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Abstract

Various imaging modalities are of significant utility in the screening, grading, treatment, and follow-up of the different stages
of diabetic retinopathy (DR) and diabetic macular edema. Color stereographic photography, fluorescein angiography, and
optical coherence tomography (OCT) have been the gold standard for DR imaging for years. Besides these tools, newer
technologies are gaining validation and popularity, such as fundus autofluorescence and OCT angiography. Furthermore,
widefield retinography and ultra-widefield retinography have been introduced for a more comprehensive evaluation of the
medium-far and very-far retinal peripheries, which is crucial for the assessment of the diverse manifestations of the disease.
The aim of this review is to illustrate the recent advancements of the imaging systems for diagnosing DR, with a focus on

the newest and noninvasive diagnostic tools.

Keywords Diabetic retinopathy - Diabetic macular edema - OCT angiography - Imaging techniques - Ultra-widefield

imaging

Currently, around 422 million adults are suffering from dia-
betes worldwide, according to data published in 2016 by
the World Health Organization (WHO); the projections to
2030 predict an increase in its global prevalence up to 750
million [1]. Diabetic retinopathy (DR) is the main cause of
severe visual impairment in these subjects [2—4]; specifi-
cally, proliferative DR (PDR) with its complications (vit-
reous hemorrhage, tractional retinal detachment, and neo-
vascular glaucoma) and diabetic macular edema (DME) are
mainly responsible for visual loss [5].

Approximately 98% of blindness from DR and DME is
preventable with both public health screening programs and
prompt therapeutic intervention; the aim of DR screening
programs is to recognize early signs of the disease, and this
can be achieved through a combination of specialized, non-
invasive diagnostic tests; these include fundus examination
after pharmacologic pupil dilation and fundus photography
with non-mydriatic fundus camera. A prompt therapeutic
approach can thus be implemented if any sign of DR is
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detected on screening, before the onset of advanced DR,
which would dramatically lower the efficacy of currently
available treatment options [6].

Both screening and fine specialized diagnostic of DR
have been revolutionized in the past years with the advent
of newer, less invasive retinal imaging modalities. Direct
ophthalmoscopy and indirect ophthalmoscopy have been the
standard of care for many years. Ophthalmoscopy allows
for screening and clinical staging of the disease; despite
its noninvasiveness, this technique has several drawbacks,
including its subjectivity and the need for cooperation
(many patients might be limited by intense photophobia).
Furthermore, adequate pupil dilation is needed in order to
fully explore the peripheral retina (response to mydriatic
drops might be suboptimal, especially if laser or intraocular
surgery has been performed).

Non-mydriatic and mydriatic stereographic fundus cameras
have been demonstrated to be cost-effective, objective diag-
nostic tools to obtain digital photographs, which can be stored
and, eventually, sent for distant grading by trained technicians/
ophthalmologists. This technique allows to categorize the dis-
ease in a non-proliferative or in a proliferative stage, accord-
ing to internationally accepted criteria [7]; however, despite
the aforementioned techniques can provide indirect signs of
the extent of capillary non-perfusion and the disruption of
the blood-retinal barrier (BRB), functional perfusion-based
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examinations are still required to recognize the extent of the
impairment of the retinal microcirculation.

Fluorescein angiography (FA) is a dynamic technique in
which a fluorescent dye is injected into the bloodstream to
highlight the blood vessels in the back of the eye so that they
can be photographed in different time points of dye transit. FA
shows microaneurysms as early hyper-fluorescent dots, while
capillary ischemia from non-perfused retinal areas or intraret-
inal/vitreous hemorrhages appear as hypo-fluorescent areas.
Other pathologic findings that can be seen on FA include the
enlargement of the foveal avascular zone (FAZ) and intrareti-
nal microvascular abnormalities (IRMA). Since fluorescein
is partially unbound to plasmatic proteins, the dye leaks out
from vessels in case of BRB damage. This is best exempli-
fied in DME: FA shows diffuse hyper-fluorescence in the late
frames, which may assume a flower-petal pattern (cystoid
macular edema), due to the disruption of the endothelial tight
junctions that form the internal BRB. In eyes with PDR, retinal
or optic disk neovascularization is characterized by intense late
fluorescein leakage [8]. Although very useful, FA is an inva-
sive technique and can very rarely be accompanied by serious
adverse events, primarily allergic reactions up to anaphylaxis.
In addition, FA only appropriately images the superficial reti-
nal vessels, while it does not allow for good visualization of
the deep retinal plexus and of the choroidal vessels.

