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Abstract

Age-related macular degeneration (AMD) is a
progressive neuro-retinal disease and the lead-
ing cause of central vision loss among elderly
individuals in the developed countries. Mod-
ern ocular imaging technologies constitute an
essential component of the evaluation of these
patients and have contributed extensively to
our understanding of the disease. A challenge
with any review of ocular imaging
technologies is the rapid pace of progress and
evolution of these instruments. Nonetheless,
for proper and optimal use of these
technologies, it is essential for the user to
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IRF Intraretinal fluid

iRORA Incomplete retinal pigment epithe-
lium and outer retina atrophy

LED Light-emitting diode

MFP Multicolor fundus photography

MNV Macular neovascularization

NIR Near-infrared reflectance

OCT Optical coherence tomography

OCTA Optical  coherence  tomography
angiography

ORT Outer retinal tubulation

PCV Polypoidal choroidal vasculopathy
(aneurysmal type
1 neovascularization)

PED Pigment epithelium detachment

PRPD Peripheral reticular  pigmentary
degeneration

qAF Quantitative autofluorescence

RPE Retinal pigment epithelium

SD-OCT  Spectral domain optical coherence

(A) tomography (angiography)

SLO Scanning laser ophthalmoscopy

SRF Subretinal fluid

SS-OCT  Swept source optical coherence

(A) tomography (angiography)

TD-OCT Time domain optical coherence
tomography

SW-FAF  Short wavelength fundus
autofluorescence

2.1 Background

Advances in imaging have dramatically affected
our assessment of age-related macular degenera-
tion (AMD). The high definition and high magni-
fication of certain imaging modalities such as
optical coherence tomography (OCT) or adaptive
optics scanning laser ophthalmoscopy (AOSLO)
have allowed the in vivo visualization of the
retinal tissue, comparable to histologic samples.
Thus, the opportunity to study the disease in all its
phases and phenotypes has yielded new insights
into the pathophysiology of AMD.

Multimodal  approaches using different
modalities in an integrated fashion have been a
key strategy for clinical assessment. In fact, the
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combination of cross-sectional and en face
images obtained simultaneously through OCT
devices equipped with a confocal scanning laser
ophthalmoscope (SLO) allows a microscopic cor-
relation between clinical, anatomical, and patho-
logical findings in multiple conditions [1-3].

Once diagnosed, AMD is a lifelong condition
that requires accurate assessment and potentially
long-term management [4]. Current treatment
approaches (in clinical practice or clinical trials)
largely target advanced stages of the disease like
macular neovascularization (MNV) and geo-
graphic atrophy (GA). In the near future, treating
AMD earlier in the disease course could increase
the likelihood of the preservation of vision, while
significantly improving the cost-effectiveness of
drug treatments and reducing the costs of drug
development.

Different mechanisms have been proposed to
be relevant to the development of AMD including
oxidative stress, accumulation of lipofuscin in
retinal pigment epithelium (RPE), and primary
damage to Bruch’s membrane [5-7]. These
microstructural alterations progressively lead to
the early clinical findings of the disease, including
features such as RPE depigmentation, drusen, and
RPE hyperplasia. Eventually, complete outer ret-
inal, RPE and choriocapillaris (CC) atrophy may
develop, resulting in the late stage of dry AMD:
geographic atrophy (GA). On the other hand, the
sudden and often unpredictable development of
neovessels, under the stimuli of vascular endothe-
lial growth factor (VEGF) and other inflammatory
factors, leads to MNV marked by exudation,
bleeding and, eventually to fibrosis and atrophy
with poor visual outcomes if left untreated.

Traditionally, disease grading relies on the
photographic evaluation of the fundus, with the
determination of the extent of drusen as well as
the presence of pigmentary abnormalities in the
posterior pole [8—12]. The advent of digitaliza-
tion, together with new imaging technologies,
provides often a higher sensitivity and has
facilitated an automated or semiautomated quan-
titative analysis of all the features that might be
considered at risk for the development and the
progression of AMD [13-15].
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A proper imaging assessment is fundamental
in clinical therapeutic trials for advanced AMD as
it can influence patient selection, and overall
duration, costs, and outcomes of the studies.
Given the rapid advance of new devices and
post-acquisition image analysis algorithms, the
selection of appropriate imaging modalities can
be challenging. Currently, a multimodal approach
is broadly accepted as the gold standard for imag-
ing assessment of AMD patients [1, 2].

2.2 Color and Multicolor Fundus

Photography

Color fundus photography (CFP) captures an
image of the retina, with various degrees of fidel-
ity with respect to clinical fundus
ophthalmoscopy, depending on the different
machines and modalities. It allows the early
detection of a broad range of pathological
changes associated with the early (i.e., drusen,
lipids, crystalline deposits, and alterations of
pigmentations) or late stages (i.e., hemorrhages,
fluid, exudates, atrophy and fibrosis) of AMD.
Multicolor fundus photography (MFP) is rela-
tively newer technology and provides a “false
color” image of the fundus combining three dif-
ferent wavelengths of light. The relative ease and
tolerability of acquisition of these modalities offer
important advantages to the management of
AMD patients. Furthermore, digital photographs
offer the possibility of post-processing analysis,
paving the way to the development of automated
algorithms for quantification of AMD-related
features. This will be an important step forward
for the early detection of disease and its
monitoring.

2.2.1 Color Fundus Photography

Historically, CFP has always been considered the
gold standard to demonstrate fundus alterations.
Fundus cameras are designed to provide an
upright, magnified view of the fundus using a
white flash for illumination. A typical camera

views 30-50° of retinal area, with a magnification
of 2.5x.

A series of crucial improvements to fundus
photography have been made over the last
decades, such as nonmydriatic imaging, elec-
tronic illumination control, automated eye align-
ment, and high-resolution digital image capture
[16]. This has contributed to advanced fundus
photography as an essential tool in clinical prac-
tice to document retinal pathologies, and its use is
often considered mandatory in disease definition
and classification.

CFP is also considered the gold or reference
standard for the evaluation of newer imaging
technologies, and it is currently in use in clinical
studies of AMD. During the last decades, several
groups have proposed AMD classification
systems based on CFP [8, 17]; the most recent
of which utilize the presence of fundus pigmen-
tary abnormalities (either hypo or hyperpigmen-
tation) and drusen size to distinguish early,
intermediate, and late AMD.

The latest classification was proposed in 2013
by the Beckman Initiative for Macular Research
Classification Committee: early AMD was
defined as medium drusen (i.e., between 63 and
125 pm) and no associated pigmentary
abnormalities. Intermediate AMD demonstrated
large drusen (i.e., >125 pm) and/or any AMD
pigmentary abnormalities. Finally, the presence
of MNV and/or GA was the key findings
associated with the late stages of the disease [18].

This staging does not take into account the
type of drusen present, with regards to features
other than size. The relatively low contrast of the
color photographs sometimes makes the identifi-
cation of AMD-associated abnormalities chal-
lenging. Soft and cuticular drusen are easily
visualized in CFP as diffuse spots with variable
shades of yellow, depending on their constitution
and the health of the overlaying RPE that can
variably attenuate the blue light [19]. On the
other hand, subretinal drusenoid deposits (SSD,
aka reticular pseudodrusen (RPD) [20]), which
are important risk factors for AMD progression
[20-22], can be challenging to detect as they
overly the RPE and are not affected by the
RPE-related filtering of blue light. In fact, without
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additional processing, CFP has a relatively low
sensitivity for SSD detection (range: 33-42%).

The presence of MNV in CFP is also challeng-
ing to recognize, and signs of exudation and
bleeding generally must be present to facilitate
detection (Fig. 2.1). Previous studies report a
sensitivity for the detection of MNV using CFP
of about 78%, which drops to 38% when CFP
alone is to be used to determine whether the MNV
is active or not [23]. A multimodal approach
implementing dye (i.e., FA and ICGA) and/or
nondye-based (i.e., OCT and OCT angiography
[OCTA]) techniques is therefore essential.

On the other hand, GA lesions are more easily
identifiable on CFP and in fact the classic defini-
tion of GA is based on a qualitative and a quanti-
tative evaluation of CFP images. The
International Age-Related Maculopathy Epidemi-
ological Study Group defined GA as any sharply
delineated roughly round or oval area of
hypopigmentation or depigmentation with
increased visibility of the underlying choroidal
vessels and of at least 175 pm in diameter on
30° or 35° CFP images [17].

