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Foreword

Our understanding of diabetic retinopathy (DR) has evolved, over the past few decades, from the
concept of purely microvascular disease to the recognition that events including neurovascular dys-
function and chronic local inflammation underly the pathogenesis of diabetic macular edema (DME).
Remarkable technological advances in retina imaging have played a crucial role. Fundus fluorescein
angiography (FA), wide-field (WF) and ultrawide-field (UWF] techniques, optical coherence tomography
(OCT), and OCT angiography (OCTA) are the milestones of this fascinating journey. FA has highlighted
the role of peripheral non-perfusion and ischemia and has shown that non-perfusion correlates with
neovascularization. WF and UWF techniques have made peripheral regions of the retina accessible to
investigation. OCT has revealed novel structural features of DME that correlates with disease severity,
response to treatment and visual prognosis. OCTA has further refined our knowledge of diabetes re-
lated vascular abnormalities.

These advances have been paralleled by the development of multiple treatment options for DME,
including the intravitreal injection of anti-VEGF agents and corticosteroids, leading to considerable im-
provements of vision outcomes. As for developments that we can expect soon, artificial intelligence (Al]
based tools for the evaluation of retinal images are attracting great interest for the speed, efficiency,
and accuracy of their performance.

This book, coauthored by nine retina experts, is directed to ophthalmologists, diabetologists and
general practitioners and aims to provide an overview of the major achievements of retinal imaging
in the management of DME. Chapter 1 reviews current knowledge of DR and DME and describes the
ongoing efforts to define and classify DME. Chapter 2 presents DME-related retinal features visualized
by OCT/OCTA, while Chapter 3 reviews the findings of studies using WF/UWF techniques applied to FA
and OCTA. The emphasis of Chapters 2 and 3 is on the studies that have tested the predictive and/or
prognostic values of the identified parameters and their ability to assess the response to anti-VEGF
treatment. Chapter 4 presents three cases of patients with long-standing diabetes treated with an-
ti-VEGF agents and assessed by multimodal imaging in the authors’ clinical practice. Finally, Chapter
5 discusses the application of machine-learning to DR screening and management.

| believe this book will offer to clinicians useful and updated information about current imaging
techniques for retina assessment in DR and DME. The comprehensive collection of images throughout
the book will be greatly appreciated by readers.

Francesco Bandello
Department of Ophthalmology, Scientific Institute,
Vita-Salute San Raffaele University, Milan, Italy






1. Introduction

In the first chapter we will review current knowledge of diabetic retinopathy and
diabetic macular edema. Focusing attention on the pathogenesis, diagnosis,
classification, and treatment algorithm for patients with diabetic macular edema

labetic macular edema (DME]) is a com-
D mon sight-threatening disease. It is the

major cause of central vision loss in work-
Ing-age individuals affected by diabetic retinop-
athy (DR) and particularly in those with type 2
diabetes. It has been estimated that about 30
million people are affected by DME worldwide, a
number that will likely grow as the prevalence of
DR is steadily increasing. The global prevalence
of DME has been estimated to 6.8%!". DME
prevalence increases with the duration and se-
verity of DR: in adults with a »20-year history of
diabetes it is approximately 30%, while in adults
with proliferative DR it increases to 71%!?.

DME is the intraretinal accumulation of
fluid caused by the disruption of the blood-ret-
inal barrier. The Early Treatment Diabetic Reti-
nopathy Study (ETDRS) defined DME as a retinal
thickening, or presence of hard exudates, within
one disk diameter of the center of the maculal®.
Furthermore, the ETDRS defined DME severity
and issued treatment guidelines®. Modifiable
systemic risk factors, including elevated blood
levels of glycosylated hemoglobin (HbAlc) and
high blood pressure, are associated with the
development of DR and DMEX5! |t has been hy-
pothesized that the early and tight control of sys-
temic risk factors may reduce the occurrence of
both DR and DME, particularly in type 1 diabetes.
The pathogenesis of DME is complex and multi-
factorial, with the hyperglycemic state associat-
ed with diabetes playing a pivotal role in inducing
microangiopathy. Hyperglycemia activates dif-
ferent metabolic pathways leading to increased
hypoxia, reactive oxygen species formation,
and inflammation!®!. Inflammation is a key play-
er in the pathogenesis and persistence of DME
through the release of cytokines, chemokines,
and growth factors from retinal pigment epithe-
lium cells, retinal glial Miller cells, and activated
microglia. These inflammatory mediators cause

endothelial cell junction breakdown, loss of peri-
cytes, and leukostasis resulting in alterations
of the blood-retinal barrier and vascular hyper-
permeability due to the increased production of
vascular endothelial growth factor (VEGF), which
eventually leads to DME formation (Figure 1).

Early screening for DR may facilitate time-
ly referral to an ophthalmologist; it is therefore
recommended for the prevention and/or timely
treatment of DR and DME. Technical advances
in retinal imaging have significantly contributed
to the early diagnosis and management of DME.
Color fundus photography is helpful for screen-
iIng patients with DR and DME and monitoring
disease progression. This technique visualizes
typical disease features including microaneu-
rysms, retinal hemorrhages, intraretinal mi-
crovascular abnormalities, venous dilation and
beading, and soft and/or hard exudates.

Fluorescein angiography (FA) is a dye-
based invasive technique able to detect areas
of capillary non-perfusion, neovascularization,
macular ischemia, and to differentiate between
focal and diffuse macular edema!”!. Focal mac-
ular edema is characterized by the presence of
localized areas of retinal thickening associated
with focal leakage of clusters of microaneu-
rysms. Diffuse macular edema is a more gen-
eralized and chronic form of edema caused by
widespread macular leakage and evidenced by
the pooling of dye in retinal cystoid spaces. FA
examination has long been considered the gold
standard for assessing DR and DME severity
and for guiding appropriate and targeted laser
treatment!”). However, FA is an invasive and
time-consuming examination and an increasing
number of ophthalmologists base DME treat-
ment decisions on optical coherence tomogra-
phy (OCT) scans only!®.

Since its introduction, OCT has made DME
evaluation faster, more precise and more re-
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Figure 1. Pathophysiology of DME.
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liable!””. The OCT technique allows to measure
central retinal thickness (CRT], a quantitative
parameter that has proven useful for assessing
DME severity and response to treatment. CRT is
however not a surrogate marker of visual acui-
ty (VA), because of the poor correlation between
CRT and VA changes over time. OCT also allows
to see relevant morphological features such as
hyporeflective cavities caused by intraretinal
and/or subretinal fluid accumulation, and hard
exudates, which appear as hyperreflective spots.

Advances in OCT software have increased
imaging resolution, leading to the identification
of different DME patterns, namely: i) diffuse ret-
inal thickening type; ii) cystoid macular edema
type; iii) serous retinal detachment typel'”. More
recently, the OCT technique has allowed to iden-
tify two DME phenotypes that differ both for the
presence of characteristic biomarkers and for
distinct responses to treatment!'. These are the
vascular DME phenotype and the inflammatory
DME phenotype. The vascular DME phenotype is
predominantly due the dysfunction of the inner
blood-retinal barrier and responds to anti-VEGF
therapy (Figure 2A and B). The inflammatory

DME phenotype seems to respond better to ste-
roids (Figure 2C and D). This phenotype has been
associated with increased levels of cytokines
in the vitreous and aqueous humor of patients
with DMEUN2 which contribute to functional and
structural retinal changes by affecting endo-
thelial cells, pericytes, Muller cells, microglial
cells, and cells of the retinal pigment epithelium.

Potential inflammatory biomarkers of
DME have been identified using OCT. It has been
suggested that the presence of multiple hyper-
reflective foci (HRF), corresponding to activat-
ed microglia, as well as the presence of serous
retinal detachment, caused by the dysfunction
of the outer blood-retinal barrier and retinal
pigment epithelium cells, may be considered as
hallmarks of inflammation!’®'4 The presence
of serous retinal detachment was reported in
36.9% of the eyes with DME, and was related to
an increased number of HRF!' and high levels
of interleukin (IL)-6, which supports the role of
serous retinal detachment as biomarker of in-
flammation?,

Another potential biomarker of DME out-
comes identified via OCT is the disorganization



Figure 2. 0CT images of the vascular and inflammatory phenotypes of DME before and after treatment. A, Vascular DME phenotype at baseline. B,
Resolution of intraretinal fluid in the same patient after intravitreal injection of anti-VEGF. C, Inflammatory DME phenotype. D, Resolution of both
intraretinal fluid and subretinal detachment, as well as of several hyperreflective foci, in the same patient after sustained administration of steroids
via an intravitreal implant.

of retinal inner layers (DRIL). DRIL, defined as
the horizontal extent over which no boundaries
between the ganglion cell layer-inner plexiform
layer complex, inner nuclear layer, and out-
er plexiform layer can be identified, has been
proposed as a reliable biomarker of VA in pa-
tients with ongoing or resolved center-involving
DMED) Recently, a correlation between chang-
es in DRIL extension and changes in VA follow-
Ing treatment has been hypothesized. Indeed,
a reduction in inflammation may be expected
to have a positive effect on the architecture of
Muller cells resulting in decreased DRIL exten-
sion and, ultimately, VA improvement!'®l. Other
retinal morphologic changes have been cor-
related to visual outcomes: the disruption of the
external limiting membrane and the photore-
ceptor layers (ellipsoid zone) have been asso-
ciated with poor VA improvement!"”. Thus, the
evaluation of pre-treatment VA and photore-
ceptor status may predict potential restoration
of photoreceptor integrity and subsequent vi-
sual recovery in DME patients. In addition, OCT
has improved the visualization of vitreomacular
traction, another relevant factor in the develop-
ment and/or persistence of DME.

The introduction of OCT angiography
(OCTA) and wide-field/ultrawide-field (WF/UWF])
Imaging has also contributed to the identifica-

tion of new clinical biomarkers that can identify
disease at an early stage and predict response
to treatment of DME. OCTA is a fast, safe, and
non-invasive method for imaging retinal and
choroidal microcirculation!™. This technique is
based on motion contrast imaging and it detects
the normal movement of red blood cells in the
retinal capillaries by distinguishing flow sig-
nals in the vessels from static tissues. Motion
contrast is measured by decorrelation signals
(differences in the back-scattered OCT signal
intensity or amplitude] between sequential OCT
B-scans performed in the same retinal loca-
tion"”!. OCTA is a valuable tool for assessing the
reliability of foveal avascular zone (FAZ) area
measurement?9 as a well as the severity and
progression of DRI Although FA is able to de-
tect a greater number of microaneurysms than
OCTA, OCTA allows the visualization of microan-
eurysms that appear as focally dilated saccular
or fusiform capillaries of the superficial capil-
lary plexus as well as the deep capillary plex-
us, and of areas of retinal non-perfusion. In ad-
dition, OCTA has proven reliable for assessing
the density of the superficial and deep capillary
plexuses?!, showing early vessel density re-
duction in the deep capillary plexus compared
to the superficial capillary plexus!??. It has been
highlighted that the deep capillary plexus may



be more vulnerable to ischemic injury than the
superficial capillary plexus. Therefore, the deep
capillary plexus may undergo greater dilation
and rarefaction, leading to a poorer and slower
response to DME treatment/?®l. More recently,
a committee of retinal experts of the European
Vision Clinical Research network reviewed the
available evidence on the use of OCTA as imag-
ing biomarker in DR and DME®?4_ The committee
pointed out the need to standardize the OCTA no-
menclature and the use of qualitative and quan-
titative parameters for improving the measure-
ment accuracy. Although OCTA has extensively
validated the use of biomarkers for assessing
DR (early diagnosis, disease progression, and
treatment response), its use in DME presents
several limitations due to the high rates of seg-
mentation errors caused by changes in retinal
architecture and artifacts on the vascular net-
work caused by the presence of intra/subretinal
fluid?4. Nevertheless, OCTA has identified mac-
ular ischemia as an important cause of VA loss
and as a marker of poor response to any kind
of treatment. Currently, OCTA parameters that
can be considered as biomarkers of response
to DME treatment are: FAZ sizel?Y, microaneu-
rysm features (internal reflectivity, number, and
location)i?®, vessel density in superficial capil-
lary plexus and deep capillary plexus?, and ex-
tent of non-perfusion areas. In conclusion, the
integration of both OCT and OCTA data is highly
recommended for the assessment of DME bio-
markers.

As for UWF imaging, UWF FA is helpful for
detecting peripheral non-perfusion areas and
neovascularization. It has been speculated that
Ischemic areas act as a source of inflammatory
cytokines and VEGF, which in turn lead to DME
development. The identification of peripheral
iIschemia should be used as biomarker during
treatment. It is well established that target-
ed laser treatment of non-perfused areas can
block cytokines release and improve DME!?¢]

Today multimodal retinal imaging is con-
sidered the gold standard approach for deciding
the treatment protocol and for predicting the
outcome of DME patients (Figure 3). Further-
more, new technologies, including peripheral
OCT, WF OCTA, and artificial intelligence (Al),
may provide additional predictive power in the
assessment of DR and DME. Al and deep learn-
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ing are being increasingly used for detecting eye
disease in patients with diabetes and for guiding
therapeutic decisions?),

Treatment of diabetic
macular edema

Recent advances in the management
of DME have revolutionized our daily clinical
practice. In the early pioneering studies, laser
treatment emerged as the best therapeutic op-
tion compared to sham treatment. Treatment
according to the ETDRS consisted of a combi-
nation of focal treatment of individual leaking
microaneurysms and grid treatment of areas
of diffuse leakage and capillary non-perfusion.
The ETDRS introduced the definition of clinically
significant macular edema and demonstrated
a 50% reduction in the risk of moderate visual
loss in patients with clinically significant macu-
lar edema treated by focal photocoagulation!?®.
However, only 3% of the patients achieved an
improvement of VA. Another randomized clin-
ical trial, conducted by the Diabetic Retinopa-
thy Clinical Research (DRCR) Network, showed
that laser treatment was more effective than
intravitreal injection of triamcinolone aceton-
ide in phakic patients®?”. In this study, 21% of
laser-treated patients achieved VA improve-
ment at 2 years, suggesting a delayed benefit
of photocoagulation!?”. The introduction of sub-
threshold grid laser treatment, which avoids
retinal damage caused by thermal spreading,
was shown to achieve similar functional and
morphological outcomes while minimizing the
destructive effects of conventional photocoag-
ulation®®Y. Furthermore, laser treatment may
also have the advantage of reducing the burden
of frequent intravitreal injections. Currently, ret-
inal specialists reserve laser treatment only to
DME with no center involvement of the macula
and, in particular, to the vasogenic subtype of
DME, which is characterized by the presence of
focally grouped microaneurysms and leaking
capillaries.