Optical coherence tomography (OCT) aids in DR assess-
ment by revealing pathological changes in both a qualitative
manner (i.e., DME pattern, presence and aspects of cysts,
fluid localization, integrity and reflectivity of retinal layers)
and a quantitative (i.e., macular volume, central and sectorial
retinal thickness) manner. These indices have been looked at
as primary anatomical endpoints in both randomized clinical
trials (RCTs) investigating either laser or intravitreal agents,
and in the real-life clinical practice for treatment planning and
accurate follow-up of patients with DME. Finally, OCT angi-
ography (OCTA), a novel, dye-less, noninvasive test that com-
bines information from both retinal morphology and perfusion,
analyzes the superficial (SCP) and the deep capillary plexuses
(DCP) of the inner retina. Through a combination of fundus
photography, FA, OCT, and OCTA, clinicians can now gather
combined data on the level of ischemia, on the chronicity of
the manifestations, and on the potential response to different
treatments.

The aim of this review is to illustrate the recent advance-
ments in the imaging systems for the diagnosis of DR, with
a focus on the newest noninvasive diagnostic techniques. All
procedures performed in this study were in accordance with
the ethical standards of the institutional research committee of
the San Raffaele Institute and with the 1964 Helsinki declara-
tion and its later amendments. All the participants signed a
written consent before using their data for scientific purposes.
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Widefield and ultra-widefield fundus
photography

Traditional fundus retinography and fluorangiographic
photograms only include 30° of the posterior pole (i.e.,
the macular region and the optic nerve head); this method
was at the basis of the Early Treatment Diabetic Retin-
opathy Study (ETDRS) grading system, which included a
13-level DR severity scale classification [9]. Despite being
optimal for imaging pathologic changes of the optic nerve
and of the macula, this field is inadequate for the imaging
of the medium-far and very-far retinal peripheries, which
is crucial to identify early signs of the disease in patients
who are otherwise judged healthy by traditional methods
and who are at increased risk of progression toward more
severe stages of retinopathy [10, 11]. As a consequence,
widefield (WF) and ultra-widefield (UWF) retinal imaging
techniques have been gaining increasing importance in the
scientific community.

UWF imaging allows for simultaneous evaluation of the
peripheral and central retina without the requirement of
eye steering. UWF images can be obtained through three
methods: (1) assembling of individual smaller-field photo-
graphs, (2) adding lenses to the traditional fundus camera,
and (3) using dedicated wide-angle devices.

The first attempt to gather UWF imaging was the ETDRS
7 standard fields (7SF) protocol, used by the same study
group in the multicentric trial that took place starting from
1979. This method involved the acquisition of 7 retinal pho-
tographs, covering 30° each: 3 set horizontally through the
macula and 4 arranged around the optic nerve head. These
photographs were subsequently combined to obtain an image
of about 75° [12]. This protocol has been extensively cor-
roborated and does not require any dedicated equipment nor
accessory cost. However, it has numerous disadvantages,
such as the need for highly qualified technical staff, optimal
mydriasis, high patient collaboration, the impossibility of
acquiring pictures simultaneously, and, above all, a limited
amount of information from the retinal periphery.

In order to overcome these limitations, the introduction
of mountable lenses on the traditional fundus camera or
on a confocal scanning laser ophthalmoscope (¢cSLO) (in
which a near-infrared diode laser beam, coupled with a
photodiode and a confocal filter, ensures that only light
reflected from the narrow spot illuminated by the laser is
recorded) was positively accepted in the clinical practice
and in the scientific research. Among these devices, the
Staurenghi lens [13] and the Heidelberg Spectralis® lens
are the most commonly used ones, scanning up to 150°
and 105° of the retina, respectively, in a single frame [14].

In the recent years, dedicated wide-angle cameras have
been developed with the aim of obtaining the maximum
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visualization of the retinal periphery including: the Pomer-
antzeff camera [15], the Panoret-1000™ camera (Medi-
bell Medical Vision Technologies, Haifa, Israel), and the
Retcam (Clarity Medical Systems, Inc, Pleasanton, CA,
USA), capturing up to 90°, 100°, and 130° of peripheral
retina, respectively. Such tools were initially limited by
low image resolution, the inability to penetrate opacity
of ocular media (like corneal opacity, cataract, or vitre-
ous hemorrhage), the need for pharmacological mydriasis,
and difficulty in usage. Recently, these limits have been
effectively resolved by the Optos Optomap® (Optos, Dun-
fermline, Scotland, UK) and ZEISS Clarus 500 (Zeiss,
Carl Zeiss Meditech, Inc., Dublin, USA) systems, which
both allow to capture up to 200° of the retina (Fig. 1).

