CI-DME) have been seen to
have no visual disturbance, presumably because of the recent involvement of the
center [32]. Depending on the degree of fovea involvement and the chronicity of the
edema, patients may present with an array of visual symptoms [32]. These include
gradual progressive diminution and distortion of central vision over some time (usu-
ally moderate, unlike the severe loss after vitreous hemorrhage or retinal detachment
involving the macula in proliferative diabetic retinopathy), metamorphopsia, and
loss of color vision. They may also experience poor night vision and ‘washing-out of
vision in bright sunlight with poor dark-light adaptation [32, 77, 78].

On dilated biomicroscopic examination, retinal thickening may be observed in
commonly identified patterns. Focal edema often occurs in association with a cluster
of microaneurysms, sometimes surrounded by an incomplete ring of hard exudates.
Diffuse DME may be very difficult to identify clinically if the retina is uniformly
thickened due to the lack of reference landmarks. Clues include the height of the
retinal blood vessels over the pigment epithelium, cystoids spaces, or even loss of
the foveal depression. Other features that are sometimes seen with macular edema
include variable loss of retinal transparency, a significant number of microaneu-
rysms, intraretinal hemorrhages, and dispersed areas of hard exudates [32].

3.8 Evaluation of DME
3.8.1 The control of systemic metabolic abnormalities

The control of systemic metabolic abnormalities observed in diabetes
mellitus has a significant effect on the development and progression of
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diabetic microvascular complications, including DME [79]. The United

Kingdom Prospective Diabetes Study (UKPDS) and the Diabetes Control and
Complications Trial (DCCT) did demonstrate that optimal metabolic control
could reduce the incidence and progression of DR [50, 80]. To achieve good
management of a patient with DME, a multidisciplinary approach involving
different medical subspecialists such as ophthalmology, endocrinology, nephrol-
ogy, neurology, cardiology, orthopedics is key [29]. Systemic workup involving
blood investigations helps monitor the systemic status of these patients. These
investigations including fasting blood glucose (FBG), glycosylated hemoglobin
levels (HbA1C), serum electrolyte, urea, creatinine, and fasting lipid profile.
Other investigations that may be required would be based on systemic complaints,
examination findings, and other suspected comorbidities [29]. The recom-
mended values for HbAlc, blood pressure, and LDL cholesterol are < 6.5-7%,
<130/<85 mmHg, and < 100 mg/dl, respectively [81]. However, many patients fail
to achieve or maintain these levels of metabolic control. In patients who signifi-
cantly reduce HbA1c, there is an associated increased risk of severe hypoglycemia
[33, 50, 80]. Managing physicians must recognize correctable risk factors of DR
and DME, such as hyperglycemia, hypertension, and/or hyperlipidemia, to ensure
appropriate monitoring and referral for eye care.

3.8.2 Ophthalmic evaluation

I. Over the last two decades, a wide range of imaging modalities, including
fundus photography, fluorescein angiography (FA), optical coherence tomogra-
phy (OCT), and OCT-Angiography (OCT-A), have been utilized not only for the
diagnosis and classification of disease but also to monitor disease progression and
treatment [82]. Figures 1-5 illustrate the significance of these imaging technologies
in DR and DME. DME is diagnosed clinically with the slit-lamp biomicroscopy
or indirect ophthalmoscopy with features such as visible microaneurysms, hard
exudates, cysts, and retinal thickening. However, stereoscopic fundus photogra-
phy and fluorescein angiography have greater sensitivity in detecting DME than
ophthalmoscopy because of superior optics of the former, the enhanced contrast
of fluorescein angiography, ability to make confirmation of vascular leakage, and
the ability of the observer to evaluate magnified images without the interference of
patients moving or blinking [83].

Figure 1.

OCT image of both eyes of a patient who suffers from DME in the left eye. The right eye shows typical retinal
microstructure, while the left eye shows thickening in the foveomacula area from intraretinal cystic spaces due
to diabetic macular edema. Notice that the posterior vitreous membrane is “partly” attached to the retina in
both eyes.
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(a) (b)

Figure 2.

(a) Right eye fundus photograph, with the star shaped appearance of hard exudation, the nasal portion of
which involves the fovea. There ave dot hemorrhages and microaneurysms involving the temporal macula
and superiorly within the superotemporal arcade. Notice the arteriovenous nipping (broken yellow arrows)
suggestive of co-existing hypertensive vetinopathy. Theve are opacities within the vitreous. (b) Left eye fundus
photograph, a ving of fibrovascular tissue extends from the vetina into the pre vetinal space and vitreous
cavity. Hard exudates, hemorvhages, and microaneurysms are present within the temporal macula beneath
the fibrovascular tissue. Contraction of fibrovascular proliferative tissue creates a tractional effect on the
inferotemporal arcade (broken yellow arrows).

Figure 3.

OCT images of both eyes as in Figuve 2a and b. Theve is intravetinal cluster of havd exudates and intraretinal
cystoid spaces, worse in the vight eye (correlating with the fundus photographs). Epirvetinal membrane is present
in both eyes (broken yellow arrows).

Stereoscopic fundus photographs provide an opportunity to evaluate and docu-
ment long-term changes in the retina [32, 82]. The ETDRS study used the 7 standard
fields (7SF) 30° photographs of the retina (three horizontally across the macula and
four around the optic nerve). This combination gave nearly 75° of visualization [29].
Mydriatic or nonmydriatic fundus imaging with >30° mono- or stereo photography
is used with or without OCT [84]. Ultra-wide-field imaging is currently used for the
screening and detection of DR, as is ultra-wide-field angiography [83].

Fundus fluorescein angiography (FFA) visualizes the retinal vasculature. It iden-
tifies lesions of diabetic retinopathy, patchy areas of hypo fluorescence representing
ischemia as demonstrated by capillary dropout, areas of impaired BRB function,
and microaneurysms manifest as areas of hyper fluorescence demonstrated by
leakage of dye and visualize expansion of the foveal avascular zone (FAZ) [59, 82].
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Figure 4.
Left eye fundus photograph showing extensive fibrovascular tissue proliferation across the macula and optic
disc. There is a faint view of vetinal hemorrhages in the tempoval macula.

Figures.

The OCT image of the left eye fundus photograph in Figure 4. Tangential (yellow star) and vertical (yellow
dotted arrow) tractional elements in the prevetinal space extend into the vitreous. This thick taut hyaloid
creates foveomacular traction-induced macular edema (evident as the large cystoid spaces within the macula,).

Previously FFA helped predict prognosis and response to treatment in DME [59].
A case of diffuse DME was defined by fluorescein leakage involving most of the

macula. This form of DME is more challenging to treat than focal DME involving
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leakage from identified lesions [85]. FFA also revealed the degree of capillary
non-perfusion and macular ischemia, shown by an enlarged foveal avascular zone
[59]. With the development of ultra-widefield imaging, FFA can now be performed
with visualization of up to 200° of the retina. Extensive ischemia in the retinal
periphery has been associated with recalcitrant disease, and the ultra-widefield
FFA may help identify DME that is likely to be treatment-resistant [59]. It reveals
areas of peripheral ischemia and non-perfusion, which can be promptly treated
with pan-retinal laser photocoagulation. The significant advantage of FFA is that it
was the only imaging modality commonly used in DR that provides information on
vascular flow and vessel permeability over time by visualizing leakage and pooling
[82]. The disadvantage of FFA is that it is an invasive procedure that involves the
administration of intravenous dye. It should be performed carefully, especially in
patients with severe DR and associated systemic vascular complications such as
severe renal disease and clinical or subclinical cardiovascular disease [29, 82, 86, 87].
The most common adverse reactions are nausea and vomiting, but more severe side
effects include localized reactions, urticaria, seizures, and, very rarely, anaphylaxis
[29, 82]. Before performing FFA, the ophthalmologist must carefully consider
whether the information provided is necessary to make therapeutic decisions and
whether the same or equivalent information can be provided by OCT which is non-
invasive [83].

II. Since its first introduction, OCT has become the most frequently used
diagnostic tool in ophthalmology for the past two decades and has revolutionized
clinical imaging for diagnosis and disease management in most retinal diseases,
including DME [78, 82]. The diagnostic utility of the OCT can be seen in the case
illustrated by Figures 6 and 7. The fast, non-invasive, high-resolution imaging
available with OCT of the posterior segment allows for close study of the retinal
anatomy and assessing retinal thickness profile and morphology in DME [82, 83]. A
significant advantage of OCT is that it can be easily repeated several times, within
the same day, with a high degree of reproducibility. Therefore, it can be used to
monitor the effect of therapy, e.g., intravitreal anti-VEGF given the same day or
shortly after, to detect or objectively quantify response to therapy [82, 83]. This
value of the OCT to monitor treatment is illustrated with Figures 8 and 9.

(a) (b)

Figure 6.

(a and b) The left eye fundus photograph shows dot hemorrhages, microaneurysms, and few hard exudates,
over the macula (a) and extending to the temporal vetina (b). This is a clinical diagnosis of non-proliferative
diabetic retinopathy and DME.
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Figure7.

OCT of fundus image in Figure 6 showing intraretinal cystoid spaces and a few hard exudates clustering
around the cystoid (broken yellow arrows). Hyper reflective digitations are extending into the outer nuclear
layer (broken red line).

Figure 8.
This is the OCT image of the same eye as in Figure 7 after intravitreal injection of Bevacizumab. Notice the
reduction in intraretinal cystoid space size. The foveomacular vetina is no longer thickened, as in Figuve 7.

There are three types of OCT: time-domain (TD), spectral-domain (SD), and
swept-source (SS) [82]. Spectral-domain OCT is the most commonly used, allowing
three-dimensional raster scans of up to a few hundred B-scans, also creating high-
resolution images. It supersedes time-domain (TD)-OCT, the first generation that
allowed imaging of 6 radial cuts only [78, 83]. The most recent third-generation OCT
technology uses a swept-source (SS) light source that allows high-speed imaging and
provides three-dimensional raster images of high microstructural resolution, also
referred to as optical histology [78]. OCT is highly sensitive and more accurate in
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Figure 9.

Tl'gs serial OCT shows longitudinal follow-up of a case of recurrent macular edema, which resolves after
initial treatment with intravitreal Ranibizumab. However, recurvence of edema (broken yellow arrow) occurs
after an attempt at extending the injection interval from monthly to two monthly, then three monthly (treat
and extend protocol). The resolution of edema (broken red arrow) occurs again after repeating intravitveal
injection of Ranibizumab. The macula remains dry at subsequent visits.

diagnosing DME when compared to fundus stereo photography and biomicroscopy
[78], see Figures 1, 3 and 5. It is currently the gold standard for the diagnosis and
monitoring of DME.

It is used to determine whether DME is center-sparing or center -involving, an
essential criterion in determining treatment [78]. A limitation noted is that image
segmentation could be a problem in eyes with marked DME and dome-shaped
macula [88].

OCT not only identifies the presence or absence of disease activity such as the
intra-retinal fluid (IRF) and the sub-retinal fluid (SRF) as seen in DME, it localizes
them in the retina. It allows for quantification to assess the disease’s response to anti-
VEGF therapy [89], as demonstrated in Figure 9. It has been demonstrated that
OCT using microstructural changes seen in IRF and SRF at baseline can prognosti-
cate response to intravitreal treatments [90].

I1I. Certain features of retinal morphology seen on the SD-OCT, such as central
subfoveal thickness (CST), vitreoretinal interface abnormalities, and the epiretinal
membrane (ERM), can be used as surrogate markers and act as predictive factors
for visual acuity (VA) outcomes in the treatment of DME [91-93]. CST was initially
used as a predictor of visual outcome after treatment due to the ease of identifying
and obtaining this parameter, but this had limitations [92]. Consequently, other
aspects of OCT have been investigated to determine their usefulness as possible bio-
markers and correlations for VA and treatment outcomes. These include an external
limiting membrane (ELM) and ellipsoid zone (EZ) disruption, and disorganization
of retinal inner layers (DRIL) [91, 92]. Sun et al. described an OCT feature termed
disorganization of the inner retinal layers (DRIL) [94]. It was observed that an
improvement in DRIL following treatment for DME was predictive of better VA
outcomes. There was an association with VA after the resolution of centre-involving
DME [95, 96]. An association between DRIL, the disruption of the outer retina, and
increasing DR severity have been observed [91].

IV. The role of OCT-A is evolving as a tool in the evaluation of DME. OCT-A is
an imaging technique that uses motion contrast and faster scan speeds, including
spectral-domain (SD) and swept-source (SS), to obtain three-dimensional cubes,
which then undergo automated segmentation into layers [82], as seen in Figure 10.
In DME, as with FFA, OCTA can visualize the increase in the size of the fovea avas-
cular zone (FAZ) and perifoveal intercapillary area [97], seen in Figure 11. It can also
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Figure 10.

A normal OCT-Angiography (OCT-A) scan of the right eye, showing the four segmented layers, including
superficial and deep plexi, outer vetina and the choriocapillaris layers. Also shown are the cross sectional OCT
scans, highlighting the borders and planes of tissue segmentation.

Figure 11.

OCT-A, showing a well perfused macular and what looks like shunt vessels within the foveal avascular zone.
The en face OCT images show radiating hard exudates centered on the fovea. The cross sectional OCT shows
large intra vetinal cystic space in the fovea, and there is aggregation of hard exudates observed within the retina
(outer nuclear layer) microstructure.
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study the retinal vascular plexuses in layers, determine microvascular parameters,
and correlate them with functional and morphological data [98].

The advantages of OCT-A are: It provides “3-D” imaging information of the
macula and visualizes peripapillary capillaries [99]. It is dye-free, thereby suitable
for patients with adverse reactions to the dyes and poor intravenous access or renal
failure [100]. It is reproducible with a faster acquisition time [99, 101]. An advan-
tage of OCT-A over conventional FA is that the absence of dye leakage using OCT-A
enables visualization of the distinct margins and sizes of neovascularization since
there is no leaking of dye to obscure the neovascularization complex’s margins seen
in the later frames of the FFA [33]. The disadvantages of OCT-A include its inability
to visualize leakage of dye in the retina, a common feature of inflammatory vascular
pathology, and a sign of blood-retinal barrier breakdown [100]. Limitation to
detecting peripheral retinal ischemia as it can scan mostly the posterior pole [100].
Studies suggest that in the future management of DME, OCT-A could be used to
prognosticate the evolution of visual acuity with the help of biomarkers such as low
vascular density (VD) and enlargement of the foveal avascular zone (FAZ) [102-
104]. OCT-A could also be used to aid in the monitoring of the response of DME to
anti-VEGF treatment such as Ranibizumab since poor responders show significant
damage to the DCP, but not SCP [105, 106].

Initially, the major limitation of OCTA was the small field of view, with the
greatest resolution achieved at smaller scanning sizes such as the commonly
used 3 x 3 mm scan [33, 82]. Wider field OCTA scans are already available
such as the 9 x 9 mm and 12 x 12 mm. Experimental wide-field OCTA using
faster scanning OCTA is being researched and could be available in the future
(102, 103, 107].

Other drawbacks noted are that OCTA is subject to projection artifacts.
Vasculature from outer layers is projected onto the deep plexuses and choriocapil-
laris, affecting the accurate interpretation of vascular pathology in the deeper
layers. It is also prone to movement artifact; patient movement presents as horizon-
tal white lines, and artifact blinking appears as black lines across the image [83].
Solutions to artifacts include the incorporation of software to correct the motion
artifacts [108].

Visual acuity is still viewed as the gold standard in clinical settings for assessing
vision using the Snellen or ETDRS charts, but it does not entirely reflect functional
vision [109, 110]. Functional vision depicts the impact of sight on the quality of
life as expressed by the patient [109]. Various visual function disturbances such
as waviness, relative scotoma, and reduction in contrast sensitivity are known to
precede loss of visual acuity in patients with DME. However, they are not assessed
and quantified during a routine eye examination. For assessing these abnormalities,
microperimetry is used to identify vision-threatening retinopathy before visual
acuity is affected. Microperimetry is a diagnostic tool used to assess retinal sensitiv-
ity while the fundus is directly examined,; it enables exact topographic correlation
between macular pathology and corresponding functional abnormality [109, 110].
It is rapid, safe, and non-invasive [110]. Microperimetry is of value in prognos-
ticating the functional outcome as foveal thickness returns to normal following
the treatment of DME [109]. Microperimetry has been used to demonstrate low
retinal sensitivity present in the areas of capillary drop out in eyes with ischemic
DME [111].

Multifocal electroretinogram is an electrophysiologic test. It is used to objec-
tively identify functional changes of the retina in the early phases of DR and DME
[112] and is also helpful for objectively monitoring eyes on intravitreal antiVEGF
treatment such as Ranibizumab for DME [113].
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4. Treatment of DME
4.1 Systemic control

The control of all systemic risk factors is vital in the treatment of DME.
Optimizing control of diabetes, hypertension, and serum lipids should be empha-
sized. Optimization of care involves visits to the internist. The intervention aims to
reduce glycated hemoglobin, elevated blood pressure, and elevated serum lipids to
produce measurable effects in macular thickness in as little as six weeks [114].

The Diabetes Control and Complications Trial (DCCT) reported that tight blood
glucose control in patients with type 1 diabetes reduced the cumulative incidence
of macular edema at 9-year follow-up by 29% and reduced the application of focal
laser treatment for DME by half [115, 116].

The United Kingdom Prospective Diabetes Study (UKPDS), a randomized
clinical trial of patients with type 2 diabetes, reported that tighter blood glucose
control reduced the requirement for laser treatment at ten years by 29%, compared
with looser control; 78% of the laser treatments were for DME [50]. This study also
demonstrated that a mean systolic blood pressure reduction of 10 mm Hg and a
diastolic blood pressure reduction of 5 mm Hg over a median follow-up of 8.4 years
led to a 35% reduction in retinal laser treatments 78% were for DME [51].

The Action to Control Cardiovascular Risk in Diabetes (ACCORD) eye study
compared the progression of DR in a Simvastatin plus placebo group, Simvastatin
plus fenofibrate group. The rate of progression of DR was lower in the fenofibrate
group than in the placebo group [117].

High plasma cholesterol may be associated with more severe hard exudates at the
macula [118, 119]. It has been reported that oral Atorvastatin reduced lipid migra-
tion to the subfoveal region and decreased the severity of hard exudates in type 2
DM patients with dyslipidemia who had CSME [120]. Nephropathy and anemia can
contribute significantly to the risk of DR and DME. Weight loss and cessation of
smoking are also crucial in preventing DR and DME.

4.2 Observation

The DRCR Network, Protocol V study, addressed the management of
well-controlled DM with center involving DME (CI - DME) and good vision.
Randomization of study participants was to observation, focal laser, and intra-
vitreal Aflibercept [121]. The results suggest that patients with CI-DME and good
vision (20/25 or better) can be managed initially with observation and close follow-
up. These eyes should receive treatment if they suffer a decrease in vision.

For many years, focal and or grid macular laser photocoagulation (MLP) was the
gold standard for DME treatment; newer laser techniques are now available. These
minimize the side effects of a traditional laser. Intravitreal anti-Vascular endothelial
growth factor (anti-VEGF) injections are now the mainstay of CI-DME. Although
intravitreal anti-VEGFs have become popular, intravitreal steroids are often indi-
cated in the treatment of DME. Vitrectomy is also used to treat DME. Combination
therapy is another strategy employed for treating DME.

4.3 Intravitreal anti-vascular endothelial growth factors (anti VEGF).
Anti VEGFs inhibit upregulated VEGF, which has been implicated in the pathogen-

esis of DME. The efficacy of anti-VEGF injections in DME has been demonstrated by
several studies [122-125]. Anti-VEGF therapy, however, requires frequent intravitreal
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injections that are difficult to transpose to clinical practice. Thus, fewer injections are
administered in clinical practice than in clinical trials; this contributes to decreased
efficacy as the results of clinical trials have been difficult to replicate in real life [126].