Nevertheless, CFP is also limited for the pur-
pose of measuring GA precisely owing to diffi-
culty in delineation of the boundaries of lesions,
specifically in case of relatively smaller size and
multifocality.

The stereoscopic acquisition with CFP can
provide higher sensitivity to detect topographic
alterations at the periphery of atrophic regions
and/or the presence of fluid and pigment epithe-
lial detachment (PED). On the other hand, stereo-
scopic imaging is not always feasible, even in
clinical trials, as it requires good cooperation
from patients, and it should be performed by
operators with senior experience.

2.2.2  Multicolor Fundus Photography
Multicolor images are generated from the simul-
taneous use of three different wavelengths: blue
reflectance (wavelength: 488 nm), green reflec-
tance (wavelength: 518 nm), and typically NIR
(wavelength: 820 nm) [24]. The resulting three
reflectance images are then combined into a “mul-
ticolor” image, also defined as “pseudocolor” or
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“false-color” image since it is not the result of the
whole visible light spectrum but only of the sum
of three wavelengths. Multicolor imaging
systems use SLO techniques for image acquisi-
tion. In SLO systems, a confocal aperture is
designed to clear backscattering light from out-
side the focal plane, making possible the imaging
of individual layers of the retina with higher con-
trast and spatial resolution than with previous
approaches [25].

The three different light wavelengths used in
MFP can gather distinctive information from the
various layers of the retina, as they penetrate them
to different extents. In particular, the short wave
reflectance (blue) highlights the inner retina and
the vitreoretinal interface; green reflectance
enhances the examination of the deep structures
of the retina; and, finally, NIR facilitates the visu-
alization of the choroid and the outer retina [24].

At present, a small number of report regarding
this innovative modality have been published
[22, 26, 27], and the findings in AMD are highly
correlated with CFP. In the context of GA, the
borders of the lesion are better visualized because
of the higher contrast of the MFP (Fig. 2.2) [27].

Furthermore, fibrotic alterations and
hemorrhages can be easily detected because of
their optical reflection properties; however, subtle
hemorrhages can sometimes be misjudged for
pigmentary lesions using only MFP alone.

While CFP is more susceptible to media
opacities and poor mydriasis because of the use
of high-intensity and broad-spectrum light, it is
possible to acquire high-quality multicolor
images through nondilated pupils. However, the
blue spectrum can be adversely affected by media
opacities and poor mydriasis as well, influencing
in an unpredictable way the signal strength of the
resulting image [28].

A recent interesting addition to the available
instruments for CFP is a new confocal device
using white light. This machine (CentervueEidon;
Centervue, Padova, Italy) offers the advantages of
providing a “true color” image of the fundus, with
increased contrast because of its confocality
(Fig. 2.3) (using slit rather than circular confocal
pinhole) [29]. However, no large studies compar-
ing these confocal white-light color images with
standard CFP have yet been performed.
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Fig. 2.1 Multimodal imaging of a patient with macular
neovascularization (MNV) secondary to age-related mac-
ular degeneration in the right eye. In the color fundus
photograph, (a) hemorrhages suggest the presence of
MNV, which is confirmed by optical coherence tomogra-
phy (OCT, infra-red reference (b) and B-Scan (c)). The

2.2.3  Near-Infrared Reflectance

In AMD, most of the information needed for the
evaluation of the fundus is gathered by the NIR
(Fig. 2.2). Indeed, it has not been specifically
investigated if using the two additional

B-Scan (c) shows a type 2 MNV (subretinal hyper-
reflective material) with subretinal fluid. The fluorescein
angiogram shows a classic MNV (with some blockage
from the hemorrhages) in the early phases (d) with evi-
dence of dye leakage later in the exam (e)

wavelengths could enhance or hide any details
in the MFP image.

The NIR SLO image has little interference and
absorption by media opacities and the luteal pig-
ment in the macula providing high contrast,
above all for lesions involving the fovea. Near-
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Fig. 2.2 Color fundus photograph (a), multicolor fundus
photograph  (b), and  short-wavelength  fundus
autofluorescence image (c) of a patient with geographic
atrophy and drusen secondary to age-related macular degen-
eration (AMD). The definition and contrast of the lesions are
enhanced in the confocal image (b) that allows the precise
identification of all atrophic foci similar to what is possible

with the autofluorescence image. The confocal multicolor
image is the result of the sum of three different wavelengths:
near-infrared reflectance (d), blue reflectance (e), and green
reflectance (f). Among the three, the near-infrared reflectance
gathers most of the information about the (AMD) lesions as
they are deep to the retina, and it seems the least affected by
media opacities (floaters in this case)

Fig. 2.3 Age-related macular degeneration patient with
geographic atrophy, imaged by three different modalities:
short wave-length fundus autofluorescence (a), confocal
white-light fundus photography (b), and traditional color

infrared light can better capture subretinal
characteristics [30]; hence, NIR is the modality
with the highest sensitivity for the detection of
reticular pseudodrusen [20].

fundus photography (c). The confocality appears to
enhance the contrast and details of the fundus image,
allowing a better demarcation of the atrophic lesion

Three subtypes of SDD have been recently
described by a recent study using multimodal
imaging analysis: (1) dot pseudodrusen are usu-
ally located in the superior perifovea and appear
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as small whitish deposits regularly arranged that
correspond to small hyporeflective spots in NIR;
(2) ribbon pseudodrusen (reticular pattern);
(3) peripheral pseudodrusen are more uncommon
and usually appear as yellowish aggregates that
correspond to hyper-reflective spots in NIR
images and are just outside the perifoveal region.
Each subtype may have a specific composition,
which may result in different hazards for the
progression toward later stages of the
disease [31].

NIR was first designed as a tool to guide the
OCT acquisition; but later evolved to an indepen-
dent output imaging technique (with a range of
wavelength between 750 and 840 nm).

Accurate drusen assessment benefits from the
use of infrared imaging as infrared light has
deeper penetration in tissue and is less absorbed
by media opacities, which are common in elderly
patients [30]. Furthermore, the fraction of the
infrared light that is scattered from the fundus
may be detected using specific capture systems
in “retromode” [32]. These systems are based on
the different positions of the aperture which in
“retromode” is not central (as in the standard
systems), but it is lateral (right or left) and ring-
shaped. “Retromode” imaging better highlights
the deep retinal structures and the RPE [33],
giving to elevated structures (e.g., drusen) a char-
acteristic pseudo-3D “surface relief” pattern that
makes their edges more visible.

2.3  Fundus Autofluorescence

Since its first description in the late 80s by Delori,
fundus autofluorescence (FAF) has rapidly spread
and become an invaluable tool for retinal evalua-
tion [34]. This imaging modality allows the detec-
tion of fluorophores, which are natural molecules
that interact with lights, absorbing and emitting it
at specific wavelengths. The use of these specific
wavelengths excites specific fluorophores that
thereby become detectable. Specifically, melanin
and lipofuscin can be detected using near-infrared
(NIR-FAF) and short-wavelength (SW-FAF)
light, respectively. Two systems are currently
used to acquire FAF images: SLO systems and
flash fundus camera-based systems. The former

provides FAF images with enhanced contrast,
resolution, and quality as they are able to suppress
autofluorescence from anterior structures such as
the crystalline lens. Given the unique information
provided by FAF, its scope and clinical
applications have expanded, and it is a particu-
larly valuable tool for assessment of
atrophic AMD.

2.3.1 Short-Wavelength Fundus

Autofluorescence

Short-wavelength fundus autofluorescence has
been the most well-studied FAF technique, and
applications for many retinal diseases have been
proposed. SW-FAF utilizes blue-light excitation
(500-750 nm range), which is mostly adsorbed
and emitted by lipofucsin, a dominant
fluorophore located in the RPE. Pupil dilation
and opacity of the media may affect the signal,
influencing SW-FAF imaging quality. Further-
more, macular pigments intercept blue light,
resulting in a drop in the intensity of the signal
at the level of the fovea.