The Optos Optomap® is based on a cSLO with two laser
frequencies coupled with a parabolic mirror that allows sam-
pling of the 82% of the retinal surface with a single acqui-
sition (corresponding approximately to 200° of view) and
without the need for pupil dilation. The device is able to
acquire retinal photography, fundus autofluorescence (FAF),
FA, and indocyanine green angiography; the color fundus
relies on pseudo-colors, i.e., fake colors derived from the
combination of red and green color lasers. Peripheral distor-
tion and decreased resolution of the far temporal and nasal
peripheral retina are among the most important limitations
[16]. In a recent comparison between Optos Optomap® and
Heidelberg Spectralis UWFA imaging, it has been found
that images obtained on a single non-steered image with the
Optos Optomap® cover a significantly larger total retinal
surface area, compared to Heidelberg Spectralis® (Fig. 2).
Furthermore, the Optos Optomap® captures an appreci-
ably wider view of the retina temporally and nasally, not-
withstanding some amount of peripheral distortion. On the
other hand, the Heidelberg Spectralis® is able to image the
superior and inferior retinal vasculature more peripherally
[17]. The main differences between the UWF Heidelberg
Spectralis® lens and UWF Optos Optomap® are listed in
Table 1.

Fig. 1 Comparison of
ultrawide-field color fundus
photography of a patient with
non-proliferative diabetic retin-
opathy taken on the same day.
Left: Optos Optomap® (Optos,
Dunfermline, Scotland, UK),
based on pseudo-color. Right:
ZEISS Clarus 500 (Zeiss, Carl
Zeiss Meditech, Inc., Dublin,
USA), relying on real color

The applications of UWF imaging in DR are undoubt-
edly exciting, particularly in the evaluation of peripheral
retinal lesions. Prospective studies comparing UWF with
ETDRS 7SF images have reported a very good correla-
tion between both imaging modalities [18]. Detection of
retinal non-perfused areas and neovascularization is higher
with UWF. This is particularly true for patients featuring
predominantly peripheral lesions (PPLs) that have been
defined as microaneurysms, hemorrhages, venous bead-
ing, IRMA, and new vessels elsewhere (NVE) in eyes with
DR with more than 50% of the lesion located outside the
ETDRS 7SF [19, 20]. Furthermore, the Optos Optomap®
device allowed for an upgrade of the severity of DR in
a significant percentage of eyes (Fig. 3) [20, 21]. The
peripheral lesions detected using UWF have also potential
prognostic significance: Eyes with PPLs had an increased
risk of DR progression over 4 years, compared to eyes with
DR lesion located more centrally [22]. Finally, the degree
of peripheral ischemia assessed with Optos Optomap®
has been significantly correlated with the severity of DR,
with the presence of DME, and with the extent of macular
ischemia [23, 24].

Besides leading to better diagnosis and staging of DR,
UWF devices allowed the identification of new patho-
logical findings such as peripheral vessel leakage (PVL),
which is defined as leakage of dye by peripheral arter-
ies and veins in the context of active DR (Fig. 4) [25].
UWF imaging can also be used to prevent adverse events
related to panretinal photocoagulation (PRP), which aims
to destroy ischemic areas of retinal tissue outside the tem-
poral arcades to prevent the development of PDR. PRP
has several side effects, including visual field reduction,
onset/worsening of DME, choroidal detachment, and
reduction in color and contrast sensitivity; thus, selective
photocoagulation of the non-perfused areas identified on
Optos Optomap® could represent a promising way to treat
retinal ischemia and preserve unaffected retinal tissue. In
the group of patients treated with UWF-“targeted” PRP,
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Fig.2 Ultrawide-field fluorescein angiography (UWFA) of the same
patient with proliferative diabetic retinopathy. Left: UWFA obtained
with Optos Optomap® (Optos, Dunfermline, Scotland, UK). Right:
UWFA obtained with the 102° lens of the Heidelberg Spectralis®

(Heidelberg Engineering, Heidelberg, Germany). Bottom: Pseudo-
color fundus (left) and optical coherence tomography passing through
the macula, showing diffuse macular edema

Table 1 Differences between
the ultra-widefield (UWF)

Heidelberg Spectralis® Lens Optos Optomap®

Heidelberg Spectralis® lens and

Instrumentation ¢SLO and interchangeable non-  ¢SLO and parabolic mirror
UWF Optos Optomap® contact lens

Field of acquisition (retina degrees, °) 105° 200°

Contact with eye No No

Need for mydriasis Yes No

Real-time image averaging Yes No

Image distortion
Artifacts

No distortion Peripheral distortion

None Eyelashes, vitreal opacities

¢SLO confocal scanning laser ophthalmoscope

a reduction in the side effects of laser photocoagulation
without sacrificing the therapeutic benefits has indeed
been observed (Fig. 5) [26].

The Diabetic Retinopathy Research Network (DRCR.net)
international study group has recently promoted the AA pro-
tocol with the aim of evaluating the association between
peripheral lesions visible with the UWF angiography and
progression of DR. The preliminary results published by
Aiello et al. aimed to perform a side-by-side comparison
between ETDRS images and UWF images that were masked
to reveal only the ETDRS 7-field area. The study showed
that PPLs were more common on UWF imaging, and UWF
allowed an increase in DR severity by 2 or more steps in
approximately 11.0% of eyes. An unresolved issue is the
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extent to which DR findings outside the area of retina visual-
ized with ETDRS 7-field imaging can affect the risk for DR
progression; the results awaited in 2020 from longitudinal
data from the same study might provide a potential answer
as to whether UWF images can recognize eyes at major risk
for DR worsening. [27, 28].