4.3.1 Pegaptanib

The first anti-VEGF drug used to treat DME was Pegaptanib (Macugen®,
Bausch and Lomb, Rochester, NY, USA), which selectively blocks the 165-isoform
of VEGF [127]. A phase II trial by the Macugen Diabetic Retinopathy Study Group
reported that at 36 weeks, Pegaptanib led to better BCVA gain, a more significant
reduction in central macular thickness (CMT), and less requirement for laser in
DME when compared to sham [128]. However, it has been observed that Pegaptanib
is less effective at improving visual outcomes than other anti-VEGF agents that
target all VEGF-A isoforms [129].

4.3.2 Bevacigumab

Bevacizumab, a humanized monoclonal antibody that inhibits VEGF, was ini-
tially developed as a concomitant medication for use in combination with existing
metastatic colorectal cancer regimens [130]. The FDA does not approve it for the
treatment of DR or DME. However, the intravitreal Bevacizumab or laser therapy in
the management of diabetic macular edema (BOLT) study examined the efficacy of
Bevacizumab versus focal laser for DME and reported that Bevacizumab is superior
to focal laser alone [131].

Patients in the Bevacizumab group showed significant BCVA improvement
over patients in the laser group [131]. Bevacizumab costs much less than the FDA-
approved intravitreal anti-VEGF drugs [132]. It is, therefore, more cost-effective
in treating DME than Ranibizumab or Aflibercept [133, 134]. It is usually given as
a1.25 mg in 0.05 ml dose. The incidence of severe ocular and monocular adverse
events was low for intravitreal Bevacizumab [135].

4.3.3 Ranibizumab

Ranibizumab (IVR, Lucentis®, Novartis, Basel, Switzerland) is a fully-human-
ized monoclonal antibody fragment that binds to VEGF-A’s multiple variants [136].
The Ranibizumab for Diabetic Macular Edema (A Study of Ranibizumab Injection
in Subjects With Clinically Significant Macular Edema With Center Involvement
Secondary to Diabetes Mellitus (RIDE) and A Study of Ranibizumab Injection
in Subjects With Clinically Significant Macular Edema With Center Involvement
Secondary to Diabetes Mellitus (RISE) trials investigated the use of monthly
Ranibizumab given in two doses—0.5 and 0.3 mg—for the treatment of DME [137].
The FDA approves it for the treatment of DME and DR at a dose of 0.3 mg monthly.

Port Delivery System (PDS) with Ranibizumab is a permanent refillable eye
implant, approximately the size of a grain of rice, designed to deliver a custom-
ized formulation of Ranibizumab continuously over an extended duration, i.e., six
months; potentially reducing the treatment burden associated with frequent eye
injections [138].

The LADDER trial demonstrated that PDS with the 100 mg/mL formulation
is non-inferior to monthly intravitreal injections of Ranibizumab in terms of
visual and anatomical outcomes in neovascular age related macular degenera-
tion (AMD) eyes [139]. In the ARCHWAY trial, 98.4% of PDS patients could go
six months without needing additional treatment and achieved vision outcomes
equivalent to in AMD patients receiving monthly Ranibizumab injections, a
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current standard of care [138]. Therefore, PDS could reduce the number of anti-
VEGF treatments to two per year.

It is surgically implanted via a specialized tool through an incision in the sclera
and pars plana. Reported adverse effects include conjunctival bleb, vitreous hemor-
rhage, conjunctival erosion, conjunctival retraction, endophthalmitis, rhegmatog-
enous retinal detachment, and hyphaema [138].

Two trials, PAGODA (will evaluate the efficacy, safety, and pharmacokinetics of
the PDS With Ranibizumab in participants with DME compared with intravitreal
Ranibizumab) and PAVILION (a multicenter, randomized study in participants
with diabetic retinopathy without center-involved DME to evaluate the efficacy,
safety, and pharmacokinetics of Ranibizumab delivered via the PDS relative to the
comparator arm) are underway to study the safety and efficacy of PDS in subjects
with DME and those with DR without CI-DME [140, 141].

4.3.4 Aflibercept

Aflibercept (IVA; VEGF-trap eye, Eylea, Regeneron Pharmaceuticals, NY,
USA) is a recombinant chimeric fusion protein containing the second domain of
VEGFR-1 and the third domain of the VEGFR-2 attached Fc portion of human
IgG1 [142]. It has a dimeric structure, the molecular weight of the protein is 97kD,
and the total molecule after glycosylation is 115kD [143]. Aflibercept acts as a
decoy receptor binding VEGF-A, VEGF-B, and PIGF, thereby preventing their
binding with their original receptors [144]. VEGF-A binds to both VEGFR-1 and
VEGFR-2, but PIGF binds to only VEGFR-1. The FDA approves it for the treat-
ment of DME and DR in patients with DME at a dose of 2 mg. It was studied in
the Intravitreal Aflibercept for Diabetic Macular Edema (VISTA and VIVID) trials
which compared Aflibercept with a focal laser to treat DME [145]. These studies
demonstrated the superiority of Aflibercept over laser in terms of visual acuity
improvement.

A comparative effectiveness randomized clinical trial compared Bevacizumab
with Ranibizumab and Aflibercept for DME and found that all three agents
are effective treatments at the two-year follow-up [146]. However, in eyes with
visual acuity of 20/50 or worse, Aflibercept was superior to Ranibizumab and
Bevacizumab at one year. In contrast, at two years, Aflibercept was no longer
superior to Ranibizumab but remained superior to Bevacizumab [132, 147].

A concomitant effect of intravitreal anti-VEGF treatment for DME noticed with
Ranibizumab and Aflibercept is improvement in retinopathy severity or slowing of
the rate of progression of retinopathy [148]. Another concomitant effect is thinning
of the choroid [149, 150].

4.3.5 Brolucizumab

Brolucizumab (IVBr, Beovu; Novartis; Basel, Switzerland), a single-chain
antibody fragment, was approved for the treatment of nAMD in October 2019 and
in February 2020 in the USA and the European Union [151]. The potential benefits
of Brolucizumab are assumed to be related to its low molecular weight with subse-
quent better tissue penetration as well as higher molar concentration [152, 153]. Its
use is mentioned here for completeness. It is no longer in “popular” use due to safety
concerns. Brolucizumab was associated with reports of intraocular inflammation
(IOI) and retinal vasculitis with or without occlusion [154, 155].

Positive 1-year results of the phase III KESTREL and KITE studies, evaluating
the efficacy and safety of Beovu (Brolucizumab) 6 mg in DME were reported. Both
studies met their primary endpoints of noninferiority in the change in BCVA from
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baseline for Beovu 6 mg versus Aflibercept 2 mg at year one [156]. However, the
Beovu trials have been discontinued because Beovu was associated with higher rates
of intraocular inflammation, including retinal vasculitis and retinal vascular occlu-
sion versus Aflibercept [157].

4.3.6 Faricimab

Faricimab is a novel anti-Ang-2/anti-VEGF bispecific antibody designed explic-
itly for intraocular use [158, 159]. It is assembled using Roche’s CrossMAD technol-
ogy (Basel, Switzerland) and binds both VEGF-A and Ang-2 with high affinity
and specificity [158, 160]. Faricimab is the first investigational bispecific antibody
designed for the eye [161].

It targets two distinct pathways — via angiopoietin-2 (Ang-2) and vascular
endothelial growth factor-A (VEGF-A) — that drive several retinal vascular diseases
[161]. Ang-2 and VEGF-A contribute to vision loss by destabilizing blood vessels,
causing new leaky blood vessels to form and increasing inflammation [162]. By
simultaneously blocking both pathways involving Ang-2 and VEGF-A, Faricimab
is designed to stabilize blood vessels, potentially improving vision outcomes for a
longer duration in patients living with retinal conditions [162].

Faricimab is a promising molecule that is still undergoing investigation pri-
marily for nAMD. The STAIRWAY Phase 2 Randomized Clinical Trial concluded
that at week 52, Faricimab dosing every 16 weeks and every 12 weeks resulted
in maintenance of initial vision and anatomic improvements comparable with
monthly Ranibizumab [163]. TENAYA and LUCERNE phase 3 trials evaluate the
efficacy, safety, and extended durability of up to 16 weekly dosing of intravitreal
Faricimab in patients with nAMD [164]. YOSEMITE and RHINE are ongoing
trials evaluating the efficacy, durability, and safety of Faricimab 8 weekly or
a protocol-driven regimen based on treat-and-extend in DME patients [165].
Positive first-year results have been reported for Faricimab, which may emerge
as an essential option if equivalent second-year results are reported with no

safety flags.
4.4 Regimens

There is no consensus about the ideal treatment regimen with anti-VEGF agents
[166]. Different treatment algorithms have been studied in clinical trials for AMD and
applied in clinical practice, including monthly injections (ANCHOR, MARINA, CATT,
HARBOR, EXCITE, IVAN, VIEW) as needed ‘pro re nata’ PRN (SUSTAIN, MONT
BLANC, SAILOR, CABERNET, PrONTO, IVAN, CATT, HARBOR, OCTAVE), and
‘treat and extend’ regimen (TREND, LUCAS) [167].

Monthly maintenance dosing is a tremendous burden for both patients and
the healthcare system. It has a real risk of overtreatment. The pro re nata (PRN)
regimen is a treatment protocol where follow-up intervals remain fixed. At the
same time, decisions to carry out an injection are based on the anatomic findings
at each respective visit [168]. The PRN regiment has a risk of undertreatment or
overtreatment, and patients may fail to attend. A treat-and-extend regimen (TER)
is an individualized dosing scheme of titrating the injection interval based on the
patient’s response [169]. Therefore, if a patient shows no sign of active disease
(e.g., the macula remains dry, without any leakage), intervals will be extended,; if
there is fluid accumulation, the next interval will be shortened. Fixed dosing lacks
long-term practicability in real-world settings due to overtreatment and high costs;
thus, PRNs or TERs have been suggested as feasible alternatives [169]. TERs have
advantages: their cost-effectiveness due to less frequent visits and increased efficacy
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based on proactive treatments. However, TER involves more injections than a PRN
regimen, leading to overtreatment [170].

4.5 Side effects of intravitreal injection of anti VEGFs

Endophthalmitis, intraocular inflammation (IOI), rhegmatogenous retinal
detachment, intraocular pressure elevation, and ocular hemorrhage have been
reported as complications of intravitreal anti-VEGF injections [171]. There are
reports of ocular inflammatory events with Brolucizumab intravitreal injection
[172, 173]. Recently, occlusive retinal vasculitis has been reported with the use of
Brolucizumab. For this reason, the use of Brolucizumab has been discontinued.
Furthermore, the experience with Brolucizumab has increased the surveillance by
an ophthalmologist of drug-related IOI.

Intraocular silicone oil droplets and protein aggregates have also been reported
with intravitreal anti-VEGF injections [174]. Several systemic adverse events of anti
VEGFs have been reported in different studies, including systemic hypertension,
cerebrovascular accidents, heart attacks, and death [175, 176].

About 40-60% of eyes that receive anti-VEGF injections show an insufficient
response with recurrent and persistent macular edema, even after repeated injections
(177, 178].

4.6 Intravitreal steroids
4.6.1 Corticosteroids

Corticosteroids inhibit leukostasis, adhesion, transmigration of leukocytes and
downregulate the expression of prostaglandins, cytokines, and growth factors,
especially VEGF [179]. They also alter the composition of the basal endothelial
membrane by changing the local ratio of laminin isoforms, suppressing basement
membrane dissolution, and strengthening tight junctions to limit permeability
and leakage [180]. Long-term steroid use may have a neuroprotective effect on the
retina [181].

Corticosteroids are now usually second-line therapy. Some of the indications for
intravitreal steroids in DME include non-response to anti-VEGF, non-compliant
patients, pregnancy, history of recent arterial thromboembolic events (ATEs),
patients with hard exudates (HE) at the center of the fovea, pseudophakic patients
(there is no risk of cataract) and vitrectomized eyes [182]. In vitrectomized eyes,
corticosteroid intravitreal implants release drugs at a constant rate and provide
predictable pharmacokinetics [183, 184].

In clinical trials that studied the use of intravitreal steroids in treating DME,
pseudophakic eyes were shown to have better visual acuity (VA) outcomes than
phakic eyes [185, 186]. The DRCRnet, protocol U concluded that pseudophakic
patients with persistent DME showed better VA outcomes with combination treat-
ment of Ranibizumab and Dexamethasone intravitreal (DEX) implant compared
with Ranibizumab alone [187].

4.6.2 Dexamethasone sustained-velease implants

Dexamethasone intravitreal (DEX) implant (0.7 mg) (Ozurdex, Allergan, Inc.,
Irvine, CA, USA) consists of micronized dexamethasone in a biodegradable copo-
lymer of polylactic-co-glycolic acid, which slowly releases steroids into the vitreous
for about 6 months [188, 189]. In 2014, based on the results of the MEAD study
[190], the FDA and most European countries approved Ozurdex for the treatment
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of DME. DEX is a potent anti-inflammatory agent; its potency is twice that of
Fluocinolone acetonide (FA) and 5-fold more than Triamcinolone Acetonide (TA)
[191]. In contrast to TA, the pharmacokinetics of the DEX implant were not signifi-
cantly different in vitrectomized and nonvitrectomized animal eyes [192].

There have been reports of the benefits of using DEX implant in naive DME as a
first-line option [193, 194] and the advantages of early switching in patients not
responding to anti-VEGF [195].

4.6.3 Fluocinolone acetonide (FA) implant

FA has a 25-fold higher anti-inflammatory potency than cortisol [196]. It has
selective and potent agonist properties by binding to the cytosolic glucocorticoid
receptor with high affinity; it is devoid of mineralocorticoid activity [197-199].
FA is available as an intravitreal implant. It is small (3.5 mm in length, 0.37 mm
in diameter), non-biodegradable, and designed for injection using a 25-gauge
injector via the pars plana into the vitreous cavity [200]. The approved implant
(ILUVIEN®) contains 0.19 mg of FA initially released at 0.25 pg/day (average,
0.2 pg/day); it lasts 36 months [201]. The Fluocinolone Acetonide for Diabetic
Macular Edema (FAME) studies evaluated the use of 2 different FA doses (0.2 vs.
0.5 pg/day) compared to sham injections [202, 203]. This study showed the efficacy
of FA implants for chronic DME that is resistant to conventional treatment.

4.6.4 Triamcinolone Acetonide (TA)

TA has a 7.5-fold higher anti-inflammatory potency than cortisone [204]. It was
the first widely used intravitreal injectable medication for DME [205]. Several clinical
trials have shown the efficacy of TA in the treatment of DME [206-208]. TA Half-life
in the vitreous of a nonvitrectomized eye has been reported as 18.6 days, in contrast
to a much shorter duration in a vitrectomized eye, 3.2 days [209]. A single intravitreal
injection of 4 mg of TA lasts approximately three months in the nonvitrectomized
human eye [209, 210]. DRCR.net Protocol B investigated the efficacy and safety of
1 mg and 4 mg doses of TA compared with focal or grid laser photocoagulation and
concluded that focal laser was superior to intravitreal triamcinolone [211, 212].

4.6.5 Adverse effects

Adverse effects of intravitreal steroids include ocular hypertension, cataract,
infectious endophthalmitis, pseudo endophthalmitis, and sterile endophthalmitis [213].
A steroid-induced cataract is the most common adverse event of intravitreal cortico-
steroids [213]. Up to 50% of eyes injected with intravitreal corticosteroid will develop
elevated intraocular pressure [214, 215]. Both the DEX and FA implants have been
reported to migrate into the anterior chamber, potentially leading to corneal edema,
corneal endothelial decompensation, and ocular hypertension [216, 217]. The DEX
implant has been accidentally injected into the crystalline lens rather than into the vitre-
ous cavity [218]. In terms of outcomes, Gillies et al. reported that the Dexamethasone
implant (Ozurdex, Allergan) was as efficacious as Bevacizumab in reducing DME [219].

4.7 Macular laser photocoagulation for DME
4.7.1 Macular laser photocoagulation (MLP)

MLP was the first proven treatment for DME [220, 221]. Though its mechanism
of action is not entirely understood, it improves DME through several proposed
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mechanisms. Photoreceptors and retinal pigment epithelium RPE cells are
destroyed via a photothermal mechanism, thus reducing oxygen consumption.

The reduced oxygen consumption in the outer retina is postulated to increase
oxygen flux from the choroid to the inner retina, causing arteriolar constriction and
decreased hydrostatic forces that drive edema [222].

Photocoagulation also induces changes to the RPE cells, causing their prolifera-
tion and releasing cytokines such as transforming growth factor-beta TGF-f, which
antagonize the effects of VEGF [223].

The Early Treatment Diabetic Retinopathy Study (ETDRS) demonstrated a 50%
reduction in moderate vision loss in patients with clinically significant diabetic
macular edema (CSME) who underwent immediate focal laser photocoagulation
[221]. MLP causes iatrogenic tissue damage, subretinal fibrosis, choroidal neovas-
cularization, and laser scar enlargement [224, 225].

The DRCR.net re-examined this coagulation technique and reported it asa
modified (m) ETDRS focal/grid photocoagulation protocol [226], but the risk of
macular tissue damage remained.

The DRCR.net Protocol A reported that mETDRS laser is better than modi-
fied macular grid laser for DME while DRCR.net Protocol B noted that mETDRS
focal laser is superior to intravitreal triamcinolone for DME [227]. DRCR.net
Protocol K also reported that 20-60% of eyes that initially respond to focal laser
might continue to improve after four months, suggesting durability of effect
[228]. The macular laser had been considered the gold standard for many years
[229]. According to the European Society of Retina Specialists (EURETINA)
guidelines, focal/grid laser is now reserved mostly for non-center-involving
DME [78].

4.7.2 Subthreshold micropulse diode (SDM) laser photocoagulation

SDM has been used in the treatment of DME [230-232]. Compared with
conventional laser photocoagulation, SDM is a tissue-sparing technique: it avoids
protein coagulation and prevents retinal scars, allowing retinal anatomic and
functional preservation [233]. It has been hypothesized that SDM, by inducing
a controlled thermal elevation of the retinal tissue, can selectively stimulate the
retinal pigment epithelium (RPE) [234, 235]. Its advantages include the absence
of RPE scarring, no subsequent choroidal neovascularization, and elimination of
paracentral visual field scotomas [232, 236]. Its disadvantages include no visible
endpoint for treatment, making it difficult to determine where treatment has
and has not been applied. Furthermore, there is no standardized, consensus set
of treatment parameters or guidelines for treatment within the foveal avascular
zone. The reduction in macular edema after subthreshold laser photocoagula-
tion occurs with a slower time course, and more treatments are necessary to
eliminate edema [232]. Some randomized clinical trials have demonstrated that
subthreshold grid laser treatment is as effective as conventional focal/grid laser
photocoagulation, though slower in terms of resolution of DME, in achieving
the same functional and anatomical effects [237, 238]. There have been reports
of the benefits of combining SDM and intravitreal anti VEGFs in treating DME
[239, 240].

4.7.3 Selective retinal therapy (SRT)
SRT is a laser procedure in which the RPE is selectively damaged without

affecting the neural retina and choroid [241-243]. A microsecond pulsed laser
is used to induce an instantaneous temperature rise just at the melanosomes
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within RPE cells, which leads to the formation of microbubbles around these
melanosomes. Their temporary expansion results in a cell volume expansion and
eventually mechanical cellular disruption without increasing temperature in the
surrounding tissue. Studies have shown that SRT is effective in treating DME
[243, 244].

