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Age-related macular degeneration (AMD) is a chronic multifactorial eye disease
representing the primary cause of vision loss in people aged 60 years and older. The
etiopathogenesis of the disease remains uncertain, with several risk factors contributing
to its onset and progression, such as genotype, aging, hypertension, smoking,
overweight, and low dietary intake of carotenoids. Since the aging populations of the
industrialized world are increasing rapidly, the impact of AMD in the socio-economical life-
developed countries is expected to increase dramatically in the next years. In this context,
the benefits of prevention and early disease detection for prompt and effective treatment
can be enormous to reduce the social and economic burden of AMD. Nutritional and
lifestyle changes, including dietary intake of xanthophyll pigments, such as lutein and
zeaxanthin, no smoking, and regular exercise, are known to protect from risk of AMD
progression from early to advanced disease stages. In this review, we present the clinical
outcomes of a pilot study on trans-scleral iontophoresis delivery of lutein in patients
with AMD. Topical delivery of lutein directly to the macula may provide a more efficient
method for enriching the macular pigment and for achieving greater patient compliance
to therapy than oral administration and thus enhancing prevention strategies. Modern
diagnostic methodologies shall address the major problem of accurately detecting the
risk of transition from intermediate AMD to advanced AMD stages. Adaptive optics retinal
imaging and resonance Raman spectroscopy are two highly promising technologies for
the objective assessment of patients with AMD. In this review, we present some of their
clinical applications for collecting quantitative measurements of retinal cellular changes
and macular content of xanthophyll pigments, respectively. In conclusion, there is great
expectation that technological advancements in AMD management will deliver improved
screening, therapeutic prevention, and diagnostic systems in the coming decade through
a pro-active strategy of “treatment for prevention” that will aim to reduce the global burden
of vision loss caused by AMD in the elderly.

Keywords: age-related macular degeneration (AMD), lutein, adaptive optics, Resonance Raman (RR)
spectroscopy, prevention
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INTRODUCTION

An aging population is much more susceptible than younger
people to many health problems, including eye diseases. The
aging of the population in the world will experience a substantial
increase in the size of the population aged 65 years or over by
2030, a population that accounts for the highest incidence and
prevalence of eye diseases (1).

Age-related macular degeneration (AMD) is a chronic
progressive disease and among the leading causes of low
vision and legal blindness worldwide in people older than
60 years (2). Clinically, AMD is classified in early (Stages
1 and 2), intermediate (Stage 3), and late (Stage 4) stages
according to the signs and symptoms complained by the
subjects (3). Impairment of visual function starts in intermediate
AMD and progresses to late AMD with vision-threatening
complications like neovascularization (neovascular or “wet”
AMD) or “geographic atrophy” (“dry” AMD) of the central retina
(i.e., the macula). Late-stage AMD, the most severe form of the
pathology, is present in about 5% of the over 65’s and 12% of
the over 80’s (4, 5). According to the Retinal Disease Panel of the
National Plan for Eye and Vision Research (6), AMD represents
~90% of cases of blindness in people aged 60 years or older.
Vision loss caused by advanced stages of AMD has profound
human and socioeconomic consequences in all societies. The
costs of productivity loss and of rehabilitation for blindness
constitute a significant economic burden for an individual, the
family, and society globally (7-9). Of note, 30% of persons with
advanced AMD also have clinical depression (10).

The focus of most research and development activities on
AMD is aimed at evaluating the cost effectiveness of treatments
of the neovascular forms. On the other hand, more effective
strategies of secondary prevention for slowing down or halting
AMD progression would be highly desirable. To be clinically
efficient, such activities should require:

1) the identification of patients at higher risk of disease
progression, and

2) the development of novel diagnostic technologies and
treatment for preventing progression from intermediate to
advanced AMD stages.