In SW-FAF, the intensity of the signal is
mainly influenced by the quantity of lipofuscin.
The alterations may be hypo-, iso-, or hyper-
autofluorescent [35]. In the early stages of dry
AMD, SW-FAF can demonstrate a larger affected
area in comparison to color photography or
fundoscopy. Pigment abnormalities on ophthal-
moscopic exam may correspond to either hypo
or hyper-autofluorescence based on their
lipofuscin content [36]. Depigmented, hypoauto-
fluorescent spots correlate with RPE atrophy, an
early finding of GA [36, 37]. Recently, the Inter-
national FAF Classification Group described
eight different SW-FAF phenotypes that could
be associated with early dry AMD: normal, mini-
mal change, focal increase, patchy, linear, lace-
like, reticular, and speckled [38]. These patterns
may have clinical relevance as they may predict
the development of late AMD stages and in par-
ticular choroidal neovascularization. Previous
studies have suggested that the patchy, linear,
and reticular patterns have the strongest correla-
tion with progression to neovascular AMD
[39, 40].
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Similar to fundus photographs, drusens’
features may widely vary in FAF imaging,
according to size, composition, or condition of
the overlying RPE and ellipsoid zone
(EZ) [19, 41]. Large drusen may produce FAF
alterations, whereas smaller drusen can appear
iso-autofluorescent and may not be detected
[42]. Intermediate drusen (diameter ranging
between 63 and 125 pm) show a typical central
hypo-autofluorescence surrounded by a ring of
hyper-autofluorescence corresponding to the con-
dition of the overlying RPE [43]. Cuticular and
crystalline drusen appear hypo-autofluorescent
with FAF [19] while soft confluent drusen tend
to appear as hyper-autofluorescent lesions [42]. It
should be highlighted that although these
manifestations are the most common, drusen can
show a plethora of FAF patterns.

Fundus autofluorescence may aid in the iden-
tification of two important features of high risk
progression that could be problematic for detec-
tion by CFP or MFP: (1) drusenoid PED show a
typical appearance of hyper-autofluorescent spots
with a hypo-autofluorescent halo, but may be
characterized by intermediate to decreased signal
in case of overlying RPE atrophy or fibrovascular
scarring [44]; (2) subretinal drusenoid deposits
[20] were first reported as dot-like lesions by
blue light photography and may be better
visualized by SW-FAF, NIR-FAF, or OCT
[44, 45]. These usually show the appearance of
small and round, elongated foci of hypo-
autofluorescence connected by interspersed retic-
ular pattern of hyper-autofluorescence [46].

In general, early choroidal neovascularization
may be not visualized on SW-FA, as RPE and
photoreceptor layers are often relatively intact
[47]. Subsequently, both types 1 and 2 MNVs
may appear hypo-autofluorescent for different
type 2 MNV, the hypo-
autofluorescence may be the effect of light block-
age by the fibrovascular complex overlying the
RPE in the subretinal space (Figs. 2.4 and 2.6); in
type 1 MNV, the hypo-autofluorescence may be
owed to the overlying RPE atrophy
(Fig. 2.4) [48].

Macular neovascularization shows a hyper-
autofluorescent halo in 38% of cases that may

reasons: in
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be due to a window defect secondary to the pho-
toreceptor loss or to an RPE proliferation
[39]. Hemorrhages and exudates may vary their
appearances according to their age: at first they
absorb light, appearing hypo-autofluorescent, but
then when they become organized, they may
appear hyper-autofluorescent.

Advanced lesions with RPE atrophy (GA),
with the local loss of lipofuscin, produce areas
with a low to extinguished SW-FAF signal.
Given the high contrast between the areas with
intact and atrophic RPE, the border of these
lesions are typically sharply demarcated
(Figs. 2.2 and 2.3) allowing semiautomated or
even automated measurements of their area
[49]. Nevertheless, there are some important
limitations: (1) when the borders of the lesion
are close and/or involve the fovea, they may be
difficult to visualize due to the interference by
macular pigment; (2) inside the atrophy, there
may be some residual SW-FAF signal, preserved
by retained RPE cells or debris and basal laminar
deposits [50, 51]; (3) a halo of hyper-
autofluorescence may surround the GA lesions,
indicating the presence of ongoing RPE cell dys-
function or vertically superimposed RPE cells.
This halo was associated with variable levels of
atrophy expansion [52, 53] and has been reported
with various appearances: none, focal, diffuse,
banded, and patchy. The diffuse and banded
phenotypes are associated with a faster rate of
atrophy enlargement.

Another challenge is to distinguish GA and
MNV when both coexist, and a multimodal
approach is often required to discriminate atro-
phy, fibrosis, hemorrhages, or hard exudates
[54]. Indeed, a combined analysis of SW-FAF
and NIR images and FA may help achieving a
precise identification and assessment of the atro-
phy [54, 55].

The strong interest in SW-FAF imaging in the
clinical and research environments is clearly
justified by its ability to precisely assess atrophy
in AMD and potentially predict its progression
[56]. In fact, current clinical trials on AMD use
SW-FAF to measure GA not only for the
demonstrated reliability of the measurements
[57], but also for its correlation with the visual
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Fig. 2.4 Multimodal imaging of a patient with a type
1 macular neovascularization (MNV) secondary to
age-related macular degeneration. The short wavelength
autofluorescence (a) shows a round hypo-autofluorescent
lesion (probably due to the subretinal fluid and overlying
RPE atrophy) surrounded by a hyper-autofluorescent ring.

function; that is, when the autofluorescence signal
is absent, it is correlated with a loss of retinal
sensitivity [58, 59]. It should be noted, however,
that in case of MNV, this assumption may not be
completely accurate. Nevertheless, confluent
patterns of autofluorescence loss in central mac-
ula are strongly related to visual acuity, contrast
sensitivity, and reading speed in eyes treated with
anti-VEGF agents for neovascular AMD [60, 61].

Near-Infrared Fundus
Autofluorescence

2.3.2

Confocal SLO instruments can integrate multiple
sources of light with different wavelengths, with a
lower sensitivity to optical media opacities and
macular pigment than SW-FAF. Confocal
NIR-FAF (830 nm) is able to detect the melanin

Indocyanine green angiography (b) shows the neovascular
network that perfectly corresponds to the enface optical
coherence tomography (OCT) angiography image (c).
OCT B-scan shows the location of the neovascular plexus
between the retinal pigment epithelium and the Bruch’s
membrane

of the RPE and also, to some extent, melanin in
the choroidal layers [62]. This has been confirmed
by multiple animal and donor human eye studies
[63]. In normal subjects, NIR-FAF is
characterized a central area of high signal in cor-
respondence of the foveal region, where the RPE
are taller and thus have a higher concentration of
melanin. This area of higher NIR-FAF
corresponds to the physiologically reduced cen-
tral SW-FAF [63, 64].

In early AMD, the correspondence between
NIR-FAF and SW-FAF is not absolute,
depending on the relative amount of lipofuscin
and melanin in each lesion [65]. In eyes with
neovascular AMD, the predominant finding is
the blocking of NIR-FAF and SW-FAF by
subretinal blood or MNV. The main difference
is in areas of exudation activity where SW-FAF is
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typically increased, whereas NIR-FAF is usually
decreased [65].

For GA, the application of NIR-FAF can be
complimentary to the SW-FAF due to some
important differences: (1) the area of hypo-
autofluorescence corresponding to GA atrophy
is usually significantly larger in NIR-AF com-
pared to SW-AF [65, 66]; (2) when the lesion is
close to the fovea, SW-FAF might not have
enough contrast for a distinct delineation of the
borders, due to the masking effect of the macular
pigment; (3) visualization of the borders of the
lesion in NIR-FAF may also be difficult in
pigmented individuals where the higher melanin
signal from the choroid can reduce contrast [62];
(4) the fluorescence of the borders might be dif-
ferent between the two modalities: an iso-SW-
FAF border may correspond to a hyper-NIR-
FAF border—these areas are thought to have a
persistent photoreceptor layer over an already
damaged RPE, suggesting that NIR-FAF may
detect areas of damaged RPE/photoreceptors
cells earlier than SW-FAF [66].

Thus, optimally, a combination of both
NIR-FAF and SW-FAF imaging should be
implemented to detect and monitor morphologi-
cal and functional RPE in AMD, especially in
eyes with GA.