The advent of intravitreal agents for the
treatment of center-involving macular edema
with VA impairment has changed considerably
DME management. In detail, intravitreal agents



Figure 3. Multimodal retinal imaging of a patient affected by DME. A, Color fundus photography showing severe proliferative diabetic retinopathy with
neovascularization elsewhere (dotted circle), laser scarring, and DME. B, FA showing diffuse leakage and pooling of dye with the typical “petaloid” feature
of DME. C, Spectral-domain OCT showing inflammatory DME findings such as: posterior hyaloid detachment (green arrowheads); vitreous highly-reflective
dots (green arrows); disorganization of retinal inner layers (white lines); hard exudates with shadowing effect (yellow arrows); microaneurysms (red
arrows); cystoid spaces (asterisks); hyperreflective foci (white arrows); and subretinal detachment (star). D, Color coded OCTA showing enlargement of
the foveal avascular zone, non-perfused areas (the colder the color the lower the flow), and neovascularization elsewhere missed on FA (dotted circle).

targeting VEGF include three agents; of note,
one of themis not licensed for intravitreal injec-
tion and its use in patients with DME is there-
fore off-label. Agents acting on the inflamma-
tory cascade include sustained-release steroid
intravitreal implants such as dexamethasone
(first- or second-line treatment] and fluoci-
nolone acetonide (third-line treatment]. Clini-
cal trials evaluating these agents have shown
good functional and anatomical responses in
selected patients with DMER!34 Based on a
review of the published literature, an interna-
tional panel of experts developed an algorithm

for the treatment of DME with or without center
involvement (Figure 4)B3% The DRCR.net Pro-
tocol T study showed that all three anti-VEGF
drugs quickly improved VA in eyes with DME at
1year® In eyes with better baseline VA (Snel-
len 20/40 or better) no statistically significant
differences among the three agents were re-
ported. However, in eyes with worse baseline
VA (Snellen 20/50 or worse), an anti-VEGF
achieved greater improvement of VA compared
to the other two agents. The safety profile of
the three agents was similar, but several esti-
mates of cardiovascular events and mortality
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DME

v

No center
involvement

v

Figure 4. Treatment algorithm for
DME (modified from ref.?). DME,
diabetic macular edema; ETDRS,
Early Treatment Diabetic Reti-
nopathy Study; VA, visual acuity;
CRT, central retinal thickness; an-
ti-VEGF, anti-vascular endothelial
growth factor.

Treat according to
ETDRS guidelines*

Center
involvement

VA better than
20/30

VA 20/30 or worse
CRT 2400 microns

Observe and treat Anti-VEGF
according to ETDRS or Steroids
guidelines* in monotherapy**

* For DME without center involvement and without vision loss,
Laser treatment (focal or grid) based on ETDRS guidelines

or observation are recommended

** For DME with center involvement and associated vision loss due to DME,

Anti-VEGF or Steroid monotherapy with treatment interruption and re-initiation
based on VA stability and CRT reduction are recommended

may have been inaccurate. Studies comparing
the three anti-VEGF agents in the long-term
are needed. It should also be reminded that
about 50% of diabetic patients die because of
a cardiovascular event. Prior to starting any
pharmacologic treatment, a careful medical
history evaluation (including diabetes control,
recent stroke or cardiovascular events, and
other comorbidities) is recommended (Table
1). A comprehensive ophthalmologic examina-
tion is also recommended (to detect glaucoma
or other eye diseases, evaluate the lens status,
grade DR, and enquire about a possible histo-
ry of vitrectomy), along with the careful eval-

uation of previous treatments, particularly in
DME patients with a poor response to current
treatment (Table 1).

According to international guidelines for
the management of DME, treatment with an-
ti-VEGF should start with a loading phase (4-6
monthly injections of anti-VEGF), followed by a
maintenance phase with monthly or bimonthly
intravitreal injections. In the maintenance phase,
the treatment can be administered as needed
(pro re nata [PRN] regimen), or according to a
treat-and-extend regimen (TER)E7.

With regard to intravitreal steroids, dexa-
methasone intravitreal implant is suitable for

Table 1. Emerging strategies for DME management: when and how to use anti-VEGFs or steroids. *In non-responders to anti-VEGF (after 4-6 injections) it is
reasonable to shift to steroids (consider as a suboptimal response to anti-VEGF a VA gain of 5 letters or less, or a less than 20% CRT reduction).

ANTI-VEGFs STEROIDS

No recent cardiovascular events (3-6 months)

Recent cardiovascular events (3-6 months)

Younger patients

Vitrectomized eyes

Clear lens or aphakia

Pseudophakia

Advanced or uncontrolled glaucoma

Patient with risk of non-compliance

History of ocular infection [herpes, toxoplasmosis)

Non-responder* to anti-VEGFs

Proliferative diabetic retinopathy with DME




treatment-naive DME, according to recent guide-
lines!38: the treatment can be repeated on aver-
age every b months or it can be administered as
needed®®. Fluocinolone acetonide is indicated
for chronic DME, particularly in patients insuffi-
ciently responsive to the available treatments!3®).
Although fluocinolone acetonide intravitreal im-
plant has an extended durability ([about 3 years),
additional intravitreal injections of anti-VEGF
may be required in some patients. However, in-
travitreal steroids are associated with increased
rates of cataract progression and glaucoma.
They may be considered for patients with ocular
hypertension if this is controlled by topical treat-
ment. Advantages of steroids over anti-VEGF
agents include the reduction of treatment bur-
den, as well as a predictable pharmacokinetics
even in vitrectomized eyes.

The presence of vitreomacular traction,
as an effective tangential or anterior-posterior
vector force (detected using OCT), usually leads
to worsening of DME. Patients with vitreomac-
ular traction can be treated with anti-VEGF or
steroids. If DME and traction persist, pars plana
vitrectomy with or without peeling of the internal
limiting membrane should be performed. How-
ever, no statistically significant differences in VA
gain have been reported between the two surgi-
cal interventions®?.

Given the complexity of DME, only a tai-
lored approach will provide the best treatment
strategy to each patient. Although anti-VEGF
agents and steroids are the current standard
of care in DME, several important unmet needs
remain, including the burden of frequent in-
travitreal injections and the maintenance of
VA gains in the long-term. New drugs, with an
improved pharmacokinetic profile compared
to conventional anti-VEGFs, or targeting other
pathways involved in the pathogenesis of DME,
are currently evaluated in clinical trials and will
be available soon.

Evolution of diabetic
macular edema classification
in clinical practice

Over the past decades considerable efforts
have been devoted to the definition and classifi-

cation of DR, as both processes are crucial for
deciding when and how to treat affected eyes,
and for predicting outcomes. DME is the most
relevant DR-related retinal lesion. Indeed, DME
Is the main cause of vision loss in patients with
DR and one of the few targets of available treat-
ments. The initial attempts to find a consensus
on DR among retina specialists date back to
more than fifty years ago. These attempts were
prompted by the growing number of diabetes pa-
tients living long enough to develop vision loss,
a consequence of the increased life expectancy
of the diabetic population achieved thanks to the
improved efficacy of systemic therapies for dia-
betes control. The development of FA leading to
the visualization and measurement of the typical
DR-related lesions [capillary occlusion, leakage,
neovascularization] also contributed to the need
for a shared definition and classification of DR.
The Airlie House Symposium held in 1969
was the first meeting of DR specialists. Its objec-
tives included the classification of DR based on
stereoscopic fundus photography, the descrip-
tion of the natural history of DR, the identification
of a relationship between DR and metabolic con-
trol, and the evaluation of the efficacy of photo-
coagulation!®?. The first classification of DR was
published in 1984 by the Wisconsin Epidemiol-
ogy Study of DR (WESDR] research group. The
WESDR group defined DME as “thickening of the
retina with or without partial loss of transpar-
ency, within one disc diameter from the center
of the macula” and provided the first grading of
DME based on fundus photographs!. In 1985,
the ETDRS published Report 1 describing the re-
sults of a prospective study evaluating the effica-
cy of photocoagulation in the treatment of DMEE!,
Based on stereoscopic fundus photography,
macular edema was considered clinically signif-
icant [CSME] if one of the following features was
present: retinal thickening at or within 500 pm
of the center of the macula; hard exudates at
or within 500 pm of the center of the macula, if
associated with thickening of adjacent retina; a
zone or zones of retinal thickening one disc area
or larger, any part of which is within one disc di-
ameter of the center of the maculal®. Based on
FA, the study also identified the areas to be tar-
geted by photocoagulation treatment and pro-
vided indications on how to administer treatment
(focal or grid laser photocoagulation)i®. Finally,



the study demonstrated that patients with CSME
had significant benefits in terms of VA with early
treatment. A review published in 1986 provided a
classification of DME based on the leakage seen
with FA and distinguished between focal and
diffuse leakage?. This review also suggested
distinct origins of macular edema (clusters of
microaneurysms and hard exudates for focal
edema, and damage of the blood-retinal barrier
for diffuse edemal, requiring distinct treatment
strategies (focal and grid laser treatment, re-
spectively); a third form of edema (diffuse edema
that develops or worsens following panretinal
photocoagulation) was also recognized. Fur-
thermore, the concept of macular ischemia (the
extensive occlusion of capillaries and arterioles),
which can complicate macular edema and limit
the functional recovery following treatment, was
introduced. In 1991, the ETDRS published Re-
port 7, which provided a new definition of mac-
ular edema (thickening of the retina within one
disc diameter of the center of the macula: and/
or hard exudates in a standard 30° photographic
field centered on the macula [field 2], with some
hard exudates within one disc diameter of the
center of the macula) and refined the definition
of CSME provided in Report 13 In Report 11,
also published in 1991, the ETDRS introduced FA
parameters for the classification of DR and for
guiding treatment choices!“4. Following param-
eters were considered: size and outline of the
FAZ; capillary loss; increased capillary visibili-
ty; abnormalities of the arterioles; defects in the
retinal pigment epithelium; fluorescein leakage;
source of leakage; cystoid changes!“. In a fol-
lowing ETDRS report, FA parameters were used
to differentiate between focal and diffuse DME as
follows: »67% of leakage from microaneurysms
was classified as focal DME; microaneurysm
leakage between 33% and 66%, as intermediate
DME; and microaneurysm leakage <33% as dif-
fuse DME“9],

The early 2000s were characterized by the
introduction of high-resolution digital cameras
and the development of UWF techniques, which
provided significantly improved fundus imag-
esl46-48l Despite these advances, a generally
accepted, international classification of DR that
would be straightforward to use in clinical prac-
tice and easy to convey to patients was still miss-
ing. To address this unmet need, the American
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Academy of Ophthalmology published in 2003
a new, international clinical classification of DR
and DMEYY. Based on three-dimensional eye
assessment using a slit lamp or stereoscopic
fundus photography, DME was classified as ab-
sent ("no apparent retinal thickening or hard ex-
udates in the posterior pole”) or present ("some
apparent retinal thickening or hard exudates in
the posterior pole”)”. In addition, based on its
location with respect to the fovea, DME could be
graded as mild (distant from the center of the
macula), moderate (approaching the center of
the macula but not involving the center), and se-
vere (involving the center of the macula)l“”.

A breakthrough in DR characterization and
management was brought about by the intro-
duction of OCT for the non-invasive, cross-sec-
tional imaging of the retina with a 10 pm-reso-
lution®. OCT made it possible to monitor the
course of retinal thickness over time and con-
tributed significantly to improve our understand-
ing of DME etiology and pathogenesis. Based on
the etiopathogenesis and using OCT, Bandello
et al. classified DME as: prevalently retinovas-
cular; tractional; and with taut attached poste-
rior hyaloid®. In a previous study, Otani et al.
had provided the first OCT-based classification
of retinovascular DME into three morphological
patterns of edema, namely sponge-Llike retinal
swelling, cystoid macular edema, and serous
retinal detachment!”). In a later study, this clas-
sification was integrated with FA data to provide
four morphologic types that correlated with VA:
thickening of the fovea with homogeneous opti-
cal reflectivity throughout the whole layer of the
retina (type 1); thickening of the fovea with mark-
edly decreased optical reflectivity in the outer
retinal layers (type 2); foveal detachment without
traction (type 3); foveal detachment with appar-
ent vitreofoveal traction (type 452,

OCT also allowed to assess DME quantita-
tively. Panozzo et al. provided the first morpho-
logic classification and grading of DME based on
OCT measurements, with the involvement of five
parameters: retinalthicknessin three points; vol-
ume; morphology (three categories of increas-
ing severity, namely, simple thickening, cystoid
thickening, and neuroepithelial detachment); dif-
fusion; epiretinal traction!®®. Taking into account
the quantitative classification by Panozzo et al,,
a subsequent study tried to correlate the vari-



ous DME grades with the following five OCT pat-
terns: diffuse retinal thickening; cystoid macular
edema; posterior hyaloidal traction; subretinal
fluid/serous retinal detachment: traction retinal
detachment!"?. This classification proved useful
because a good correlation of retinal thickening
with VA could be demonstrated.

The application of the spectral domain
method to OCT imaging improved the visualiza-
tion of outer retinal layers, that is the external
limiting membrane (ELM) and the ellipsoid zone
(EZ). The extent of EZ disruption was shown to
correlate with VA changes in DME patients!®,
while ELM damage was found to occur before EZ
disruption®!. As a consequence, ELM assess-
ment was introduced in the OCT-based classi-
fications proposed by several authors, including
the staging system by Helmy et al. for cystoid
macular edema and the VA-correlated DME pat-
terns described by Kothari et al.15¢:57),

All the OCT-based classifications dis-
cussed above did not include the location of
edema, and thus foveal involvement, among the
parameters considered. The LET classification
(LET for Location, Extent, and Traction) includ-
ed three different locations [central, peripheral,
and marginal] among the extent of retinal thick-
ness and the presence or absence of vitreofoveal
traction(®8l,

The SAVE classification combined OCT and
FA parameters and introduced a new form of
CSME, namely atrophic edemal®!. SAVE stands
for Subretinal fluid (present or absent), Area
(ETDRS fields that show thickening), Vitreoreti-
nal interface abnormalities, Etiology. The etiol-
ogy item included four different events: focal or
multi-focal leakage (seen with FA] with a defin-
able source; non-focal capillary leakage with-
out a definable source; macular or peripheral
iIschemia; atrophic edema. Atrophic edema was
defined as retinal cystoid degeneration without
Muller cells and/or disruption of the horizontal
layer centrally'®.

Macular ischemia can be associated with
DME. Before the introduction of OCT, this feature
was visualized by FA as enlargement of the FAZ
and changes in its shape. OCT allowed to detect
ischemia indirectly, by revealing the thinning of
the ganglion cell layer®®”. However, this OCT fea-
ture may be unreliable if edema is present.

The development of UWF angiography en-

abled the concomitant view of central macular
edema, peripheralischemia, and leakage leading
to a new pathogenetic classification of DME into
three types: DME arising from leakage associat-
ed with parafoveal microaneurysms alone (type
A); DME associated with significant peripheral
retinal ischemia (>10%) seen as areas of capillary
non-perfusion on early- to mid-phase (20-50
seconds) images [type BJ; DME associated with
active perivascular leakage from neovascular-
ization on late-phase (5-7 minutes) images (type
C)0. Notably, all three DME types responded to
anti-VEGF treatment. A new pathogenetic classi-
fication was attempted in 2018, based on fundus
photographs and OCT!®". Following parameters
were considered: CRT, subretinal fluid, intra-
retinal cysts, and HRF. Four categories of DME
were recognized: vasogenic DME, non-vasogen-
ic DME, tractional DME, mixed DMElY. Based
exclusively on spectral domain OCT, Arf et al.
proposed a classification of DME that took ret-
inal cystoid degeneration into account leading
to three DME types: diffuse macular edema;
cystoid macular edema; cystoid degeneration?.
Each type was further subdivided according to
the presence of OCT findings including serous
macular detachment, vitreomacular interface
abnormalities, and hard exudates. The state of
ELM and EZ was also considered.