4.7.4 Patterned scanned laser (PASCAL)

In PASCAL, the shorter pulse duration is used in an array of multiple burns to
provide speed, better spatial localization, and reduced collateral damage by provid-
ing more precise control of the depth of the impact [245]. PASCAL is an ideal laser
method to place the accurate “subthreshold” (subvisible) focal-grid laser in DME
in contrast to conventional laser therapy [246, 247]. The advantages of PASCAL
over conventional laser therapy include shorter treatment duration, increased
safety, uniform, and precise spot placement, accurate “subthreshold” grid-pattern
placement, and reduced pain and visual field defect [248]. However, the efficacy
of PASCAL laser appears to be diminished compared to conventional laser therapy
when the same number of laser spots were delivered [249].

4.7.5 Navigated laser (NAVILAS)

NAVILAS is a fundus imaging and laser treatment device developed by
Neubauer et al. (OD-OS GmbH, Teltow, Germany) [250, 251]. The device utilizes
retina navigation via computerized image capture and tracking assistance with
high precision and reproducibility of <60-110 um [250]. It appears that the rate of
retreatment for DME is reduced with NAVILAS when compared to the conventional
mETDRS focal laser technique [251].

A 92% hit rate of microaneurysm via NAVILAS compared to 72% in conven-
tional laser focal coagulation has been reported [252]. Focal laser therapy using
NAVILAS will have more impact in the future to improve visual acuity and reduce
the burden of anti-VEGF injection numbers in patients [253, 254].

4.8 Vitrectomy for DME

Optical coherence tomography has shown that vitreomacular adhesion is a risk
factor for DME [255], as illustrated in Figure 5. Complete separation of posterior
hyaloid with Posterior Vitreous Detachment (PVD) is associated with a decreased
rate of DME [256]. Vitrectomy removes traction, improves macular oxygenation,
removes VEGF and pro-inflammatory cytokines, and allows additional endolaser
and steroids placement [257]. It was introduced for treating eyes with a taut poste-
rior hyaloid adherent to the macula, often associated with shallow traction macular
detachment, which had failed previous focal/grid laser [258, 259], as can be seen
in Figure 5. It has also been used to treat eyes with an attached but non-thickened,
non-taut posterior hyaloid or for eyes with persistent DME despite previous focal
laser or intravitreal triamcinolone injection regardless of the status of the posterior
hyaloid [260, 261], Illustrated in Figures 12 and 13.

Vitrectomy has been used as a potential primary therapy in eyes with more
severe edema and greater visual acuity loss at presentation [262, 263]. Reports on
the outcome of vitrectomy for DME are conflicting; some reports suggest that
vitrectomy reduces macular thickening but does not improve visual acuity [264,
265]. Others have report improved visual acuities simultaneous with decreases
in macular thickening or lagging behind the reduction in macular thickness by a

200



Current Management of Diabetic Macular Edema
DOI: http://dx.doi.org/10.5772/intechopen.100157

Figure 12.

Tlgs is a fundus photograph of the left eye in a patient who suffers a combination of DME and proliferative
diabetic retinopathy (PDR). This eye has had vitrectomy with pan-vetinal laser photocoagulation for the
treatment of PDR. Notice residual fibrovascular proliferation within the superotemporal vascular arcade.
Conspicuous havd exudates cluster in the foveomacula region, with few microaneurysms located inferio-nasal
to the hard exudates. Retinal laser photocoagulation marks ave present. There is also a pale cupped optic disc
and sheathing of the retinal arteries and veins.

Figure 13.

OCT of the fundus photography in Figure 12. This shows significant thickening of the fovea and loss of the
normal foveal depression, disorganization of the intravetinal microstructure, aggregation of hard exudates,
intraretinal cystoid spaces, and epiretinal membranes. This patient would have benefited from peeling of the
internal limiting membrane during the vitvectomy. Post vitrectomized eyes with persistent DME can benefit
from intravitreal steroid injections, e.g., Orzudex implant. Intravitreal steroids ave beneficial in pseudophakic
and aphakic eyes, in which the risk of cataract formation does not exist.

few months [266, 267]. There have also been reports of improved visual acuity in

cases with macular traction but no visual improvement in cases without traction
[268, 269].
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4.9 Plasma kallikrein inhibitors

Plasma kallikrein is highly upregulated in vitreous patients with DME [270].
It is a mediator of vascular leakage and inflammation. There is evidence that it is
involved in DME pathogenesis in VEGF independent fashion and VEGF interde-
pendent mechanisms [271]. Several small molecules and bicyclic peptides targeting
the plasma kallikrein/kinin system are currently under investigation for DME
treatment via intravitreal, oral, and topical administrations [271]. These include
KVDO001 (KalVista Pharmaceuticals) a highly potent and selective plasma kal-
likrein inhibitor, currently being developed as an intravitreal therapy), THR-149
(Oxurion NV), RZ402 (Rezolute Bio), and VE-3539 (Verseon Corp) [271]. Orally
administered plasma kallikrein inhibitors are efficacious in reducing retinal edema
and preserving retinal function in preclinical models. Plasma kallikrein inhibition is
emerging as a promising new treatment modality for DME [271].

5. Clinical Studies in DME

The evidence for much of the guidelines on DME management has been gath-
ered from clinical trials that have provided information on the safety and efficacy
of different therapeutic options, investigated the systemic associations in patients
diagnosed with DME, and considered newer and better therapies. This section will
provide an overview of DME trials and emphasize the most important findings.
Emphasis will be placed on those pharmacotherapies in current use (especially
intravitreal injectable drugs).

As mentioned earlier, VEGF plays a central role in the pathogenesis of DME by
increasing vascular permeability and blood flow in the setting of microvascular
damage secondary to prolonged hyperglycemia. Therefore, intravitreal anti-VEGF has
become the standard of care in the treatment of several forms of DME. In many cases,
DME can be reversed, and this is associated with sustained improvements in vision.
Several RCT have provided data and evidence for the use of intravitreal anti-VEGFs.

Ranibizumab (Lucentis, Genentech, South San Francisco, CA, USA) has been
described earlier. It has a molecular weight of approximately 48 kilodaltons as
it lacks an Fc region, unlike Bevacizumab. It is prepared in Escherichia coli with
tetracycline in the nutrient medium. Due to its relatively small size, Ranibizumab
penetrates the deeper layers of the retina, including the RPE and choroid.

Ranibizumab was the first anti-VEGF approved by the US Food and Drug
Administration (FDA) for the treatment of DME and DR at a dose of 0.3 mg monthly.
Also, the 0.5 mg dose has been used for treating DME. The 0.3 mg is as effective as the
0.5 mg. Also, the higher dose was found to confer no additional benefit compared to
the 0.3 mg but was associated with more fatalities at three years (i.e., 6.4% compared
to 4.4% with 0.3 mg monthly). Furthermore, at three years reported stroke rate was
4.8% and 2%; and adverse thromboembolic events (ATE) were 10.4% and 10.8% with
monthly 0.5 mg and 0.3 mg Ranibizumab, respectively. Because of these systemic
risks, the FDA approved the 0.3 mg dose of Ranibizumab instead of the 0.5 mg
dose. However, a reduced dose is not available for other available anti-VEGF, i.e.,
Bevacizumab or Aflibercept. It is, however, essential to consider that the occurrence
of these systemic adverse events is not uncommon after prolonged diabetes.

RISE and RIDE: These were two landmark trials. RISE was A Study of
Ranibizumab Injection in Subjects With Clinically Significant Macular Edema
With Center Involvement Secondary to Diabetes Mellitus. RIDE was A Study of
Ranibizumab Injection in Subjects Clinically Significant Macular Edema With
Center Involvement Secondary to Diabetes Mellitus [137]. These studies compared
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two doses of Ranibizumab with sham injections and confirmed the superiority

of intravitreal Ranibizumab compared to sham injections. The study investigated
using monthly Ranibizumab at two doses (0.5 and 0.3 mg) to treat DME. At month
24, the study results showed that 98% of patients-maintained vision with 0.3 mg
monthly intravitreal injections, 34-45% of patients gained at least three lines (15
letters); and mean BCVA gain was 10.9 to 12.5 letters. Significantly higher numbers
in the Ranibizumab arm gained >15 letters at month 24 compared to sham ie 44.8%
vs. 18.1% in RISE; P < 0.0001, and 33.6% vs. 12.3%; P < 0.0001 in RIDE. Only
45-49% of patients needed macular laser compared with 91-94% in the control
group. Also, there was no additional effect with the use of the higher strength 0.5 mg
Ranibizumab when compared with the 0.3 mg dose.

In the RISE and RIDE extension phase, patients in the sham control group could
cross over and receive monthly Ranibizumab injections in the 3rd year. The 36-month
outcomes demonstrated that the rapid and sustained response of Ranibizumab in
DME is further maintained for an additional 3rd year of continued monthly treatment.
In addition, the group with delayed initiation of Ranibizumab therapy gained fewer
letters compared to groups initially randomized to receive Ranibizumab (+4.7 vs. +10.6
letters in the 0.3 mg Ranibizumab arm). This finding suggests that chronic retinal
edema (for an average of 4.5 years before Ranibizumab therapy) may result in irrevers-
ible loss of vision, and therefore prudent to initiate Ranibizumab therapy earlier. The
RISE and RIDE study has become a vital landmark study against which other studies
investigating more recent intravitreal pharmacotherapies have been compared.

RESOLVE: Safety and Efficacy of Ranibizumab in Diabetic Macular Edema With
Center Involvement. This trial compared Ranibizumab versus sham in DME patients
with BCVA of 20/40-20/160. It showed a better mean gain in letters with Ranibizumab
than sham (10.3 letters gain versus a loss of 1.4 letters respectively). The patients were
given three monthly injections, followed by PRN injections over a 12-month follow-
up. A rescue laser could be performed if needed. CMT reduction was also more with
Ranibizumab compared to sham. This study also suggested that Ranibizumab treat-
ment was superior to laser (7.8 ETDRS letters gained versus —1.7 ETDRS letters lost).

READ-2: Ranibizumab for Edema of the mAcula in Diabetes-2). This study was A
phase II, RCT to compare Ranibizumab alone (group 1), the focal laser alone (group
2), and combination of laser and Ranibizumab (group 3), i.e., randomized patients
1:1:1 to receive 0.5 mg Ranibizumab, laser, or both. Inclusion criteria were BCVA of
20/40-20/320 and CSMT of 250microns. The study demonstrated a BCVA gain of 7.4
letters in the RBZ arm at three months compared to 0.5 letters in the laser arm.

Change in mean BCVA in ETDRS letters at six months for the three groups was
+7.24, —0.43, and + 3.8, respectively. However, at 24 months, it was demonstrated
that Ranibizumab alone or in combination was superior to laser alone in DME.

READ-3 study (compared regular versus high dose RBZ) was a double-masked,
multicenter RCT that evaluated two doses of RBZ (0.5 mg versus 2 mg). The study
outcome showed that 2 mg RBZ (high dose) did not show any additional benefits
over 0.5 mg dose at the primary endpoint at month 6 (+7.01 in the 2 mg group vs.
+9.43 letters in the 0.5 mg group; P = 0.161).

RESTORE: A Twelve-Month Study to Assess the Efficacy and Safety of
Ranibizumab (Intravitreal Injections) in Patients with Visual Impairment Due to
Diabetic Macular Edema and a 24 month open-label extension study. It was a phase
3 RCT that was designed to compare RBZ with laser therapy. At 12 months, BCVA
gain was highest in the RBZ monotherapy arm at the primary endpoint (+6.1vs. +0.8
letters in the laser arm; P < 0.001).

REVEAL: A phase 3 RCT comparing Ranibizumab with laser. At the 12-month
study endpoint, RBZ monotherapy was superior to laser since there was a gain of
+5.9 letters in the Ranibizumab monotherapy arm vs. +1.4 letters in the laser arm;

203



Diabetic Eye Disease - From Therapeutic Pipeline to the Real World

P < 0.001. In addition, RESTORE and REVEAL studies showed that combining
Ranibizumab with laser did not improve the BCVA.

LUCIDATE: Lucentis (Ranibizumab) in Diabetic Macular Oedema: Compared
macular laser with Ranibizumab or combination in DME. This study further
showed that in addition to improvements in BCVA and CMT, treatment of patients
with center involving DME with monthly Ranibizumab was associated with an
improvement in contrast threshold, retinal sensitivity on microperimetry ampli-
tudes, and implicit times on electrophysiology.

With the use of several studies, the DRCR network answered questions relating
to the effectiveness and timing of intravitreal pharmacotherapy use, combination
therapy, and retinal laser photocoagulation to treat DR and DME. An example of
such a study is Protocol T.

PROTOCOL-T of DRCR.net: Compared Ranibizumab, Bevacizumab and
Aflibercept in DME. While the FDA had approved Ranibizumab and Aflibercept,
the use of Bevacizumab was off-label. The study results revealed improvement
in vision from baseline to one year with all three drugs. Improvement was most
significant with Aflibercept (+13 letters) than Ranibizumab (+11 letters) or
Bevacizumab (+10 letters), a statistically significant mean difference of 2-3 letters
at one year. This difference appeared to be driven by baseline vision. Half of the

Name; Yearof = Therapeutic Agents Study Design Study Outcome
Study

READ -2 (2010) RBZ/ Laser RCT Demonstrated that Intraocular injections of Ranibizumab
provided benefits for patients with DME for at least
two years. When combined with focal or grid laser
treatments, the amount of residual edema was reduced, as
were the frequency of injections needed to control edema.

RIDE and RISE ~ RBZ/Sham Two parallel ~ Demonstrated that Ranibizumab rapidly and

(2012) Phase Il RCT  sustainably improved vision, reduced the risk of
further vision loss, and improved macular edema in
patients with DME.
RISE: At 24 months, 18.1% of sham patients gained >15
letters versus 44.8% of 0.3-mg (P < 0.0001)
RIDE: 12.3% of sham patients versus 33.6% of 0.3-mg
patients (P < 0.0001).

RESTORE RBZ/Laser RCT Demonstrated that Ranibizumab alone and combined

(2011) with laser were superior to laser monotherapy in
improving mean average change in BCVA letter score
from baseline to month 1 through 12 (+6.1 and + 5.9
versus +0.8; both P < 0.0001).

RETAIN (2016) RBZ (PRN/T&E) RCT Demonstrated the T&E is a feasible treatment option
for patients with DME, potentially reducing the
treatment burden. Slightly more injections were
required versus PRN.

REVEAL (2015) RBZ/Laser RCT Demonstrated that Ranibizumab monotherapy,
combined with laser, showed superior BCVA
improvements over laser treatment alone in Asian
patients with visual impairment resulting from DME.

RESPOND RBZ/Laser RCT Demonstrated that Ranibizumab as monotherapy or

(2015) combined with laser resulted in significantly higher
improvements in visual acuity and vision-related
quality of life at month 12 than laser monotherapy.

RELATION RBZ/Laser RCT Demonstrated that Ranibizumab plus laser is a valuable

(2018) treatment option for the management of DME. It also
showed that eyes with DME in PDR might also benefit
from combined therapy compared to laser alone.
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Name; Yearof = Therapeutic Agents Study Design Study Outcome

Study

DA VINCI AFL/Laser Phase IRCT  Demonstrated that significant gains in BCVA from

(2011) baseline were achieved at week 24 and were maintained
or improved at week 52 in all VEGF Trap-Eye groups.

VISTA & VIVID AFL/Laser Two similar Demonstrated that in both VISTA and VIVID, the

(2015) Phase Il RCT  52-week visual and anatomic superiority of Aflibercept

over laser control was sustained through week 100, with
similar efficacy in the 2q4 and 2q8 groups.

PROTOCOLI  RBZ/Triamcinolone/ Phase Il RCT Demonstrated that anti-VEGF given by the protocol-

(2011) Laser specified prn treatment regimen was very effective for
treatment of DME.

PROTOCOLT  AFL/RBZ/BEVA RCT Demonstrated that when vision was better than

(2015) (Comparison  20/50, the efficacy of all three intravitreal anti-VEGF
of 3 Anti- medications for DME was similar. Bevacizumab thinned
VEGFs for the retina less than Ranibizumab or Aflibercept, but the
treatment of  visual acuities were the same up to two years. However,
DME) when baseline vision was 20/50 or worse, Aflibercept

had a superior benefit over the others with statistically
significant better vision results at one year.

PROTOCOLV  AFL/Laser/ RCT At two years, the rates of 5 or more letter vision loss

(2019) Observation were similar in all three groups (16-19%), and the
mean vision in each treatment group was 20/20. Given
the costs and potential adverse events associated with
intravitreal injections and laser, observation is likely
areasonable initial strategy for treatment-naive eyes
with good vision despite center-involved DME as long
as these eyes are followed closely and treated with
anti-VEGF if vision worsens.

BOLT (2010) BEVA/Laser RCT The study showed that BCVA at 12 months was
61.3+/-10.4 (range 34-79) in the Bevacizumab
group and 50.0+/-16.6 (range 8-76) in the laser arm
(P = 0.0006).
Another finding was central macular thickness decrease
from 507+/—145 microns (range 281-900 microns)
at baseline to 378+/—134 microns (range 167-699
microns) (P < 0.001) in the Bevacizumab group,
whereas it decreased to a lesser extent in the laser group,
from 481+/—121 microns (range 279-844 microns) to
413+/-135 microns (range 170-708 microns) (P = 0.02).

BEVORDEX BEVA/DEXA PhaseIIRCT  Demonstrated that Dexamethasone implant achieves

(2014) similar rates of visual acuity improvement compared
with Bevacizumab for DME, with superior anatomic
outcomes and fewer injections. Both treatments were
associated with improvement in visual quality-of-life
scores. However, more dexamethasone implant—
treated eyes lost vision, mainly because of cataracts.

IBERA DME BEVA/RBZ RCT This study concluded that intravitreal Bevacizumab
(2015) and intravitreal Ranibizumab are associated with

similar effects on central subfield thickness in patients
with DME through 1 year of follow-up. Ranibizumab

is associated with greater improvement in BCVA at
some study visits, and the mean number of injections is
higher in the Bevacizumab group.

LUCIDATE RBZ/Laser RCT (Single =~ Demonstrated that Ranibizumab therapy in the

(2014) center) treatment of DME appears to improve retinal function
and structure and this was demonstrated by this
evaluation of different assessment methods including
structural imaging and functional measures such as
visual acuity, microperimetry, color contrast sensitivity,
electroretinography (full field and multifocal).
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Name; Yearof = Therapeutic Agents Study Design Study Outcome

Study

MEAD (2015)  DEXA/Sham Phase Il RCT  Demonstrated that DEX implant 0.7 mg and 0.35 mg
met the primary efficacy endpoint for improvement
in BCVA.

Rates of cataract-related adverse events in phakic eyes
were 67.9%, 64.1%, and 20.4% in the DEX implant

0.7 mg, DEX implant 0.35 mg, and sham groups,
respectively.

Only 2 patients (0.6%) in the DEX implant 0.7 mg
group and 1 (0.3%) in the DEX implant 0.35 mg group
required trabeculectomy.

FAME (2011) FA/Sham RCT The study showed that both low- and high-dose
Flucinolone Acetonide inserts significantly improved
BCVA in patients with DME over 2 years, and the
risk-to-benefit ratio was superior for the low-dose
insert.

OZDRY (2015) DEXA (Fixed/PRN) RCT Demonstrated the non-inferiority in terms of the mean
change in BCVA of 5-monthly fixed dosing of Ozurdex
compared to OCT-guided PRN Ozurdex therapy for
refractory DME.

PLACID (2013) DEXA/Laser RCT Demonstrated that though there was no difference
between the groups at 12 months, significantly greater
improvements in BCVA, occurred in patients with
diffuse DME treated with DEX implant plus laser than
in patients treated with laser alone.

AFL: Aflibercept, BEVA: Bevacizumab, DEXA: Dexamethasone, FA: Flucinolone Acetonide, RBZ: Ranibizumab,
PRN: Pro ve nata, T&E: Treat and Extend, RCT: Randomized Controlled Trial.