Several SLO and fundus camera systems
implemented other wavelengths to investigate
the retina; however, very few of them have been
properly validated (i.e., 532 nm fundus cameras
or 514 nm SLO systems) [67, 68]. A potential
advantage of green FAF over blue FAF is that it is
of lower energy and generally more comfortable
for patients. The lower energy may also offer
theoretical safety benefits, particularly in diseases
eyes that may be more susceptible to light toxic-
ity—however, this hypothesis requires careful
study. A recent study compared green FAF versus
blue FAF in measuring GA lesions, finding a
slightly higher reproducibility and accuracy of
measurements for green FAF. A post-hoc analysis
related the inter-reader differences to the
opacification of the media, which has a higher
impact on the quality of the blue FAF compared
to green FAF, hence affecting the precise grading
of the lesions [69].
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2.3.3  Color Autofluorescence

Recently, a confocal blue-light FAF device
(CentervueEidon) using a 450 nm wavelength
and a light-emitting diode (LED) light source
has been introduced. The 450 nm wavelength is
thought to excite different fluorophores from the
ones excited with the classical 488 nm [70]. As
this device is equipped with a color sensor, the
full-spectrum of the emitted light can be detected,
resulting in a “color FAF” image. This complete
emission spectrum can be divided into long-wave
and short-wave  emission  fluorescence
components (EFC): “red” (560-700 nm) and
“green’ (510-560 nm). The evident advantage is
that minor fluorophores, whose emission is usu-
ally overwhelmed by major ones (e.g.,
lipofuscin), could be isolated and studied as they
emit in the shorter wavelength end of the spec-
trum (green EFC) [71, 72]. For example, in GA,
while there is an absence (or major reduction) of
the high red EFC component coming from
lipofuscin, the green EFC signal is still present,
even if diminished, and it seems to originate from
subretinal hyper-reflective material. It is possible
that drusen-like metabolites with highly glycated
products have fluorescent capability and could be
the source of this signal (Fig. 2.5) [72].

Thus, it is evident that 450 nm FAF imaging
may yield further insights into the pathologic
processes behind AMD pathogenesis and pro-
gression. However, more work is necessary to
define the role of color FAF on the assessment
and prognosis of AMD patients.

234 Quantitative Fundus

Autofluorescence

While SW-FAF allows qualitative evaluation and
quantitative measurements of areas of definite
hypo- or hyper-autofluorescent alteration, tradi-
tional SW-FAF approaches do not allow the abso-
lute FAF intensity to be quantified. A
methodology that overcomes this limitation is
quantitative autofluorescence (qAF), which
employs an internal fluorescent reference to cal-
culate the intensity of the autofluorescence of the
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Fig. 2.5 Fundus autofluorescence images from an eye
with geographic atrophy secondary to age-related macular
degeneration. The 488 nm fundus autofluorescence (FAF)
image (a) shows well demarcated areas of atrophy that are
not visible in the 450 nm FAF (b). The color FAF (c)

fundus [73]. Normative studies validated this
modality and reported that qAF intensity
increases with age, and also vary with sex (higher
in women) and ethnicity (higher in whites and
Hispanic) [71, 72]. Of note, foveal and perifoveal
gAF values are inversely correlated with macular
pigment measurements [71, 72]. Obtaining high
quality, reliable gAF images does require careful
attention to technical details such as uniform

shows that in these areas the green emission component
(probably due to subretinal deposits) is still present while
the red emission component (isolated in d) is absent in
atrophic regions (due to reduction/absence of lipofucsin)

illumination, adequate bleaching, optimal focus,
and central alignment of the camera with the pupil
[73-75].

gAF techniques may have important
techniques in inherited retinal diseases, many of
which (Stargardt’s pattern dystrophies, Best dis-
ease) feature accumulations of lipofuscin, and in
some cases may be confused with AMD [76-
78]. In addition, qAF is being studied in the
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setting of AMD, and qAF findings are being
correlated to functional measurements (e.g.,
from electrophysiology and microperimetry)
[79]. Large, longitudinal studies are still needed.

2.3.5 Fluorescence Lifetime Imaging

Ophthalmoscopy

Fluorescence lifetime imaging ophthalmoscopy
(FLIO) uses a blue laser light impulse to excite
retinal fluorophores and measure their time span
of emission, which is independent from the signal
intensity. This parameter is specific for each mol-
ecule, depending on its structure and interactions
with the local metabolic environment [70]. The
latter can change very early during degenerative
processes, revealing information about the integ-
rity of RPE and photoreceptors before these
changes can be seen by standard imaging
modalities [80, 81]. In AMD, fluorescence
lifetimes are prolonged compared to healthy
subjects [82, 83]. In GA, areas of complete outer
retinal and RPE atrophy (cRORA) have longer
lifetimes compared to areas where there are sur-
viving photoreceptors segments. This is probably
related to fluorophore emission from the connec-
tive tissue components and the underlying
choroid.

This is a relatively innovative field and more
studies assessing metabolic alterations in the
pathological retina are required and FLIO can
help in supporting this analysis, including in
dry AMD.

24 Dye-Based Angiography

Dye-based angiography of the retinal fundus
consists of two main methodologies according
to the type of exogenous fluorphore injected intra-
venously in the patient for the examination: fluo-
rescein and/or indocyanine green. These
fluorophores absorb and emit light at specific
wavelengths that can be detected by the camera
systems using distinct filters. Several clinical
studies have validated the use of SLO systems
and flash fundus camera-based systems in both
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neovascular and dry AMD. Fluorescein angiogra-
phy and indocyanine green angiography may be
performed separately or in combination
depending on the diagnostic concern [46].

2.4.1 Fluorescein Angiography

Over the past decades, the diagnosis and grading
of MNV were based on fluorescein angiography
[84, 85]. It requires the intravenous injection of
fluorescein, an organic molecule that shows emits
fluorescence when exposed to short-wavelength
light (465—490 nm). FA aids in the characteriza-
tion of numerous retinal abnormalities, such as
drusen, vascular alterations, and neovessels. FA is
better used to visualize retinal vascularization as
the melanin in the RPE absorbs both the exciting
and the emitted light on FA. However, wherever
the RPE is absent or shows less pigmentation, the
CC and choroidal vessels may be seen.

Drusen can be easily visualized by FA but
often require the complementary acquisition of
other imaging modalities (such as OCT) to distin-
guish the subtype.

In general, staining properties of soft drusen
on FA vary depending on the status of the
overlying RPE and the quality of their content
[19]. For this reason, they could range from
hyper- to hypofluorescent, particularly in the
early phases of the angiogram. Given their
cross-sectional triangular shape, cuticular drusen
have a significant RPE attenuation at the apex and
compacting of RPE at the base. This leads to an
inverse pattern of presentation between FA and
FAF: in FA cuticular drusen show a pinpoint
hyperfluorescence centrally (“starry sky” or
“milky way” pattern), while in FAF images the
apices are hypo-autofluorescent. SDD are hard to
visualize on fluorescein angiography, showing
absent or minimal fluorescence [86].

The guidelines for the acquisition of FA and
the criteria for the identification of MNV second-
ary to AMD on FA were systematically defined in
1991 with the Macular Photocoagulation Study
[84] that distinguished between classic and occult
neovascularization. Shortly thereafter another
type of neovascularization was identified as a
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neovascular process starting from the retinal vas-
culature and characterized by retinal-retinal or
retinal-choroidal anastomosis. The
characteristics of each subtypes became more
clear with the advent of depth-resolved imaging
(such as OCT), leading to a more “modern” clas-
sification: type 1 (former “occult”) MNV, type
2 (“former” classic) MNV, and type 3 (former
“retinal angiomatous proliferation”) MNV
[3, 87, 88].

Type 2MNVs occupy the subretinal space and
generally correspond to classic MNV on
FA. Classic MNV is characterized by an area of
bright, well-demarcated hyper-fluorescence evi-
dent in the early phases of the angiogram. In
later phases, progressive leakage and pooling of
dye in the overlying subsensory retinal space

leads to obscuration of the boundaries of the
MNV (Figs. 2.1 and 2.6) [84, 89].