The latest DME classification was pub-
lished in 2020 by the European School for Ad-
vanced Studies in Ophthalmology (ESASO)®%!.
This classification includes seven quantitative
and qualitative OCT parameters to stage DME
according to four degree of increasing severity,
namely early DME, advanced DME, severe DME,
and atrophic maculopathy. The seven OCT pa-
rameters considered include: foveal thickness;
intraretinal cysts; status of the EZ and/or ELM,;
presence of DRIL; number of HRF; subfove-
al fluid, and vitreoretinal relationship. Only the
first four parameters are used for DME staging.
Early DME is defined by the presence of small
intraretinal cysts associated with well-recogniz-
able and detectable inner retinal layers, EZ, and
ELM, and increases in central subfoveal thick-
ness and/or macular volume <30% of maximum
normal values. This stage of DME is usually as-
sociated with good VA and a shorter duration of
the hyperglycemic state. Advanced and severe
DME are both characterized by the presence of
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intraretinal cysts and a central subfoveal thick-
ness >30% of maximum normal values. The two
stages differ however in the EZ/ELM state, with
advanced DME having a still visible EZ/ELM and
a preserved inner retinal layers segmentation,
while severe DME is characterized by mostly
undetectable inner retinal segmentation and/
or EZ/ELM. The two categories may differ con-
siderably in treatment response and visual out-
comes. Finally, macular atrophy is characterized
by the complete disruption of the EZ/ELM and by
DRIL. Macular atrophy is usually a consequence
of long-standing macular edema.

This overview of the most relevant DME
classification systems developed over the past
fifty years clearly illustrates how the multimodal
approach to the visualization of retinal changes
induced by diabetes has contributed to advance
our understanding of DR. DME classification
continues to evolve along with the improvements
In retinal imaging to provide tools that combine
comprehensiveness and ease-of-use in clinical
practice.

In this book, some of the major retina ex-
perts (and friends) joined to share their experi-
ences in the field of DR, and DME in particular.
In the following chapters, diagnostic and thera-
peutic aspects, as well as clinical biomarkers,
will be discussed in detail and documented with
examples of multimodal retinal imaging from
clinical practice. This will hopefully improve the
accessibility to and usability of clinical informa-
tion that is often difficult to interpret when at-
tempting to formulate the correct diagnosis and
make the appropriate treatment decision.
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2. Non-invasive imaging of diabetic

macular edema

In the present Chapter we will describe diabetic macular edema (DME]-related retinal
changes that have been extensively studied using optical coherence tomography
(OCT) and have emerged in recent years as useful imaging biomarkers, including
hyperreflective retinal foci and the disorganization of inner retinal layers and outer
retinal layers (ellipsoid zone). Microvascular changes visualized by OCT angiography

[OCTA) will also be addressed

Optical coherence tomography

PATTERNS OF DIABETIC MACULAR EDEMA

Over the past two decades OCT has seen a
remarkable development and is now an essen-
tial imaging technique for the rapid and non-in-
vasive assessment of retinal morphology. More
than twenty years ago, Otani et al. identified three
distinct patterns of structural change in DME on
OCT scans, namely sponge-like retinal swelling,
cystoid macular edema, and serous retinal de-
tachment!™. Sponge-like retinal swelling was the
most common structural alteration and was re-
ported in 88% of the eyes analyzed, followed by
cystoid macular edema (47%) and serous retinal
detachment (15%]); more than one pattern could
coexist in a patient!’). Later studies have suggest-
ed that the three DME patterns may have distinct
underlying pathophysiologic mechanisms and
may therefore respond differently to treatment,
making OCT a crucial assessment tool also for
therapeutic decisions!?. A key mechanism in the
pathogenesis of DME is the breakdown of the in-
ner and outer blood-retinal barriers. Breakdown
of the inner membrane appears to be involved
mainly in sponge-like and cystoid DME, while
breakdown of the outer membrane appears to
be responsible for neuroretinal detachment?.
Evidence suggests that inflammatory process-
es are implicated in the development of the DME
pattern with neuroretinal detachment!!,

The DME patterns identified by Otani et
al. continue to be relevant for DME manage-

ment. However, our knowledge of the structur-
al changes associated with diabetic retinopathy
(DR) and DME has tremendously improved over
the years leading to continuous updates of OCT-
based grading. In 2020 the European School for
Advanced Studies in Ophthalmology (ESASO]
published an updated classification of DME!“!,
which is discussed in Chapter 1.

HYPERREFLECTIVE FOCI

Hyperreflective foci [HRF), which are
known in the literature also as hyperreflective
spots or hyperreflective dots, were first de-
scribed in the early ‘80 in patients with age-re-
lated macular degeneration®. HRF are visible on
OCT scans as small, punctiform, hyperreflective
elements distributed across all retina layers!>¢.
The origin of HRF is still debated. According to a
few authors, these OCT features are due to the
extravasation of lipoproteins and proteins fol-
lowing the breakdown of the blood-retinal bar-
rier and are the precursors of hard exudates!®!.
Other authors have suggested that HRF repre-
sent activated microglia cells and are therefore
the result of an inflammatory process!”8l. Ac-
cording to recently published evidence, hyper-
reflective OCT elements constitute a family and
can be classified according to their size, location
in the retina, and reflectivity!”?. More in detail,
elements with a diameter >30 pm, located to the
inner retina, with back-shadowing are classified
as retinal vessels and may represent microan-
eurysms, while elements >30 um, located to the
outer retina, with back-shadowing and reflectiv-



ity similar to that of the retinal pigment epithe-
lium are classified as hard exudates!®. Solitary
hyperreflective spots with a diameter <30 pm,
located mostly to the inner retina but also to the
outer retina, with no back-shadowing and with
reflectivity similar to that of the retinal nerve
fiber layer correspond to the HRF discussed
here. According to the prevailing hypothesis,
these spots represent aggregates of activated
microglia cells and have been proposed as bio-
markers of retinal inflammation!®.

Several studies have been performed
to investigate the impact of HRF presence on
retinal integrity and function, and visual acui-
tyl7819 A study evaluated the presence of HRF
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in patients with diabetes, with or without DR, and
without DME; the study also included a control
group without diabetes (control)”. The num-
ber of HRF was higher in patients with diabetes
versus control patients, and progressively in-
creased with increasing severity of DR (Figure 1).
HRF were mainly located to the inner retinal
layers, where microglia cells are located prior
to activation”.. Upon activation, as for example
in diabetes mellitus, microglia cells migrate to
the outer retinal layers, undergo morphological
changes and aggregate!”’. As no patient enrolled
in this study had DME (including subclinical signs
of DMEJ, and no hard exudates or disrupted pho-
toreceptors were detected, the authors conclud-

k.
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Figure 1. Detection of HRF in the macula of: A a control subject (no HRF are seen), B a patient with diabetes and no retinopathy, and C a patient with

diabetes and non-proliferative DR. Left panels: fundus photographs; central and right panels: spectral domain OCT linear scans. HRF, indicated by yellow
arrows, were counted in the region between the two red lines that were drawn at 500 pm and 1500 pm from the center of the fovea in the temporal region.

(Reproduced with permission from Hindawi Publishing Corporation from ref.”)).
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ed that the observed HRF were likely due to ag-
gregates of activated microglia cells.

The potential of HRF as biomarker for
evaluating the response to treatment has been
investigated in several small studies!'%". Qver-
all, these studies found that treatment with in-
travitreal anti-vascular endothelial growth fac-
tor (VEGF) agents, or with intravitreal steroids,
was associated with a significant decrease in the
number of HRF, with the greater decrease being
reported after treatment with steroids!"®; this
decrease correlated with the improvement of
visual functional parameters!!"'3l. A retrospec-
tive analysis of OCT scans and patient charts of
patients with DME treated with intravitreal ste-
roids or anti-VEGF therapy found that both treat-
ments improved significantly central macular
thickness and visual acuity!'. Both treatments
were associated with a significant decrease in
the number of HRF, while subfoveal neuroretinal
detachment resolved significantly more in eyes
treated with steroids than in eyes treated with
anti-VEGF (resolution rates, respectively, 85.7%
and 50%). In the group treated with intravitreal
steroids, high number of HRF and larger areas
of increased foveal autofluorescence were cor-
related with greater improvements in retinal
sensitivity, while eyes with neuroretinal detach-
ment had more substantial decreases in central
macular thickness compared with those without
neuroretinal detachment. According to these
findings, high number of HRF, along with areas
of increased foveal autofluorescence and subfo-
veal neuroretinal detachment, suggest the pres-
ence of an inflammatory condition underlying
DME, and may guide treatment choices towards
steroids, at least as initial treatment!!. More
recent studies have further confirmed that HRF
and other parameters of retinal inflammation
can help improve the evaluation of treatment
response and thus the selection of personal-
ized treatment!'2'3! Given the steadily increas-
iIng availability of therapies for DR and DME, the
ability to predict response accurately will further
improve patient management and outcomes.

Further research is required to improve
our understanding of HRF and their role as bio-
markers in the management of DR and DME. An
openissue concerning HRF is that their detection
and manual counting on OCT scans are time-de-
manding and require expertise. The introduction

of artificial intelligence-based systems for the
automated, standardized, and reliable assess-
ment of OCT scans2? will certainly contrib-
ute to the implementation of these markers in
real-world ophthalmology (see also Chapter 5).

DISORGANIZATION OF RETINAL
INNER LAYERS

OCT of eyes with DR and DME has re-
vealed and visualized the disorganization of ret-
inal inner layers (DRIL], among other relevant
morphological alterations of the retina. DRIL
Is defined as the absence of visible boundaries
between the ganglion cell-inner plexiform layer
complex, the inner nuclear layer, and the outer
plexiform layer, within 1.5 mm from the macula
(Figure 2)'4. This OCT parameter has attracted
considerable interest because of its well-docu-
mented and consistent association with visual
acuityl’®™® The potential of DRIL as predictor of
visual acuity was first described by Sun etal. in a
retrospective study published in 20141, In eyes
with center-involving DME, greater DRIL extent
was found to correlate significantly with worse
visual acuity at baseline, and DRIL changes at 4
months were shown to be predictive of changes
in visual acuity at 8 months!™. A further study
by the same authors not only confirmed these
findings but also showed that DRIL was able to
predict visual acuity in eyes that had been pre-
viously affected by DME and in which edema
had resolved™. The study showed that DRIL af-
fecting more than 50% of the 1-mm foveal area
was associated with decreased visual acuity in
eyes with current DME and in eyes with resolved
DME!™. Consistent with the results of the first
study", early changes in DRIL extent accurately
predicted changes in visual acuity from baseline
to 1 year!™. According to the authors, the strong
association between foveal DRIL and visual out-
comes in eyes with DME might be explained by
the fact that the disorganized structures defining
this OCT parameter contain the key elements in-
volved in the transmission of visual signals from
photoreceptors to ganglion cells!'™™. This damage
to transmission might be irreversible, at least in
part, and may account for the observed associa-
tion between DRIL and loss of visual acuity also
in eyes with resolved edema. Finally, the authors
pointed out that foveal DRIL was the first non-in-
vasive parameter to correlate significantly and
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Spectral domain OCT scan showing a case of DME with DRIL in the central millimeter. The arrow point shows to the absence of visible boundaries

between inner retinal layers.

consistently with visual acuity, while attempts to
demonstrate the association with other param-
eters, including central retinal thickness and el-
lipsoid zone (EZ) integrity, had provided inconsis-
tent results or weak correlations!™.

The potential of DRIL as biomarker of vi-
sual acuity has been extensively investigated
in other studies. A retrospective analysis of the
charts of patients with center-involving dia-
betic and non-diabetic macular edema investi-
gated whether changes in DRIL and other OCT
variables were associated with visual acuity
after edema resolution". DRIL was the vari-
able with the best correlation with visual acuity.
Furthermore, DRIL resolution was associated
with an improvement of visual outcomes, while
persistent DRIL correlated with a worsening.
Based on the hypothesis that DRIL may repre-
sent non-perfusion areas, a study evaluated
the ability of DRIL to predict macular capillary
non-perfusion in eyes with DRI\ The study
confirmed that DRIL can predict the presence
of non-perfusion. However, non-perfusion was
observed also in eyes with no DRIL. In an ob-
servational case series, disrupted external lim-
iting membrane, disorganized EZ, the presence
of epiretinal membrane, and higher central reti-
nal thickness were all associated with increased
likelihood of DRIL!®. DRIL correlated positively
with disruption of the outer retina and with DR
severity, while DRIL improvements were associ-
ated with improved visual outcomes. According

to the authors of this study, mechanical stress
caused by edema to inner layer cells underlines
the occurrence of DRIL. In detail, when neurons
of the inner nuclear layer are stretched by edema
to the limit of their elasticity, they break leading
to the disruption of the retinal inner layer. How-
ever, other mechanisms, including non-perfu-
sion of the macular area, have been implicated
in the pathogenesis of DRIL!120,

OCTA has allowed to quantify microvas-
culature changes occurring in eyes with DR
and has significantly contributed to improving
our understanding of DRIL development; OCTA
also visualizes areas of retinal ischemia. A re-
cent study using OCTA compared the morpholo-
gy of the foveal avascular zone (FAZ] in patients
with resolved DME, in the presence or absence
of DRIL'. The study found that the extension
of the FAZ was significantly greater in patients
with DRIL and that a larger FAZ correlated with
a worse visual acuity. This association suggest-
ed that retinal ischemia and microvasculature
changes may lead to DRIL. More recently, a study
used OCTA to compare retinal vessel density
and the FAZ extension in eyes, with and without
DRIL, of patients with resolved DME and in eyes
of healthy controls!??. Consistent with the con-
clusions of the previous study using OCTAI', this
comparison suggested that non-perfusion of the
macular region may have a role in the develop-
ment of DRIL. Eyes with resolved DME, regard-
less of the presence of DRIL, had lower vascular
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density in the superficial capillary plexus and in
the deep capillary plexus and a greater FAZ ex-
tension compared with healthy eyes (Figure 3).
In eyes with DRIL, vascular density was lower
and FAZ extension was greater compared with
eyes without DRIL (Figure 3B and CJ, suggesting
that lower vascular density, along with non-per-
fusion, may also contribute to the disruption of
retinal architecture. In eyes with DRIL, the study
reported a significant correlation between OCTA
variables (vascular density of the superficial cap-
illary plexus and the deep capillary plexus, and
FAZ extension) and visual outcomes, with lower
vascular density and larger FAZ being both cor-
related with worse visual acuity??.

INTEGRITY OF THE ELLIPSOID ZONE

The EZ, which corresponds to the hy-
per-reflective line above the retinal pigment ep-
ithelium, was formerly known as photoreceptor
inner segment/outer segment junction. The EZ
has long been used for assessing the integrity
of photoreceptors in retinal diseasel?2%. Evi-
dence of a correlation between photoreceptor
status and visual outcomes is available for sev-
eral retinal diseases, while studies evaluating
the biomarker potential of EZ changes in DME
are more limited?®!. An early study in patients
with DME suggested that the percentage of EZ
disruption evaluated using spectral domain OCT
might predict visual acuity?. A retrospective
study investigating the possible correlation be-
tween photoreceptor integrity and visual acuity
in patients with DME following treatment found
that EZ intactness and the preservation of the
external limiting membrane were markers of
photoreceptor integrity’?®. In addition, these
two OCT parameters were closely associated
with visual acuity.