Fundus autofluorescence

FAF relies on the phenomenon of emission of light from
retinal pigments acting as natural fluorophores, which are
substances that release energy when hit by a light ray with
a specific wavelength.



Acta Diabetologica (2019) 56:981-994

985

Fig.3 Ultrawide-field fluorescein angiography (UWFA) obtained
with Optos Optomap®. In red, the area virtually corresponding to the
fluorescein angiogram obtained with the 55° lens of the Heidelberg
Spectralis®, which fully images the posterior pole, but only a relative
amount of the area outside the vascular arcades

The main fluorophores in the human retina are lipo-
fuscin and melanin. Lipofuscin emits yellow fluorescence
(480-800 nm) when stimulated with wavelengths within the
blue range; melanin is excited by wavelengths within the
infrared range of light spectrum. Lipofuscin is produced by

Fig.4 Ultrawide-field fluo-
rescein angiography (UWFA)
obtained with Optos Optomap®
of a patient with severe non-
proliferative diabetic retinopa-
thy. In the nasal and temporal
periphery, the UWFA shows
peripheral vessel leakage
(PVL), which consists in the
leakage of dye by periph-

eral arteries and veins in the
context of active DR. Right:
pseudo-color fundus and optical
coherence tomography passing
through the macula, showing
cystoid macular edema

Fig.5 Ultrawide-field fluo-
rescein angiography (UWFA)
obtained with Optos Optomap®
of a patient with proliferative
diabetic retinopathy before (left)
and after (right) panretinal pho-
tocoagulation. UWFA helped

in selecting only the ischemic
areas and sparing the healthy,
perfused retina

retinal pigment epithelial (RPE) cells and is composed of
several different molecules, the most important of which is
A2E (N-retinyl-N-retinylidene ethanolamine). A2E is not
recognized by lysosomal enzymes, and increased accumula-
tion of this degraded material in the lysosomal compartment
of the RPE cells is considered a hallmark of normal aging
or metabolic impairment of the RPE itself. Conversely,
melanin is a protective pigment found into corpuscles in the
apical pole of RPE and in the choroid, protecting the RPE
from excessive light scattering, radiation, oxidative stress,
and light damage. Loss of RPE melanin granules has been
observed with retinal aging.

In clinical practice, two types of FAF are mostly used,
according to the wavelength of excitation: blue-light auto-
fluorescence (BL-FAF), also called “short wavelength,” that
emits light rays at 488 nm and is specific for lipofuscin,
and near-infrared autofluorescence (NIR-FAF) that emits
at 787 nm and is specific for melanin (Fig. 6). Recently, a
green-light autofluorescence (GAF, excitation 518 nm) has
been gaining more popularity; it shows a smaller rate of
absorption by the macular pigments and gives potentially
useful information about the optic nerve head (Fig. 7) [29].

FAF can be obtained by a ¢cSLO device or by a modified
fundus camera; the former uses a system of mirrors to focus
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Fig.6 Fundus autofluorescence obtained with Heidelberg Spectralis®
(Heidelberg Engineering, Heidelberg, Germany). First row, from
left to right: near-infrared autofluorescence, blue autofluorescence;

Fig.7 Fundus autofluorescence
of the same eye obtained with
ZEISS Clarus 500 (Zeiss, Carl
Zeiss Meditech, Inc., Dublin,
USA). Left: blue autofluores-
cence (BL-FAF, excitation

488 nm). Right: green auto-
fluorescence (G-FAF, excita-
tion 518 nm), which shows a
smaller rate of absorption by
the macular pigments and gives
potentially useful information
about the optic nerve head

a low power laser in a two-dimensional raster pattern onto
the fundus, while the latter relies on a digital system that
captures autofluorescence using a single flash of light [30].
The cSLO system incorporated in the Heidelberg Spectralis®
offers both BL-FAF and NIR-FAF, while the one built in the
UWF Optos Optomap® simultaneously uses two excitation
wavelengths of red (633 nm) and green (532 nm) light with
an emission filter of > 540 nm.

The use of FAF is a precious resource in all those reti-
nal conditions where the RPE is primarily involved, like

@ Springer

MultiColor® image. Bottom row: optical coherence tomography pass-
ing through the macula, showing cystoid macular edema, and infrared
reflectance

age-related macular degeneration or inherited macular
dystrophies [31]. Although the role of FAF in DR and
DME is yet to be fully elucidated, currently available data
suggest that this imaging modality could be useful to bet-
ter understand DME pathogenesis and formulate a correct
prognosis. At present, FAF is not considered a screen-
ing modality for macular involvement in DR; however, it
might be taken into primary consideration to choose the
right treatment in the future. For instance, specific thera-
pies aiming at RPE restoration might be more useful for
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subsets of patients who show RPE derangement on FAF
imaging.