Table 1.
Summary of Anti-VEGF and Steroid for DME studies.

study participants had BCVA of 20/40 or 20/32. The mean letter score improvement
in these patients was +8.3 with Ranibizumab, +8.0 with Aflibercept, and + 7.5 with
Bevacizumab (each pairwise comparison p > 0.5).

However, when initial visual acuity was 20/50 or worse, the mean letter
improvement was +18.9 with Aflibercept, +14.2 with Ranibizumab and + 11.8
with Bevacizumab (p values: Aflibercept-Bevacizumab <0.001, Aflibercept-
Ranibizumab = 0.003, Ranibizumab-Bevacizumab = 0.21) (Table1).

6. Variation between clinical trials and real-world outcome using
intravitreal injection of pharmacotherapy

There has been a universal observation of divergence between the outcomes
obtained from the use of intravitreal anti-VEGF in the real world and outcomes
reported in randomized clinical trials. The visual outcomes and gains in vision
observed have been much poorer. This finding has led to investigations into the
reason for this difference. Some possible explanations for this observation include
that participants are pre-selected using strict selection criteria and are well ahead
motivated to complete the treatment schedule in clinical trials. This is not the
case in real life, in which the patients have to grapple with significant challenges
ranging from financial to demands on time and often have to deal with other
comorbidities. These challenges could be of considerable impact on patients from
low socio-economic backgrounds. It has also been shown that undertreatment is a
common feature in real-world experience and that most patients do not receive the
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recommended number of intravitreal anti-VEGF. This real-life experience results
in a mismatch between real-world visual outcomes and those of major clinical tri-
als. The frequent clinic visits and treatment burden contributes to this discrepancy.
To resolve this challenge, a host of pharmaceuticals with extended durability are at
different stages of development. Hopefully, some extended durability options may
make it to the bedside soon. Some of the extended durability options in the pipe-
line include intravitreal injections such as Faricimab, OPT-302, and KSI-301. There
are implantable devices such as the Port delivery system (PDS) and Vorolanib.
Gene therapy options include RGX-314, and ADVM-022. These therapeutics are
currently being investigated for AMD, but could apply to DME if approved. It is
expected that any therapy that will join the list of already available anti-VEGFs will
be required to have the same or better safety data if compared with already avail-
able drugs.

7. Newer and emerging concepts in DME

The burden of DME and its impact on vision begs for more efficient care and
better outcomes for treatment. This situation has fueled the drive for new concepts
in understanding the disease process and alternative treatment.

Some of the new concepts in the understanding of DR and DME include in
genetic studies, which aim to understand the variable risk diabetes poses to each
person living with the disease. This risk may be affected by the individual’s genetic
make-up. Also, the role of epigenetics may be an essential factor in determining
the response to treatment. Screening for DR and DME will take on a newer feel
by introducing artificial intelligence algorithms and software, combined with the
advantages of teleophthalmology. This will open up access to more persons who can
benefit from screening, including persons in more remote places with limited health
and eye care. Home OCT for monitoring of DME will provide information into the
clinical evolution of DR and DME and answers to what happens to the eye when
patients cannot attend the regular clinics. Home OCT will be an added benefit in
reducing the burden of attendance to regular clinics to monitor anti-VEGF therapy.
The desire for a reduction in clinic visits is a critical need.

The quest to explore alternative pathogenetic pathways outside the anti-VEGF
pathway has resulted in the current progress investigating the Ang-Tie pathways
and the Kallikrein pathways. In addition, pharmacotherapies are being developed
based on these newer principles.

More innovation will be seen as the years unfold and will significantly benefit
treatment outcomes, individualizing DME treatment, and patient satisfaction.

8. Conclusion

It is expected that the number of people living with diabetes will continue
increasing, resulting in more patients diagnosed with DR and DME. There is a need
to develop more efficient health systems providing holistic care for patients living
with diabetes. These systems should provide for the visual needs and consider the
psychological and other health needs. Medicare for such patients should ideally be
with reduced treatment burden compared to the current situation and preferably
fewer hospital visits.

If we succeed in creating these systems, it will positively affect the patients
living with diabetes and the society. This will increase the productivity of our DR
and DME patients, who then can live a happier and more fulfilling life.
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Abstract

Diabetes mellitus is a global epidemic that leads to multiple macrovascular and
microvascular complications. The complex interrelated pathophysiological mecha-
nisms triggered by hyperglycemia underlie the development of diabetic retinopathy
(DR). Proliferative diabetic retinopathy (PDR) is a microvascular complication,
considered the main cause of irreversible blindness in patients of productive age in
the world. On the other hand, diabetic macular edema (DME) remains the clinical
feature most closely associated with vision loss. In general, both manifestations
are due to an increase in inflammatory factors, such as specific pro-inflammatory
prostaglandins, interleukins and angiogenic substances including vascular endothe-
lial growth factor (VEGF). Laser photocoagulation and VEGF inhibitors have been
shown to be effective in the treatment of PDR and DME. Currently, randomized
protocols suggest that VEGF inhibitors therapy could displace laser photocoagula-
tion in the treatment of PDR with and without the presence of DME. The ongoing
discussion still prevails about the different treatment modalities for both retinal
manifestations in real-world settings.

Keywords: proliferative diabetic retinopathy, diabetic macular edema, treatment
algorithm, treatment guidelines, panretinal photocoagulation, antiangiogenic therapy

1. Introduction

Diabetic retinopathy (DR) is characterized by progressive damage to retinal
capillaries causing retinal ischemia. In severe cases, it leads to DR, which threatens
vision induced by angiogenesis [1]. Vascular endothelial growth factor (VEGF) is
an important agent in the development and progression of DR and diabetic macular
edema (DME) [2, 3].

The Early Treatment of DR (ETDRS) study showed that focal photocoagula-
tion of “clinically significant” DME reduces the risk of visual loss and increases the
chances of visual improvement, decreases the frequency of persistent DME, and

227 IntechOpen



Diabetic Eye Disease - From Therapeutic Pipeline to the Real World

causes minor visual field losses [4]. Panretinal photocoagulation (PFC) has been the
standard treatment for proliferative diabetic retinopathy (PDR) since the DR study
(DRS) demonstrated its benefit more than 40 years ago [5]. PFC has demonstrated
permanent peripheral visual field loss and decreased night vision. On the other
hand, it can exacerbate existing DME or increase its incidence. Different treatment
alternatives in PDR should be considered [6].

DME can affect the macular center considering it as “with center-involving”
(CI-DME) or it can respect the same, considering it as “non-center-involving”
(NCI-DME). Anti-angiogenic (anti-VEGF) therapy in DME, has shown superior
visual acuity results and acceptable risks compared to focal, grid, or untreated laser,
and has also led to the observation that DR lesions can be reversed during treatment
[7-14]. Anti-VEGF therapy is currently considered the first-line treatment for DME.

The objective of this chapter is to describe an algorithm in the treatment of PDR
based on current publications that could be used in real-world scenarios and differ-
ent practice settings.

2. Current treatments in DME and PDR

According to the results of the DRCR.net Protocol S, at two years of follow-up,
intravitreal ranibizumab (RBZ) achieved the result of non-inferiority in the change
of best-corrected visual acuity (BCVA), which was no worse than in the PFC group
treatment for PDR [15]. There were no statistically significant differences in BCVA
between the RBZ and PFC groups, with the recognition that 53% of the PFC group
received additional RBZ injections to treat DME and only 6% of the RBZ group
required PFC. There was greater peripheral visual field loss (95% CI for differ-
ence, 213-531 dB) and more vitrectomies (PPV) were performed (95% CI for one
difference, 4% -15%) in the PFC group compared to the RBZ group. In addition,
RBZ-treated eyes were less likely to develop CI-DME causing visual impairment of
20/32 or worse, similar to the 1-year results with aflibercept (AFB) in the CLARITY
randomized clinical trial [16]. In the DRCR.net Protocol S, a greater number of
patients in the PFC group developed DME (28 vs. 9). At 5-year results, the mean
number of injections in the PFC group was 7.9 and 19.2 in the RBZ group. The mean
final BCVA in both groups was 20/25. Despite the fact that at 2 years the PFC group
presented a greater visual field loss, the decrease in the peripheral visual field
progressed in both groups during the following 5 years of follow-up [17].

In a post hoc analysis of the DRCR.net Protocol T [18], after 2 years of follow-up,
an improvement in DR severity was demonstrated by approximately 25% for AFB,
22% for bevacizumab (BVZ) and 31% for RBZ in patients without proliferative-DR
(NPDR) at baseline. This analysis also suggests a secondary benefit of DME after
intravitreal AFB with respect to improvement in DR severity among patients who
had PDR from baseline. Anti-VEGF therapy for DME improves the score of the DR
severity scale (DRSS), evaluated in color fundus photos and can reduce the deteriora-
tion of the edema. Other randomized trials comparing anti-VEGF therapy and PFC
in PDR, have demonstrated the non-inferiority of anti-VEGF over PFC in preventing
PDR complications, at least during the first 2 years [19, 20]. Similar studies using
ultra-wide-field (UWF) photographs and comparing them with ultra-wide-field
fluorescein angiography (UWEF-FAG) or wide field swept source optical coherent
tomography (WF-SS-OCTA) in eyes with DR and DME [21, 22], conclude that after
injections with anti-VEGF, improvement in the DRSS score can occur without vessel
reperfusion or retinal capillary in UWF-FAG or WF-SS-OCTA. Therefore, the strong
correlation between the number of lesions in DR and the areas of non-perfusion,
established before any treatment, could no longer be relevant after anti-VEGF therapy.
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These results should be taken into account in future studies, in order to demonstrate
an improvement in peripheral retinal perfusion in DR after anti-VEGF therapy.

3. Changing paradigms in the treatment of PDR

Taking into account specific scenarios of PDR proposed by Sun JK et al. [23],
based on the results of the DRCR.net Protocol S [15] in addition to considering the
different advantages of each treatment modality, we describe a treatment algorithm
that could be used in real-world scenarios and in different practice settings.

3.1 PDR without DME

Both PFC and anti-VEGF therapy are feasible therapeutic options. Anti-VEGF
therapy is effective in reversing retinal neovascularization (NV) and reducing the
risk of developing DME. However, it may not be cost effective overall [24].

A.If starting PFC.

* Add anti-VEGF only in case NV significantly worsens (Table 1) and/or
DME develops (Table 2).

B. If starting anti-VEGEF, it is suggested to perform it according to the treatment
algorithm proposed by Protocol S (Table 1).

* If NV worsens significantly, adding PFC should be considered.

* If NV does not require further anti-VEGF and during the “sustain stability”
period DME develops, add focal macular laser or anti-VEGF (Table 2).

The advantages and disadvantages of treatment options should be considered, as
well as the individual conditions of the patient.

3.2 PDR with NCI-DME

Anti-VEGF therapy has been accepted as a first-line treatment in DME, displac-
ing laser as a second-line therapy. Although some authors suggest the application
of laser in NCI-DME [25-27], there are reports where the addition of conventional,
subthreshold or micropulse laser does not add benefits to pharmacological mono-
therapy in any form of presentation [28-30].

1 Start with 6 monthly anti-VEGF injections (only with one exception), If the NV resolves after 4 or
5 injections, the injections may be postponed.

2 After 6 months, continue the anti-VEGF injections if NV continues to progress or continues to
improve; but defer injections if NV is stable at current visit and last 2 visits (“sustained stability”).

3 Resume anti-VEGF injections monthly if NV worsens after stopping injections. If “sustained
stability” is achieved again, the injections can be postponed once more, but this requires at least 3
consecutive anti-VEGF injections again; one administered for the initial state of progressive NV
and 2 more if the NV remains stable.

PFC is given only if NV is substantially worse despite anti-VEGF. Onset or worsening of preretinal or vitreous
hemorrhage is not necessarily classified as worsening of NV, unless bleeding precludes evaluation of NV.

Table 1.
Algorithm for the treatment of PDR according to DRCR.net protocol S.
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1 Start with 3 monthly ant-VEGF injections or until you achieve maximum improvement (loading
phase).
2 After the loading phase, continue injecting according to reactive (Treat and Observe or Pro Re

Nata) or proactive (Treat and Extend) behavior.

Table 2.
Algorithm for the treatment of DME.

A.If starting focal macular laser and PFC.

* Add anti-VEGF in case DME worsens (Table 2) and/or there is significant
progression of NV (Table 1).

B. If starting anti-VEGF for DME (Table 2). PFC can be deferred since the same
anti-VEGF may control both (DME and PDR).

* If DME does not require further anti-VEGF, NV status should be
re-evaluated.

* If NV worsens significantly, it is suggested to decide on therapy according
to Section 3.1 B (PDR without DME).

* In case of new DME activity, it is suggested to reactivate anti-VEGF therapy.
C.In the event that the DME has a poor or no response, several options should
be considered (switching anti-VEGF, focal macular laser, dexamethasone

implant, etc.).

Advantages and disadvantages of treatment options should be considered, as
well as the individual conditions of the patient.

3.3 RDPwith CI-DME

Anti-VEGF is considered first- line treatment in CI-DME. RBZ and AFB were
highly effective in treating PDR [15, 16].

A.Anti-VEGF is recommended as first-line treatment in CI-DME (Table 2). PFC
can be deferred since the same anti-VEGF may control both (DME and PDR).

* If DME does not require further anti-VEGF, NV status should be
re-evaluated.

* If NV worsens significantly, it is suggested to decide on therapy according
to Section 3.1 B (PDR without DME).

* In case of new DME activity, it is suggested to reactivate anti-VEGF
therapy.

B. In the event that the DME has a poor or no response, several options should
be considered (switching anti-VEGF, focal macular laser, dexamethasone

implant, etc.).

Advantages and disadvantages of treatment options should be considered, as
well as the individual conditions of the patient.
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3.4 High-risk PDR with or without vision- impairing DME

Eyes with high-risk PDR (i.e., > ETDRS level 71) face the greatest risk of severe
vision loss without intervention [4, 5]. Eyes with the most advanced forms of PDR
have the largest relative benefit of RBZ compared with PRP when managing PDR.
Also, RBZ was superior to PRP with respect to change in visual acuity over 2 years
and prevention of vision-impairing CI-DME over 2 years, regardless of baseline
characteristics [31]. On the other hand, combined therapy has shown benefits in the
management of high-risk PDR.

* Anti-VEGF should be considered as monotherapy (Table1).

* If NV worsens significantly, it is suggested to decide on therapy according to
Section 3.1 B (PDR without DME).

Although anti-VEGF may be recommended as monotherapy in eyes with high-
risk PDR, complete PRP within the effective period of anti- VEGF agents might
be recommended. Advantages and disadvantages of treatment options should be
considered, as well as the individual conditions of the patient.

3.5 Worsening PDR

Worse baseline levels of DR severity (ETDRS scale) were associated with
increased risk of worsening PDR (e.g., vitreous hemorrhage (VH), retinal detach-
ment (RD), angle neovascularization (ANV), or neovascular glaucoma (NVG)),
regardless of treatment with PRP or RBZ. There were generally fewer PDR-
worsening events (e.g., VH, RD, ANV, or NVG) in eyes treated with RBZ versus PRP
for PDR. Through 2-year, the cumulative probability of worsening PDR was 42%
for PRP versus 34% for RBZ. The 2-year cumulative probability of VH was 39% for
the PRP group and 30% for the RBZ group. The 2-year cumulative probability of
RD was low in each treatment group at 11% for the PRP group and 5% for the RBZ
group [20]. The fact that worsening PDR events were at higher rates in the PRP
group, suggests that at least during the first two years of follow-up:

* Anti-VEGF should be considered as monotherapy (Table1).

* If NV worsens significantly, it is suggested to decide on therapy according to
Section 3.1 B (PDR without DME).

As in the eyes with high-risk PDR, complete PRP within the effective period
of anti- VEGF agents might be recommended. Advantages and disadvantages of
treatment options should be considered, as well as the individual conditions of the
patient.

3.6 Vitrectomy for PDR

Eyes in both groups (RBZ or PRP) had visual loss associated with VH, being
more severe in the PRP group. The protocol required investigators to wait at least
8 weeks for a nonclearing VH before proceeding to vitrectomy (in the absence of
known RD, iris NV, or ANV). VH was the primary indication for most PPV, 24
(80%) procedures in the PRP group and 6 (75%) procedures in the RBZ group.
Endolaser or indirect ophthalmoscopic laser during PPV were applied in 80% of
procedures in the PRP group and in all procedures in the RBZ group. Only 1 eye in
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the RBZ group received PRP independent of PPV. Possibly for convenience, the not
masked investigators, decided to continue observing VH before proceeding to PPV
in the RBZ group. The authors note that because VH, only 13% (7/52) in the RBZ
group compared to 42% (29/69) in the PRP group underwent PPV at the end of

2 years. Therefore, because VH was the main indication for surgery in both groups,
the reduced incidence of VH in the RBZ group and the potential difference in VH
severity may explain the finding that eyes in the PRP group were more likely to
undergo vitrectomy [20]. Although several studies do not support the hypothesis
that anti-VEGF administered to an eye with PDR, with or without high-risk features
(but without macular-threatening traction at baseline), causes tractional RD (TRD)
more often than eyes with PRP [7, 28, 32], we must consider the possibility of
additional PPV in these patients.

4. Discussion

In clinical practice, treating PFC with one or more sessions may be sufficient
to control PDR and no additional procedures are required. On the other hand, the
cost of laser therapy is less expensive than anti-VEGF therapy and there is no risk
of endophthalmitis or systemic adverse events [15]. The DRCR.net in a cost-ben-
efit analysis regarding RBZ or PFC monotherapy for PDR, noted that it was more
appropriate to start with PFC for patients with PDR without associated DME and
RBZ for those with DME at the time of treatment detection [33]. Therefore, the
relative benefits of treating PDR with anti-VEGF versus PFC could be considered
in a patient presenting with DME, where anti-VEGF therapy is generally necessary,
as long as the patient adheres to treatment and is able to access it. In Mexico, as in
some countries, it is possible to adopt the algorithm suggested by the DRCR.net
Protocol S; however, the circumstances of patients and environment could modify
the scheme. Likewise, the advantages and disadvantages of treatment options
should be considered, in addition to socioeconomic conditions, adherence to treat-
ment, and access to “off-label” medications.

It is generally known that the pathogenesis and progression of DR involves
changes in the vitreous structure and its relationship with the vitreoretinal interface
[34-40]. A study whose objective was to evaluate the costs and usefulness of early
PPV compared to PFC and intravitreal RBZ in PDR patients without DME, using a
“decision analysis” based on the results of DRCR.net Protocol S at 2 years of treat-
ment for each scenario, concluded that PPV as a treatment strategy demonstrates
a similar cost utility to treatment with PFC and a more favorable cost utility com-
pared to short-term intravitreal RBZ therapy [41]. This advantage over anti-VEGF is
continuing when lifetime costs are considered. The safety of anti-VEGFs compared
to primary PPV (without anti-VEGF) for persistent VH is being evaluated in the
Protocol AB.

Currently, the PANORAMA study [42], a double-masked, randomized phase
3 trial, the objective of which is to evaluate the efficacy and safety of intravitreal
injection of AFB compared to sham therapy in improving moderate-to-severe
NPDR in the absence of CI-DME, demonstrate at week 24 that AFB improved the
severity of DR in patients with moderately severe to severe NPDR and suggests that
anti-VEGF can reverse disease progression in these patients.

In turn, there is interest if steroid therapy in the treatment of DME can delay
the progression or even improve DR. Corticosteroids inhibit the inflammatory
processes involved in DME, including the production of pro-inflammatory media-
tors, increased levels of VEGF, and the loss of endothelial tension-binding proteins
[43, 44]. There are clinical trials that have shown some benefit of intravitreal
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Figure 1.