Type 1 MNVs occupy the sub-RPE space and
generally correspond to occult CNV on
FA. Occult CNV is characterized by areas of
irregular elevation of the RPE (fibrovascular
PEDs) that may not be as well-demarcated or as
bright as areas of classic MNV in the transit phase
of the angiogram. Within 1-2 min after fluores-
cein  injection, an area of stippled
hyperfluorescence is usually apparent. By
10 min after injection, there is persistent fluores-
cein staining or leakage within a sensory retinal
detachment overlying this area [84, 89]. The
exact boundaries of fibrovascular PEDs can be
determined only when fluorescence sharply
outlines the elevated RPE, although frequently,

Fig. 2.6 Multimodal imaging of a patient with type
2 macular neovascularization secondary to age-related
macular degeneration. Short-wavelength autofluorescence
(a) shows a hypoautofluorescent area due to blockage by
hemorrhage and the neovascular lesion which is posi-
tioned above the retinal pigment epithelium (as seen on
the optical coherence tomography [OCT] B-scan (c)) On

en face OCT angiography (b), the network of vessels is
clearly visible and surrounded by a ring of choriocapillaris
flow attenuation. The same MNV network is visible by
fluorescein angiography, especially during the early (d)
and late transit phases (e). The leakage of dye in the late
phase (f) makes it more difficult to distinguish the borders
of the lesion
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the intensity of fluorescence at the boundary of
the elevated RPE is quite irregular, with some
areas fading relative to the fluorescence of the
remaining areas of elevated RPE, making it diffi-
cult to distinguish the boundaries of fading fluo-
rescence of the occult MNV from the fading
fluorescence of the surrounding RPE. Further-
more, the borders of elevated RPE often slope
gradually downward to surrounding flat RPE so
that the demarcation between elevated RPE and
flat RPE cannot be determined with certainty.
Fibrovascular PEDs should not be confused with
typical, classic serous detachments of the RPE
[90, 91] In the latter, there is usually a uniform,
smooth elevation of the RPE with early, sharply
demarcated, fairly uniform hyperfluorescence
that persists in the late phase of the angiogram
[90, 91].

Type 3 MNV may be more difficult to distin-
guish by FA alone. In the early phases of the
angiogram, it shows a leakage often in close
proximity to retinal vessels that then becomes
intense in late phases, often with cystoid macular
edema. Sometimes, in the very early phases it is
possible to visualize the retinal-retinal
anastomoses. Nevertheless, to reach a sufficient
level of confidence for the diagnosis of this type
of MNV, ICGA, and/or OCT are often required
[3, 89, 92, 93].

The distinction of the specific forms of
neovascular AMD is important because some of
them show a more severe progression of the dis-
ease, critically influencing patient prognostication
and the decision-making process for treatment.
For instance, retinal angiomatous proliferation
(RAP) can present with intraretinal hemorrhage,
lipid exudates, and edema in the retinal layers
[89, 94]. Furthermore, it is the one with the
highest rate of progression to atrophy, with poorer
visual outcomes over time [95].

It should be noted that many MNV lesions can
feature mixtures of these MNV subtypes that can
result in peculiar phenotypeson FA [89].

Other angiographic findings associated with
MNV may interfere with the visualization of the
lesion boundaries: (1) hemorrhages, hyperplastic
pigment, or fibrous tissue contiguous with the
MNV may obscure the normal choroidal
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fluorescence; (2) a serous PED cause an early
bright uniform hyperfluorescence that may
obscure the fluorescence from MNV. The pres-
ence of any of these features can make it impossi-
ble to accurately determine the full extent of the
MNV [84].

FA can be used for the imaging of GA lesions
and is often included in clinical trials in order to
rule out the presence of MNV [96, 97]. The pres-
ence of leakage associated with MNV may blur
the edges of the GA lesion [98, 99] (Fig. 2.7).

Drawbacks of the procedure are its invasive-
ness, the relatively long time required for captur-
ing the late-phases and the discomfort of patients.
Other less invasive methodologies may be prefer-
able alternatives for the differential diagnosis of
GA. Furthermore, the risk of severe allergic reac-
tion to intravenous injection of the dye should
always be considered.

24.2 Indocyanine Green

Angiography

Indocyanine green angiography (ICGA) utilizes
near-infrared fundus illumination that allows bet-
ter visualization of deeper structures (e.g., cho-
roid). As this molecule has a higher affinity with
plasma proteins than fluorescein, it does not leak
from the tiny capillaries in the normal CC; hence,
it improves the visualization of the deeper vessels
of the choroid [100]. ICGA can be useful for
identification of type 3 MNYV, revealing a
hyperfluorescent spot corresponding to the early
angiomatous lesion, which over time may extend
from the deep capillary plexus, toward the
choroid [100].

ICGA allowed the initial understanding of
another form of neovascularization otherwise dif-
ficult to recognize by FA alone: the aneurysmal
type 1 neovascularization (or polypoidal choroi-
dal vasculopathy) (PCV) [92]. These terms
describe the occurrence of aneurysmal lesions
that develops from type 1 neovascular networks.

Taking advantage of this better visualization of
the choroidal vessels, in 1992, Spaide et al.
described PCV as a hyperfluorescent vascular
network that forms a “plaque,” masking the
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Fig. 2.7 Short-wavelength fundus autofluorescence (a)  during the early phases of the angiogram (b) but become
and fluorescein angiography (b, ¢) of a patient with bilat-  less well-demarcated during the late phases (c) because of
eral geographic atrophy secondary to age-related macular  dye leakage and staining

degeneration. The borders of the lesions are clearly visible
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underlying CC and polyps themselves. The latter
are evident as hyperfluorescent structures in the
early phases of the ICGA, since they subse-
quently stain and leak from their walls [101].

Only after the introduction of OCT, was the
actual depth of these lesions definitely determined
[60, 88, 102]. Of note, it is still controversial as to
whether PCV is a form of AMD or not
[92, 103]. Indeed, there are several differences
between PCV and AMD. Peculiarities of PCV
are: (1) a thicker subfoveal choroid; (2) the rela-
tive absence of classical, and when drusen are
present, have an unusual shape [104]; (3) it is
more prevalent in African populations (in whom
other forms of AMD-related MNVs are uncom-
mon); (4) patients are usually younger; and (5) the
development of polypoidal lesions.

ICGA can also aid in the discrimination of
atrophic lesions of different origins. For instance,
in late-onset Stargardt disease, atrophic areas are
not stained by the dye (“dark atrophy”), whereas
in AMD, a late staining of the lesions usually
occurs [105]. The interest toward the choroid;
involvement in the pathogenesis and progression
of AMD is particularly high, hence its imaging
can be a valuable tool to study and assess it
accurately [105-107]. ICGA is an invasive
method with the same limitations as FA with
regards to imaging time and the risk of allergic
reactions.

2.5 Widefield Imaging
Compared to other conventional imaging
modalities, widefield imaging can visualize a
larger retinal field. The field of view may be
extended to >100° using internal or external
lenses. Nevertheless, a wider view corresponds
to lower resolution and contrast. The SLO modal-
ity drives a big proportion of widefield imaging
machines, allowing the capture of reflectance
images, FAF, or FA and ICGA on the same
device. These devices do not use white light, but
a mix of discrete laser sources, which are then
combined, giving a “false color” image.

A system equipped with an internal ellipsoid
mirror (Optos devices; Optos, Dunfermline, UK)
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can achieve up to a 200° field of view, which
covers >80% of the ocular fundus. However,
the use of the ellipsoid mirror creates distortion
in the periphery of the acquisition; furthermore,
the view may be vertically limited by lid and
eyelash artifacts [108].

Alternatively, a contact lens may be
implemented on an SLO machine in order to
achieve a field of view of up to 150° [109]. The
use of a contact lens requires a trained operator
and can be particularly influenced by the presence
of lens opacities [109]. Recently, an ultra-
widefield confocal system providing a 105° of
view with a noncontact lens attached to the cam-
era has been introduced (Heidelber Engineering,
Heidelberg, Germany) [110]. The smaller field of
view allows higher contrast without lid and eye-
lash artifact [110].

Finally, a new color fundus camera with
widefield acquisition has become available. This
machine (Zeiss Clarus 500; Carl Zeiss Meditec,
Dublin, CA) offers the advantages of providing a
“true color” image of the fundus with a field of
view of 133° in one single image and up to 267°
by montage of six pictures. Features graded on
standard color photos and widefield image can
yield similar findings [111]. Widefield imaging
introduced the unprecedented possibility to study,
document, and follow the peripheral anomalies
associated with AMD [112]. These abnormalities
have been noted in >70% of eyes with AMD and
include a variety of features such as peripheral
drusen, RPE depigmentation, peripheral reticular
pigmentary degeneration (PRPD), and/or atrophic
patches (Fig. 2.8). It has been suggested that some
of these peripheral features may be associated
with a worse prognosis (such as PRPD
[113, 114]). The natural history of these periph-
eral lesions and the influence they have on the
natural course of the disease require further inves-
tigation [115, 116].