Addressing both issues can greatly benefit patients and society.
AMD is a multifactorial eye disease with several risk factors
contributing to its onset and progression, such as genotype,
aging, hypertension, hypercholesterolemia, smoking, overweight,
and low dietary intake of vegetables, fish, and fruits. However,
it has been shown that almost all patients with AMD could
benefit from a healthy lifestyle, with those with a high genetic
risk, showing the strongest risk reduction (10, 11). A high
dietary intake of vegetables, fish, and fruits and no smoking
have been shown to halve the risk of progression to late AMD
in comparison with patients with an unfavorable lifestyle (11,
12). Current knowledge of the beneficial role of lifestyle on
AMD progression shall drive clinicians and local authorities
to more rigorous measures for prevention through behavioral
change of populations. For example, high plasma concentration
of xanthophyll pigments, such as lutein and zeaxanthin, has been

associated with a 37% reduced risk to progress to late stage
AMD in a prospective study (Alienor study) on 609 patients
followed up to 7 years (13). Lutein and zeaxanthin accumulate
physiologically in the macula and, by absorbing blue light,
prevent the generation of reactive oxygen species (ROS) that
can damage photoreceptor and retinal pigment epithelium (RPE)
cells (14). Several clinical trials, including the AREDS2, CAREDS,
and Blue Mountain Eye Study, have reported that regular and
high dietary lutein and zeaxanthin intake reduces the risk of
AMD progression (15-17). On the other hand, there are some
barriers that halt clinicians to support prevention strategies
that promote xanthophylls supplementation mainly caused by
limits of current oral supplementation methodologies as well
as of diagnostics technologies for measuring macular pigments.
Efficacy of prevention strategies shall be assessed by sensitive
and accurate diagnostic methodologies in order to measure
objectively their beneficial action on disease progression along
a clinically relevant time scale. For example, high-resolution
ophthalmic devices for imaging the retina at the cellular
level would be desirable for investigating pathologic tissue
changes with micrometer accuracy and for tracking response
to prevention strategies in advance with respect to current
diagnostic tools. Adaptive optics retinal imaging has the potential
to establish a novel methodology for screening patients at risk
of AMD progression and to monitor the therapeutic effect
of prevention strategies (18). In addition, diagnostic tools for
measuring the xanthophyll pigments in situ would be desirable
for elucidating and assessing the protective effect of prevention
strategies based upon supplementation with lutein.

In this review, we provided the state-of-the-art knowledge
about risk factors and prevention strategies for AMD and further
presented former clinical outcomes on novel diagnostic and
prevention methodologies for addressing one of the major needs
in the management of AMD, which is to prevent vision loss in
patients at higher risk of AMD progression.

GLOBAL IMPACT OF AMD

According to World Health Organization (WHO), more than
8 million people suffer from vision impairment caused by age-
related macular degeneration (2); since AMD prevalence is
directly related to age, and since the aging populations of the
industrialized world are increasing rapidly, the impact of AMD
on the socio-economical life in developed countries is expected
to increase dramatically in the next years.

The prevalence and potential risk factors in late-stage AMD
are similar across western and eastern countries, with higher
prevalence in Chinese people than other ethnic groups (19). In a
meta-analysis study (4), AMD has been estimated to be present
in 0.2% of the population aged 55-64 years, rising to 13% of
the population older than 85 years. Prevalence of neovascular
AMD increases from 0.1% among subjects younger than 64 years
to about 6% for those older than 85 years. Prevalence of pure
geographic atrophy (GA) increases from 0.04 to 4.2% for these
age groups. Based on the results of a systematic review (20),
30-50 million people suffer from any type of AMD globally.
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Conservatively, Europe accounts for 31% of global cases of AMD
with a mean projected number of 17 million people that are
living with AMD, of which 2.5 million cases have AMD Stages
3 and 4, and the number is expected to rise more than 30%
by 2040 (21). A multinational study on AMD economic burden
found that the average annual total cost for single patient with
neovascular AMD varied from €5.300 in the United Kingdom to
about €12.500 in Germany (9). Global cost of visual impairment
due to AMD has been estimated to be €343 billion, excluding
home health care costs and productivity losses (22, 23). A specific
study estimating the productivity loss (i.e., loss of employment
and loss of salary) caused by AMD has estimated that the total
loss in gross domestic profit in the US due to dry AMD is,
averagely, $24 billion (24). In the next decades, these values are
expected to largely increase with projected demographic shifts
(25). According to the United Nations predictions, the number
of people aged over 60 will triple from 600 million worldwide
in 2000 to 2 billion by 2050. The increase in the population
aged over 80 is expected to be more than 5-fold, from 70
million in 2000 to 380 million by 2050 (26). In this context,
the socioeconomic benefits of effective strategies for primary and
secondary prevention of AMD could be enormous.