In detail, specific BL-FAF patterns have been observed in
DME, correlating with various OCT features; a linear corre-
lation between the amount of hyper-autofluorescence and the
severity of DME has been reported [32]. Different explana-
tions have been proposed to link the presence of intraretinal
fluid to increased macular autofluorescence: It can be caused
by the dispersion of macular pigments normally masking
foveal fluorescence by the intraretinal cysts [33, 34], or it
might be due to the activation of retinal microglial cells in
eyes with DR [34]. The activation of microglia is accompa-
nied by the oxidation of proteins and lipids, and the accumu-
lation of the by-products of this cascade may be the source
of the increased fluorescence. Vujosevic et al. described that,
in case of clinically significant macular edema, BL-FAF cor-
relates better with OCT patterns and central field microper-
imetry rather than with visual acuity; [35] furthermore, a
reduction in abnormal BL-FAF in DME has been reported
after either anti-vascular endothelial growth factor (VEGF)
or steroidal therapy [36].

As far as it regards NIR-FAF, two patterns have been
described in DME: a mosaic pattern, consisting of granular
or patchy hyper- and hypo-autofluorescence at the fovea,
and cystoid. Both the patterns were associated with worse
visual acuity and more severe macular edema on OCT [37].
Finally, green-FAF has shown a poor correlation with the
clinical and tomographic features of DME [38].

MultiColor® imaging

The Heidelberg Spectralis® cSLO instruments are also
equipped with a MultiColor® imaging system; this tool
simultaneously acquires reflectance at three different
wavelengths: blue (486 nm), green (518 nm), and infrared
(815 nm), which are then superimposed to gather diagnostic
information from different layers of the retina [39]. In detail,
each wavelength reaches different depths of penetration
into the retina. Blue light, having the shortest wavelength,
obtains information from the inner retina and vitreoretinal
interface; green light is absorbed by hemoglobin and there-
fore allows for the visualization of the retinal vasculature;
finally, infrared laser penetrates at the deepest level, giving
insights from the outer retina, the RPE, and the choroid.

At present, MultiColor® imaging might be more costly
than standard photography. A head-to-head comparison with
fundus pictures has demonstrated a sensitivity and specific-
ity superior to 90% of MCI to detect DR lesions compared
to color fundus photography. MultiColor® scanning laser
has shown superiority with respect to standard color fundus
photography thanks to greater penetration of laser through
media opacities, such as cataract, compared to visible light;

it also offers minor scattering, superior spatial resolution,
and better contrast (Fig. 8). An advantage of MultiColor® is
that this device is embedded in the Heidelberg cSLO cam-
era; therefore, autofluorescence, infrared imaging, OCT,
and fluorescein angiography might be performed almost
simultaneously, without the need for pupil dilation or mul-
tiple devices. Finally, thanks to the eye-tracking technology
and the possibility of real-life image averaging, the resolu-
tion of details is excellent (Fig. 9). For these reasons, the
MultiColor® imaging system has been advocated as a poten-
tial screening modality for DR [40].

Optical coherence tomography

OCT has obtained great importance in the evaluation of the
macula in patients with DR. Although its main use lies in
the assessment of DME, this modality provides useful infor-
mation on other features, such as the vitreoretinal interface
and the thickness of the nerve fiber layer, the ganglion cell
layer, and the choroid [41-43]. Quantitative OCT evalua-
tion includes the central macular thickness (CMT) and the
macular volume, which are often taken into consideration as
the main anatomical outcomes in many therapeutic clinical
trials regarding DME.

On the other hand, OCT allows to qualitatively clas-
sify the DME in a vasogenic, non-vasogenic, or tractional
subtype; [44, 45] this distinction is crucial for the correct
therapeutic approach. The qualitative evaluation of the OCT
also allows appreciating important factors determining the
visual prognosis, such as the ellipsoid zone and the external
limiting membrane, whose integrity is an indirect sign of the
photoreceptors’ functional health [42, 46].

Other biomarkers that can be visualized on OCT
include: hyper-reflective intraretinal spots (HRS) [47, 48],

Fig.8 MultiColor®

imaging
Spectralis® (Heidelberg Engineering, Heidelberg, Germany) of a
patient with proliferative diabetic retinopathy and a pre-retinal hem-
orrhage. The green line indicates the optical coherence tomography
line passing through the hemorrhage

system acquired by Heidelberg
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Fig.9 Comparison of standard
45° fundus photography taken
by a fundus camera (Top-

con Inc., Tokyo, Japan) and
MultiColor® imaging system.
The MultiColor® imaging sys-
tem provides better definition of
the epiretinal membrane and the
area of chorioretinal atrophy

the presence of vitreoretinal adhesion or epiretinal mem-
brane [49], subfoveal neurosensory detachment [50], and
disorganization of the inner retinal layers (DRIL), which
is considered to be a sign of macular ischemia and there-
fore a negative prognostic factor [51, 52]. HRS are defined
as intraretinal foci with increased reflectivity and a smaller
size compared to hard exudates; their pathogenesis and
functional significance are still uncertain, but it has been
hypothesized that they are precursors of hard exudates, or,
alternatively, a morphological sign of the hyperactivation
of Miiller cells. The presence of subretinal sensory detach-
ment, the absence of HRS or DRIL, and the integrity of the
ellipsoid zone have been associated with a better functional
response to intravitreal therapies [53].