More recently, the prospective observa-
tional study CHARTRES performed to deter-
mine baseline OCT parameters able to predict
visual outcomes following anti-VEGF therapy,
identified EZ disruption and a great extent of
DRIL as predictors of limited visual recovery!?4.
A post-hoc analysis of OCT parameters from
the VISTA-DME phase Il study evaluating the
efficacy and safety of intravitreal anti-VEGF
reported an improvement of EZ integrity with
treatment and the association of this OCT pa-
rameter with visual outcomes?. Finally, a

study in patients with DME addressed long-
term (up to five years) changes in OCT param-
eters (including EZ) and visual acuity during
intravitreal anti-VEGF therapy!?®!. EZ reflectivity
ratio (an indicator of photoreceptor cell vitali-
ty] was found to improve with treatment and to
correlate significantly with visual acuity over 5
years of anti-VEGF therapy.

Taken together the available data in DME
suggest the association of EZ integrity with visu-
al acuity and the potential of these OCT feature
as biomarker for the assessment of response to
treatment. Further research is however needed
for the validation of this biomarker in DME.

Optical coherence tomography
angiography

OVERVIEW

The perfusion of retinal and choroidal
vasculature is usually visualized and evaluat-
ed using dye-based angiography (for example,
fluorescein angiography, indocyanine green
angiography). This technique provides morpho-
logical information comparable to that obtained
with histological exams and continues to play
a central role in the detection and diagnosis
of retinal diseasel?”). Fluorescein angiography
(FA) has long been the gold-standard of fundus
imaging as it allows to view the retinal capil-
lary bed, especially in the macular area, the
leakage from abnormal vessels, and/or new-
ly formed vessels, one of the most important
signs of DR. However, FA is a two-dimensional
examination that visualizes superficial retinal
vessels, while the deeper capillary network is
not optimally shown by this technique, possibly
due to light scattering by the retinal?®!. Another
important drawback of dye-based angiography
Is the need to inject the fluorescent dye intrave-
nously, which may be associated with adverse
events!??,

OCTA is non-invasive and allows a clear,
three-dimensional visualization of the retinal
and choroidal microvasculature, across all lay-
ers, by calculating the decorrelation of signal
between static and non-static tissuel®%3!. The
superficial capillary plexus is shown by en-face
OCTA (also called C-scan OCTA) as a fine cap-
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Vascular density in the superficial capillary plexus and FAZ in eyes from: A a healthy control, B a patient with resolved DME with-
out DRIL, and C a patient with resolved DME and DRIL. Left panels: multicolor OCTA imaging of the superficial capillary plexus; right panels:
0CTA imaging of the FAZ.
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illary network with a hyperintense signal at the
level of the ganglion cell layer, while the deep
capillary plexus is visualized by en-face OCTA
images taken at the level of the inner nuclear
layer. In DR, the architecture of the superficial
and deep capillary plexuses is often disrupted;
the presence of DME may contribute to these
structural changes. Since OCTA closely cor-
relates with structural OCTB?, this technique
provides a simultaneous picture of retinal vas-
culature and macular edema and allows to
monitor progressive vascular changes (Figures
4 and 5). The comprehensive OCTA assessment
of eyes with DME requires C-scans (en-face
images) taken at the level of the ganglion cell
layer (to visualize the superficial capillary plex-
us) and at the level of the inner nuclear layer (to
visualize the deep capillary plexus). The corre-
sponding B-scan (cross-sectional image) may
be useful for evaluating the potential misalign-
ment of segmented retinal boundaries.

Similar to what has been reported with
other imaging techniques, distinct patterns of
exudative macular edema can be recognized
also with OCTA. These include: hypointense in-
traretinal spaces, grayish intraretinal spaces,
and focal hyperintense clumps (Figure 4). The
characterization and clinical relevance of these
patterns are the object of current research.

Hypointense intraretinal spaces appear
on OCTA C-scans as dark, roundish areas de-
void of signal, with variable size and location,
depending on the depth of the section[33:34 They
are the most common OCTA pattern of DME,
notably in case of intraretinal fluid accumula-
tion; they are due to the presence of intraretinal
cystoid spaces and are usually found close to
areas with altered perfusion, intraretinal mi-
crovascular abnormality, or microaneurysms
(Figure 4). Large hypointense intraretinal spac-
es are usually located in the sub-foveal and
para-foveal regions, while small spaces are
usually seen in the macular and extra-macular
regions.

Greyish intraretinal spaces of OCTA images
(Figure 4) are often misinterpreted as they have
a signal intensity similar to that of intervascular
spaces and, in some cases, of non-perfused ar-
eas (NPAs)i®4. However, since NPAs are usually
not visible on OCTA scans due to the absence of
blood flow and, thus, of a decorrelation signal,

Figure £. Patterns of DME on OCTA. Top and middle images: C-scan OCTA
images taken at the level of the ganglion cell layer and showing the
superficial capillary plexus. Yellow arrows indicate hypointense intra-
retinal spaces in the top image. In the middle C-scan image, the dashed
red line includes a greyish intraretinal space; the yellow arrows point
to dark tubular structures corresponding to non-perfused vessels. Bot-
tom image: C-scan OCTA image taken at the level of the inner nuclear
layer and showing the deep capillary plexus; the corresponding B-scan
including the foveal depression is shown below. The red square indicates
a fusiform hyperintense structure with the typical appearance of a mi-
croaneurysm. The hyperintense lesion indicated by the green box is due
to the focal accumulation of hard exudates. In the B-scan OCT image, the
hyperreflective lesion (green arrow) is associated with back-shadowing
(yellow arrows), which is due to the high reflectivity of hard exudates.



Figure 5. Assessment of DME using 0CTA and OCT. Left panels: superficial capillary plexus; right panels: deep capillary plexus. The images show the dis-
tinct contributions of OCTA (top images) and en-face structural OCT (bottom images) to the definition of DME extension. Since DME is merely a structural
rather than a functional finding, it should be primarily investigated by structural imaging.

non-perfused vessels that appear as tubular
structures without a signal can be easily distin-
guished from greyish cystoid spaces!®®. The or-
igin of greyish cystoid spaces is not entirely un-
derstood. According to some authors, the weak
decorrelation signal of these spaces may be the
result of the active motion of molecules caused
by intense intraretinal exudation®334 Other au-
thors have explained this OCTA feature by the
presence of “suspended scattering particles in
motion” (SSPIM)B. |n some cases, SSPIM have
been associated with hard exudates!®®.

Focal hyperintense clumps appear on
OCTA images as highly decorrelated roundish or
elongated structures (Figure 4). They are often
misinterpreted as microaneurysms and intra-
retinal microvascular abnormalities, and hard
exudates. To help distinguish between focal hy-
perintense clumps and hard exudates it is useful
to note that hard exudates are hyperreflective
structures on OCT and hyperintense structures

on OCTA. The hyperintensity on OCTA is caused
by the fact that hard exudates completely reflect
the refracted signal coming from the perfused
vessels above. In contrast with truly perfused
lesions, hard exudates display back shadow-
ing on OCTA B-scans, as the light that reaches
them is almost completely reflectedt®¢!,

Finally, OCTA can also visualize retinal le-
sions associated with ischemic DME, including
cotton-wool spots (Figure 6). These lesions rep-
resent axoplasmic debris in the axons of gangli-
on cells caused by the interruption of axoplas-
mic flow due to vascular or mechanical events.
At the biomicroscopic analysis, cotton-wool
spots appear as whitish, fluffy retinal patches
that fade with time. FA assessment may reveal
reduced blood flow, while OCT scans typical-
ly show marked retinal thickening at the lesion
site, confined at the level of the retinal nerve
fiber layer. On OCTA scans, cotton-wool spots
appear as areas with no flow signal from the
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Cotton-wool spots
visualized by OCT and OCTA. A,
OCTA of the superficial capillary
plexus; the yellow arrows point to
an area with no hyperintense sig-
nals coming from perfused ves-
sels. B, OCTA of the deep capillary
plexus; the yellow arrows point
to an area with no decorrelated
(i.e., perfused) structures. Large
retinal vessels (green arrows) are
visible due to the inward displace-
ment caused by the thickening
of the nerve fiber layer, and due
to the absence of decorrelation
signal from the inner vascular
layers. C, B-scan OCT; the yellow
arrow shows a focal thickening of
the ganglion cell layer. D, in the
corresponding B-scan OCTA no
hyperintense signals are visible in
the involved area indicated by the
green arrow, while large retinal
vessels are displaced deeper in the
retina. This phenomenon is caused
by focal capillary ischemia.
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superficial and deep capillary plexuses, which  OCTA. NPAs can affect both the superficial and

may be simultaneously involved | ). deep capillary plexuses to a variable extent®”.
On OCTA scans, NPAs appear as regions with

NON-PERFUSION AREAS a grey hue, surrounded by adjacent capillaries
Retinal NPAs and the enlargement of the | J. OCTA allows the quantitative as-

FAZ are common features of DR detected by sessment of vascular perfusion in the different



Figure 7. NPAs in DR evaluated using OCTA. A, OCTA of the superficial capillary plexus. The perifoveal arcade appears preserved. B, 0CTA of the deep
capillary plexus. Several NPAs, where the capillary network is undetectable, are visible in the inferior-temporal quadrants in both capillary plexuses.

retinal layers!®8-4". However, OCTA devices are
not interchangeable in the classification of sig-
nals from cystoid spaces and NPAs in eyes with
DME. Indeed, there is a strong need for stan-
dardized image acquisition and assessment!®*].
For example, in the study by Parravano et al.
mentioned above, swept source OCT technolo-
gy proved more reliable than spectral domain
OCT for the detection of NPAs in DMER4,
Several studies were performed to quanti-
fy capillary damage in different stages of diabet-
ic disease. Coscas et al. initially assessed NPAs
qualitatively on OCTA scan, based on perfusion
damage in focal, moderate, and severe macular
ischemial®?. A study by Carnevali et al. showed
that OCTA can visualize early impairment of per-
fusion in diabetic patients with no biomicroscop-
ic evidence of DRIL A statistically significant
difference in the density of capillary perfusion
between the superficial and the deep capillary
plexuses was reported, and the damage to vas-
cular perfusion increased progressively with
worsening DRI®43 |n contrast with these find-
Ings, Lupidi et al. reported no statistically signif-
icant difference in the total surface of superficial
and deep capillary plexuses both in diabetic pa-
tients and healthy controls!*”. Based on these re-
sults, both retinal layers may be simultaneously

affected by non-perfusion. Of note, the vascular
density in each layer was significantly different in
diabetic patients versus healthy controls!!.
Studies addressing the effects of an-
ti-VEGF therapy on macularischemia in patients
with DME have reported conflicting results. A
few studies assessing macular ischemia with
fundus FA showed no significant changes in
perfusion following treatment with anti-VEGF
agents in patients with DR and DME®445] Oth-
er studies reported a worsening of macular
non-perfusion following anti-VEGF treatmentin
patients with DME, DR, or proliferative DR, with
an enlargement of the FAZ as assessed by fun-
dus FAl447 As previously pointed out, OCTA is
a more reliable tool than FA for the assessment
of macular ischemia and can be used for quan-
tifying FAZ area and vascular density. Studies
using OCTA to quantify FAZ area and vascular
density changes during treatment with an-
ti-VEGF agents have also yielded conflicting re-
sults. In a study in patients with DR, no change
in FAZ area and vascular density, in both the
superficial and deep capillary plexuses was re-
ported following treatment with an anti-VEGF
agent!“! On the other hand, and in agreement
with previous studies using fundus FA for the
assessment of ischemial“®4”l a significant en-
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largement of the FAZ area and a decrease in
vascular density following anti-VEGF treatment
have been reported, raising concern about the
potential risk of worsening macular perfusion
in eyes with DR!?.

As we will see in Chapter 3, thanks to the
use of swept source (SS) wide-field (WF) OCTA
peripheral retinal ischemia can now be as-
sessed. Using WF SS OCTA and ultrawide-field
(UWF) fundus FA, Couturier et al. evaluated
peripheral perfusion in patients with DR, after
treatment with anti-VEGF therapy®®” (see Chap-
ter 3 for a detailed description of the study). The
study concluded that anti-VEGF therapy does
not reverse non-perfusion.

FOVEAL AVASCULAR ZONE

The FAZ is a region at the center of the
macula with no blood vessels. It corresponds to
the point of fixation and its diameter is approxi-
mately 0.5 mm, although a great size variability
has been reported in healthy eyesP". The FAZ
Is a relevant feature of fundus FA. In eyes with
DR, the FAZ increases in size and this increase
appears to correlate with disease progres-
sion®041 Traditionally, the FAZ has been exam-
ined using fundus FA; however, due to the inva-
siveness of FA, this technique is not routinely
used in the early stages of DR. OCTA provides
a valuable, non-invasive tool for FAZ examina-
tion!3041 |n addition, and in contrast with FA,
with OCTA the different layers of the FAZ can be
visualized individually®¥9:52,

The comparison of histological pictures of
the FAZ with OCTA images of the same area in
healthy eyes has shown that both the superfi-
cial and deep capillary plexuses contribute to
outline the perifoveal vascular arcade!®. OCTA
Imaging can be associated with artifacts be-
cause it relies on segmentation strategies that
can result in corrupted images. In DME, which
involves retinal infiltration that can cause mis-
alignments between automated segmentation
and borders of retinal layers, segmentation
strategies often fail. As a consequence, the lay-
ers of the vessels are shown together, or par-
tially together, with no visualization of the true
anatomy®!. However, studies have investigat-
ed the superficial and deep capillary plexuses
separately and an enlargement of the FAZ in
both layers has been reported in eyes of diabet-

ic patients versus healthy controls (Figure 8).
For example, De Carlo et al. showed that the
FAZ area was larger in patients with diabetes
(0.354£0.10 mm?] compared to healthy individ-
uals (0.29+0.14 mm?; p=0.04)5%. In a study in-
vestigating retinal vascular plexuses and cho-
riocapillaris in patients with type 1 diabetes
mellitus, however, Carnevali et al. measured a
mean FAZ area of 0.22+0.10 mm? in the super-
ficial capillary plexus in diabetic patients, and
of 0.25+0.10 mm? in healthy control individuals
(p=0.34)88 In the deep capillary plexus, the
mean FAZ area was 0.75+0.20 mm? in diabe-
tes patients and 0.76+0.23 mm? in healthy indi-
viduals (p=0.81]%8. Al-Sheikh et al. reported an
overall FAZ size increase in both plexuses, with
the exception of the superficial capillary plexus
in mild and moderate non-proliferative DR,
A few studies have compared FAZ size between
the two plexuses, with a statistically significant
difference in FAZ size being reported only in one
study!!l. The observation that capillary drop-
out is more pronounced in the deep capillary
plexus than in the superficial capillary plexus!*"
may be explained by the different blood supply
to the two layers. In fact, the deep capillaries
surrounding the FAZ have a terminal structure,
while those of the superficial plexus contribute
to the continuity of the ring forming the perifo-
veal vascular arcade.

Several studies have addressed factors
that may influence FAZ area, including age and
duration of diabetes, but no consistent correla-
tions could be identified®’-%%. In a comparison
between studies reporting an elevated area of
FAZ in diabetes and those that did not, we were
unable to find confounding variables like age, du-
ration of diabetes, or number of patients, which
may account for such differences!¢®33 Given that
FAZ area shows a great interpersonal variability
also in age-matched groups of both healthy indi-
viduals and patients with diabetes/?, this OCTA
feature may have some limitations as diagnostic
tool in population-based studies.