RISK FACTORS

AMD is a multifactorial disease with numerous inherited
and environmental risk factors contributing to its onset
and progression. The non-modifiable risk factors include the
inheritance of major genetic loci of AMD-associated genetic
variants, local traits, such as darker iris pigmentation and
hyperopic refraction, and aging (27-31). Overall, genes influence
several pathological processes related to AMD, including
the mechanisms involving collagen and glycosaminoglycans
synthesis, angiogenesis, and the immune processes. All these
factors have been associated with the onset and progression
from early to intermediate, and advanced stages of AMD (27,
28). There are several known AMD-associated genetic variants
(29), and some of them have been targeted by interventional
clinical trials (30). The genetic contribution of the complement
pathway (CFH, CFI, C9, C2, TMEM97/VTN, and C3 genes)
and ARMS2 to AMD Stage 4 has been found to explain 90%
of the overall genetic risk in a population of 17,000 patients
(31). Gene therapy for AMD Stage 4 (either for treating “dry”
or “wet” AMD) is, indeed, currently being explored. Several
clinical trials are testing safety and efficacy of gene augmentation
for endogenous production of soluble inhibitors of vascular
endothelial growth factors (VEGFs), utilizing viral vectors
delivered via an intravitreal injection. Genetic susceptibility
is, however, influenced by the environmental factors; together,
both factors can be highly predictive of the onset, progression,
and response to treatments (32). In this view, strategies to
minimize the influence and impact of environmental factors
can greatly benefit to reduce the social burden of AMD. The
modifiable risk factors include cardiovascular diseases, obesity,
smoking, and sunlight exposure (33). Lack or poor physical
activity rises the risk for several metabolic and vascular diseases

and has been correlated with the progression of some cases of
AMD (34). Several clinical trials have evidenced the beneficial
role of nutrition (fish, fruits, and vegetables) and nutritional
supplements (35). A healthy diet, avoiding food rich in sugar, fat,
alcohol, and oils, was associated with reduced occurrence of early
and/or advanced AMD (36). Absence of smoking and moderate
physical activity (i.e., regular low-intensity exercise) have been
also demonstrated to provide a protective role in AMD disease
progression. In conclusion, the adoption of healthy lifestyles
may benefit significantly populations, particularly those at
genetic/family risk. Public health interventions promoting plant-
rich diets, physical activity, and avoiding smoking and sedentary
behavior would be highly recommendable strategies for AMD
prevention. Current scientific and clinical evidence shows that
supplementation with xanthophylls, lutein, and zeaxanthin can
be of particular importance to prevent progression from early-
to late-stage AMD (34). The protective effect of daily intake of
several other supplements, which may have a role in slowing
down disease progression, such as zinc (with xanthophylls),
folate, curcumin, saffron, and goji berry, is under study (35).
The protective role of beta-carotene, omega-3 fatty acids
(DHA, EPA), vitamin A, vitamin C, and vitamin E against
AMD progression has not been supported by epidemiological
studies (14, 35).

PREVENTION STRATEGIES

Antioxidant and Protective Effect of Lutein
Lutein is a dietary carotenoid from the xanthophyll family
of carotenoids. Lutein and its isomer zeaxanthin are the
main components of human retina’s macular pigment. In the
normal human retina, the concentration of these carotenoids
is the highest across the foveal area, decreasing exponentially
as distance increases from the fovea. The ratio of lutein to
zeaxanthin is 1:2 in the macula and 2:1 in the peripheral retina;
lutein is, therefore, 2.5-3 times more concentrated in the macula
than the peripheral retinal region.

The main physiological functions ascribed to the macular
carotenoids are:

1) a shielding effect protecting the retinal photoreceptor’s
membrane  system  against  potentially  harmful,
short-wavelength radiation.