Limitations of OCT include the inability to distinguish
the alterations in the retinal blood perfusion associated with
DR, namely macular and peripheral ischemia, epiretinal neo-
vascularization, and BRB breakdown. FA and OCT angi-
ography are thus required to detect the retinal vasculature
changes that occur in DR.

OCT angiography

OCTA evaluates the retinal and choroidal vascular layers
in a noninvasive, rapid, and three-dimensional manner. The
OCTA signal is generated by the comparison of consecutive
cross-sectional OCT scans, which are analyzed with respect
to the variation in reflected signal amplitude. By assuming
that this variation is due solely to the movement of eryth-
rocytes through retinal blood vessels, an angiogram map is
ultimately rendered by the software [54]. Different angio-
grams can be produced according to different segmentation
levels, specific for the superficial capillary plexus (SCP), the
deep capillary plexus (DCP), the avascular outer retina, the
choriocapillaris, and the choroid.
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OCTA might potentially enable clinicians to detect patho-
logic changes that occur in DR in a more rapid and safer
manner compared to dye angiography, which is invasive
and may cause allergy-related side effects after dye injec-
tion. [55] In particular, OCTA can identify capillary abnor-
malities (such as microaneurysms and vascular tortuosity),
alterations in the shape and size of the FAZ, and the pres-
ence of epiretinal neovascularization [56, 57]. Moreover, it
is an excellent tool for evaluating areas of non-perfusion in
the macular region, as it allows the different vascular plex-
uses to be differentiated from each other. The quantification
of the fovea with OCTA is also not influenced by leakage
phenomena, which sometimes complicates the assessment
of FA images.

On OCTA, microaneurysms appear as focal dilation of
retinal capillaries, especially nearby the FAZ area (Fig. 10)
[58, 59]. There are conflicting reports on the different abil-
ity of FA and OCTA to detect microaneurysms: Some
authors reported a similar detection rate between the two
imaging modalities [60], while others found that the num-
ber of microaneurysms found on OCTA is significantly
lower compared to FA [61]. Ishibazawa et al. reported that
OCTA is able to visualize microaneurysms and retinal non-
perfused areas; however, only 62% of microaneurysms
seen on FA images were detected on OCTA [56]. Couturier
et al. reported a lower detection rate of microaneurysms on
OCTA, but noted the superiority of OCTA in identifying
non-perfused areas compared to FA [61]. Finally, Parravano
et al. reported that the ability to recognize microaneurysms
on OCTA may be influenced by their reflectivity aspect on
OCTA, with a lower detection rate for those appearing hypo-
reflective on structural OCT scans [62].

There is general agreement that the FAZ in eyes with DR
is pathologically enlarged, with loss of symmetry and cir-
cularity in the superficial and deep vascular plexuses, even
in diabetic patients without clinical signs of retinopathy [63,
64]. The increase in the FAZ area is thought to be caused
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Fig. 10 Optical coherence
tomography angiography
(OCTA) image of the superficial
capillary plexus and the deep
capillary plexus of a patient
with non-proliferative diabetic
retinopathy imaged with Angio-
Plex (Carl Zeiss Meditech, Inc.,
Dublin, California, USA). The
deep capillary plexus shows a
major number of microaneu-
rysm compared to the superfi-
cial capillary plexus slab

by micro-infarcts of the vascular capillaries delimiting the
FAZ and negatively correlates with the visual acuity and
the macular function. On the other hand, the FAZ area is
positively correlated with the degree of DR and the extent
of peripheral ischemia (Fig. 11) [10, 65].

Various quantitative OCTA indices have been developed,
including vessel density (VD) and vessel perfusion density
(PD). The VD value is expressed as the ratio of pixels corre-
sponding to the vascular flow over the total number of pixels
of the slab. VD is significantly lower in both the superficial
and deep capillary plexuses in eyes with DR. Interestingly,

MILD NPDR MODERATE NPDR

Fig. 11 Optical coherence tomography angiography (OCTA) image
of different stages of diabetic retinopathy imaged with AngioPlex
(Carl Zeiss Meditech, Inc., Dublin, California, USA). The images
show progressive worsening of macular vascular abnormalities and
capillary non-perfusion (NPDR: non-proliferative diabetic retinopa-

the analysis of VD revealed that type 1 diabetic patients
without DR or with mild non-proliferative DR already dis-
played a reduction in VD compared to healthy controls [66,
67]. Therefore, the rarefaction of the perifoveal capillary
network has been proposed as an early marker of DR, even
in the preclinical stage. OCTA has shown good reliability
for VD analysis, provided that repeated measurements are
obtained with the same device [68].