Treatment flow-chart in different presenting PDR scenarios. DME: Diabetic macular edema; DNCVH: Dense
non-clearing vitreous hemorrhage; CI-DME: Center-involving diabetic macular edema. NCI-DME: Non-
center-involving diabetic macular edema; NV: New vessels; PDR: Proliferative diabetic retinopathy; PFC:
Panretinal photocoagulation; TRD: Tractional retinal detachment threatening or involving macula; PPV:
Pars plana vitrectomy. "If starting anti-VEGF for DME, PFC can be deferved since the same anti-VEGF may
control both DME and PDR. *Consider factors such as visk of non-compliance, treatment cost, and treatment
burden. >Cases with TRD should not receive only anti-VEGF therapy due to increased traction progression

risk. *Anti-VEGF injection can be applied a few days before PPV is performed to decrease intraoperative and
postoperative VH.

steroids in the progression of DR [12, 45]. The “DR-Pro-Dex” study provides the
first long-term evidence that the dexamethasone implant has the potential to not
only delay the progression of DR and PDR but may also improve the severity of
DR in 24 months [46]. On the other hand, the results of the “TRADITION” study
conclude that the implantation of dexamethasone at the end of a PPV in patients
with TRD improves the severity of PDR and reduces the detachment rates [47].

In the case of DME, the little or no response of the anti-VEGF used and its
relationship with persistent peripheral retinal ischemia require modifications in
treatment. Alternatives should be considered such as: switching from anti-VEGF,
intravitreal dexamethasone implant, additional PFC (peripheral retina), PPV or
combining treatments. Although anti-VEGF monotherapy achieves stabilization of
NV in PDR, adding PFC could result in a lower frequency of intravitreal applica-
tions, resulting in lower risks and costs for the patient.

In Figure 1, a flow-chart of treatment modalities for different presenting PDR
scenarios is shown.

5. Conclusion
In general, the objective to achieve success in the treatment of PDR and DME is
the inhibition of VEGF and pro-inflammatory factors, a condition that seems to be

obtained more efficiently with pharmacological therapy in relation to retinal abla-
tion. Currently the indications for laser, intravitreal drug therapy (anti-VEGF’s and
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anti-inflammatory steroids) and PPV are increasingly clear. Based on the results
previously mentioned, anti-VEGF therapy appears to be emerging as first-line ther-
apy in PDR, as is currently suggested in the treatment of DME. Treatment regimens
in patients with severe NPDR with or without DME, may be indifferent to those
currently suggested in PDR patients with or without DME; including that early PPV
is an alternative to prevent retinal complications of diabetic microvascular disease.
This chapter suggests a treatment algorithm for PDR in different settings; however,
we must not forget that both DME and PDR are different manifestations of DR and
therefore must be assessed individually. Treatment decisions can be different for
each manifestation and can be modified depending on its behavior. Several proto-
cols are currently being developed to more accurately understand the behavior of
PDR and DME in different settings and to provide a more solid foundation for an
effective and timely treatment scheme.

6. Protocols in progress

1. Protocol W: Safety and efficacy of AFB vs. observation in severe NPDR and
BCVA >20/25 without DME and without previous treatment, to assess the
appearance of edema or progression of retinopathy.

2.Protocol AA: To evaluate lesions in the peripheral DR and their association
with the progression of retinopathy in patients with NPDR, without DME or
previous treatment, comparing UWF images vs. standard photographs of the
seven fields (ETDRS) in order to determine if UWF photographs contribute
more information than conventional ones.

3.Protocol AB: Treatment of early PPV versus ARB in vitreous secondary to
PDR is compared by evaluating BCVA at 6 months of treatment.

4.Protocol AD (PROMINENT): To assess whether treatment with pemfibrate
(0.2 mg /12 h orally) compared with placebo reduces the rate of worsening of
DR in patients with type 2 diabetes and NPDR.

5.Protocol GEN: Create a genetic material and information on the clinical phe-

notype, which allows evaluating genetic susceptibility or resistance in DR and
determining variants on key biomarkers in the development of DME and NV.
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Abstract

Diabetic eye diseases, such as diabetic retinopathy (DR) and diabetic macular
edema (DME) are among the leading causes of blindness in developed countries.
Anti-VEGF therapies such as, ranibizumab, aflibercept and off-label bevacizumab
have become first-line treatment for DME. While randomized controlled trials
show significant improvement in vision, these anti-VEGF agents have limited
durability leading to a significant treatment burden, as reflected in real-world
studies, which generally demonstrate under-treatment and less favorable visual
acuity outcomes than observed in prospective trials. Alternative pathways, such as
the Tie-2 angiopoietin pathway may address unmet needs, with potential for greater
efficacy or durability when compared to anti-VEGF monotherapy. While some Tie-2
angiopoietin therapeutic agents, such as nesvacumab, ARP-1536 or AKB-9778, did
not meet primary endpoints in clinical trials, other agents have shown promise.

One such agent is faricimab, a bispecific antibody inhibiting both VEGF-A and
Ang-2. The phase 3 DME trials (YOSEMITE and RHINE) demonstrated favorable
safety, visual, and durability outcomes; patients receiving faricimab injection every
4 months achieved similar visual gains as those receiving aflibercept injection every
2 months. Another agent, AXT107 is a peptide that inhibits VEGFR2 and modifies
Ang-2 to behave more similarly to Ang-1, promoting vascular stability. This drug is
currently undergoing phase 1/2a trials for safety and bioactivity to be completed in
May 2022.

Keywords: diabetic retinopathy, diabetic macular edema, angiopoietins, Ang-2,
Ang-1, Tie2 receptor, faricimab, AXT107, nesvacumab, AKB-9778, ARP-1536

1. Introduction

The global prevalence of diabetes and its comorbidities has rapidly increased,
likely due to an aging population and a high prevalence of obesity [1]. As such, DR
has become one of the leading causes of blindness within the Western World [2].
Several pooled analyses have disclosed the prevalence of DR within diabetic popula-
tions is greater than 30% [3]. Previously, diabetic macular edema (DME) resulted
in approximately half of affected patients losing two or more lines of visual acuity
within two years [4]. Historically, laser photocoagulation was validated in clinical
trials to slow visual loss in patients with DME and proliferative diabetic retinopathy
(PDR), an advanced form of DR involving neovascularization, potentially com-
plicated by vitreous hemorrhage, tractional retinal detachment, and neovascular
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glaucoma. However, recent and continuing medical advancements in intravitreal
corticosteroids and anti-vascular endothelial growth factor (VEGF) agents have led
to improvements in clinical outcomes. This chapter reviews the current treatment
options and those under development for diabetic eye disease specifically in the
Tie-2/Angiopoietin vascular stability pathway.

2. Diabetic retinopathy pathophysiology

Chronic hyperglycemia, hyperlipidemia, and hypertension are involved in the
development of DR [5]. Specifically chronic hyperglycemia has been linked to
changes within the retinal microvasculature. Chronic hyperglycemia can result in
damage through multiple mechanisms including osmotic alterations due to sorbitol
accumulation from the polyol pathway, increased nonenzymatic glycosylation of
proteins and reactive oxygen species, and activated protein kinase C [6]. These
mechanisms contribute to dysfunction of endothelial cells and pericytes, ultimately
leading to DR and potentially DME. Endothelial cells support the blood-retinal
barrier and pericytes regulate capillary blood flow [7]. Damage to endothelial cells
results in fluid accumulation in the macula [4, 8]. Damage to pericytes causes poor
regulation of blood flow and microaneurysms within these vessels [9]. Ultimately,
microvascular damage of the retina culminates in vision loss due to poor retinal
perfusion and ischemia, upregulation of growth factors and inflammatory cyto-
kines, and angiogenesis [6, 10]. Among these growth factors and inflammatory
cytokines, VEGF and angiopoietins play important roles and are targets of interest
for therapeutic interventions [11].

3. Existing treatments: VEGF inhibitors, corticosteroids, and focal laser

VEGF proteins contribute to the regulation of vascular permeability and
growth through tyrosine kinase receptors called VEGF receptors [12]. Binding of
VEGF protein ligands to their VEGF receptors activates the mitogen-activating
protein kinase (MAPK) signaling pathway and causes angiogenesis via increased
endothelial cell growth and survival [13]. There are multiple VEGF proteins includ-
ing VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E, and placental growth factor
(PIGF) [14]. VEGF-A primarily targets VEGF receptor 2 (VEGFR2) and increases
angiogenesis, vascular permeability, and leukocyte adhesion [15, 16]. See Figure 1
for a schematic of the relationship between the various VEGF ligands and receptors.
Due to its significant role in the pathogenesis of DR/DME, many drugs inhibit the
VEGEF-A (referred to as simply VEGF for the remainder of this chapter) pathway to
halt and decrease angiogenesis and vascular permeability within the disease [17].
Currently, two anti-VEGF medications are approved by the US Food and Drug
Administration (FDA) for the treatment of DME: aflibercept (Eylea, Regeneron,
Tarrytown, NY, USA) and ranibizumab (Lucentis, Genentech, South San Francisco,
CA, UA). In addition, one anti-VEGF agent is frequently used off-label, bevaci-
zumab (Avastin, Genentech, South San Francisco, CA, USA).

Ranibizumab was originally approved for the treatment of neovascular age-
related macular degeneration (nAMD) in the United States in 2006, and it was
approved for DME in 2012 based on the phase 3 RISE and RIDE studies [18]. It is
administered intravitreally on a monthly basis. Aflibercept was approved in 2011
for nAMD and in 2014 for DME after positive results from phase 3 VIVID and
VISTA studies [19]. It can be dosed in longer eight-week intervals, after 5 monthly
loading doses. Bevacizumab was approved in 2004 for use in metastatic colorectal
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Figure 1.

Schematic depiction of the major intevactions between endothelial-specific growth factors and their receptors.
(Reproduced here from https://commons.m.wikimedia.org/wiki/File:Endothelial_veceptors_and_growth_
factors_o1.png, licensed under the creative commons attribution-share alike 4.0 international license).

cancer; however, it is often used off-label for DME and is dosed intravitreally
similarly to ranibizumab [20].

Intravitreal corticosteroids such as triamcinolone acetonide (Triescence, Alcon, Fort
Worth, TX, USA), dexamethasone intravitreal implant (Ozurdex, Abbvie/Allergan,
Irvine, CA, USA), and fluocinolone acetonide intravitreal implant (Iluvien, Alimera
Sciences, Alpharetta, GA, USA) are also commonly used as a second line treatments for
DME, and help reduce exudation by their broad inhibition of inflammatory cytokines.
They are often used in combination with anti-VEGF therapy but have potential side
effects of cataract progression and ocular hypertension [21]. Focal laser photocoagula-
tion to leaking microaneurysms in the macula has been shown to reduce vision loss
compared to no treatment, but does not provide the visual acuity gains achieved with
anti-VEGF therapy [19, 22].

Although the use of anti-VEGF agents has greatly improved treatment outcomes
in DR/DME patients, these agents have limited durability and require dosing as
frequently as monthly, which may be required indefinitely in some cases. Additional
treatment barriers include limited treatment efficacy and financial burden, par-
ticularly for the branded agents [23]. Anti-VEGF therapy has shown lower efficacy
in ‘real-world’ studies when compared to clinical trial outcomes in DME and in
nAMD patients [24-26]. This is partially due to under-treatment in clinical practice,
resulting in approximately one line less of visual acuity gains compared to large
randomized clinical trials. One real world database study showed that over one
year U.S. DME patients received a mean of 7.5, 7.9 and 7.7 injections of aflibercept,
bevacizumab and ranibizumab, respectively, which is lower than the 9.2, 9.7, and 9.4
injections received for these same drugs in the DRCR Protocol T Study [25, 27]. For
the RISE and RIDE studies, DME patients received monthly ranibizumab injec-
tions (12 total), and for the VIVID and VISTA studies patients received bimonthly
treatment of aflibercept after 5 monthly doses (8 total). Additionally, it has been
shown that blockade of VEGF-A can lead to upregulation of other members of the
VEGF family which also have pro-angiogenic effects [28]. For these reasons, there
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has been a heightened focus on the development of medications that target alternate
pathways, such as the Tie-2/angiopoietin pathway.

4. Tie-2/angiopoietin pathway

Recently, there has been great interest in drug development within the Tie-2
transmembrane tyrosine kinase receptor pathway in exudative diseases such as
DME and nAMD. This receptor is found on endothelial cells and is responsive to the
opposing angiopoietins, Ang-1 and Ang-2 (see Figure 2) [29]. These growth factors
are integral players in vessel homeostasis, permeability, and angiogenesis. Ang-1
activates the Tie-2 receptor and leads to vascular stability [30]. Ang-2 acts as a com-
petitive antagonist to Ang-1, turning off the Tie-2 receptor, leading to abnormal
vascular growth, leakage, and increased inflammatory signals within endothelial
cells [31, 32]. Tumor necrosis factor a (TNFa), a central inflammation mediator,
induces Ang-2 release from endothelial cells to enhance its stimulation of inflam-
mation and vascular leakage [33]. Additionally, the enzyme vascular endothelial
protein tyrosine phosphatase (VE-PTP) inactivates the Tie-2 receptor and therefore
interferes with the vascular stabilizing effects of Ang-1 [34].

A number of preclinical studies have supported the importance of the Tie-2/
Ang-2 pathways in DR and DME pathophysiology. Studies in the developing retina
and in ischemic retinal mouse models have shown increased expression of both
Ang-2 and VEGF which correlated to increased neovascularization [35, 36]. A study
in double transgenic mice expressing both Ang-1 and VEGF showed that increased
expression of Ang-1led to decreased neovascularization and suppression of VEGF
[37]. Additionally, high levels of Ang-2 and VEGF have been found in samples
from diabetic patients following vitrectomy [38, 39]. During times of stress such
as, hyperglycemia, ischemia, and oxidative stress, Ang-2 levels increase and result
in aberrant vascular leakage and growth. Therapeutic interventions for exuda-
tive diseases may focus on inhibiting Ang-2 or VE-PTP therefore preventing their
counterregulatory effects on the Tie-2 receptor.

4.1 Faricimab

Faricimab, previously RG7716 (Roche, Basel, Switzerland and Genentech,
South San Francisco, CA, USA) is a bispecific antibody that binds to and inhibits
both VEGF and Ang-2. Phase 1 and 2 trials showed promising results, supporting
advancement to phase 3 trials [40, 41]. Results from four phase 3 trials from both
patients with DR/DME and nAMD were released in February, 2021 from Roche
[42]. All four studies demonstrated non-inferior results when administered in long-
lasting dosing intervals compared to aflibercept.

Homeostasis (vascular stability) Vasculopathic changes (vascular destabilization)

Diabetic _ Nesvacumab ::i‘: l— Faricimab

Ang-2 retinopathy. VE-PTP ARP-1536

Ang-1 VE-PTP AKB-9778
VEGFR 'I

VEGF

[ —] Ang-1 ativty
activity activity goal | Tie2
activity AXT107

Figure 2.
Molecular targets and approaches to re-establish homeostasis in Ang—Tie-2 and VEGF-VEGFR pathways
(reproduced with permission from [9]).
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The YOSEMITE and RHINE studies are two identical phase 3 clinical studies
that compared faricimab to aflibercept in patients with DME. The YOSEMITE and
RHINE trials enrolled 940 and 951 patients respectively. These studies compared
faricimab 6.0 mg given at individualized intervals (one, two, three or four months
based on DR activity), faricimab 6.0 mg given at two-month intervals, and afliber-
cept 2.0 mg given at two-month intervals. Sham injections were given when patients
within a treatment group were not scheduled to receive treatment to maintain
blinding. The primary outcomes were average change in best corrected visual acuity
(BCVA) at one year. Secondary outcomes were percent of individualized interval
arm receiving doses at one, two, three, and four months at 52 weeks, percent of
participants with a two-step or more improvement in diabetic retinopathy severity
score (DRSS) from baseline, percent of participants with gain and percent without
loss of 15 letters or more in BCVA, and change in central subfield thickness [43, 44].

YOSEMITE showed an average improvement of +11.6 ETDRS letters in the indi-
vidualized interval faricimab arm, +10.7 ETDRS letters in the two-month interval
faricimab arm, and +10.9 ETDRS letters in the aflibercept arm. Similarly, RHINE
showed an average improvement of +10.8 ETDRS letters in the individualized
interval faricimab arm, +11.8 ETDRS letters in the two-month interval faricimab
arm, and +10.3 ETDRS letters in the aflibercept arm. Within the individualized
interval faricimab arm, there were 151/286 (52.8%) participants in YOSEMITE
that were dosed with a four-month interval at one year and 60/286 (21%) that were
dosed with a three-month interval. Similarly, in RHINE, 157/308 (51%) participants
were dosed with a four-month interval at one year and 62/308 (20.1%) achieved
a three-month dosing interval. When compared to the aflibercept two-month
dosing interval arm, both studies showed that the participants that achieved up to
four-month dosing intervals of faricimab had larger reductions in central subfield
thickness (CST) [42]. Roche has announced plan to submit a new drug application
to the U.S. Food and Drug Administration and the European Medicines Agency for
the treatment of DME and nAMD.

4.2 AXT107

AXT107 (Asclepix Therapeutics, Baltimore, MD, USA) is a peptide that modi-
fies Ang-2 to function more similarly to Ang-1. This peptide is derived from the
non-collagenous domain of collagen IV and ultimately activates the Tie-2 receptor
and stabilizes vascular permeability [9]. In studies using confluent monolayers of
endothelial cells, AXT107 attached to Ang-2 binds to the Tie-2 receptor and disrupts
a5p1 integrin, causing Tie-2 and o5 to move to cell junctions. Ultimately, Ang-2
modified by AXT107 serves as an agonist of the now junctional Tie-2 receptor and
acts similarly to Ang-1 even in the presence of low concentrations of Ang-1 [45].
AXT107 also suppresses TNF-a induced vascular inflammation in endothelial
cells, which may provide additional benefit in treating the chronic inflammatory
component of DME and other retinal vascular diseases [33]. Additionally, in animal
models, AXT107 increased breakdown of VEGFR2 which ultimately decreases the
effects of VEGF [46]. Studies conducted in rabbit eyes injected AXT107 into the
vitreous as a clear gel depot. This gel formulation slowly releases the AXT107 and
could potentially decrease the need for many repeat injections. The rabbit model
studies showed that AXT107 decreased leakage by 86% and 70% at one and two
months, respectively. This was compared to aflibercept which reduced leakage by
69% at one month and did not reduce leakage at two months [47].

The CONGO study is a phase 1/2a clinical trial that will evaluate the safety and
bioactivity of AXT107. This is a non-randomized open label study with 18 partici-
pants with DME. Three treatment arms of low (0.1 mg), medium (0.25 mg), and
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high (0.5 mg) doses are included. The primary outcome is safety measured by inci-
dence of adverse effects. Secondary outcomes are efficacy assessed by change in CST,
change in BCVA, and percentage of participants improving by greater than 5, 10, 15
letters on the eye chart. This study is expected to be concluded by May 2022 [48].

4.3 Nesvacumab

Nesvacumab (Regeneron, Tarrytown, NY, USA) is a human immunoglobulin
G1 (IgG1) monoclonal antibody that binds to and blocks Ang-2. Nesvacumab
was coformulated with aflibercept and phase 1 trials showed promising results
for nAMD and DME. The phase 2 ONYX (nAMD) and RUBY (DME) trials did
not duplicate that success however; patients treated with nesvacumab-aflibercept
combo did not show any significant benefit in BCVA or CST compared to afliber-
cept monotherapy. For the RUBY study, however, there was a significant differ-
ence in the proportion of patients with resolution of foveal edema and >2 step
improvement in DRSS in the high dose co-formulation arm [49]. In 2017, Regeneron
announced that Nesvacumab would not advance to phase 3 trials [50].