MICROANEURYSMS

Loss of pericyte cells and proliferation of
endothelial cells, which can result in the weak-
ening of vessel walls and the occurrence of mi-
croaneurysms [MAs], are among the first signs
of DRI, Leaking MAs are implicated in the de-



velopment of macular edema, a frequent cause
of blindness related to DRI37¢Z Early studies of
MAs were based on pathological and histologi-
cal exams, which described these microvascu-
lar abnormalities as protrusions of the retinal
capillary network, affecting primarily the deep
capillary plexus located in the inner nuclear lay-
er of the retinal®®. Fundus FA has long played a
central role in the detection of MAs and other
early signs of DR; however, as previously noted,
this technique is invasive, relatively expensive,
and time-demanding. The introduction of OCT
has considerably advanced the non-invasive
Imaging of the retina. As seen in the previous
sections of this Chapter, the further advance
to OCTA has made the detailed observation of

Figure 8. The FAZ in eyes with DR.
A, OCTA image of the superficial cap-
illary plexus. The perifoveal vascular
arcade, which borders with the FAZ, is
interrupted in virtually all quadrants.
Focal vascular dilations, mostly due
to microaneurysms are visible (yel-
low circles); green arrows indicate
NPAs, where the capillary network
is not visible. B, OCTA image of the
deep superficial capillary plexus. Or-
ange arrows point to focal vascular
dilations, while green arrows point
to several NPAs.

DR-related vascular changes possible and has
brought the attention to retinal NPAs, shape and
size of the FAZ, MAs, and other morphological
featuresl®? ¢4 Furthermore, OCTA is increasing
our knowledge of retinal architecture and the
morphological alterations associated with the
progression of DR. OCTA is currently regarded
as an important alternative to FA, especially in
patients who are not eligible to the intravenous
injection of fluorescent dyes. However, it should
be kept in mind that OCTA, unlike FA, does not
detect fluid leakage. Therefore, OCTA imaging
does not visualize leaking MAs, or late leakage
associated with macular edema. On the other
hand, OCTA visualizes the different choroidal
and retinal capillary plexuses individually, and
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vascular changes that in FA images may be
masked by the dye.

Several studies using OCTA have ad-
dressed morphological changes of the retina,
including MAs, at different stages of DR, and
compared them to the information provided by
FA. A study in 25 patients with DR (47 eyes) com-
pared en-face OCTA and fundus FA in their abil-
ity to visualize MAs, retinal NPAs, and neovas-
cularization®”!. OCTA was able to visualize only
62% of the MAs detected by FA; most MAs were
found in the deep capillary plexus and the aver-
age extension of NPAs in the superficial capil-
lary plexus was slightly greater than in the deep
capillary plexus. Couturier et al. also reported
the superiority of FA versus OCTA in detecting
MAsl¢? OCTA was however more accurate in
detecting NPAs than FA and potentially better
suited for evaluating DR progression. The study
by Couturier et al. confirmed that the number
of MAs was greater in the deep than in the su-
perficial capillary plexus, with most MAs being
located on the edge of NPAs on OCTA images.

A study investigating the correlation be-
tween MAs distribution, detected using OCTA,
and DME revealed a significantly greater densi-
ty of MAs inside the edema in the deep capillary
plexus than outside the edemal®®. The density
of MAs in the superficial capillary plexus was
similar outside and inside the edema. These
findings highlighted that MA density in the deep
capillary plexus correlated significantly with
macular volume and that MAs may be involved
in the pathogenesis of DME and especially of
cystoid macular edema.

Parravano et al. investigated the correla-
tion between the appearance of MAs on struc-
tural spectral domain (SD) OCT and their detec-
tion on OCTA in patients with non-proliferative
DR (16 patients, 145 MAs assessed)!®®). MAs
were classified based on their internal reflec-
tivity on SD OCT as hyperreflective if their re-
flectivity was similar to that of the MA wall, as
hyporeflective if their reflectivity was similar to
that of the cystic intraretinal fluid, and moder-
ately reflective if their reflectivity was interme-
diate. To compare MAs seen on OCTA with MAs
seen on SD OCT, OCTA vascular landmarks of
the superficial capillary plexus were superim-
posed to vascular landmarks seen in the near
infrared. The ultimate goal of the study was to

establish whether MA reflectivity on SD OCT
could influence MA detection in the superficial
or deep capillary plexuses, in the correspond-
ing OCTA images. The study found that hypore-
flective MAs on SD OCT were less detectable
on OCTA. These results may contribute to im-
prove our understanding of blood flow patterns
in MAs and our interpretation of MAs visualiza-
tion with OCTA. A possible explanation of these
findings is that hyporeflective MAs on SD OCT
may have a blood flow rate below the thresh-
old required to make the detection by the OCTA
system possible. Alternatively, it has been hy-
pothesized that the blood flow inside MAs may
be turbulent and therefore difficult to visualize
by OCTA” In addition, MAs may appear hy-
poreflective because they contain plasma with-
out erythrocytes!®®. Finally, previous histolog-
ic studies have shown that some MAs are not
perfused and have extensive luminal fibrosis
and lipid infiltration!®3. It is possible that some
of the hyporeflective MAs described by Parra-
vano et al [¢¢ correspond to these sclerosed, fi-
brotic, poorly perfused MAs.

In another study, Parravano et al. investi-
gated the progression of MAs based on SD OCT
and OCTA characteristics with the objective to
evaluate the role of MAs in the retinal accu-
mulation of extracellular fluid in patients with
non-proliferative DR followed-up for 1 year!¢?.
Overall, 127 MAs identified by various techniques
were analyzed at baseline and after 1 year of fol-
low-up (26 eyes from 14 patients with type 2 di-
abetes). Of the 127 MAs detected at baseline, 89
(70%) were still visible on SD OCT after 1 year,
while 38 (30%) were not visible. Extracellular
fluid accumulation was detected in 44 of 89 MAs
(49.4%) after 1 year. MA reflectivity at baseline
was strongly associated with extracellular fluid
accumulation, with significantly more hyperre-
flective MAs showing extracellular fluid accu-
mulation compared with hyporeflective MAs
(Figures 9 and 10); this association persisted at
12 months. As for OCTA features, the presence
of flow and visibility were both strongly associ-
ated with the development of extracellular flu-
id; this association was also maintained up to
12 months. Furthermore, only MA deep location
in the retinal layers was significantly associat-
ed with the development of extracellular fluid;
this association as well was confirmed at 12



At baseline: (Top center) The Spectralis B-scan showing a hyperreflec-
tive microaneurysm (yellow arrow) and (Top left) the infrared image with the
green line with arrow passing through the microaneurysm. (Top right) The late
frame of fluorescein angiography shows the pooling of the dye in correspon-
dence to the microaneurysm, with minimal leakage (orange circle). This exactly
corresponds to the focally dilated microaneurysm highlighted by the red circle
at the level of the deep capillary plexus (DCP) in the optical coherence tomog-
raphy (0CTA) imaging (6x6 scanning area) (Bottom right); the inset shows the
characteristics of the hyperreflective microaneurysm in detail (Bottom center).
(Bottom Left) En face imaging with red and green lines indicating the location of
B-scans (XR Avanti; Optovue Inc, Fremont, California, USA); the DCP segmen-
tation boundaries (green lines) passing through the microaneurysm are visible.
At 1 year follow-up: (Top center) The Spectralis B-scan showing the same hyper-
reflective microaneurysm (yellow arrow) surrounded by new extracellular fluid
and (Top Left) the infrared image with the green line with arrow passing through
the microaneurysm. (Top right) The late frame of fluorescein angiography shows
the pooling of the dye in correspondence to the microaneurysm with late leakage
(orange circle). This exactly corresponds to the focally dilated microaneurysm
highlighted by the red circle at the level of the DCP in the OCTA imaging (6x6
scanning area) (Bottom right); the inset shows the characteristics of the hyper-
reflective microaneurysm in detail (Bottom center). En face imaging with red and
green lines indicating the location of B-scans (Optovue). The DCP segmentation
boundaries (green lines) passing through the microaneurysm are visible (Bottom
left). (Reproduced with permission from Elsevier Inc. from ref.[6%).

months. The findings of this study suggest a
number of baseline MA characteristics that may
reliably predict fluid accumulation after 1 year,
including: MA reflectivity on SD OCT, presence

Multimodal Imaging in DME

At baseline: (Top center) Spectralis B-scan showing a hyporeflec-
tive microaneurysm (yellow arrow) and (Top left) the infrared image with the
green line with arrow passing through the microaneurysm. (Top right) The
late frame of fluorescein angiography shows the pooling of the dye in cor-
respondence to the microaneurysm, with no evident leakage (orange circle).
The microaneurysm (red circle) cannot be detected at the level of the deep
capillary plexus (DCP) by means of optical coherence tomography angiogra-
phy (OCTA) imaging (6x6 scanning area) (Bottom right); the inset (green box)
shows the area of interest with more detail (Bottom center). (Bottom left)
En face imaging with red and green lines indicating the location of B-scans
(XR Avanti; Optovue Inc, Fremont, California, USA). The DCP segmentation
boundaries (green lines) passing through the microaneurysm are visible. At
1 year follow-up: (Top center) The Spectralis B-scan showing the same hy-
poreflective microaneurysm (yellow arrow) without any new extracellular
fluid and (Top left) the infrared image with the green line with arrow passing
through the microaneurysm. (Top right) The late frame of fluorescein an-
giography shows the pooling of the dye in correspondence to the microan-
eurysm, with still no leakage (orange circle). After 1 year it still appears
not visible (red circle) at the level of the DCP by means of OCTA imaging
(6x6 scanning area) (Bottom right); the inset (green box] shows the area
of interest with more detail (Bottom center). En face imaging with red and
green lines indicating the location of B-scans (Optovue). The DCP segmenta-
tion boundaries (green lines) passing through the microaneurysm are visible
(Bottom left). (Reproduced with permission from Elsevier Inc. from ref.[t%),

of flow on cross-sectional scan, and location in
the deep capillary plexus on OCTA. More in de-
tail, hyperreflective MAs with a high blood flow
rate appear to correlate with the extracellular
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fluid accumulation resulting from disturbances
in the blood-retinal barrier in the deep capillary
plexus. This OCTA parameter may therefore
be a prognostic factor for the onset of macular
edema, and DR patients with an elevated num-
ber of hyperreflective MAs may be at increased
risk of disease progression. At the same time,
these patients may be better responders to in-
travitreal anti-VEGF therapy than patients with
hyporeflective MAs, a feature that appears to
be associated with ischemia. Clearly, the bio-
marker potential of MAs detected using OCTA
for disease prognosis (DR progression and DME
onset) and therapy selection needs to be further
investigated and validated in larger studies.

CORRELATION BETWEEN RETINAL
CAPILLARY PLEXUSES
AND THE INNER/OUTER RETINA

The eyes of patients with type 1 and type
2 diabetes are characterized by the presence
of microvascular abnormalities affecting the
retinal and choroidal vasculature, even in the
absence of clinical signs of DRI¥77071 Evidence
suggests that early mechanisms of neurovascu-
lar dysregulation may play a role in driving the
onset of diseasel’”. Neurovascular changes may
affect different macular layers, from the inner
retina to the choroid. The combination of OCT
and OCTA is making the visualization of these
changes possible.

The availability of novel imaging techniques
has led to the identification of relevant morpho-
logical changes including: decrease thickness of
the retinal fiber layer and ganglion cell layer; cap-
illary loss in the perifoveal area in the superficial
and deep capillary plexuses; presence of dilated
capillary ends; presence of NPAs; enlargement
of the FAZ in both capillary plexuses, but espe-
cially in the deep capillary plexus; damaged pho-
toreceptors; choriocapillaris impairment with an
increase in choriocapillaris flow deficit!”71-73],
Neuroretinal and microvascular disturbanc-
es are key mechanisms in the pathophysiology
of DR development. However, the sequence of
these changes, or whether these changes occur
simultaneously, is currently unknown.

Thinning of the inner retinal layer appears
to be the primary OCT finding in diabetic patients
who have not developed clinical signs of DR yet.
In these patients, Kim et al. described the loss

of macular ganglion cell/inner plexiform layer
(MGCIPL) that progressed with timel’?. These
authors demonstrated that the progressive loss
of mGCIPL was an independent risk factor for DR
progression in early-stage disease and showed
that, before DR onset, outer retinal layers were
less affected than inner layers”®. The capillary
network of the superficial capillary plexus is lo-
cated in the nerve fiber layer or ganglion cell lay-
er, while the capillary network of the deep capil-
lary plexus is located in the inner nuclear layer,
which nourishes the middle and outer retinal’0’1.

Very limited data describing the correla-
tion between changes in retinal layer thickness
detectable by OCT and microvascular chang-
es detected by OCTA are currently available.
Vujosevic et al. reported a robust correlation
between perifoveal capillary loss in the super-
ficial capillary plexus and inner retinal layer
thickness [ganglion cell layer and nerve fiber
layer] in diabetic patients with no signs of DR,
confirming that neuronal and microvascular
changes take place also in the preclinical stage
of DR The study by Kim et al. mentioned
above reported a progressive loss of mGCIPL
thickness that strongly correlated with the de-
crease of vascular density in the superficial cap-
illary plexus!”. More recently, Parravano et al.
investigated the structural integrity of photore-
ceptors in diabetic patients with no DR, by mea-
suring the reflectivity of the EZ on OCTA imag-
es”!. This novel standardized method had been
previously used for quantifying photoreceptor
damage in other eye diseases!’. When investi-
gating the correlation between EZ normalized
reflectivity and the presence of flow deficits in the
choriocapillaris slab, a negative correlation was
found between these parameters in eyes with no
DR, This finding may support the hypothesis
that choriocapillaris vascular drop-out is associ-
ated with photoreceptor damage also before the
development of DR and confirms the involvement
of the choroid in the pathophysiology of diabe-
tes-related events (“diabetic choroidopathy”)/79l.

In conclusion, the available evidence sug-
gests that a correlation between retinal capillary
plexuses and the inner/outer retina exists, sup-
porting the hypothesis that neuronal and micro-
vascular changes are interrelated even in the
preclinical stage of DR. Further research in this
exciting area is warranted.



REFERENCES

1.

10.

12.

13.

14.

Otani T, Kishi S, Maruyama Y. Patterns of diabetic
macular edema with optical coherence tomography.
Am J Ophthalmol 1999;127(6):688-93

. Wu Q, Zhang B, Hu Y, et al. Detection of morpholog-

ic patterns of diabetic macular edema using a deep
learning approach based on optical coherence to-
mography images. Retina 2021;41:1110-7

. Sonoda S, Sakamoto T, Yamashita T, et al. Retinal

morphologic changes and concentrations of cyto-
kines in eyes with diabetic macular edema. Retina
2014;34(4):741-8

. Panozzo G, Cicinelli MV, Augustin AJ, et al. An opti-

cal coherence tomography-based grading of diabet-
ic maculopathy proposed by an international expert
panel: The European School for Advanced Studies
in Ophthalmology classification. Eur J Ophthalmol
2020;30(1):8-18

. Coscas G, Gaudric A. Natural course of nonaphakic

cystoid macular edema. Surv Ophthalmol 1984;28
Suppl:471-84

. Bolz M, Schmidt-Erfurth U, Deak G, et al. Optical

coherence tomographic hyperreflective foci: a mor-
phologic sign of lipid extravasation in diabetic mac-
ular edema. Ophthalmology 2009;116(5):914-20
Vujosevic S, Bini S, Midena G, et al. Hyperreflec-
tive intraretinal spots in diabetics without and with
nonproliferative diabetic retinopathy: an in vivo
study using spectral domain OCT. J Diabetes Res
2013;2013:491835

. Vujosevic S, Bini S, Torresin T, et al. Hyperreflective

retinal spots in normal and diabetic eyes: B-scan
and en face spectral domain optical coherence to-
mography evaluation. Retina 2017;37(6):1092-103
Midena E, Torresin T, Velotta E, et al. OCT hyper-
reflective retinal foci in diabetic retinopathy: a
semi-automatic detection comparative study. Front
Immunol 2021;12:613051

Vujosevic S, Berton M, Bini S, et al. Hyperreflective ret-
inal spots and visual function after anti-vascular en-
dothelial growth factor treatment in center-involving
diabetic macular edema. Retina 2016;36(7):1298-308

. Vujosevic S, Torresin T, Bini S, et al. Imaging retinal

inflammatory biomarkers after intravitreal steroid
and anti-VEGF treatment in diabetic macula oede-
ma. Acta Ophthalmol 2017;95:464-71

Arrigo A, Capone L, Lattanzio R, et al. Optical co-
herence tomography biomarkers of inflammation
in diabetic macular edema treated by fluocinolone
acetonide intravitreal drug-delivery system implant.
Ophthalmol Ther 2020;9:971-80

Vujosevic S, Toma C, Villani E, et al. Diabetic mac-
ular edema with neuroretinal detachment: OCT
and OCT-angiography biomarkers of treatment re-
sponse to anti-VEGF and steroids. Acta Diabetol
2020;57(3):287-96

Sun JK, Lin MM, Lammer J, et al. Disorganization of
the retinal inner layers as a predictor of visual acuity
in eyes with center-involved diabetic macular ede-
ma. JAMA Ophthalmol 2014;132:1309-16

20.