2.6 Optical Coherence

Tomography

Over the last two decades, the availability of OCT
has dramatically transformed ophthalmology,
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Fig. 2.8 Widefield fundus image (top left) of a patient
with dry age-related macular degeneration. The presence
of lid artifacts limits the view of the superior field. A
magnification of the central field (black box inset on top
left — top right) allows better visualization of the drusen
in the macular area. Peripheral alterations such as drusen,

especially for retinal disease diagnosis and assess-
ment. OCT uses infrared light (with high penetra-
tion properties) to measure different backscatter
from biological tissues, yielding micrometer-
resolution images [117]. OCT imaging can pro-
vide depth resolution inside tissues and character-
ize its structure based on their degree of
reflection/scattering of light. Similar to ultrasound
imaging, OCT captures multiple images on an
axial plane (A-scan), which, when summed up
on the transverse plane, provide cross-sections
of the tissue (B-scan). Volumetric information is

retinal pigment epithelium depigmentation, and peripheral
reticular pigmentary degeneration (PRPD) can be easily
seen. The magnification of the infero-nasal field (yellow
box, bottom left) highlights the presence of the PRPD,
particularly evident in the infrared reflectance image (bot-
tom right)

generated by sequentially acquiring multiple
B-scans that are displaced perpendicular to the
B-scan image, covering an entire region of the
retina [117].

Unlike other imaging modalities, OCT
produces in vivo cross-sections and en face
images of the retinal and subretinal
structures [118].

Three different generations of OCT machines
have been brought to the market [119-121]. The
first OCT device was based on time-domain
(TD) technology, which used a light beam
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calibrated on a 840 nm wavelength. This device
could acquire 400 A-scans every second, and
provide images with an axial resolution up to
10-15 pm. Spectral domain (SD)-OCT was the
next generation of devices which were introduced
and achieved faster  scanning  speed
(25,000-85,000 A-scans per second) and
improved resolution (4—7 pm). Enhanced-depth
imaging (EDI) SD-OCT yields a higher penetra-
tion power and resolution for the imaging of the
choroid [122]. Finally, the introduction of swept
source (SS)-OCT provided a greater penetration
of the choroid, exploiting a light source with
wavelength around ~1050 nm. SS-OCT available
devices can capture 100,000 A-scans per second,
with an axial resolution of 6-8 um, and can pro-
vide B-scans of >20 mm in length. En face OCT
imaging is commonly used to examine the mac-
ula, providing retinal and choroidal sections on
the coronal plane (C-scan), which is aligned with
the RPE profile as reference.

Eye-tracking systems use anatomic features to
align acquisitions from different sessions (useful
for follow-up) and facilitate the acquisition of
scans in eyes with poor stability of fixation. A
single B-scan may be acquired quickly while a
dense raster pattern of line-scans (‘“volume scan”)
often requires more time. Nevertheless, volume
scans with sufficiently small spacing between
consecutive B scans are necessary to elaborate
the C-scans, which allow the mapping of the
macula and the localization of specific features,
such as drusen, reticular pseudodrusen, and pig-
ment migration into the inner retina. In early and
intermediate stages of AMD, the high-resolution
of the OCT scans provides an excellent visualiza-
tion of the morphology of drusen and the
overlying RPE and neurosensory retina [123].

Small (hard), medium, and large (soft) drusen
appear as deposits of hyper-reflective material
between the RPE basal lamina and Bruch’s mem-
brane (Fig. 2.9) [19].

The coalescence of large drusen may lead to a
drusenoid PED. OCT imaging can identify the
presence of PED, showing a dissociation between
the RPE and the Bruch’s membrane [44]. The
inner contour of the PED (equivalent to the RPE
band) usually appears smooth and undulating.
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OCT can supply useful information on the dimen-
sion of drusen (i.e., height, area, and volume), but
also regarding their shape and internal
reflectivity, as well as the integrity of the
overlying RPE. Several studies have reported
that drusen show a dynamic appearance, with
their volume increasing and decreasing cyclically
[123, 124]. Several prognostic factors associated
with drusen could be easily evaluated by OCT. A
greater risk of progression to focal atrophy has
been associated with (1) greater heights of
drusenoid lesions or PED [123]; (2) drusen
regression [125]; (3) internal heterogeneous
reflectivity or hyporeflective drusen cores
(Fig. 2.9) [123, 126]; (4) finally, mineralized
drusen with refractile deposits (supposedly
calcified or mineralized lipid material), which
may be a form of drusen in regression
[127]. Cuticular drusen are small drusen that
demonstrate a characteristic “sawtooth” pattern
on OCT (small, triangle-shaped, hyporeflective
inside) [19]. Finally, subretinal drusenoid
deposits  (which correlate  with reticular
pseudodrusen on FAF) have been classified
using OCT in three different stages: stage
1 shows a wavy or ribbon-like EZ, in stage 2 the
EZ deflects inward as a result of the deposit, while
stage 3 features the interruption of the EZ and the
inward deviation of the external limiting
membrane [20].

Several studies have shown that reticular
pseudodrusen are associated with a higher risk
of developing late AMD [128, 129] and atrophic
degeneration of the outer retina. Nevertheless, it
is still debated if reticular pseudodrusen may
forecast the rate of future growth of the lesions,
as their presence usually anticipate where GA
would develop and the risk of multifocal
lesions [122].

Other AMD-related features that OCT may
help to identify in the earlier stages are pigmen-
tary alterations: choroidal hypertransmission (i.e.,
increased light transmission through the choroid
because of the overlaying retinal atrophy) may
help identify focal areas of RPE loss or depig-
mentation [130]; pigment clumping and migra-
tion are visualized in OCT as outer retinal
hyper-reflective foci. The latter have been related
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Fig. 2.9 Infrared reflectance (IR) and optical coherence
tomography B-scans of three patients with dry age-related
macular degeneration. The first subject (first row) shows
soft confluent drusen (yellow box) close to the foveal
center; the second patient (second row) shows a ring-like

to RPE atrophic degeneration and associated with
a higher probability for focal atrophic lesions to
develop and progress [123, 129, 131, 132].

The clinical relevance of OCT is also impor-
tant in the later stages of AMD (both GA and
MNV), and its structural findings are often
included in clinical trials as primary and/or sec-
ondary endpoints for treatment success.

OCT can identify exudative AMD at an early
stage. Type 1 MNV is localized under the RPE,
constituting a vascularized fibrovascular or serous
PED. Serous PEDs are usually smooth regular
dome-shaped hyporeflective RPE elevations.
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pattern of reticular pseudodrusen on the IR image with
corresponding subretinal drusenoid deposits (white
arrows) on the OCT B-scan. The third patient (bottom
row) has focal areas of geographic atrophy associated
with hyporeflective drusen (black box)

Fibrovascular PEDs are filled with a medium-to-
high reflective material organized in multiple
layers that are separated by hyporeflective spaces
(Fig. 2.4).

Active type 1 MNV is often accompanied by
subretinal fluid (SRF) that accumulates between
the retina and the RPE and appears
hyporeflective. Intraretinal fluid (IRF) is less
common for type 1 MNV (generally present
with older, more chronic lesions) and appears as
round, hyporeflective, cystoid spaces within the
retinal layers. Not all these spaces are indicative
of exudation, and persistent cystoid spaces
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despite therapy, particularly with less associated
retinal thickening, may be a feature of retinal
degeneration [3, 89].

Type 2 MNV is localized in the subretinal
space, directly above the RPE (Figs. 2.1 and
2.6). It is frequently associated with retinal
thickening, SRF, IRF, and PED [133].

Type 3 MNV is typically preceded by the
migration of RPE cells (intraretinal hyper-
reflective foci) into the retina. These RPE cells
may locally secrete VEGF and promote the devel-
opment of the NV lesion at the level of the deep
capillary plexus. The NV lesion may then grow
downward and reach the sub-RPE space through
a gap in the RPE monolayer that is commonly
present. OCT features that aid in the identification
of Type 3 NV include: (1) a gently sloping dome-
shaped or trapezoid-shaped PED without an obvi-
ous peak and with a “flap” sign; (2) a focal funnel-
shaped defect in the RPE, called the “kissing
sign”; (3) presence of IRF and often (but not
always) absence of SRF [93, 134] (Fig. 2.10).