4.4 AKB-9778

AKB-9778 (Aerpio Pharmaceuticals, Cincinnati, OH, USA) is an antagonist of
VE-PTP given via subcutaneous injection. The TIME-2a study was a phase 2 study
that sought to determine the safety and efficacy of AKB-9778 in DME patients.
There were three treatment arms within 144 participants: 15 mg AKB-9778 twice
daily and monthly placebo intravitreal injections, 15 mg AKB-9778 twice daily and
monthly 0.3 mg ranibizumab intravitreal injections, and placebo subcutaneous
injection twice daily and monthly 0.3 mg ranibizumab injections. The primary
outcome was mean change in CST at three months and secondary outcomes were
BCVA, DRSS, and safety [51]. Mean change CST was significantly greater in
participants receiving both AKB-9778 and ranibizumab (—164.4+24.2 pm) than in
participants receiving ranibizumab alone (—110.4+17.2 pm). Regarding the second-
ary outcomes, the percentage of participants that gained >10 or >15 letters across
the treatment arms were: 8.7% and 4.3% in the AKB-9778 alone group, 29.8% and
17.0% in the ranibizumab along group, and 35.4% and 20.8% in the combination
group, respectively. The DRSS remained similar across the three groups and AKB-
9778 was found to be safe [52].

The safety and efficacy of AKB-9778 in 167 patients with nonproliferative DR
was studied in the Time-2b study. This study did not utilize anti-VEGF therapy
in its treatment arms and instead used AKB-9778 alone. The treatment arms
included: AKB-9778 15 mg once daily, AKB-9778 15 mg twice daily, and subcu-
taneous placebo injected twice daily [53]. The primary outcome of percentage of
participants with improvement in their DRSS was not met at 48 weeks. There was a
significant 20% improvement in urine albumin creatinine ratio in patients treated
with AKB-9778 twice daily and there was also a significant reduction in intraocular
pressure among the treatment groups versus placebo. Based on these results, Aerpio
Pharmiceuticals is investigating the use of AKB-9778 in diabetic nephropathy and
open angle glaucoma. AKB-9778 is also in a phase 2 study for use in hospitalized
subjects with COVID-19 acute respiratory distress syndrome [54].

4.5 ARP-1536

ARP-1536 (Aerpio Pharmiceuticals, Cincinnati, OH, USA) has the same biologic
activity as AKB-9778 however it is delivered by intravitreal injection rather than
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subcutaneously. ARP-1536 is an antagonist to VE-PTP which activates the Tie-2
receptor and provides vascular stability. It is in pre-clinical studies in combination
with anti-VEGF therapy for DME and wet AMD [54].

5. Conclusion

Diabetic eye diseases are among the leading causes of blindness within the
Western world. Previously, laser photocoagulation was the mainstay of treatment
for DME and PDR [55]. Over the past two decades, anti-VEGF agents have become
first-line treatments for DME. Although these medications have significantly
improved visual outcomes for DME, limitations have been noted in ‘real-world’
studies [24-26]. Most notably, anti-VEGF agents require frequent injection, which
acts as a treatment barrier to patients and leads to under-dosing. The investigational
drugs that target the Tie-2/angiopoietin pathway may produce greater drying effect
on the macula, with prolonged durability and superior visual outcomes compared
to anti-VEGF monotherapy. Future trials may focus on the ability of combination
anti-VEGF and Ang-2 inhibitors to treat PDR.
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Chapter12

Diabetic Retinopathy and Stem
Cell Therapy

Sevil Kestane

Abstract

This overview was evaluated by the development of diabetic retinopathy (DR)
and the stem cell therapy approach. DR is a microvascular complication of diabetes
mellitus, characterized by damage to the retinal blood vessels leading to progres-
sive loss of vision. However, the pathophysiological mechanisms are complicated
and not completely understood yet. The current treatment strategies have included
medical, laser, intravitreal, and surgical approaches. It is known that the use of
mesenchymal stem cells (MSC), which has a great potential, is promising for the
treatment of many degenerative disorders, including the eye. In retinal degen-
erative diseases, MSCs were ameliorated retinal neurons and retinal pigmented
epithelial cells in both in vitro and in vivo studies. Stem cell therapies show promise
in neurodegenerative diseases. However, it is very important to know which type
of stem cell will be used in which situations, the amount of stem cells to be applied,
the method of application, and its physiological/neurophysiological effects.
Therefore, it is of great importance to evaluate this subject physiologically. After
stem cell application, its safety and efficacy should be followed for a long time. In
the near future, widespread application of regenerative stem cell therapy may be a
standard treatment in DR.

Keywords: diabetic retinopathy, mesenchymal stem cells, cell therapy, regenerative
stem cell therapy, neurodegenerative diseases

1. Introduction

The eye is an excellent structure, both an optical and a neuronal device. There
are many diseases related to the eye. Each anatomical part of this organ may show
a defect and cause an eye defect. Diabetic retinopathy is one of the most common
complications of type I and type II diabetes. One of the main causes of blindness
worldwide is diabetic retinopathy. Although glucose controls are helpful for other
diabetic complications, they cannot prevent the development of retinopathy.
While many studies have been done on the physiology of the retina, there are many
unknown dark spots. Studies suggest that radicals derived from reactive oxygen play
an important role in the development of diabetic retinopathy. Due to high oxygen
consumption, the brain and retina are very sensitive to oxidative stress. Oxidative
stress has been found to cause brain and retinal damage in both diabetic humans
and experimentally diabetic rats. Although various hypoglycemic drugs have been
developed for the treatment of diabetes mellitus (DM), complications associated
with diabetes remain major medical problems. Therefore, the development of new
treatments is of great interest. The mechanisms in the development and progression
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of diabetic retinopathy are not yet fully understood as they are multifactorial and
complex. Stem cell therapies for retinal diseases have been around for a long time.
Few clinical trials are currently showing improvement [1].

The eye is the site of many acute or chronic physiopathological disorders,
reversible or not, that can lead to partial or total vision loss or major changes in the
quality of patients’ life. The search for innovative therapeutic strategies to correct
these disorders is an important current issue. Gene and cell therapies are powerful
therapeutic tools, but controlling the properties and spread of the injected material
is a parameter that limits its application in humans. Anatomical isolation of the eye
and ease of access, on the other hand, enable the use of such treatments, which have
been previously developed in tissues and whose clinical application is complex [2].

Hillard Lazarus used mesenchymal stem cell (MSC) for the first time in 1995.
Today, there are more than 400 applications in a wide variety of clinical fields
such as inflammatory pathologies or immunological, fibrotic, or neurological
disorders [3].

The use of MSC, which has a great potential, is promising for the treatment of
many degenerative disorders, including the eye. In retinal degenerative diseases,
MSC ameliorated retinal neurons and retinal pigmented epithelial cells in both
in vitro and in vivo studies [1]. Diabetes is among the largest medical emergencies
in the world. Hyperglycemia is responsible for a wide number of complications,
with the vascular ones representing the leading cause of mortality. Stem cells have
the unique ability to originate any organ or tissue and are capable of self-renewal.
Among stem cells, great clinical interest is reserved for MSC [4].

2. Diabetes and diabetic retinopathy

The development of modern life has brought with it an inactive life [5]. The
human population is constantly increasing, and diseases are also increasing. In
addition, the expectation of prolonging life, lifestyle, and dietary habits that sup-
port obesity creates possible conditions for the development of diabetes. Diabetes
is shown as the third cause of death in industrialized countries after cardiovascular
diseases and cancer. It is stated that about 110 million people on a global scale
suffer from diabetes mellitus. This type of diabetes is also called diabetes mellitus.
The main symptom of this disease is the presence of sugar in the urine. A diabetic
patient occurs every 8 minutes according to the research of a health institution.

DM is the inability of sugar to enter the cell and perform its function as a result of
the insufficiency of pancreatic insulin secretion or the ineffectiveness of insulin or
the inability of insulin to function due to structural defects in the insulin molecule.
Insulin produced in the pancreas is responsible for the transition of blood glucose
into cells. When insulin is deficient, the level of glucose in the blood increases and it
increases the permeability of the vessel by causing defects in the inner surface and
outer wall of the vessel in the vascular tissue. Diabetes damages the retina the most
in the eye tissue. It is predicted that diabetes mellitus will rise sharply in the next
decade. Patients with diabetes suffer from life-limiting and threatening complica-
tions and suffer from diseases such as stroke, peripheral arterial diseases, and
retinopathy. [6]. Diabetic retinopathy is the most common microvascular complica-
tion of DM, resulting in blindness worldwide. Diabetic retinopathy (DR) is a global
problem, affecting approximately 100 million people worldwide. Blindness is 25
times more common in diabetic patients than in non-diabetic patients. DR is the
most common cause of blindness in patients aged 20-64 years in developed coun-
tries. The prevalence of the disease is related to the age of the cases and the duration
of the disease. Biochemical changes detected in diabetic retinopathy increased
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oxidative stress, nonenzymatic glycosylation, protein kinase-C activation, polyol
pathway, and increased nitric oxide [7].

Retinal neurons provide normal visual function. Vision loss in diabetes should
be explained as a disorder in the function of neurons. To date, most research has
generally focused on retinal vascular changes rather than the effect of diabetes on
the neural retina. As a result of many studies, it has been determined that changes
in neuronal function and vitality are effective in the pathological mechanism of
diabetic retinopathy that starts in the early stage of diabetes. Neurophysiological
changes have been observed immediately after the onset of diabetes in both humans
and experimental animals [8].

The most common cause of retinopathy is diabetes. Retinopathy is responsible
for about a third of vision loss and blindness in children. Microaneurysms, non-
perfusion capillaries, hemorrhages and/or lipoprotein exudates, which are the
onset of DR, indicate that DR is primarily a microvascular disease [9]. There is
ample evidence of early retinal neurodegenerations in diabetes. Neuronal degener-
ations and early retinal disorders were observed in some animal models and studies
in humans before the onset of diabetic vasculopathy [10]. Neurodegeneration,
which causes thinning of the retina layer in animal studies, is not only limited to
cell death and tissue loss but also causes functional disorders in neurotransmitters
[11]. The most prominent feature of neurodegenerative diseases is increased neu-
ronal loss with apoptosis. Increasing neuron frequency is accepted as an important
component of pathology in diabetic retinopathy. Early studies characterized
vascular lesions in postmortem specimens of human retinas [12-14].

Indeed, neurophysiological changes have been observed immediately after the
onset of diabetes in both humans and experimental animals. It has been reported
that vascular changes such as permeability changes during diabetes occur 8 days
after the onset of diabetes in rats. Capillary dilation and increased blood flow
are the earliest signs of diabetes in both humans and animals. Capillaries begin
to close within a few years in dogs whereas in about 1 year of diabetes in rats.
Typical retinopathy begins to develop in humans at 5-10 years, with microaneu-
rysm, hemorrhage, macular edema, and neovascularization. The neural retina
is transparent and invisible, so it is not visible on clinical examination. Vascular
changes provide information about the course of the disease and the possibility of
blindness. Apart from insulin therapy, the only proven treatment is laser photo-
coagulation, which destroys retinal regions with overt vascular disorders. This
manipulation reduces macular edema and can improve visual acuity, but it cannot
restore normal vision and prevent neuronal loss. If neurodegeneration begins
shortly after the onset of diabetes, irreversible neuron damage occurs during laser
therapy. Early neurophysiological and neurodegenerative changes should be con-
sidered as targets for current DR treatments. Psychophysical measurements also
showed changes in vision in the early stage of diabetes onset. Contrast sensitivity
decreases especially at mid and low spatial frequencies [1, 15].

Obesity is a major health problem in the world that is responsible for type I
diabetes mellitus (DM) and its serious complications, such as retinopathy, cardio-
vascular disease, and nephropathy. In diabetic eyes, neovascularization results in
blindness through a vitreous hemorrhage, retinal detachment, or glaucoma. Retinal
hypoxia is the crucial factor for these complications [16]. Diabetic retinopathy is one
of the most common complications of type I and type II diabetes. One of the main
causes of blindness worldwide is diabetic retinopathy. Although glucose controls are
helpful for other diabetic complications, they cannot prevent the development of
retinopathy. The pathology of retinopathy is due to the deterioration of the vessels
of the eye, which occurs due to various metabolic disorders in diabetic patients.
These metabolic disturbances range from the level of vascular endothelial growth
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factor (VEGF) to the accumulation of end products of its glycosylation. The primar-
ily tissue-damaging effects of chronic hyperglycemia cause a complex interplay of
multiple mechanisms, which cause abnormal permeability within the retinal ves-
sels, and occlusion with ischemia and subsequent neovascularization. Current treat-
ments include laser photocoagulation and vitreotomy, but these treatments are not
curative and do not target the pathological mechanism of the disease. Various stud-
ies have been conducted in diabetic rats and human models. Immunohistochemical
studies were able to show that intravitreally injected stem cells were localized to
the inner retina and it has been stated that this increases visual function. Human
clinical trials are ongoing to evaluate the safety, success, and utility of hematopoi-
etic stem cell (HSC) injection in treating retinal vascular diseases. Two patients
with diabetic retinopathy injected with HCC showed improvement in visual acuity
and ophthalmic measurements even 12 weeks after treatment. The mechanism of
the behavior of HSC is unclear, but is thought to be dependent on paracrine signal-
ing. In animal models, intravitreal HSC has been shown to improve retinal damage
caused by light, ischemia, and diabetes. Apart from HSC, other stem cells such as
mesenchymal stem cell (MSC), endothelial progenitor cell (EPC), and adipose
stromal cell are also being investigated for their use in the treatment of diabetic
retinopathy. Diabetes mellitus causes both functional and structural deficiencies
by affecting both the peripheral and central nervous systems. Peripheral disorders
develop within a few weeks after the onset of diabetes, while central disorders take
months to develop [17]. Diabetic retinopathy is a major complication of diabetes.
However, the effect of a prediabetic condition on the retina has not been clarified.
Prediabetes refers to a metabolic disorder defined by glycemic variables lower than
diabetes but higher than normoglycemia and considered a high-risk condition for
the development of diabetes. It has been stated that the majority of prediabetic
patients will eventually develop diabetes [18, 19]. Current treatments for DR as
laser photocoagulation, intravitreal anti-VEGF agents, intravitreal corticosteroids,
and vitreoretinal surgery are applicable only at advanced stages of the DR and are
associated with significant adverse effects [20]. Therefore, new treatments for the
early stages of the DR are needed. Retinal diseases are the leading cause of vision
loss in the world. Because of the ability of stem cells to self-renewal and differentia-
tion to various types of cells, stem cells are becoming an attractive source of cell
therapy in repairing damaged cells as retina pigment epithelium or photoreceptors.
Consequently, retinal stem cell therapy is one of the promising therapeutic alterna-
tives to recover vision [21].

3. Stem cells

The organism begins to form from a cell and then develops into a complete
organism with more than 200 cell types. This phylogenetic trend, the tendency to
switch from pluripotent cells to mature cells is an integral part of human develop-
ment. This process, in which cells differentiate and turn into cells without plasticity,
is necessary to form all special tissues of the human and to minimize the risk of
tumor proliferation. Basically, for a cell to be accepted as a stem cell, this cell should
first be able to renew itself without losing its plasticity, and then lose its plasticity
and differentiate into different sub-cell types [22]. A stem cell is an undifferenti-
ated cell with the capacity to self-renewal and differentiate. These cells have also
the capacity to differentiate into special cells that make up tissues and organs.
Self-renewal is the capacity for a cell to reproduce indefinitely by maintaining its
undifferentiated state. Differentiation potential is the capacity for a cell to differen-
tiate into one or more types of mature cells.
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In addition, stem cells are also characterized by maintaining a certain calm-
stagnant state, apart from their capacity for self-renewal and differentiation. This
quiescent phase is the G phase of the cell cycle, in which cells enter in the absence
of mitotic factors. With this calm phase, stem cells can protect themselves against
possible “attacks” and maintain their vitality. However, none of these features
are sufficient to define the ‘root’ character of the cell. In fact, it should have the
potential to rebuild the tissue’s excellent function in the long run. This means a large
number of cellular divisions and differentiation iz vivo. These properties also play a
vital role in organogenesis and adult tissue regeneration. There are many stem cells
used and studied in research. Particularly, some researchers can find new stem cell
sources today [23-25].

The two largest types of stem cells in mammals are embryonic stem cells isolated
from the inner cell mass of the blastocyst and adult stem cells found in most adult
tissues.

3.1 Embryonic stem cells (ESC)

They are the first discovered and studied stem cells. They are cells that can
renew themselves and have the capacity to differentiate into all cell types that can
form a whole organism.

3.2 Adult stem cells

With the development of the embryo, embryonic pluripotent stem cells are
replaced by stem cells with a more limited capacity, which will provide organ and
tissue formation. Cells of different tissues are now specialized. Organs need a
mechanism to regenerate cells by replacing cells lost by apoptosis or lesion, thus
maintaining their homeostasis. An adult loses about 20 billion cells in a day. This
requires a permanent restructuring system [26]. Some organs such as the brain,
heart, and kidney are less regenerated [27]. On the other hand, tissues such as bone
marrow, skin, and intestines are constantly renewed. To ensure the regeneration
prosess, organs have a cell reservoir; adult stem cells which serve throughout life.
Their stocks are provided by the balance between self-renewal and differentiation
capacities. Adult stem cells are also known as somatic stem cells. It is assumed that
all organs of the body have mature stem cells, and in most organs, they are active
throughout life. They constantly form new cells to ensure tissue regeneration (skin,
cornea, bone marrow, intestine) [28-30]. In some organs, these cells become active
after birth and then go into dormancy. We see them in organs with slow or almost
no cellular regeneration; it is seen only in organs such as the brain and liver, where
stem cells divide only during serious injuries or rarely [31, 32]. Hematopoietic stem
cells, stromal stem cells, and stem cells in organs are adult stem cells.

Bone marrow contains two types of cells: hematopoietic stem cells (HSC) and
stromal mesenchymal stem cells (MSC). HSC can form all mature hematopoietic
cells such as myeloid and lymphoid. MSC plays a supportive role in hematopoiesis.
Bone marrow also contains other types of cells. Progenitor endothelial cells (PEC)
are found in the marrow as well as adult multipotent progenitor cells [33]. When
necessary, PEH enters the circulation and plays a role in angiogenesis. In addition,
some studies refer to bone marrow stem cells (F-MSCs), which represent a hetero-
geneous stem cell population. These cells can differentiate into many different types
of cells, such as hepatocytes, endothelial cells, epithelial cells, cardiac or skeletal
muscle cells, neuronal cells, or astrocytes. This indicates that bone marrow cells
have the potential to differentiate into cells of another tissue [34]. Stem cells are
ubiquitous. Some niches are yet to be discovered. Although bone marrow-derived
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stem cells have been cited as a potential resource for regenerative therapy, their
potential and usefulness are still open to debate [35, 36].

Deterioration in tissues or organ functions for any reason constitutes a very
important problem in terms of seriously affecting an individual’s quality of life.
For this reason, regenerative medicine is concerned with repairing the damage and
restoring normal body functions through stem cell therapies. Advances in stem
cell research have shown cell-based therapy as a useful option to treat medically
incurable diseases [36]. Stem cells can migrate to damaged tissue. The effect and
cellular mechanisms of stem cells vary according to their environment. They have
excellent plasticity that allows these cells to adapt to their environment and act
appropriately [33].

“Plasticity” is the ability of a stem cell to acquire different differentiation
programs under certain microenvironmental conditions. Endogenous MSC or
exogenously administered MSC can migrate to the injured tissue and participate in
its healing. The therapeutic effects of MSC can be attributed to its ability to secrete
awide variety of paracrine factors. These mechanisms are likely independent,
but they can also act together. In many cases, a combination of these protective
mechanisms can work together to heal the damage [37]. However, the mechanism
of the therapeutic effect of stem cell is still open to debate. There are two basic
explanations; these are cell differentiation and the paracrine effect of stem cells.
The combination of these two mechanisms seems to be a third theory [38].