The main limitation of the OCTA technology is the lack
of functional information on the integrity of the macula;
moreover, the quality of the image can be impaired by some

thy; PDR: proliferative diabetic retinopathy). Right: OCTA montage
obtained through automatic montaging of two different 15 mmx9 mm
OCTA scans of the superior and inferior halves of the retina. The area
outside the vascular arcades discloses choroidal vessel due to retinal
pigment epithelium atrophy consequent to laser photocoagulation
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segmentation artifacts in the presence of intraretinal edema
[69]. Finally, hypo-reflective intraretinal cyst on en face
OCTA slab can be misinterpreted as areas of ischemia.

At present, OCTA acquisition is mainly restricted to
the posterior pole; however, new scan patterns and image
reconstruction methods (montage) have been developed,
allowing the inclusion of wider retinal portions, beyond the
posterior vascular arcades (Fig. 11). In conclusion, OCTA
might become a potential screening test for early signs of
disease even in the absence of manifest pathology; neverthe-
less, further studies are warranted to validate this method in
routine practice.

Tele-ophthalmology and artificial
intelligence

The latest novelties that have been introduced in noninvasive
retinal imaging are pivotal for the execution of modern, cost-
effective screening programs for DR, which must be able to
face the recent epidemiological raise in its worldwide preva-
lence. In fact, the cost-effectiveness of a screening program
is crucial for its success, and the choice of the preferred DR
screening method should take into consideration the differ-
ent availability of resources between the different countries.

The recently published guidelines for DR screening from
the International Council of Ophthalmology (ICO) recom-
mend annual DR screening to be done by means of either
ophthalmoscopy (direct or indirect) or fundus photography
[70]. However, since the demand for annual retinal examina-
tion is feared to exceed due to the rapidly increasing global
diabetic population, a time investment of over 4.5 million
hours per year is expected to be needed from every ophthal-
mologist by the year 2030 to evaluate all diabetics at least
once a year.

Medical, psychosocial, and economic factors such as
patient age, need for pupil dilation, health insurance cover-
age, educational status, poor awareness, costs for transporta-
tion, and limited access to primary eye care services affect
the effective accomplishment of recommended screening
guidelines in rural areas [71]. Even in highly urbanized set-
tings with universal access to specialized eye care, patient
and provider unawareness, long waiting times, and difficulty
in booking appointments represent significative limitations
of adherence to annual recommendations for eye examina-
tions [72]. In this view, newer strategies are needed in order
to realistically meet global demands.

Tele-ophthalmology and artificial intelligence-based
image analysis might help in overcoming these limita-
tions. The telemedicine approach in DR screening relies
on the execution of fundus photographic examinations
with non-mydriatic fundus cameras to large cohorts of dia-
betic patients that are subsequently interpreted by trained
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personnel in off-site reading centers [73]. A PubMed litera-
ture search carried out using the key terms “tele-ophthal-
mology” and “diabetic retinopathy” identified more than 60
papers regarding the application of this approach to diabetic
patients. Reviewing the literature demonstrates that all of
these approaches turned out to be successful in the identi-
fication of DR cases (including those requiring treatment)
and, subsequently, the prevention of visual loss [74]. The
diagnostic accuracy of this approach has been reported to
be over 80% in detecting low- and high-risk PDR (Fig. 12),
and over 70% in recognizing DME and mild and moder-
ate NPDR [75]. The use of UWF imaging systems, com-
bined with pharmacological mydriasis, has resulted in even
higher sensitivity [76, 77]. Meanwhile, a study from Nathoo
et al. demonstrated that over a 2-year period, tele-ophthal-
mology saved approximately 450 round trips to the nearest
urban center, which translates to 1900 h and 180,000 km of
driving [78]. According to a clinical survey performed by
Boucher and colleagues, 82% of the patients screening with
tele-ophthalmology indicated a preference for telemedicine
DR screening over standard clinical examination, and 95%
preferred to have their next screening examination in a tel-
emedicine system, with referral to an ophthalmologist only
if necessary [79].