In aneurysmal type 1 neovascularization
(or PCV), the branching vascular network appears
as a fibrovascular PED, while the aneurysmal
lesions themselves appear as a PED with sharper
bumps, often correlating with an internal rounded
hyporeflective area (representing the polyp
lumen) and exudative findings [92, 135].

To date, OCT is the gold-standard imaging
technique for assessing exudative AMD over the

long term and has largely replaced CFP and FA
for monitoring the activity of the disease thanks to
its higher sensitivity. Serial consecutive
assessments of macular thickness and morphol-
ogy allow the evaluation of the response to treat-
ment. It is particularly valuable in case of
individualized or evaluation-based, as-needed
therapy (Pro Re Nata, PRN), which is one of the
two treatment regimens commonly employed in
practice. The presence of any fluid generally
guides the decision to retreat patients
[96, 136]. Structure—function correlation has
identified OCT biomarkers that are commonly
associated with reduced vision: IRF at baseline
and persistent cystoid spaces at the end of the
loading dose (independently from the agent and
regimen chosen) [137]. Whenever IRF is present
initially, best corrected visual acuity (BCVA) and
the gain in BCVA may be reduced compared to
eyes with only SRF [137].

OCT is also currently used for a precise assess-
ment of GA. Its depth resolution characteristics
yield precise measurements and evaluation of the
single layers of both the retina and choroid [138],
and may facilitate the detection of early or nascent
atrophy before it may be detected by CFP or FAF.

Recently, an OCT-based classification of mac-
ular atrophy was proposed by a consensus of
retinal specialists and image reading center
experts through the Classification of Atrophy
Meetings (CAM) program [130]. Four terms

Fig. 2.10 Optical coherence tomography (OCT) and
OCT angiography of type 3 macular neovascularization.
The B-scan (left) shows a trapezoid-shaped pigment epi-
thelial detachment with the typical “kissing sign” and the
presence of intraretinal fluid. On OCT angiography, this

type of neovascularization can be visualized as a discrete
high flow linear structure (yellow dotted circle) extending
from the middle retinal layers (middle) into the deep retina
(right)
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were proposed to describe atrophy in the setting
of AMD: “complete RPE and outer retina atrophy
(cRORA)”, “incomplete RPE and outer retinal
atrophy (iRORA)”, “complete outer retinal atro-
phy (cORA)”, and “incomplete outer retinal atro-
phy iIORA)”.

GA was defined to be a subcategory of
cRORA with no MNV, whereas cRORA is
identified as a condition of macular atrophy with
or without MNV. Nascent GA [139] is considered
as a subcategory of iRORA with no MNV. The
cRORA is defined by the concomitant presence of
three specific OCT criteria: (1) an area of light
hypertransmission into the choroid with a mini-
mum diameter of 250 pm; (2) a region of
attenuated or absent RPE, 250 pm in minimum
diameter; and (3) signs of degeneration of
photoreceptors (absence of the interdigitation
zone, external limiting membrane, and EZ and
reduction of the thickness of the external nuclear
layer), without a scrolled RPE or other evidence
of an RPE rip. In ambiguous cases, it has been
advised that OCT evaluation should be assisted
by other imaging technologies.

OCT is valuable not only for the diagnosis, but
also for assessing the progression of GA: when
the lesion borders present with irregular RPE
elevations [140], an evident separation between
the RPE and the Bruch’s membrane [140], and/or
a thickening of the inner nuclear layer thickness
[141], the GA is more likely to grow faster than
lesions with smooth edges. Furthermore, an outer
retinal thinning often appears at the border of the
lesions before the atrophy progresses [142].

Another OCT finding that may be observed in
eyes with RPE loss (including eyed with GA) is
outer retinal tubulation (ORT). OCT B-scans
detect ORTs as round-shaped structures in the
outer nuclear layer. Using the en face OCT, it is
often evident that these structures are connected
in a multiple branching morphology [142—
144]. ORTs show a hyporeflective lumen
surrounded by a hyper-reflective ring that is the
outer limiting membrane. It is still questioned if
ORTs have clinically important prognostic value
[122, 145, 146].

The rising availability of EDISD-OCT and
SS-OCT has facilitated evaluation of the choroid

in various disorders including AMD. It has been
speculated that a drop in the perfusion of the
choroid can result in ischemia of the external
retina, which is considered an important patho-
genic trigger in the pathogenesis of both
non-neovascular and neovascular AMD [146—
148]. Some studies have associated the thickness
of the choroid with the AMD condition: the cho-
roid tends to be thinner as the disease progresses,
especially in dry AMD [149, 150, 151]. However,
this is still debated as other reports did not con-
firm these findings [152, 153].

2.7 Optical Coherence

Tomography Angiography

Optical coherence tomography angiography
(OCTA) is another promising and rapidly
evolving technology that can provide visualiza-
tion of flow in the retinal microcirculation in a
depth-resolved fashion [154—-156]. The relatively
quick acquisition time, lack of need of intrave-
nous dye, and the high-resolution and contrast of
the resultant images are major advantages
of OCTA.

This technology is based on the principle that
the flow in the retinal blood vessels is the main
source of motion in the posterior segment of the
eye. Thus, by acquiring repeated B-scans at the
same position, differences in phase and amplitude
of the reflected light signals can be used to iden-
tify regions in B-scans where presumed flow is
present.

The image resulting from the pixel-by-pixel
comparison of two or more repeated B-scan
(automatically done by different algorithms in
different machines) at the same position is
displayed as a motion contrast image. OCTA
represents the volumetric reconstruction of a
dense raster of repeated consecutive B-scans,
which allows the depth-resolved en face visuali-
zation of the retinal and choroidal microvascula-
ture. Unlike FA, OCTA allows the capillaries in
different retinal layers to be isolated and
visualized. In this way, a precise correlation
between vascular, structural, and functional
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changes can be performed in vivo in both cross-
sectional and longitudinal fashions.

The first OCTA system was implemented on
an SD-OCT platform. Recently, the implementa-
tion of this system on SS-OCT with longer
(1050 nm) wavelengths has facilitated better
assessment of the CC and choroid (Fig. 2.11).

Choriocapillaris  alterations have been
observed  throughout all  phases of
non-neovascular AMD. In early and intermediate
AMD, OCTA has identified reduced CC flow
signal under and around drusen, confirming pre-
vious histological studies [157-159]. These
findings could be indicative of true nonperfusion
due to CC impairment or may simply reflect a
reduction of blood flow velocity below the

detectable threshold of current OCTA technol-
ogy. Regardless, both scenarios may be
associated with hypoxia of the RPE and
photoreceptors, with consequent derangement of
the local metabolic environment. Eyes with retic-
ular pseudodrusen seem to have even more exten-
sive impairment of the CC as well as a reduced
choroidal  thickness, particularly in the
extrafoveal quadrants [160, 161].

This CC impairment in the earlier stages of
AMD seems also to correlate with photoreceptor
function, since a significant association has been
found between the absence of flow signal and
electroretinogram implicit times [162]. In inter-
mediate AMD, but not in early AMD, OCTA has
also shown alterations in the superficial and deep

Fig. 2.11 Swept-source (a) and spectral domain (b) opti-
cal coherence tomography angiography of a patient with
drusen. The higher penetration of the longer wavelength

used by the swept-source systems allows a clearer visuali-
zation of the choriocapillaris (right) under the drusen
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retinal plexuses, which also seem to correlate
with choroidal thickness reduction [163].

In GA, the CC is highly impaired in within
these advanced atrophic lesions, even though
some residue of flow can be still detected near
the border of these lesions. However, the CC
immediately surrounding the GA lesion (under

apparently intact RPE) can show substantial
impairment (Fig. 2.12) [164, 165].

Recently, a report on OCTA showed a signifi-
cant relationship between areas of nascent GA
and CC alterations [166].