4. Mesenchymal stem cells and retinal degenerations

Retinal degenerations are pathologies that affect the light-sensitive cells of the
retina, photoreceptors, cones, and rods. Cell therapy is accepted as an interesting
alternative for retinal degenerations. A mouse model of retinal degeneration has
been shown to improve visual function after transplantation of photoreceptors [39].
Other cells, including MSC, also show great potential by altering photoreceptors or
protecting against degenerations due to their paracrine effects [40]. Some research-
ers also emphasize that MSC can differentiate into retinal cells, especially photo-
receptor-like cells. This plasticity feature of MSC has been observed iz vitro [41].

It has also been observed in vivo by subretinal injection in a rat model with retinal
degeneration [42]. These results reveal the possibility of regenerative therapy in
pathologies involving photoreceptor losses.

In general, cellular therapy works in two ways: to replace dead cells in the tissue
to restore tissue function or to prevent/attenuate/slow tissue degeneration by reduc-
ing inflammatory infiltration or reduce apoptosis and cell death phenomena.

5. Stem cell and eye

The eye is a small organ, and the number of stem cells required therapeutically
is theoretically less than in larger organs. Compared to other internal organs, the
retinal environment is easily accessible with small-gauge vitrectomy needles, greatly
increasing the potential for stem cell-based therapy for the treatment of retinal
degenerative diseases. The retina is layered and thin. It depends on the preservation
of cells, nerve anatomy, and synaptic networks to maintain vision. Retinal neuron
connectivity is an important therapeutic goal to alleviate blindness in millions of
people worldwide for the preservation or restoration of the original neural structure
of the retina and photoreceptor [43]. The emergence of studies shows the possibility
of cell regeneration in the adult central nervous system, which makes it possible
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to envision the implantation of stem cells or progenitor cells as an approach to cell
therapy. The restorative approach offers strong hope, given that key questions about
the biology of development need to be explored. The transplantation of differenti-
ated or undifferentiated retinal tissue (embryonic, newborn) in the subretinal
position of the graft poses the problem of its structural and functional organization.

It is seen that different types of stem cells are used considering transplantation
studies. When we look at transplantation studies, in studies using different types
of stem cells (retina progenitor cell, neural stem cell, bone marrow-derived stem
cell, and embryonic stem cell), although they settle in the retina, they are not able
to express retinal-specific markers and cannot establish synaptic connections are
encountered [44].

The discovery of stem cells has caused great excitement in the hopes of using
such treatments to restore vision. Already, stem cells in the anterior segment of the
eye have a remarkable clinical effect. Stem cell therapy provides re-epithelialization
of the cornea and improves vision. The trabecular meshwork, located on the inner
side of the junction of the sclera and the cornea, can also be regenerated with stem
cells [38]. However, the most interesting studies have been done in the posterior
segment of the eye. Most retinal degenerations begin with the loss of a neuron or
damage to a neuron. Therefore, these cells should be replaced with a cell layer that
is differentiated and functional in the appropriate medium. Sometimes pathology
develops and destroys many cells. In this case, a graft consisting of several layers is
required. To perform a transplant treatment for blindness, progenitor neuronal cells
are isolated and transferred to different cells of the retina.

Studies on neuronal cell cultures that can differentiate are done. Today, very few
of these differentiation mechanisms have been fully elucidated. Therefore, the use
of cell transplantation in the retina seems distant [45].

Considering that stem cell therapy is promising in retinal diseases, studies
were started with embryonic stem cells, and induced pluripotent stem cells were
obtained. Many retinal cells such as retinal pigment epithelium, photoreceptors,
and ganglion cells were obtained from induced pluripotent stem cells [46].

It is stated that the neuroretina, which is attached to the pigment epithelium
(RPE), has a complex structure. Therefore, it has been stated that there are three
different cells that can be considered in cell therapy: neuroretina (photorecep-
tors, bipolar cells, ganglion cells, and glial cells), RPEs, and vascular endothelial
cells. Depending on retinal diseases, strategies to place different cells need to be
developed [47].

6. Conclusion

Diabetic retinopathy (DR) is one of the largest causes of vision loss worldwide.
The use of autologous stem cells for organ reconstruction offers a potential solution
for the replacement of tissue or whole organs mechanisms in the development and
progression of DR are not fully understood yet. Although many studies have been
done about retinal physiology, many unknown dark spots are available about it. Stem
cell therapy appears to be a possible option both to prevent neurovascular damage
and to repair the damaged retina. Mesenchymal stem cell attracts great attention in
retinal degenerations due to their ability to differentiate into neurons. However, the
way and amount of stem cell administration will create different effects, it is impor-
tant to know the effect of cell therapy on body after administration in relation to its
use in the clinical practice.

To date, no treatment has been developed for the regeneration of retinal
vasculature damage resulting from prolonged hyperglycemia. Cell therapy seems
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to be a possible option both to prevent neurovascular damage and to repair dam-
aged retina [48]. Although clinical evaluations and retinal autopsies of diabetic
patients provide information about the progression and features of diabetic
retinopathy, its pathophysiological mechanism is not yet understood. Studies on
animal models continue in order to better understand the development of diabetic
retinopathy at the molecular and cellular level [49]. Retina, in the nervous system,
provides a suitable environment to study the functions and distribution of stem
cells. It is stated that intravenously administered mesenchymal stem cell transplan-
tation can inhibit retinal apoptotic cells, reduce inflammatory responses, and limit
the spread of damage [50].

In a study in which intravitreal mesenchymal stem cell application was
performed, some physiological parameters were examined and it was seen that
although there were decreases in body weight in diabetics, there was no change in
body weight in the group administered intravitreal stem cells. These findings were
interesting for us. While it was reported that body weight increased significantly
in the mouse model in which the human adipose tissue-derived mesenchymal stem
cell was transplanted via the tail. It has been stated that intravitreal stem cell appli-
cation also reduces intraocular pressure and provides a better cognitive function in
the diabetic model [51].

As aresult, more clinical trials should evaluate the application methods, the
timing of the practice, using cell count and repetition dose of stem cell and their
results. In the near future, the regenerative stem cell therapy may be a standard
treatment in many degenerative eye disorders.
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Abstract

Diabetic vitrectomy is a complicated vitreoretinal surgery due to the complex
interaction of various factors. Indications of vitrectomy in diabetes patients would
comprise of non-resolving vitreous haemorrhage, taut posterior hyaloid causing
vitreo-papillary traction, vitreomacular traction, non-resolving macular edema due
to epiretinal membrane, posterior pole tractional retinal detachment or combined
retinal detachment. Pre-operative systemic evaluation, a thorough clinical evalua-
tion with ancillary investigations like ultrasound and optical coherence tomography
are important for planning the surgery. In this chapter, we would be discussing the
basic principles of PVD induction, surgical steps and techniques involved in dia-
betic vitrectomy. Complications associated can be intraoperative or post-operative.
Intra-operative complications would include corneal edema, cataract, bleeding and
iatrogenic breaks. Post-operative complications can be divided into early and late,
which include vitreous cavity bleeding, raised intraocular pressure, reproliferation,
epiretinal membrane, cataract, glaucoma and hypotony.

Keywords: diabetic vitrectomy, proliferative diabetic retinopathy, fibrovascular
membrane dissection, delamination, diabetic retinal detachment

1. Introduction

Diabetic retinopathy is one of the leading causes of blindness across the world.
The estimated global prevalence of proliferative diabetic retinopathy amongst
diabetic patients is 7.5%, and it is higher in type 1 compared to type 2 diabetes [1].

The first pars plana vitrectomy was performed for persistent vitreous haemor-
rhage in a diabetes patient by Robert Machemer in 1970 using a single port instru-
ment called vitrectomy infusion suction cutter (VISC) [2, 3]. There has beena
drastic evolutionary change in the technique of diabetic vitrectomy since then.

In this chapter, we would be discussing the current indications of vitrectomy in
diabetes patients, various surgical techniques and complications.

1.1 Indications of vitrectomy in diabetic retinopathy
1. Non-resolving vitreous haemorrhage (VH)

2. Dense subhyaloid haemorrhage (SHH) over the macula
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3.Tractional retinal detachment (TRD) threatening or involving the fovea
4.Combined retinal detachment (CRD)

5.Vitreomacular traction (VMT) or epiretinal membrane (ERM) causing
non-resolving macular edema

6. Taut posterior hyaloid causing vitreopapillary traction [4].

Surgery for extramacular TRDs is generally not advocated as vision is preserved
in most cases. Patients who become symptomatic with visual complaints or meta-
morphopsia or if there is a progression of extramacular TRD to threaten the macula
would benefit from surgery [5].

2. Pre-operative assessment

Thorough anterior segment evaluation with special attention to health of
corneal epithelium, anterior and posterior synechiae, neovascularisation of
angles and iris, and cataract need to performed. Vitreous haemorrhage with dense
anterior opacities in the Berger’s space or significant cataracts can hinder the view
behind. Thus a combined cataract surgery along with vitrectomy can be planned in
these cases.

2.1 What to look for, while examining the fundus?

1. Assess the posterior hyaloid separation clinically and assess the areas of dense
attachments and planes of separation in order to plan the surgery and site of
initiation.

2.FVP-flat or elevated—A flat fibrovascular proliferation without hyaloid
separation may be much more surgically challenging compared to an elevated
proliferation with separated hyaloid.

3. Configuration of detachment—A tractional detachment is usually concave,
while a convex or bullous configuration suggests a combined rhegmatogenous
component.

4.Extent of TRD/CRD with FVP membranes beyond the equator and extending
anteriorly—indicate that the dissection of these peripheral membranes would
be difficult and if its inferior quadrants may warrant external support with a
belt buckle (BB)/segmental buckle (SB) based on the extent.

5.Presence of any abnormal vitreoretinal attachments (lattice degenerations/
FVP membranes/breaks) in the periphery and midperiphery—so as to plan for
an external tamponade—BB/SB.

6. Associated lesions like macular schisis (implies long standing traction) or
macular hole (to plan for inverse flap ILM peeling).

7.Looking at the vascularity of the membranes—more vascular—better to

consider pre-operative anti-VEGF injection to reduce the risk of
bleeding.
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8. Presence of sclerosed vessels would suggest thin retina with higher chances of
iatrogenic damage, which one needs to be cautious about.

9.Sometimes, a subretinal bleed or subretinal gliotic (SRG) bands may be noted
which also point towards a combined detachment.

10. Long standing traction over disc, papillomacular bundle or fovea—can have a
guarded visual prognosis.

2.2 Ancillary investigations
2.2.1 Role of OCT

In patients with media clarity, an optical coherence tomography (OCT) scan can
be of utmost value to assess the vitreomacular anatomy, extent of macular detach-
ment, status of fovea, vitreopapillary traction, vitreomacular traction, tractional
schisis, epiretinal membrane and macular edema. It can also help in identifying
progression of detachment on follow-up. Patients with ERM or macular edema can
also be benefited with ERM and internal limiting membrane (ILM) peeling.

Figure 1 shows pre-operative and post-operative OCT and fundus photo com-
parison. This is a patient with PDR with florid NVD and NVE with VMT and CME
with vitreoschisis with vitreopapillary traction pre-operatively. Post-operative OCT
shows resolution of all traction and edema with temporal retinal thinning.

A widefield OCT helps in better understanding of the vitreomacular anatomy
in the centre as well as mid periphery. It can also help in identifying the plane of
dissection and thus help planning the site of initiation [6].

PRE-OPERATIVE POST-OPERATIVE

Figure 1.
Preoperative and postoperative colour fundus photograph and OCT scans of a patient with PDR with florid
NVD and NVE with VMT and CME with vitreoschisis and vitreopapillary traction.
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2.2.2 Role of ultrasound

In patients with dense media opacities like cataract or vitreous haemorrhage, a
pre-operative ultrasound evaluation is warranted. This will help to understand the
status of posterior hyaloid, location of focal attachments of posterior hyaloid onto
the retina, any traction on retina, and co-existing retinal detachment. Figure 2 shows
ultrasound image of a patient with vitreous haemorrhage with subhyaloid haemor-
rhage with thickened and incomplete hyaloid separation.

Systemic evaluation and stabilisation of the patient is important before taking
up for surgery. In patients who are on haemodialysis, a pre-operative heparin-free
dialysis should be recommended in order to reduce the chances of intraoperative
and post-operative bleeding.

2.2.3 Patient counselling

Besides advocating for surgery, it is very important to counsel the patient
about the visual potential since despite good anatomical outcomes, in patients
with long standing detachments and macular ischemia, functional outcomes may
not be very satisfying. The chances of multiple surgeries due to recurrent vitre-
ous cavity bleeds or redetachments due to reproliferations should be explained.
Need for subsequent cataract surgery or silicon oil removal surgery should be
explained clearly beforehand. Importance of good systemic control should be
re-emphasised.

Figure 2.
Ultrasound images of a patient with vitreous haemorrhage with subhyaloid haemorrhage with thickened and
incomplete hyaloid separation.
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Various studies have shown that a pre-operative intravitreal anti-VEGF injection
3-14 days prior to surgery can help in controlling intra-operative bleeding [7, 8].
Nonetheless, one has to keep in mind that bleeding may occur despite an anti-VEGF
injection. Some patients can develop Crunch syndrome after anti-VEGF injection.

In these cases, TRD worsens due to development of denser fibrotic connections
between the retina and overlying tissue, thus making it harder to identify tissue
planes. In a retrospective review of TRD following intravitreal bevacizumab, anti-
VEGF crunch developed at 5 days or more after initial IVB injection in nearly 80%
of cases [9].

3. Timing of vitrectomy in diabetic vitreous haemorrhage

At the time of diabetic retinopathy vitrectomy study (DRVS), vitrectomy was
performed in patients who had non-resolving vitreous haemorrhage for more than
12 months. The results of DRVS showed that eyes undergoing early vitrectomy for
severe vitreous haemorrhage were more likely to have VA > 20/40 at 2 years and
greatest benefit was seen in patients with type 1 diabetes [10]. With the evolution of
better surgical techniques and instruments (MIVS), early vitrectomy is more effec-
tive in achieving better visual outcomes [11]. Usually, patients with type 1 or type
2 diabetics with VH and no underlying traction, can be observed for 1 month [12].
In the meantime, if haemorrhage improves, visible panretinal photocoagulation
(PRP) or intravitreal anti-VEGF injection can be given to allow for neovascularisa-
tion to regress. In patients with visually demanding jobs, an early vitrectomy can be
performed.

In patients with persistent VH, especially aphakic and pseudophakic patients
with posterior capsular defect, there is an increased risk of ghost cell glaucoma
and neovascular glaucoma. In these patients, anti-VEGF can be considered prior to
surgery and an early vitrectomy is warranted to control IOP.

Vitreous haemorrhage can sometimes develop after panretinal photocoagula-
tion due to contraction of the fibrous component as the vascular component of the
fibrovascular membrane regresses or due to posterior vitreous detachment (PVD).

4. Surgical technique

Use of wide-angle non-contact systems would be preferred in diabetic vitrec-
tomy as this would reduce the chances of corneal epithelial defects (since wound
healing is delayed in these patients), give a better understanding of vitreous attach-
ments and reduce the chances of iatrogenic breaks.

4.1 Diabetic vitreous haemorrhage

If the ultrasound does not show any co-existing traction or detachment, pars
plana vitrectomy along with panretinal photocoagulation would suffice. Pars plana
ports are made using biplanar incisions using 23/25G trocar cannula. After clearing
the anterior hyaloids, a thorough core vitrectomy should be performed. Care should
be taken while clearing the peripheral vitreous, as it may be difficult to distinguish
between retina and blood stained vitreous. In case of dense VH, a burr hole vitrec-
tomy can be performed in the superonasal quadrant until the retina is visualised
and then further truncation of cone can performed. If the posterior hyaloid is sepa-
rated at the disc, then the PVD induction is completed if there are no focal areas of
traction. If the posterior hyaloid is not separated completely or not moving freely
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or causes a fluttering movement, suspect an underlying FVP. Thus the truncation
of cone should be gentle and graded with a watch on underlying retina/FVP/dense
vitreoretinal adhesions.

In some cases, PVD separation may not be complete and there may be subhya-
loid haemorrhage (SHH). In such cases, an opening can be made in the taut hyaloid
overlying the SHH using the cutter or rarely 26G needle to incise the hyaloid if it is
very close to retina and the blood can be drained using cutter aspiration or flute.

Once the blood is cleared and underlying retina visualised, PVD can be com-
pleted as far anteriorly as safely possible. The aim should be to segment peripheral
base of the vitreous from the any posterior hyaloid to prevent reproliferation and
rebleeds. It is not mandatory to shave the vitreous base in these cases. One has to be
very careful while performing vitreous base shaving in cases of VH, as the periph-
eral vitreous base would be harbouring the haemorrhage within itself, sometimes
difficult to distinguish from the underlying retina. Also, the blood can leach from
the uncut vitreous into the fluid filled vitreous cavity and can cause post-operative
dispersed haemorrhage.

It is important look for any sites of blood ooze as this can give rise to post-
operative rebleeds. Transient lowering of intraocular pressure (IOP) can help to
identify the bleeders. Small oozes can be allowed to clot and then trimmed off with
cutter, while large bleeders need immediate attention. Clots should not be pulled
as they can cause rebleed. Peripheral examination by indentation to look for breaks
or sites of bleeding is crucial. A 360° panretinal photocoagulation using endolaser
is performed. While performing endolaser, a straight or a curved laser probe can
be used. In case a straight endolaser probe is being used, care has to be taken while
performing anterior laser to move away from the retina as the curvature of the
globe need to be kept in mind to avoid inadvertent retinal touch. Also, exchanging
instruments in both hands while performing anterior laser rather than crossing over
instruments will help to avoid inadvertent lens touch. A partial or complete fluid
air exchange is performed. It is important to ensure that the sclerotomy sites are
not leaking and eye is not hypotonous at the end of surgery as these can also lead to
dispersed vitreous cavity haemorrhage post-operatively.

In patients with coexisting macular edema or epiretinal membrane, an ERM
with ILM peeling after injecting brilliant blue dye should be performed. Anti-VEGF
or steroid injection [13] can also be planned at the end of surgery in such cases after
partial or complete fluid air-exchange.

4.2 Diabetic retinal detachment
4.2.1 Understanding the anatomy

The fibrovascular proliferation (FVP) in a diabetic patient grows along the
posterior hyaloid and causes tangential traction leading to pleatlike folds on the
retina. As the posterior hyaloid starts separating from the retina, it causes an
anteroposterior traction over the retina causing tractional retinal detachment. Thus
the PVD creates a cone of vitreous extending from the vitreous base to the posterior
pole in diabetic eyes [14]. Thus the goal of surgery would be to initially relieve the
anteroposterior traction by truncating the cone and then relieve the tangential trac-
tion by dissecting the membranes. Once the detachment becomes long standing, the
underlying retina becomes then and atrophic creating breaks, leading to combined
retinal detachment. Sometimes, one may also notice subretinal gliotic bands (SRGs)
due to long standing CRD. It may not always be possible to identify the breaks
preoperatively in CRD. Bullous configuration of detachment, SRG or subretinal
bleeds may be indirect indicators of CRD.
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4.2.2 Principles of surgery

Thus induction of PVD in diabetics is not similar to that performed regularly. In
these patients, the primary step is truncation of cone. It is important to identify an
area with hyaloid separation, and this leading edge can be held as a bucket handle
and go circumferentially to truncate the cone (Video 1; https://cdn.intechopen.
com/public/chapter_videos/241965/VIDEO_1.mov). In areas with dense adhesions,
switching the site and going forth can help. At sites where the vitreous is very
densely adherent and the above technique fails, viscodissection can be utilised to
help induce separation. Once the anteroposterior traction is relieved, the mem-
branes need to be carefully dissected out using a combination of various techniques
described below to relieve the tangential traction caused by the FVP.