21.

22.

23.

24.

25.

26.

27.

. Sun JK, Radwan SH, Soliman AZ, et al. Neural ret-

inal disorganization as a robust marker of visual
acuity in current and resolved diabetic macular ede-
ma. Diabetes 2015;64:2560-70

. Radwan SH, Soliman AZ, Tokarev J, et al. Associ-

ation of disorganization of retinal inner layers with
vision after resolution of center-involved diabetic
macular edema. JAMA Ophthalmol 2015;133:820-5
Nicholson L, Ramu J, Triantafyllopoulou I, et al. Di-
agnostic accuracy of disorganization of the retinal
inner layers in detecting macular capillary non-per-
fusion in diabetic retinopathy. Clin Exp Ophthalmol
2015;43:735-41

. Das R, Spence G, Hogg RE, et al. Disorganization of

inner retina and outer retinal morphology in diabetic
macular edema. JAMA Ophthalmol 2018;136:202-8
Moein HR, Novais EA, Rebhun CB, et al. Optical co-
herence tomography angiography to detect macu-
lar capillary ischemia in patients with inner retinal
changes after resolved diabetic macular edema.
Retina 2018;38: 2277-84

Cennamo G, Montorio D, Fossataro F, et al. Evalu-
ation of vessel density in disorganization of retinal
inner layers after resolved diabetic macular edema
using optical coherence tomography angiography.
PLoS One 2021:16(1):e0244789

Maheshwary AS, Oster SF, Yuson RMS, et al. The
association between percent disruption of the pho-
toreceptor inner segment/outer segment and visual
acuity in diabetic macular edema. Am J Ophthalmol
2010;150(1):63-7

ltoh Y, Vasanji A, Ehlers JP. Volumetric ellipsoid zone
mapping for enhanced visualization of outer retinal
integrity with optical coherence tomography. Br J
Ophthalmol 2016;100(3):295-9

Shin HJ, Lee SH, Chung H, Kim HC. Association be-
tween photoreceptor integrity and visual outcome
in diabetic macular edema. Graefes Arch Clin Exp
Ophthalmol 2012;250(1):61-70

Santos AR, Costa MA, Schwartz C, et al. Optical co-
herence tomography baseline predictors for initial
best-corrected visual acuity response to intravitreal
anti-vascular endothelial growth factor treatment in
eyes with diabetic macular edema: the CHARTRES
study. Retina 2018;38(6):1110-9

Ehlers JP, Uchida A, Hu M, et al. Higher order as-
sessment of OCT in diabetic macular edema from the
VISTA study: ellipsoid zone dynamics and the retinal
fluid index. Ophthalmol Retina 2019;3(12):1056-66
Kessler LJ, Auffarth GU, Bagautdinov D, Khoramnia
R. Ellipsoid zone integrity and visual acuity chang-
es during diabetic macular edema therapy: a lon-
gitudinal study. J Diabetes Res 2021;2021:Article ID
8117650

Sulzbacher F, Kiss C, Munk M, et al. Diagnostic eval-
uation of type 2 (classic) choroidal neovasculariza-
tion: optical coherence tomography, indocyanine
green angiography, and fluorescein angiography.
Am J Ophthalmol 2011;152(5):799-806 e

29



Chapter 2 - Non-invasive imaging of diabetic macular edema

30

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Yannuzzi LA, Rohrer KT, Tindel LJ, et al. Fluoresce-
in angiography complication survey. Ophthalmology
1986;93(5):611-7

Mendis KR, Balaratnasingam C, Yu P, et al. Correla-
tion of histologic and clinical images to determine
the diagnostic value of fluorescein angiography for
studying capillary detail. Invest Ophthalmol Vis Sci
2010;51(11):5864-9

Spaide RF, Klancnik JM Jr, Cooney MJ. Retinal vas-
cular layers imaged by fluorescein angiography and
optical coherence tomography angiography. JAMA
Ophthalmol 2015;133(1):45-50

Jia Y, Bailey ST, Wilson DJ, et al. Quantitative opti-
cal coherence tomography angiography of choroidal
neovascularization in age-related macular degen-
eration. Ophthalmology 2014;121(7):1435-44

Mané V, Dupas B, Gaudric A, et al. Correlation be-
tween cystoid spaces in chronic diabetic macular
edema and capillary nonperfusion detected by op-
tical coherence tomography angiography. Retina
2016;36 Suppl 1:5102-5110

Coscas G, Lupidi M, Coscas F, et al. Optical coherence
tomography angiography in healthy subjects and dia-
betic patients. Ophthalmologica 2018;239(2-3):61-73
Parravano M, Costanzo E, Borrelli E, et al. Appear-
ance of cysts and capillary non perfusion areas in
diabetic macular edema using two different OCTA
devices. Sci Rep 2020 Jan 21;10(1):800

Kashani AH, Green KM, Kwon J, et al. Suspended
scattering particles in motion: a novel feature of
OCT Angiography in exudative maculopathies. Oph-
thalmol Retina 2018;2(7):694-702

Spaide RF, Fujimoto JG, Waheed NK. Image artifacts
in optical coherence tomography angiography. Reti-
na 2015;35:2163-80

Ishibazawa A, Nagaoka T, Takahashi A, et al. Optical
coherence tomography angiography in diabetic reti-
nopathy: a prospective pilot study. Am J Ophthalmol
2015;160:35-44

Carnevali A, Sacconi R, Corbelli E, et al. Optical co-
herence tomography angiography analysis of retinal
vascular plexuses and choriocapillaris in patients
with type 1 diabetes without diabetic retinopathy.
Acta Diabetol 2017;54(7):695-702

Agemy SA, Scripsema NK, Shah CM, et al. Retinal
vascular perfusion density mapping using opti-
cal coherence tomography angiography in nor-
mals and diabetic retinopathy patients. Retina
2015;35(11):2353-63

Hwang TS, Gao SS, Liu L, et al. Automated quantifi-
cation of capillary nonperfusion using optical coher-
ence tomography angiography in diabetic retinopa-
thy. JAMA Ophthalmol 2016;21:1-7

Lupidi M, Coscas G, Coscas F, et al. Retinal micro-
vasculature in non-proliferative diabetic retinop-
athy: automated quantitative optical coherence to-
mography angiography assessment. Ophthalmic
Res 2017;58:131-41

Coscas G, Lupidi M, Coscas F. Optical coherence to-
mography angiography in diabetic maculopathy. Dev
Ophthalmol 2017;60:38-49

43.

4a.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Zahid S, Dolz-Marco R, Freund KB, et al. Fractal
dimensional analysis of optical coherence tomog-
raphy angiography in eyes with diabetic retinopathy.
Invest Ophthalmol Vis Sci 2016;57:4940-7

Neubauer AS, Kook D, Haritoglou C, et al. Bev-
acizumab and retinal ischemia. Ophthalmology
2007;114:2096

Kook D, Wolf A, Kreutzer T, et al. Long-term effect
of intravitreal bevacizumab (avastin] in patients with
chronic diffuse diabetic macular edema. Retina
2008;28:1053-60

Pereira F, Godoy BR, Maia M, Regatieri CV. Micrope-
rimetry and OCT angiography evaluation of patients
with ischemic diabetic macular edema treated with
monthly intravitreal bevacizumab: a pilot study. Int J
Retin Vitreous 2019:5:24

Lee SJ, Koh HJ. Enlargement of the foveal avascular
zone in diabetic retinopathy after adjunctive intravit-
real bevacizumab (avastin) with pars plana vitrecto-
my. J Ocul Pharm Ther 2009;25:173-4

Karst SG, Deak GG, Gerendas BS, et al. Association
of changes in macular perfusion with ranibizumab
treatment for diabetic macular edema: a subanal-
ysis of the RESTORE (Extension) study. JAMA Oph-
thalmol 2018;136:315-21

Barash A, Chui TYP, Garcia P, Rosen RB. Acute mac-
ular and peripapillary angiographic changes with
intravitreal injections. Retina 2020;40:648-56
Couturier A, Rey PA, Erginay A, et al. Widefield
OCT-angiography and fluorescein angiography as-
sessments of nonperfusion in diabetic retinopathy
and edema treated with anti-vascular endothelial
growth factor. Ophthalmology 2019;126:1685-94
Bird AC, Weale RA. On the retinal vasculature of the
human fovea. Exp Eye Res 1974;19:409-17

Samara WA, Shahlaee A, Adam MK, et al. Quan-
tification of diabetic macular ischemia using op-
tical coherence tomography angiography and its
relationship with visual acuity. Ophthalmology
2017,124:235-44

Mammo Z, Balaratnasingam C, Yu P, et al. Quantita-
tive noninvasive angiography of the fovea centralis
using speckle variance optical coherence tomogra-
phy. Invest Ophthalmol Vis Sci 2015;56:5074-86
Lupidi M, Coscas F, Cagini C, et al. Automated quan-
titative analysis of retinal microvasculature in nor-
mal eyes on optical coherence tomography angiog-
raphy. Am J Ophthalmol 2016:169:9-23

De Carlo T, Chin A, Bonini F, et al. Detection of mi-
crovascular changes in eyes of patients with di-
abetes but not clinical diabetic retinopathy using
optical coherence tomography angiography. Retina
2019;35:2364-70

Al-Sheikh M, Akil H, Pfau M, Sadda SR. Swept-
source OCT angiography imaging of the foveal avas-
cular zone and macular capillary network density
in diabetic retinopathy. Invest Ophthalmol Vis Sci
2016;57:3907-13

Bhanushali D, Anegondi N, Gadde S, et al. Linking
retinal microvasculature features with severity of
diabetic retinopathy using optical coherence to-



58.
59.
60.
6l.
62.

63.

64.

65.

66.

mography angiography. Invest Ophthalmol Vis Sci
2016;57:519-25

Durbin MK, An L, Shemonski ND, et al. Quantifica-
tion of retinal microvascular density in optical co-
herence tomography angiography images in diabetic
retinopathy. JAMA Ophthalmol 2017;135:370-6

Lee H, Lee M, Chung H, Kim HC. Quantification of
retinal vessel tortuosity in diabetic retinopathy using
optical coherence tomography angiography. Retina
2017;38:976-85

Conrath J, Giorgi R, Raccah D, Ridings B. Foveal
avascular zone in diabetic retinopathy: quantita-
tive vs qualitative assessment. Eye (Lond) 2005;
19:322-6

Friberg TR, Lace J, Rosenstock J, Raskin P. Retinal
microaneurysm counts in diabetic retinopathy: co-
lour photography versus fluorescein angiography.
Can J Ophthalmol 1987;22(4):226-9

Couturier A, Mane V, Bonnin S, et al. Capillary
plexus anomalies in diabetic retinopathy on op-
tical coherence tomography angiography. Retina
2015;35(11):2384-91

Nesper PL, Roberts PK, Onishi AC, et al. Quantifying
microvascular abnormalities with increasing sever-
ity of diabetic retinopathy using optical coherence
tomography angiography. Invest Ophthalmol Vis Sci
2017,58(6):B10307-BI0315

Lee J, Moon BG, Cho AR, Yoon YH. Optical coherence
tomography angiography of DME and its association
with anti-VEGF treatment response. Ophthalmology
2016;123(11):2368-75

Hasegawa N, Nozaki M, Takase N, et al. New in-
sights into microaneurysms in the deep capillary
plexus detected by optical coherence tomography
angiography in diabetic macular edema. Invest Oph-
thalmol Vis Sci 2016;57(9):0CT348-55

Parravano M, De Geronimo D, Scarinci F, et al. Dia-

67.

68.

69.

70.

71.

72.

73.

7h.

75.

betic microaneurysms internal reflectivity on spec-
tral-domain optical coherence tomography and op-
tical coherence tomography angiography detection.
Am J Ophthalmol 2017;179:90-6

Vujosevic S, Muraca A, Alkabes M, et al. Early micro-
vascular and neural changes in patients with type 1
and type 2 diabetes mellitus without clinical signs of
diabetic retinopathy. Retina 2019;39(3):435-45
Dmitriev AV, Henderson D, Linsenmeier RA. Devel-
opment of diabetes-induced acidosis in the rat reti-
na. Exp Eye Res 2016;149:16-25

Parravano M, De Geronimo D, Scarinci F, et al. Pro-
gression of diabetic microaneurysms according to
the internal reflectivity on structural optical coher-
ence tomography and visibility on optical coher-
ence tomography angiography. Am J Ophthalmol
2019;198:8-16

Kim K, Kim ES, Kim DG, Yu SY. Progressive retinal
neurodegeneration and microvascular change in di-
abetic retinopathy: longitudinal study using OCT an-
giography. Acta Diabetol 2019;56(12):1275-82
Parravano M, Ziccardi L, Borrelli E, et al. Outer ret-
ina dysfunction and choriocapillaris impairment in
type 1 diabetes. Sci Rep 2021;11(1):15183

van Dijk HW, Verbraak FD, Kok PH, et al. Early neu-
rodegeneration in the retina of type 2 diabetic pa-
tients. Invest Ophthalmol Vis Sci 2012;53(6):2715-19
Borrelli E, Abdelfattah NS, Uji A, et al. Postreceptor
neuronal loss in intermediate age-related macular
degeneration. Am J Ophthalmol 2017;181:1-11
Borrelli E, Palmieri M, Viggiano P, et al. Photore-
ceptor damage in diabetic choroidopathy. Retina
2020;40(6):1062-9

Nagaoka T, Kitaya N, Sugawara R, et al. Alter-
ation of choroidal circulation in the foveal region
in patients with type 2 diabetes. Br J Ophthalmol
2004;88(8):1060-3

31



Chapter 3 - Ultrawide-field imaging evaluation of diabetic macular edema

32

3. Ultrawide-field imaging evaluation
of diabetic macular edema

Wide-field (WF) and ultrawide-field [UWF] techniques, developed to expand

the retinal field of view, have allowed to explore areas of the retina far from

the center and to study peripheral lesions. The next sections describe applications
of WF and UWF techniques to color fundus photography, fluorescein

angiography (FA], and optical coherence tomography angiography (OCTA)

Multicolor fundus imaging
and ultrawide-field
color fundus photography

Multicolor imaging is a non-invasive im-
aging procedure, which consists in taking en-
face pictures of the retina using three laser
lights with different wavelengths (blue, A = 488
nm; green, A = 518 nm; infrared, A = 820 nm)
to identify lesions in retinal layers!”. The blue
laser, with the shortest wavelength, analyzes
the inner retinal and vitreoretinal interface. The
green laser, thanks to its greater penetration
and absorption by hemoglobin, allows to iden-
tify retinal vessels and intraretinal exudation.
The infrared laser, the most penetrating one,
evaluates the deepest layers including the reti-
nal outer layer, retinal pigment epithelium, and
choroid?3l. Compared with color fundus pho-
tography, multicolor imaging provides higher
contrast and resolution. Moreover, thanks to
the greater penetration of laser versus visible
light, media opacities have less influence than
in color fundus photography!®. The increased
permeability of retinal capillaries in diabetic
retinopathy (DR) leads to the extravasation of
lipids and lipoproteins into retinal layers, which
results in the development of diabetic macular
edema [DME) and hard exudates. The presence
of hard exudates correlates with a worse prog-
nosis of DME; conversely, the reduction in the
number of hard exudates is associated with
an improvement in DME. For this reason, an-
alyzing the location, number, and possible pro-

gression of hard exudates is helpful in the eval-
uation of DME. Multicolor imaging has proven
useful for this purpose, as this exam appears
to be better and more convenient for the identi-
fication of DME than color fundus photography.
In addition, hard exudates appear brighter and
more visible and are therefore easier to detect
with multicolor imaging than with color fundus
photography!“!.