Tele-ophthalmology has been proved to be effective in
establishing interdisciplinary connections between special-
ists, healthcare providers, and patients, and is particularly
useful in primary care setting [80, 81]. One of the most suc-
cessful examples of this collaboration has been provided
by the English NHS Diabetic Eye Screening Programme
launched in England in 2003, where Primary Care Physician
(GP), endocrinologists, public health doctors, and optom-
etrists have worked together to ensure appropriate screening
of diabetic subjects [82]. Thanks to this program, diabetic
retinopathy/maculopathy is no longer the leading cause of

Fig. 12 Ultrawide-field pseudo-color fundus photography of a patient
with proliferative diabetic retinopathy. The Optos Optomap® (Optos,
Dunfermline, Scotland, UK) demonstrated good accuracy in visual-
izing epiretinal neovascularization (circle), then confirmed by fluores-
cein angiography
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certifiable blindness among working age adults in England
and Wales [83]. Another element strengthening connection
between ophthalmologists and primary care providers is that
most of tele-ophthalmology services in diabetic retinopa-
thy use a store-and-forward method where a trained ocular
technician, nurse, Indigenous health worker, or GP perform
imaging on the patient using a non-mydriatic retinal cam-
era and a trained reader grades it subsequently. High levels
of concordance between general practitioner and ophthal-
mologists have been found in grading DR using universally
accepted clinical classifications [84].

Finally, by visualization of their own retina, tele-ophthal-
mology has revealed also an educative role in increasing the
patients’ awareness of diabetes-related complication [85].

While the main advantages are the possibility of screen-
ing a wider share of population, especially those living in
remote areas, with the concomitant alleviation of the burden
for both patients and ophthalmologists, potential limitations
include the need for skilled readers to interpret retinal fundus
photographs and the inevitable discrepancies (both inter-
reader and intrareader) that come from subjective interpreta-
tion of images [86].

On the contrary, the use of artificial intelligence-based
reading programs relies on pattern recognition of common
DR features, with the aim of distinguishing patients who
should be referred to a complete clinical examination from
those who should be kept in the screening program without
the aid of the human judgment. Multiple algorithms for auto-
mated image analysis are currently available, with a reported
grading performance comparable to that of trained special-
ists. The integration of deep learning algorithms has been
linked to even higher diagnostic results [87, 88]. It must be
noted, however, that these systems are still susceptible to
artifacts misinterpretation, and further studies are needed to
assess the feasibility of their introduction in clinical practice
[89, 90].

Conclusion

In conclusion, multiple novel techniques for retinal imaging
offer numerous potential advantages when applied to screen-
ing, diagnosis, and monitoring of DR. Multimodal imaging
provides different complementary information on this dis-
ease, as each modality can analyze a specific structure or a
specific manifestation of retinopathy. On the other hand, the
noninvasiveness and the rapidity of the new diagnostic tools,
as well as the possibility to explore the entire retina up to
the furthest periphery in one single steering, are crucial in
ensuring the good comfort and the compliance of diabetic
patients for regular screening, maintaining the level of care
required for appropriate DR management.

Despite multiple devices available to ophthalmologists,
indirect retinal fundus examination remains the mainstay
for DR screening. The detection of any sign of DR requires
urgent referral to the ophthalmologist in order to appropri-
ately stage and treat the disease. FA and OCT have the most
long-standing history in the evaluation of severity and extent
of DR and are of undeniable utility in clinical management
of the disease. Many RCTs have validated their reproducibil-
ity and diagnostic accuracy; moreover, these techniques are
cost-effective and relatively affordable. Standard FA acquires
regular-field pictures that are manually combined in order to
gather information on the posterior pole and the peripheral
retina. Recently, ultra-widefield (UWF) devices have enabled
us to acquire retinal photographs including the medium and
far periphery with a single shot, without the need for eye
steering. UWF seems to compare well with the ETDRS gold
standard; however, further confirmations are still required to
replace standard field imaging completely. UWF has shown
great importance in telemedicine, which relies on the execu-
tion on large cohorts of diabetic patients of fundus photo-
graphic examinations with non-mydriatic fundus cameras,
which are subsequently interpreted by trained personnel in
off-site reading centers. We confidently expect this method to
become a “must-have” approach in the near future.

Similarly, OCTA is a relatively new technology that
provides information on vascular alterations and capillary
non-perfusion without the need for fluorescein dye injec-
tion. The noninvasiveness and rapidity of OCTA make it a
precious potential tool to screen patients with subclinical
disease. However, few reports have been published on the
role of OCTA in the management of DR, and current results
are still an object of debate. Indeed, UWF and OCTA are
auxiliary instruments that might become “must-have” tools
in the coming years.

Strong evidence is accumulating on the role of imaging
biomarkers as predictors of functional outcomes in DR,
including the ellipsoid zone and the external limiting mem-
brane integrity, the number and the location of hyper-reflec-
tive intraretinal spots, the presence of vitreoretinal adhesion
or epiretinal membrane, the presence of subfoveal neurosen-
sory detachment, and disorganization of the inner retinal
layers; however, further data are needed in order to support
their use as therapeutic endpoints. Imaging biomarkers could
potentially be part of composite endpoints in DR trials, over-
coming weaknesses that come from the use of isolated func-
tional or structural parameters (such as best corrected visual
acuity and central retinal thickness). Multicenter studies are
required to validate the correlations between the information
provided by novel imaging modalities and the clinical stag-
ing of DR. Furthermore, cost-effectiveness must be carefully
evaluated in programming new screening programs relying
on new imaging devices.
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