Two basic approaches to handle the membrane dissection are outside-in and inside-
out approaches. Depending on where the hyaloid is maximally separated, one would
decide the approach. Although outside-in is a safer and commonly practised approach
since the macula is spared, in some cases with flat and densely adherent membranes
and/or where there is no PVD, an inside-out approach may be more helpful. However,
it is not uncommon to encounter situations where one will require to use a combination
of both these approaches depending on the hyaloid adherence. Sometimes, pockets of
hyaloid separation can be noted adjacent to NVE and can be used as an initiating site.

Various techniques can be employed in the dissection of membranes as follows:

1. Segmentation: Involves sharp dissection of membranes using scissors or even
sometimes cutter. One blade of scissors is inserted beneath the membrane
after finding a cleavage plane, while the other blade lies above the membrane.
One must be careful not to pinch retina in between the blades to avoid iatro-
genic breaks. Initially, this technique was described using a vertical scissors,
but these are no longer used after the introduction of curved scissors as they
occupy lesser space. Segmentation basically isolates the membranes and does
not essentially require complete removal of membranes (Video 2; https://cdn.
intechopen.com/public/chapter_videos/241965/VIDEO_2.mov).

2. Delamination: Developed subsequently to address the issue of residual mem-
branes after segmentation causing redetachment. Delamination involves com-
plete removal of membranes rather than just isolating them and identifying
the right plane is very important for delamination. This is the most commonly
used technique to remove the proliferative membranes. Delamination can be
performed using a scissors or a cutter.

In scissors delamination, after identifying the cleavage plane, both the blades
are placed beneath the membrane to severe them from underlying vascular
attachments. Although initially described using horizontal scissors, these are now
replaced by curved scissors (Video 3; https://cdn.intechopen.com/public/chapter_
videos/241965/VIDEO_3.mov).

Cutter delamination is now more commonly performed with the advent of smaller
guage instruments, where the port is much closer to the tip and thus helps in better
delamination. Various techniques of cutter delamination have been described [15]:

a. Conformal cutter delamination: Used for rigid membranes, where the port
opening is placed at the outer margin of the membrane (Video 2; https://cdn.
intechopen.com/public/chapter_videos/241965/VIDEO_2.mov).

b.Foldback technique: In this technique, cutter is placed on the anterior surface
of the membrane and the vaccum is used to separate the membrane and
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fold into the cutter, thus protecting the retinal surface. One should allow
the membrane to fold up and fall back into the mouth of cutter rather than
chasing the membrane into the cutter (Video 3; https://cdn.intechopen.com/
public/chapter_videos/241965/VIDEO_3.mov).

c. Lift and shave: With the advent of smaller guage (25 and 27G) instruments, it
now enables the surgeon to complete the membrane dissection with the cutter
alone. A cleavage plane is identified and then using the cutter, membranes are
lifted using aspiration and cutting is used once resistance is encountered. This
alternate aspiration and cutting the membranes is used to shave them off the
surface [16]. Here the cutter is initially used as a pic forceps to lift the mem-
brane and then cutting is applied to shave it off. The advantage of the smaller
probes is the higher cutting rates (7000-10,000 cuts/min), which allows
controlled movements with minimal movement of the retina underneath and
also the port location being closer to tip enables better grasp (Video 1; https://
cdn.intechopen.com/public/chapter_videos/241965/VIDEO_1.mov).

d.Lawnmower technique: In this technique cutter is used for lifting and blunt
dissection, once an opening within the membranes is identified [17]. Here an
opening can be made using smaller guage instruments, in the peripapillary
area where there is a potential space. Although, the disadvantage would be
that, if one encounters bleeding during this manoeuvre, it would be difficult
to achieve haemostasis over the disc.

3.En bloc dissection: Although originally described as a technique where the pos-

terior hyaloid was used to lift the membranes and remove as a single unit, there
was a high risk of posterior breaks [18]. This technique is no longer used with
the advent of minimally invasive vitreoretinal surgery (MIVS) due to higher
chances of retinal breaks.

4.Bimanual dissection: In this technique, various illuminated instruments/sourc-

es are used, so that the surgeon can use both his hands for membrane peeling.
From illuminated infusion cannulas to illuminated picks [19] or chandelier
assisted light source, surgeon can use forceps in the non-dominant hand to lift
the membrane and scissors or picks in the dominant hand to peel the mem-
branes. This technique is usually reserved for densely adherent diffuse/broad
FVP which are usually difficult to dissect otherwise. Care should be taken not
to apply undue traction while lifting the membrane by the non-dominant hand,
as it can pull the retina and make the detachment more bullous/cause iatrogenic
breaks. While using a chandelier light source, an additional sclerotomy can be
planned at 12 or 6 o clock position based on the surgeons’ preference (Video 4;
https://cdn.intechopen.com/public/chapter_videos/241965/VIDEO_4.mov).

5.Viscodissection: In this technique, viscoelastic substance is injected initially

into the potential space between the membranes and the retina, in cases where
there are densely adherent membranes to aid in the cleavage of the plane. This
technique has the risk of creating retinal breaks [20].

6. Perfluoro carbon liquid (PFCL) dissection: In this technique, an opening is
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peeling. One has to be cautious while using PFCL in cases of posterior breaks,
where traction is not relieved as there can be a chance of subretinal PFCL
migration. Also forceful jet while injecting in cases with thin atrophic retinas
can cause iatrogenic breaks during injection.

4.3 Vitreoschisis or second membrane identification

Often the posterior vitreous gel splits into an anterior and a posterior leaflet [22].
One may be easily mistaken by looking at the posterior leaflet as the edge of the hyaloid
near the FVP and start pulling it. It is important to identify the anterior leaflet that
extends beyond the FVP sometimes as thin flimsy glistening membrane onto the sur-
face of TRD/adjacent retina and start separating it from the retina. Once this is identi-
fied using a pic or a needle and separated, it is easier to get the right plane for further
dissection. If not correctly identified, one can have multiple iatrogenic breaks, since the
anterior leaflet of posterior hyaloid (also known as second membrane) is still adherent
to underlying retina. Though the aetiology is uncertain, some authors believe that the
split may be caused due to the bleeding from the vascular epicentres (Video 3; https://
cdn.intechopen.com/public/chapter_videos/241965/VIDEO_3.mov).

In rare circumstances, where the hyaloid is very densely adherent extending till
periphery, with flat broad and dense fibrovascular proliferations, one of the authors
(Dr. MPS) have tried intravitreal autologous serum injection 24 hours prior to the
surgery for induction of PVD with a successful outcome. In the event of any iatro-
genic break in the periphery or near the vitreous base better, one can also support
with BB/SB to avoid transmitted tractions from the vitreous base.

Hybrid vitrectomy: Some surgeons prefer hybrid vitrectomy using 23G trocar
cannulas and 25G or 27G cutters for better membrane delamination. This has the
advantage of higher cut-rate and the port site being closer to the tip of cutter helps
in easier grasp of membranes [23]. Newer cutters (27G) with very high cutting rates
with low vaccum can allow precise cutting in close proximity to the retina with
reduced risk of breaks [24].

4.4 Special considerations in CRD

Most often, one may not be able to identify a break pre-operatively. Convex config-
uration of detachment, SRG, subretinal haemorrhage are indirect clues towards CRD.

1.1t is important to keep in mind not to drain the surbretinal fluid (SRF) from
the break in case of CRD before completing the membrane dissection, as it
helps to keep the retina taut. Once the SRF is drained, retina starts becoming
bullous and further membrane dissection becomes very difficult.

2. Use of valved cannulas can help in cases of bullous detachments to reduce the
continuous egress of fluid which increases the fluid currents inside and aggra-
vates the bullosity.

3.Itis important to finish membrane peeling before retina starts becoming bullous.

4. All attempts should be made to keep the break free from any surrounding mem-
brane or significant blood clot to avoid late lifting of the break and recurrence.

5.Rarely, one can also support with an external segmental buckle if further dis-

section of membranes is not possible and the posterior traction is relieved as a
last resort.
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6.Once the membrane dissection is completed and clots are managed, SRF needs
to be drained initially by fluid-fluid exchange to dilute the thick SRF and drain
better before switching to fluid-air exchange (Video 1 ending; https://cdn.
intechopen.com/public/chapter_videos/241965/VIDEO_1.mov).

7.In presence of SRGs not allowing retina to settle, a drainage retinotomy
can be made to remove the SRG (Video 1 ending; https://cdn.intechopen.
com/public/chapter_videos/241965/VIDEO_1.mov).

Apart from truncating the cone, identifying the right plane and second
membranes, dissection of fibrovascular proliferation, another major challenge in
diabetic vitrectomy is controlling the haemorrhage or clot management. Bleeding
can occur from multiple sources, i.e., vascular nails during FVP dissection, edges
of FVP during dissection, optic nerve head due to dense adhesion of posterior
hyaloid or FVP at the disc, arcade vessels due to iatrogenic damage, edges of retinal
breaks or trimmed NVEs. Despite multiple techniques to arrest the bleeding, it may
sometimes be very difficult to handle these blood clots as they get densely adherent
to the underlying thin retina.

4.5 Management of haemorrhage

This is one of the crucial and sometimes most challenging step during diabetic
vitrectomy. Clot management should always be preferred in the fluid filled cavity,
as the air would cause the clot to diffusely get adhered to the retina and will be
more catastrophic. Once all the bleeders are managed, before switching to air, one
can decrease the IOP to look for any residual oozing and manage accordingly. This
would help to reduce post-operative bleeding.

In case of an active visible bleeder as seen from either the edge of FVP or NVEs,
one can immediately cauterise them using endodiathermy. In cases where the bleed-
ing is from a major arcade vessel, one has to be cautious to use diathermy as it may
cause vascular occlusion subsequently. Light burns using endolaser probe (Power:
150-200 mW and shorter duration—100 ms) can be attempted instead. Rarely, one
can also try pinching of the vessel gently using forceps as a last resort.

In case of bleeding from the disc, we cannot use diathermy or endolaser over
the disc. Hence either increasing the bottle height of infusion (in case of gravity
assisted infusion) or temporarily increasing the intraocular pressure may help to
arrest the bleed. If nothing works, a fluid air exchange can also be tried to use air as
a temporary tamponade and wait for few minutes to arrest the active bleeding. One
has to be patient and may need to make repeated attempts of the above manoeuvres
to achieve haemostasis. One does not have to always peel the membrane over disc, as
it may bleed unstoppably if it is densely adherent and vascular. This can be circum-
cised or trimmed and left behind.

Not always, every blood clot needs immediate attention. Sometimes if it has
clotted and is not hampering further membrane dissection, then the clot may be left
alone and addressed at the end once all membranes are dissected. Small clots can
be removed using flute, while larger clots may need cutter. Clots not covering the
macula can be left alone if there is no surrounding break or traction if they cannot
be safely removed.

4.6 Vitrectomy in tractional versus non-tractional DME

Patients with tractional macular edema in diabetes are known to benefit with
vitrectomy and ERM with ILM peeling [25]. In non-tractional DME, role of
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vitrectomy has been controversial. While some studies show that patients with
refractory DME would benefit with vitrectomy [26], other studies have shown no
significant visual improvement with ILM peeling although there may be anatomi-
cal improvement [27, 28]. Addition of intravitreal steroid along with ILM peeling
in some cases of refractory DME, has shown to improve visual outcome in long-
term [29].

In patients with long standing macular ischemia or FVP causing traction over
fovea, sometimes a macular hole may be noted. Visual prognosis in such cases is
guarded despite ILM peeling in contrast to idiopathic macular holes [30].

4.7 Choice of tamponade

In patients with vitreous or subhyaloid haemorrhage or tractional macular
edema with no retinal breaks, a simple fluid air exchange would suffice in most
cases. In TRD with no iatrogenic breaks, it is not required to drain the SRF using
drainage retinotomy. A gas tamponade may suffice in such cases, as the SRF gets
absorbed over a period of time gradually. In CRD or TRD with iatrogenic breaks, a
gas or a silicon oil tamponade would be required.

5. To summarise

Step 1: After placing sclerotomy ports using valved cannulas, perform anterior
and core vitrectomy.

Step 2: Relieve antero-posterior traction—identify areas of posterior hyaloid
separation and complete the truncation of cone. If unable to identify, can inject triam-
cinolone acetonide for better identification. The leading edge of the posterior hyaloid
should be held as a bucket handle and the separation should be continued circumfer-
entially, thus separating the posterior hyaloid from the peripheral vitreous base.

Step 3: Relieve tangential traction—identify the site of initiating membrane
dissection by identifying the cleavage plane and second membrane. Membranes
can be dissected using segmentation or one of the delamination techniques men-
tioned above.

Step 4: Achieve haemostasis—vascular nails during membrane dissection can
be severed using one of the above techniques. Smaller oozes can be dealt later at the
end of membrane dissection, while large bleeders which would hamper visualisa-
tion should be dealt immediately during membrane dissection.

Step 5: Complete peripheral vitreous clearing.

Step 6: BBG assisted ILM peeling if planned.

Step 7: Endolaser photocoagulation—panretinal and surrounding the retinal
breaks.

Step 8: Fluid air exchange and injection of endotamponade.

Step 9: Injection of anti-VEGF or steroid implant.

Step 10: Removal of ports with or without suturing the sclerotomies.

6. Complications
6.1 Intraoperative complications
1. Corneal edema: Can happen due to prolonged surgical time or raised intraocu-

lar pressure. Viscoelastic lubrication of cornea intraoperatively and optimal
IOP control can help to have better view of fundus. Sometimes, corneal
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epithelial debridement may be needed although slow healing in diabetic
patients need to be kept in mind.

2. Cataract: This can occur preoperative/intraoperative/postoperative. Diabetic

patients are known to have a higher risk and vitrectomy would further increase
the risk of cataract. Sometimes intraocular lens touch or hydration of lens can
further aggravate the process. With the advent of minimally invasive cataract
surgery (MICS), combining cataract surgery along with vitrectomy would be a
better choice in older patients with lens changes.

3.Bleeding: This is one of the most dreadful complication encountered intra-

operatively in diabetic vitrectomies. Preoperative anti-VEGF injection may
help to mitigate this to some extent. Use of valved cannulas also helps to some
extent. Lesser exchange of instruments causes lesser IOP fluctuations. Finally,
the most important cause is bleeding during dissection of FVP which has been
explained above.

4.Iatrogenic breaks: These can occur usually during dissection of FVPs. If the

edge of break is oozing blood, it is important to cauterise immediately to
achieve haemostasis. It is important to ensure that all the posterior hyaloid

and traction has been relieved from surrounding the break, as it can lead to
reproliferations or recurrent detachment. Also, it is not a good idea to drain the
SRF from the break before completely removing the membranes, as the retina
would then start becoming bullous and make further dissection difficult. It is
important to indent the periphery at the end to look for any peripheral breaks
especially near the active port site.

6.2 Post-operative complications

These can be further classified as early and late post-operative complications.

6.2.1 Early

1. Vitreous cavity bleeding: Dispersed bleeding in the vitreous cavity can be noted

either immediately in the post-operative period most often, or sometimes as

a delayed complication. Causes in the immediate post-operative period would
be inadequate haemostasis intra-operatively or continuous ooze from the sites
of vascular nails, or sometimes from peripheral vitreous or sclerotomy sites
and hypotony. Sometimes lowering the IOP before closing intraoperatively,
can help to locate the possible sites of rebleed/ooze and can be managed
appropriately [31]. Pre-operative anti-VEGF can also help to some extent.
These bleeds usually resolve by themselves within 2-4 weeks and if persist for
long may need a vitreous lavage.

2. Late causes of vitreous cavity bleeding can be reproliferations or inadequately
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lasered ischemic retina, neovascularisation of retina/iris, or rarely anterior
hyaloid fibrovascular proliferation (AHF). An indirect clue to AHF prolifera-
tion can be to look for a dilated episcleral vessel. An ultrasound biomicroscopy
(UBM) can help to rule out AHF proliferation. These complications can be
prevented by doing an aggressive panretinal laser photocoagulation involving
the anterior retina, although not always. Rarely, a patient may develop neovas-
cular glaucoma, which may require an anti-VEGF injection along with vitreous
lavage and intense laser photocoagulation involving anterior retina.
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3.Raised intraocular pressure: In the early post-operative period, clogging of
erythrocytes or cellular debris in the trabecular meshwork can cause raised
IOP, which can be managed by topical anti-glaucoma medications or oral
acetazolamide in most cases [32]. In patients with silicon oil tamponade,
sometimes over-filling can cause increased IOP. In such cases, an oil tap using
a23G trocar cannula at 12 o clock can help to reduce the IOP. Pupillary block
or anterior chamber migration of oil can be other causes especially in apha-
kic patients. An inferior peripheral iridectomy (PI) intraoperatively before
performing fluid air exchange would help to prevent pupillary block. Steroid
induced ocular hypertension or worsening of pre-existing glaucoma can be
other causes. Identifying the right cause and treating the underlying problem
is the key to successful management. Topical aqueous suppressants would be
the first line of choice, since prostaglandin analogues can aggravate cystoid
macular edema and/or promote inflammation [33].

4.Suboil haemorrhage: This can happen sometimes due to persistent ooze from
the vascular nails of FVP or dense attachments at disc. In most cases, they re-
solve by themselves and are mobile. One can wait upto 2-4 weeks for the blood
to resolve.

6.2.2 Late

1.Reproliferations/redetachments: Reproliferations can develop due to residual
FVP or sequestrated growth factors and VEGF in the peripheral vitreous or
from the edges of large retinectomies or rarely across the vitreous base as
anterior hyaloid fibrovascular proliferations. Reproliferations not causing
traction or detachment can be observed. Sometimes they can be managed
during silicon oil removal or can be peeled under silicon oil.

2.Epiretinal Membrane: Incidence of ERM after diabetic vitrectomy is
20-50% [34]. Several studies have reported that ILM peeling during
vitrectomy can help to reduce the incidence of post-operative ERM [35].
Removal of ERM can be planned along with silicon oil removal in patients
with oil tamponade. ERM removal is indicated only if it causes a traction
or decrease in visual acuity has been recorded which can be attributed to
presence of ERM.

3.Cataract: Diabetes per se, vitrectomy, gas and oil tamponade all are known
to be risk factors for faster progression of cataract. Although some surgeons
prefer to perform combined cataract and vitrectomy surgery in elderly
patients irrespective of lens status, doing a staged procedure can help
to reduce post-operative inflammation if the view is adequate to enable
vitrectomy [36].

4. Glaucoma: Causes of late glaucoma can be synechial angle closure or emulsi-
fied silicon oil blocking the trabecular meshwork or neovascular glaucoma
secondary to long standing ischemia [37]. A blocked PI can cause late-onset
pupillary block glaucoma. Reopening of PI by Yag laser iridotomy can help in
most cases. Some patients may require multiple PIs.

Hypotony: Extensive AHF proliferation or cyclitic membranes over the ciliary

body or ciliary body shutdown due to cyclophotocoagulation or anterior segment
ischemia can cause persistent hypotony in some patients.
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7. Poor prognostic factors

Presence of macular detachment, vitreopapillary traction, thinned out retina,
sclerosed vessels, pale disc, neovascularisation of iris or NVG, macular ischemia,
poor initial VA (<5/200) and loss of photoreceptor layers, ELM and ellipsoid zone on
OCT are poor visual prognostic factors despite a successful anatomical outcome [27].

For a successful anatomic outcome, it is very important to understand the
anatomy and surgical principles in a case of diabetic vitrectomy. One has to counsel
the patient that visual outcomes may not always correlate with anatomical outcomes.
Importance of good systemic control should always be emphasised.

Video links
1. https://cdn.intechopen.com/public/chapter_videos/241965/VIDEO_1.mov
2. https://cdn.intechopen.com/public/chapter_videos/241965/VIDEO_2.mov

3. https://cdn.intechopen.com/public/chapter_videos/241965/VIDEO_3.mov
4. https://cdn.intechopen.com/public/chapter_videos/241965/VIDEO_4.mov
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