It is still debated whether the RPE or the CC
disruption occurs first in AMD with evidence

Fig. 2.12 Multimodal imaging of a patient with geo-
graphic atrophy secondary to age-related macular degen-

eration.  Optical coherence tomography (OCT)
angiography (first row) shows evidence of flow in large
choroidal vessels within the atrophic region where the
choriocapillaris (CC) is significantly impaired/atrophic
and the retinal pigment epithelium (RPE) is absent. The
CC also appears to be impaired near the margin of the

atrophy (black dotted box). The near infrared image (sec-
ond row, left) shows the exact boundaries of the lesion. In
the OCT B-scan (second row, right), evidence of complete
RPE and photoreceptor atrophy with choroidal
hypertransmission, attenuation of the RPE band, and thin-
ning of the overlying outer retina can be seen. Areas of
outer retinal tubulations (white arrows) can also be
observed
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pointing in both directions [158, 166—169]. Recent
in vivo studies using OCTA seemed to support the
hypothesis that CC loss may precede RPE degen-
eration as microvascular changes occur even under
areas of intact RPE. Nevertheless, it is still possible
that current imaging methodologies are not sensi-
tive enough to detect the earliest dysfunction of the
RPE. Furthermore, the reduced production of tro-
phic factors from the damaged or absent adjacent
RPE may also contribute to CC impairment in
regions surrounding GA lesions [158, 167].

The use of OCTA has also been investigated
for detecting “silent” type 1 MNV in otherwise
asymptomatic intermediate AMD patients. A case
series has estimated this occurrence in around
30% of all eyes with intermediate AMD
[170]. OCTA may be used for diagnosing differ-
ent subtypes of MNV, allowing a direct correla-
tion with structural OCT and thereby aiding in the
diagnosis and classification of the neovascular
lesions [171]. Type 1 MNV is usually displayed
as a network of vessels between the RPE and the
Bruch’s membrane, often in the setting of a fibro-
vascular PED as visualized on the OCT (Fig. 2.4)
[172]. Conversely, Type 2 MNV is displayed as a
vascular network in the avascular subretinal space
(Fig. 2.6) [173]. In both these MNV types, it is
often possible to see on OCTA the feeding trunk
vessels: generally large vessel from which smaller
vessels derive, forming anastomotic connections
inside and at the borders of the lesions [174—
176]. Furthermore, there may be drop out of the
CC surrounding areas of MNV [168] confirming
previous histological studies [177].

Type 3 MNV, on the other hand, can be
visualized as a discrete high flow linear structure
extending from the middle retinal layers into the
deep retina and occasionally through the RPE
(Fig. 2.9). OCTA findings may be difficult to
see in the earliest stages of Type 3 MNV, and
thus structural OCT remains important for diag-
nosis. When type 3 MNV progresses, vessel
branches form anastomotic connections within
the deep capillary plexus, extending downward
to the external retina and subretinal and sub-RPE
spaces [175].

Current studies using OCTA in neovascular
AMD are aimed at defining imaging features
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that could aid clinicians to distinguish between
active and inactive MNV [178]. Different authors
advocate that some OCTA findings (e.g., dark
haloes surrounding the lesions and tiny vessels
at the MNV edges) may correlate with activity,
whereas bigger “dead tree”-shaped vessels and a
lack of fine vessels branches may correlate with
quiescent lesions [171]. The reliability of
identifying these features remains to be
established. Nevertheless, a lesion defined as
“active” may not always implicate poor visual
acuity while an “inactive” fibrovascular scar
may be associated with poor visual acuity.
These observations may eventually assist in
defining the optimal endpoint or outcome follow-
ing anti-VEGF therapy MNV, though prospective
longitudinal studies will be essential [156].

A challenge for evaluating the OCTA of eyes
with suspected MNYV is to avoid misinterpretation
due to various artifacts, some of which include:
(1) areas of atrophy that may reveal flow in deeper
choroidal vessels that could be confused for
neovascularization; (2) projection artifacts from
retinal vessels projecting onto elevated hyper-
reflective structures such as serous PED, drusen,
drusenoid PED, and pigmented scars thereby
simulating neovascularization [177]; (3) particu-
larly for type 3 MNYV, superficial vessels may be
projected on the highly reflective PED, simulating
aMNV [179, 180]; and finally (4) hemorrhages or
other features of exudation may obscure the flow
signal, preventing visualization of the MNV
[181]. Use of projection removal software as
well as a systematic review of the OCTA with
simultaneous viewing of the corresponding struc-
tural OCT en face image as well as the B-scans
with flow overlay can prevent misinterpretation
of these artifacts.

Various studies have evaluated the sensitivity
and specificity of OCTA in identifying MNVs
[174, 182], resulting in an overall sensitivity of
~50% and a specificity above 80% [182]. The
sensitivity seems to be higher when considering
only Type 1 MNV (66.7%), with further increase
in detection rate when OCTA is accompanied by
structural OCT data (87%) [172, 183].

Current commercial OCTA devices present a
small dynamic range for flow velocity, with the
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output saturating at low flow rates. The ability to
quantifying flow rates could potentially prove to
be useful for an accurate identification of MNV
and the evaluation of the efficacy of treatments,
but such an analysis is not currently available in
clinical devices.

OCTA has several limitations that must be
taken into consideration when evaluating the
images: (1) the absence of signal may not indicate
an absence of flow, but only a flow below the
threshold of detection; (2) low OCT signal, but
above the threshold level may give rise to a
decorrelation signal due to noise; and (3) the pres-
ence of RPE alterations may preclude a clear visu-
alization of the underlying CC. These issues must
be considered when evaluating OCTA images for
the presence of CC dropout [158]. Thus, swept-
source devices, which use longer wavelength, are
less prone to attenuation artifacts and may be more
suitable for CC visualization [120, 184—187].

Finally, motion, projection, and segmentation
artifacts are further drawback of this imaging
methodology. However, more efficient tracking
systems and projection removal algorithms as
well as deep-learning algorithms for segmenta-
tion could potentially overcome these limitations
in future [176].

2.8 Adaptive Optics Scanning

Laser Ophthalmoscopy

Adaptive optics scanning laser ophthalmoscopy
can produce in vivo images of individual cone
photoreceptors and images of the RPE mosaic.
This technology has a lateral image resolution of
2 pm achieved by compensating for ocular
wavefront aberrations. This resolution allows the
reproducible visualization of individual cone
photoreceptors that may be reliably tracked over
time [188-190]. Usually, AOSLO methodology
employs along wavelength (e.g., 840 nm)
[191]. Media opacities and poor fixation are
major obstacles to obtain good quality images as
they may cause light scattering and image distor-
tion, respectively [192].

Increasing degrees of severity of AMD lead to
increasing photoreceptors loss as demonstrated by
the use of AOSLO [193]. There is a slight

disruption of the photoreceptor mosaic over small
drusen while in presence of soft drusen and/or
drusenoid PEDs and/or areas of GA, photoreceptor
density is significantly decreased [193]. In patients
with GA and drusen, the correlation between
AOSLO and other modalities (SD-OCT,
SW-FAF, NIR-FAF, and CFP) has shown that
the cone mosaic is continuous, with normal inter-
cellular spacing over drusen up to the edge of GA
[194]. Nevertheless, the reflectivity of the cones
over drusen is often reduced and colocalizes with
overlying hyporeflective EZ on OCT [194].

No correlation was found between the AOSLO
dark signal and the presence of hyper-
autofluorescent GA borders in FAF images
[195]. The spacing of the cones has a high speci-
ficity but not the same sensitivity in measuring the
integrity of the mosaic-like structure of
photoreceptors and thus cannot be a reliable
index of the progression of the disease [194]. Of
note, in the presence of RPE or retinal profile
alterations (e.g., drusen or GA), the alignment of
the cones might change making them appear artifi-
cially hyporeflective [194, 196]. These findings do
not consistently correlate with histology and OCT
studies that report a decrease in the density of
photoreceptors over drusen [197, 198]. On the
other hand, they correlate well with histology and
OCT studies reporting photoreceptor alterations at
the edge of GA [51, 195, 199]. Recently, photore-
ceptor abnormalities were detected in AMD
patients in areas of normal SW-FAF [192], which
seem to correspond with histologic changes of
AMD [52]. Therefore, AOSLO could anticipate
the identification of abnormal findings in RPE
cells and/or in the overlying photoreceptors before
they become visible with SW-FAF, NIR-FAF, or
even SD-OCT. These findings may represent
features of AMD progression that can be tracked
in a quantitative and reproducible fashion.

29 Summary

In summary, advances in ocular imaging have
significantly enhanced our ability to comprehen-
sively evaluate the eyes of patients with AMD.
These imaging approaches can allow early diag-
nosis of AMD and precise monitoring of its
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progression. The various imaging modalities pro-
vide complementary information and are opti-
mally used in multimodal approach.
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