When screening for DR/DME, visual acu-
ity measurements and fundus biomicroscopy
are generally performed to confirm the fundus
condition (Figures 1 and 2J. This first step pro-
vides reproducible measurements for normal
eyes and for DR eyes with or without macu-
lar edema. However, studies have shown that
optical coherence tomography (OCT) is more
sensitive for small changes in retinal thick-
ness, compared with biomicroscopy or color
fundus photography®® (Figures 1 and 2). As
shown by Figures 1-3, with UWF techniques it
Is possible to increase the fundus field of view
and to visualize peripheral areas of the retina.

Ultrawide-field fluorescein
angiography

FA, introduced in 1960 by Novotny and Al-
vis, was the first tool to analyze vascularization
in retinal vascular diseases, including DRI,
The procedure consists in injecting intrave-
nously a dye, fluorescein, 80% of which binds
to serum proteins, mostly albumin, while 20%



PRP in PDR Ultrawide-field modality
- . .

Figure 1. Color fundus photograph at the posterior pole and UWF color fundus photograph of a diabetic eye with panretinal photocoagulation scars.
The B-scan OCT reveals the absence of DME. PRP, panretinal photocoagulation; PDR, proliferative diabetic retinopathy.

PRP in PDR Ultrawide-field modality
*:"d—' ' .

Figure 2. Color fundus photograph at the posterior pole and UWF color fundus photograph of a diabetic eye showing retinal detachment with subretinal
proliferation membranes. The OCT B-scan reveals subretinal proliferation. PRP, panretinal photocoagulation; PDR, proliferative diabetic retinopathy.
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remains free in the blood. Thanks to the tight
junctions between endothelial cells, which es-
tablish the inner blood-retinal barrier, and to
the apical junctions of the retinal pigmented
epithelium, which form the outer retinal barri-
er,the dyeis confined withinthe retinal vessels.
In retinal vascular diseases, including DR, the
inner blood-retinal barrier is damaged. There-
fore, fluorescein can leak out of vessels giving
rise to hyperfluorescence signals. To evaluate
the integrity of the blood-retinal barrier, an
expert operator takes retinal pictures at early
(from the injection of fluorescein to 1 min and
30 seconds), intermediate (from 1 minute and
30 seconds to 5 minutes), and late (from 5 to
10 minutes) time points following fluorescein
injection, using a digital fundus camera.

Traditional FA allows to view approxi-
mately 30° of the retina in one shot, while about
75° can be analyzed using the Early Treat-
ment for Diabetic Retinopathy Study (ETDRS)
seven-standard fields (7SF). UWF FA was in-
troduced in 2000 (Optos PLC, Dunfermline,
Scotland, UK]. This technique allows to visu-
alize 200° of the retina in a single picture!”
(Figures 1-3). The advantages of a greater
field of visualization have been demonstrated
by Wessel et al.: UWF FA was found to high-
light non-perfusion areas 3.9 times more than
traditional FA, neovascularization 1.9 times
more, and panretinal photocoagulation scars
3.8 times morel®. Moreover, the identification
of a greater proportion of predominantly pe-
ripheral lesions was found to correlate with an
increased risk of DR progression!”. Predomi-
nantly peripheral lesions were represented by
microaneurysms, hemorrhages, venous bead-
ing, intraretinal microvascular abnormalities,
and new vascularization elsewherel”.

Several studies using UWF FA have eval-
uated the correlation between peripheral ret-
inal ischemia and DME. Wessel et al. demon-
strated that patients with retinal ischemia
were 3.75 times more likely to have DMENY,
Leakage index, ischemic index (which express-
es the percentage of ischemia over the total
retina), and microaneurysm count resulted
higher in diabetic eyes with DME than in dia-
betic eyes without DMEY!. Furthermore, Patel
et al. highlighted that unresolved DME was

linked to larger ischemic areas in UWF FA and
to more severe DRI". Other studies, however,
found that non-perfusion areas and ischemic
index did not correlate with central macular
thickness (CMT) and macular volumel'?. Ac-
cording to the authors a possible explanation
was that in ischemic areas, in the absence of
blood supply, the production of vascular endo-
thelial growth factor (VEGF) was decreased,
due to retinal cell dysfunction. At the same
time, the presence of DME in diabetic eyes with
few non-perfusion areas suggested that even
a small ischemic area could be sufficient to
stimulate VEGF production!'?,

UWF FA may be useful in all stages of DR,
from early disease to the advance neovascular-
ization stage (Figure 3). Furthermore, advances
in UWF FA devices allow targeted retinal pho-
tocoagulation of non-perfusion areas visualized
by UWF FA; this strategy has been applied with
good outcomes in terms of neovascularization
regression and CMT reduction, with no report-
ed adverse effects!™®. Therefore, UWF FA may
also play a role in identifying DR patients who
are likely to benefit from surgical treatment.

Ultrawide-field optical
coherence tomography
angiography

WF and UWF imaging of the retina allows
to capture a greater field of view and to inspect
peripheral areas of the retina. Conventional
fundus camera cover between 20° and 50° fun-
dus field of view, while UWF techniques cover
up to 200° fundus field of view and morel’314],
As seen in the previous section, the ability to
visualize peripheral retina lesions and to ob-
tain a more comprehensive picture of the retina
has significantly changed the assessment and
grading of DR. In particular, studies comparing
standard-field FA and UWF FA imaging have
shown that UWF imaging identifies significantly
more neovascularization and non-perfusion ar-
eas than standard imaging!™*.

UWF modalities have been applied also
to OCTA imaging!'™®. As described in Chapter 2,
OCTA is a further development of OCT, which
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Ultrawide-field FA

UWF FA using the California-Optos® device. The near infrared (IR) image shows the focal hyporeflective dots suggesting macular involvement
of DR; the green horizontal line defines the position of structural OCT. The B-scan OCT shows intraretinal edema involving mainly the outer nuclear layer.
UWEF FA reveals non-perfusion in the peripheral-temporal area and tiny white dots across all peripheral retina and in the macular region.

evaluates retinal microvasculature by detecting
the flow of red blood cells within the vessels. In
OCTA, the field of view is limited by the speed
of image acquisition"™. Standard OCTA systems
have animaging speed of about 70 kHz and fields
of view comprised between 3x3 and 6x6 mm2l1),
Wider fields of view (up to 12x12 mm? and 50°)
in a single scan can be achieved with faster (100
kHz), swept source (SS) OCTA systems |
)1 More than 50° field of view can be
achieved with the montage of two 15x9 mm?im-

ages (superior and inferior) and 5).
Several small studies have evaluated UWF
OCTA, especially in comparison with FA mo-
dalities, for the diagnosis of DR and the evalu-
ation of response to treatment, highlighting the
potential of this approach for the detection of
intraretinal microvascular abnormalities, reti-
nal non-perfusion areas, and neovasculariza-
tionl1617 ).

The first attempt to extend the field of
view with OCTA was done with SS OCTA using
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Figure £. Fields of view that can be achieved with WF OCTA. A, a 12x12 mm? WF SS OCTA provides 50° field of view; this image was acquired using SS
OCTA PLEX® Elite 9000 (Zeiss) in a patient with non-proliferative DR showing abnormalities in the foveal avascular zone and in the vascularization of the
superficial capillary plexus. In the temporal sector non-perfusion areas, microaneurysms, and vascular loops are recognized. B, a 15x9 mm? montage
provides >b0° field of view; this image was obtained in the same patient using the same device as in panel A. The wider field of view extends to the mid
periphery. Non-perfusion areas, microaneurysms, and vascular loops are recognized especially in the temporal sector.

the montage of 5 images!'®. This study in 33
patients (58 eyes] with DR compared the abili-
ty of UWF FA and wide-angle OCTA (12x12 mm?
fields of five visual fixations) to detect non-per-
fusion areas and neovascularization. OCTA was
found to have elevated sensitivity and specific-
ity for the detection of both markers (0.98 sen-
sitivity and 0.82 specificity for the detection of
non-perfusion areas; 1.0 sensitivity and 0.97
specificity for the detection of neovasculariza-
tion), overlapping with the performance of UWF
FAUS! Another attempt to extend the field of
view was performed by Pellegrini et al."” with a
prototype of +20.00-diopter lens designed spe-
cifically by Zeiss. The objective of this study was
to compare the performance of SS OCTA, with
and without the extended field imaging tech-
nique (EFI), with standard FA in the setting of
clinical practice. The study found that SS OCTA
with EFI captured larger areas than SS OCTA
without EFl and FA. Without the use of mon-
tage techniques, and in a single scan, OCTA
was therefore able to obtain more information
on the retina.

The superior accuracy of OCTA over FA
in delimiting capillary non-perfusion areas is
well established!?”. Several studies have used

Figure 5. Example of a 15x<9 mm” montage WF SS OCTA image. The image
was acquired using WF SS OCTA PLEX® Elite 9000 (Zeiss) in a patient
with non-proliferative DR showing vascularization abnormalities in the
superficial capillary plexus. Non-perfusion areas are visible in the mid
periphery.
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Figure 6.SS 0CTAimage in a patient with proliferative DR. The image acquired using PLEX® Elite 9000 (Zeiss) shows abnormalities in the foveal avascular
zone and in the vascularization of the superficial capillary plexus (Lower panel). Neovascularization is visible in the optic disc and the superior mid periph-
ery. Co-recorded OCT with flow overlay OCTA (upper panel) shows advanced retinal neovascularization with a breach in the internal limiting membrane

and growth towards the posterior hyaloid.

OCTA to investigate the association between
non-perfusion and disease severity. A correla-
tion between the extension of non-perfusion
areas and the severity of disease was report-
ed in a study using WF SS OCTA, along with a
semiautomatic system for image processing
and quantitative analysis of capillary non-per-
fusion (68 diabetic patients, 73 eyes)i?. In the
eyes without DR, the mean rate of non-perfu-
sion areas was 0.1%: this rate increased to 2.1%
in eyes with non-proliferative DR and to 8.5%
in eyes with proliferative disease, with the dif-
ferences between disease grades being statis-
tically significant. These results suggested that
capillary non-perfusion areas in the peripheral
retina increase with worsening of retinopathy
and that WF OCTA may be suitable for moni-
toring the course of DR. Of note, no statistically
significant difference in mean non-perfusion
areas was found between proliferative DR with

and without DME. A study used WF SS OCTA
to examine perfusion density of the central and
peripheral retina of 94 diabetes patients (94
eyes) with or without DR. Perfusion density was
found to correlate significantly with the severity
of DR, providing a sensitive and specific marker
of disease worsening??. The study also showed
that WF SS OCTA is a valuable tool for the eval-
uation of central and peripheral retinal perfu-
sion in patients with or without DR. Using WF
SS OCTA, Russel et al. demonstrated that neo-
vascularization elsewhere in proliferative DR
was most prevalent supertemporal, with 99.4%
of treatment-naive eyes showing neovascular-
ization within the simulated WF SS OCTA field
of view!?®!. Disc-centered instead of fovea-cen-
tered retinal quadrants increased the detection
of neovascularization. Combined with the re-
sults from previous studies of WF SS OCTA for
the identification of neovascularization in pro-
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liferative DR, these findings suggested that WF
SS OCTA alone may be sufficient for the diagno-
sis and longitudinal assessment of proliferative
DRI231

WF OCTA is useful not only for diagnos-
ing and grading DR, but also for assessing re-
sponse to treatment. Couturier et al. assessed
the changes in retinal non-perfusion areas
following anti-VEGF therapy in patients with
DME, using WF SS OCTA and UWF FA (9 pa-
tients, 10 eyes)?4].

Imaging was performed at baseline and 1
month after the third injection of anti-VEGF. In
80% of the eyes, the DR score improved with
treatment by at least 1 stage. WF SS OCTA
detected approximately 30% more non-per-
fusion areas. Neither technique was able to
detect reperfusion of retinal vasculature at 3
months of anti-VEGF treatment. In the study by
Russell et al. mentioned above, WF SS OCTA
and UWF FA were compared in their ability to
evaluate changes in neovascularization from
baseline to 3 months following panretinal pho-
tocoagulation!?®. The two imaging techniques
appeared comparable in their ability to detect
and monitor neovascularization at baseline and
3 months after treatment. Based on UFW FA
assessment at 3 months from treatment, 47%
of the eyes had progressed and 53% had re-
gressed; WF SS OCTA provided similar rates
of progression and regression. Notably, at
baseline, WF SS OCTA was able to distinguish
between intraretinal microvascular retinal ab-
normalities — one of the features of DR - and
neovascularization - the key marker of prolifer-
ative DR. WF SS OCTA may therefore be able to
detect the subtle vascular changes that cause
disease progression!? In a similar study,
these authors evaluated retinal non-perfusion
areas with the two techniques before and after
treatment with panretinal photocoagulation!?®.

Both techniques were comparable in detecting
retinal non-perfusion areas at baseline and fol-
lowing treatment. Panretinal photocoagulation
did not seem to affect non-perfusion areas that
remained stable for up to 1 year following treat-
ment. More recently, Lupidi et al. assessed ret-
inal neovascularization in proliferative DR be-
fore and after photocoagulation laser therapy,
using OCTAR. The authors confirmed that the
quantitative OCTA assessment of laser-induced
changes in retinal neovascularization can be a
useful, non-invasive approach for determining
treatment efficacy. A »40% reduction of retinal
neovascularization areas or vascular perfusion
density may help identify eyes that will not re-
quire additional treatment. Retinal perfusion
impairment seemed to progress independently
of treatment!?®!,

OCT techniques, which have been tradi-
tionally used for the evaluation of DME, provide
three-dimensional information and are thereby
able to show in detail the layered structure of
the retina and to distinguish between neovascu-
larization and intraretinal microvascular retinal
abnormalities (see Chapter 2). Unlike FA, which
requires the injection of fluorescein, OCTA is not
invasive and can be performed at every visit. WF
techniques are revolutionizing the evaluation of
DR by visualizing the consequences of periph-
eral retinal ischemia. Evidence shows that WF
OCTA can diagnose proliferative DR with ac-
curacy and, in particular cases, this technique
may replace FA, which has been for long the
mainstay of DR imaging!'’. In addition, prelim-
inary evidence suggests that WF OCTA may be
a valuable tool for monitoring disease progres-
sion and assessing the response to treatment
of DR. Further effort is needed to standardize
iImage acquisition techniques, increase the field
of view, and reduce the occurrence of WF-relat-
ed artifacts.
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4. Clinical cases

The three clinical cases that follow are representative examples of patients with
diabetic retinopathy (DR), with or without diabetic macular edema (DME], encountered
in clinical practice. The three patients, aged from 20 to 57 years, had a >10-year history
of type 1 diabetes. Due to the severity of their retinopathy (presence of DME in case

1, proliferative DR in case 2, and rapid worsening of disease in case 3], they were all
eligible for treatment with an anti-vascular endothelial growth factor (VEGF) agent.
Anti-VEGF therapy [combined with photocoagulation in case 2] was associated with
improvements detectable by multimodal retinal imaging already after T month.

The benefits of the therapy were sustained and the patient of case 3 could be switched
to a pro re nata regimen of anti-VEGF, after 1 year

Clinical case 1

The 37-year old female patient of this case
had a 20-year history of type 1 diabetes mellitus
and presented with DME affecting both eyes (gly-
cosylated hemoglobin, HbAlc, at presentation,
8.9%). DME was characterized by the presence
of subretinal fluid and a few hyperreflective foci
(HRF) on optical coherence tomography (OCT)
scans. DR manifested with hemorrhage at mul-
tiple sites. At presentation, best corrected visu-
al acuity (BCVAJ was 20/50 for both eyes; cen-
tral retinal thickness (CRT) was 818 um at the
right eye and 729 um at the left eye. Both eyes

were phakic. Treatment of both eyes with an an-
ti-VEGF agent was initiated as recommended for
DME [one monthly injection for five times, fol-
lowed by one injection every two months). Treat-
ment was associated with edema resolution and
a substantial improvement of visual acuity. After
12 months of treatment, BCVA had improved to
20/32 in the right eye and 20/20 in the left eye;
CRT had decreased, respectively, to 311 pm and
287 pym. As shown in the color fundus photo-
graphs of Figure 1, DR also improved consider-
ably with anti-VEGF treatment in both eyes.



Right eye
Baseline 12 months
BCVA 20/50; CRT 818 pm BCVA 20/32; CRT 311 pm

Figure 1. Color fundus
photographs (upper pan-

Left eye els) and OCT scans (lower
Baseline 12 months panels) of the right and left
BCVA 20/50; CRT 729 um BCVA 20/20; CRT 287 pm eyes at presentation and

after 12 months of intra-
vitreal anti-VEGF treatment.
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Clinical case 2

Figure 2 shows ultrawide-field (UWF)
color fundus photographs and wide-field op-
tical coherence tomography angiography (WF
OCTA) images of both eyes of a 57-year old
man presenting with uncontrolled type 1 di-
abetes [(HbATc, 12.9%). These photographs
taken at presentation revealed the presence
of proliferative DR without DME in both eyes
(Figure 2A and B). WF OCTA (15x9 mm? mon-
tage) showed the presence of new vessels
appearing as multiple, tangled flow signals
associated with non-perfusion retinal areas

Chapter 4 - Clinical cases

in both eyes (Figure 2C and DJ]. The patient
received a combined treatment with intravit-
real anti-VEGF therapy and pattern panretinal
photocoagulation. After T month of this regi-
men, UWF fundus photography and WF OCTA
showed partial disease resolution in the right
eye (Figure 3A and C) and complete disease
resolution in the left eye (Figure 3B and D).
Of note, WF OCTA imaging was able to visual-
ize persistent areas of retinal non-perfusion
in both eyes also after treatment (Figure 3C
and D).

Figure 2. UWF color fundus photographs of the right (A) and left (B) eyes and WF OCTA of the right (C) and Left (D) eyes at presentation.



Figure 3. UWF color fundus photographs of the right (A) and left (B) eyes and WF OCTA of the right (C) and left (D) eyes after 1 month of combined treat-
ment with anti-VEGF and pattern panretinal photocoagulation.
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Clinical case 3

Right eye

This patient was a
20-year old woman with
type 1 diabetes and sys-
temic hypertension. The
patient had been diag-
nosed with diabetes at
the age of 10 years. She
had been using an insu-
lin infusion pump for 3
years. At presentation,
her HbAlc was 7.5%.
Both eyes were phakic
and intraocular pressure
was normal (14 mmHg
in the right eye and 12
mmHg in the left eyel.
BCVA was 10/10 for the
right eye and 8/10 for the
left eye. CRT was 332
pm in the right eye and
394 pm in the left eye.
Color fundus photogra-
phy and fluorescein an-
giography [(FA) revealed
signs of severe non-pro-
liferative DR in the right
eye and proliferative DR
in the left eye with neo-
vascularization on the
optic disc. OCT scans
showed foveal thickness
increase  [more  pro-
nounced in the left eye)
with a small amount of
intra- and subretinal flu-
id (Figure 4). One month
after presentation, OCT
and other parameters
indicated a substantial disease worsening in
the left eye (BCVA 6/10, CRT 725 pym] (Figure
5). Intravitreal anti-VEGF therapy was there-
fore initiated in the left eye as recommend-
ed (one monthly injection for five times, fol-
lowed by one injection every two months).
One month following the first five intravit-
real injections of anti-VEGF, OCT showed
a substantial improvement of the left eye
(Figure é), paralleled by improved BCVA

Left eye

Figure £. Right and left eyes at presentation. A, UWF fundus photography and UWF FA; B, OCT.

(10/10) and decreased CRT (317 um). These
improvements were sustained with the bi-
monthly regimen of anti-VEGF (BCVA 10/10,
CRT 315 um) associated with a regression of
the neovascularization of the optic disc, while
imaging and clinical parameters of the right
eye remained stable (Figure 7). After 1 year,
anti-VEGF therapy was administered accord-

ing to a pro re nata regimen for 2 years (BCVA
10/10, CRT 275 pm at 2 years) (Figure 8.
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Left eye

OCT of left eye 1 month following presentation.

Left eye

OCT of left eye at 1 month after five monthly anti-VEGF intravitreal injections.
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Right eye Left eye

Figure 7. Imaging of right and left eyes 1 year after treatment (loading phase and q8) to the left eye. A, UWF fundus photography and UWF FA; B, OCT.

Left eye

Figure 8. Imaging of left eye at 2 years of follow-up. A, OCT; B, FA; C, OCT angiography en-face images (upper panels) and corresponding B-scans with
flow (Lower panels).
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9. Future perspectives

In this final chapter we provide an overview of the most relevant developments
in the management of diabetic retinopathy [DR] and diabetic macular edema
[DME] that can be expected in the near future

Artificial Intelligence
applications for diabetic
retinopathy and diabetic
macular edema

Screening for DR coupled with early refer-
ral and treatment has proven a valuable strat-
egy for preventing vision loss and blindness.
Thus, retinopathy screening programs have
been instituted worldwide. DR screening can be
performed by different healthcare profession-
als (ophthalmologists, general practitioners,
optometrists, medical technicians, and medical
photographers) and is usually based on color
fundus photographs that can be acquired with
different methods!". Evidence indicates, how-
ever, that the adherence to the recommend-
ed screening schedule is far from optimal for
a variety of reasons, including high costs and
low accessibility to eye examination services!?.
In addition, the global prevalence of diabetes
has dramatically increased over the past few
decades. This trend is expected to continue
in the future due to the aging population and
the epidemic of obesity worldwide, posing a
serious challenge to the feasibility of conven-
tional screening programs!?. Therefore, there
Is an urgent need to improve DR screening in
terms of accessibility, efficiency, rapidity, and
optimization of resource use. Telemedicine and
automated eye exams based on Al are attract-
ing considerable attention as key strategies for
potentiating current DR screening programs!®:4!
(Figure 1).

The major advances in digital and tele-
communication technologies in recent years
are no doubt contributing to the implementation
of telemedicine in routine clinical practice and

the development of Al-based medical assess-
ments4. Telemedicine, defined as the delivery
of medical care using communication technol-
ogies that allow physicians to visit their patients
remotely, has been practiced for several de-
cades but the global healthcare crisis caused
by the pandemic of coronavirus disease 2019
(COVID-19) has renewed the interest for it. The
unprecedented crisis of the past two years has
indeed forced healthcare systems worldwide
to adopt innovative technologies for the remote
delivery of medical services.

The concept of “artificial intelligence”
was introduced in the late '50s and refers to
the development of computational machines
that mimic neural networks and replicate hu-
man intelligence to perform complex tasks!"3.
Machine learning is an Al process in which a
machine is capable of programming itself and
learning how to perform a task like, for ex-
ample, distinguishing fundus photographs of
DR from fundus photographs of eyes with no
DR. The learning process involves training the
machine by submitting to it a large number of
fundus images (the training dataset] previously
annotated by experts as DR or non-DR. Based
on the training dataset, the machine learns to
produce its own answers; these are checked by
the machine against the correct ones and the
learning process is repeated until a pre-defined
level of correct answers is achieved®®. Deep
learning is a type of machine learning technol-
ogy, which was developed in the early 2000s
and is frequently used in current Al-based de-
vices. The term “deep” refers to the fact that
the artificial neural network has multiple layers
with distinct functions, which ensures greater
accuracy compared with other Al methods and
allows the performance of demanding tasks!®%.
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Figure 1. Steps involved in telemedicine- and Al-based screening of DR.

In medicine, the main application of deep
learning has so far been in specialties that are
strongly based on imaging analysis, including
radiology, pathology, dermatology, and oph-
thalmology!®. Deep learning systems have
been successfully used for the diagnosis of tu-
berculosis from chest X-ray images, malignant
melanoma on skin photographs, and lymph
node metastases on biopsies of breast cancer
patients!!. Ophthalmology is also Witnessing
diagnostic innovations brought about by All:3:4]
Of note, the first fully automated Al system to
be granted approval by the FDA in any field of
medicine was a tool for the detection of DR
Deep learning-based techniques have been
developed for the detection of DR, glaucoma,
AMD, and retinopathy of prematurity, mostly on
fundus photographs!™. Studies describing the
application of deep learning to the analysis of
optical coherence tomography (OCT) scans of

patients with various ocular conditions have
also been reported!".

In recent years, several Al-based algo-
rithms for automated DR screening using fun-
dus photographs have become commercially
available and, since 2016, several validation
studies have been published(®""; reviewed

inl:34) These studies have con5|stently shown
that deep learning systems are capable of de-
tecting DR on color fundus photographs with
high sensitivity and specificity comparable to
that of human graders, suggesting the poten-
tial of Al for reliable and efficient DR screen-
ing. The prospective pivotal trial, that led to the
US FDA authorization of the first Al-based tool
for clinical use, enrolled 900 diabetes patients
with no history of retinopathy and compared
the diagnostic performance of the system to
an independent, high-quality standard that in-
cluded fundus imaging and OCT scans!”. With



a sensitivity of 87.2% and a specificity of 90.7%
in detecting referable DR, the system met the
pre-specified superiority endpoints and demon-
strated that fully automated Al-based screen-
ing of DR is feasible in the setting of primary
carel”. A recent meta-analysis of 60 studies
(and 445,175 interpretations) of machine learn-
Ing-based systems for DR detection on fundus
photographs confirmed that automated sys-
tems provide accurate diagnosis of referable
disease!?.

Given the importance of multimodal im-
aging for the early diagnosis of DR and DME,
as discussed in the previous Chapters of this
book, it is not surprising that deep learning has
been implemented also for the automated in-
terpretation of OCT scans!"“. OCT provides a
detailed view of retinal layers that are not visi-
ble on fundus photographs, and it is crucial for
the detection and management of DME. Several
studies have evaluated the applicability of deep
learning to OCT scans for the identification and
classification of DME and other ophthalmolog-
ic conditions, and have suggested the feasibil-
ity of Al-based OCT interpretation in clinical
practicel’?®! (reviewed by Ting et al.m and Li et
al.). In a recent study, an ensemble Al system,
which consisted of multiple deep learning and
classical machine learning models, was shown
to accurately predict post-treatment central fo-
veal thickness and best-corrected visual acuity
based on OCT scans!"!. Thus, Al may be use-
ful also for predicting the efficacy of anti-VEGF
therapy.

The results emerging from studies on
deep learning-based diagnostic and prognostic
systems are no doubt promising, but several is-
sues surrounding this approach and its imple-
mentation in clinical practice have been raised,
including: quality of dataset used for machine
training and algorithm validation; algorithm
transparency; data security and privacy; accep-
tance by patients and clinicians; regulatory and
medico-legal questions (including liability and
patient safety)!". The accuracy of diagnosis re-
lies heavily on the annotated data used for ma-
chine training as well as for algorithm valida-
tion. The quality of the images to be diagnosed
Is also important. A recent study compared
the diagnostic performance of an automated
Al-based DR algorithm on images taken with

two different technologies, a conventional flash
fundus camera and a LED confocal scanner!'®l.
The latter system had previously demonstrated
higher diagnostic accuracy than fundus photog-
raphy!’®l. The Al-automated system achieved
significantly greater sensitivity and specific-
ity on images acquired with the LED confocal
scanner than with the conventional flash fun-
dus cameral'®,

Data standardization and transparency of
Al-based techniques will be crucial to ensure
high quality and patient safety. Transparency is
relevant also for explaining the diagnostic re-
sults. Current deep learning systems are in-
scrutable black-boxes and for most of them it is
unclear how a certain diagnostic decision was
made. The inability to understand the processes
underlying the diagnostic algorithm may have a
negative impact on its acceptance by patients
and clinicians. Great efforts are being made by
health authorities worldwide to define the regu-
latory framework for Al use in medicine!'”. Ac-
cording to the US FDA, Al-based technologies
are distinct from conventional medical devices.
In a joint effort with the International Medical
Device Regulators Forum (IMDRF]), the FDA has
defined a new category called Software as Med-
ical Device (SaMD). A formal definition of SaMD
and an updated framework regulating this new
category have been issued by the IMDRF?%
IMDRF guidance on Al is continuously updat-
ed based on real-world performance datal?".
According to the European Commission, “soft-
ware programs created with the clear intention
to be used for medical purposes are considered
medical devices"?223 Al-based technologies
appear to meet this definition. The General Data
Protection and Regulation (GDPR] issued by the
European Union and effective since 2018 states,
in one of its articles, the right of citizens to re-
ceive an explanation for algorithm decisions. It
has been pointed out that this statement may
potentially limit the use of current black-box
algorithms and slow down the implementation
of Al in clinical practicel®?* In the long-term,
however, regulations that promote transparen-
cy, patient trust and engagement may improve
implementation and acceptance of Al strategies
in healthcare!®l,

The future of multimodal imaging for the
management of DR and DME will certainly in-
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clude Al-based tools, which are expected to DME. These systems should therefore contrib-
revolutionize the management of ophthalmo- ute to improving screening programs and DME
logic diseases. Deep learning systems have management. Further research is required to
proven capable of interpreting large sets of establish whether the implementation of Al in
fundus photographs and OCT scans, providing clinical practice will also improve the outcomes
accurate diagnosis and classification of DR and of patients with DR.
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