2) protection against photo-induced damage of the retinal
photoreceptor’s membrane system.

Nature has used xanthophyll pigments as an effective protector,
capable of both absorbing damaging blue light and inhibiting
the formation of ROS and neutralizing photosensitizers (37-
39). The reason why xanthophylls accumulate selectively in these
areas of the central retina is not yet fully elucidated. According
to the most supported hypothesis, xanthophylls transversely
incorporate in the lipid-bilayer portion of membranes of the
human retina through xanthophyll-binding proteins (40, 41).
These membrane-associated, xanthophyll-binding proteins bind
lutein (and zeaxanthin) with high specificity and affinity.

The highest concentration of lutein and zeaxanthin is detected
in the Henle fiber layer in the foveal region (2/3 of total) and
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in the photoreceptors’ outer segment (1/3 of total) (42-44).
The precise location of macular xanthophylls across the retina
has been associated with specific functions aiming at protecting
the retinal photoreceptors from oxidative damage (45, 46). The
main physiological function ascribed to the inner retinal macular
carotenoids is the protection of the retinal photoreceptors from
photo-induced damage caused by harmful short-wavelength
radiation by means of a shielding effect. The function of the outer
retinal xanthophyll pigments as antioxidants and quenchers of
ROS has been related to their physical interaction with the cell
membrane lipid-bilayer and their membrane localization and
accumulation in the bulk domain of the photoreceptor outer
segment (POS) membrane.

Lutein absorbs blue light, with a maximum absorption peak
at 460nm (37, 47). This is the most phototoxic visible light
to which the retina is routinely exposed, rendering lutein and
zeaxanthin efficient physical quenchers of this harmful light,
blocking the production of singlet oxygen and related ROS
(38). Therefore, the oxygen deactivation property of lutein
is a consequence of its ability to absorb blue light via the
unconjugated double bonds present in the molecule. In addition,
xanthophylls are selectively accumulated in the bulk domain of
the POS membrane, which is rich in long-chain polyunsaturated
fatty acids, including docosahexaenoic acid (DHA). Rhodopsin,
which is the main protein of POS membranes (90% of all
proteins in these membranes) and is responsible for the first
stages of visual signal transduction, is also located in the POS
membrane bulk domain. Rhodopsin requires the presence of
polyunsaturated lipids for its activity; on the other hand, co-
localization of rhodopsin with polyunsaturated phospholipids
creates a dangerous situation for both, especially during
illumination, when ROS are produced by photosensitizers (i.e.,
all-trans-retinal) (48). Such a selective accumulation of macular
xanthophylls in domains rich in vulnerable unsaturated lipids
is, therefore, ideal, given their photoprotective action. Reacting
as antioxidant with free radicals and ROS, lutein protects
the retinal photoreceptors against peroxidation and photo-
damage.

Beyond acting as a blue-light filter and efficient quenchers
of ROS, macular xanthophylls may also enhance vision contrast
by reducing chromatic aberrations, glare disability, and light
scattering (49-52).

According to current knowledge, the antioxidant and
protective activities of lutein could be related to its effects
on the physical properties of lipid bilayer membranes in
the Henle fiber layer and the bulk domain of the POS
in the foveal region (41, 45, 48, 50). Lutein is able to
quench singlet oxygen by two different mechanisms. The
first mechanism, which involves energy transfer, is called
physical quenching. According to this mechanism, lutein
deactivates singlet oxygen to the non-reactive triplet state. The
second mechanism, which, however, contributes <0.05% to
the overall singlet oxygen quenching by carotenoids, is called
chemical quenching and involves a chemical reaction between
carotenoid and singlet oxygen, which results in pigment auto-
oxidation.

Oral Supplementation of Lutein

Lutein is not synthetized by the human body and can only be
absorbed from a vegetable-rich diet. The daily dietary intake
of lutein ranges from 0.5 to 4mg in the western world (53,
54). Following normal dietary ingestion, the plasma lutein
concentration ranges between 0.13 and 0.18 uM (i.e., between
0.07 and 0.10 pg/ml).

In several controlled epidemiological studies, dietary intake of
lutein and its isomer zeaxanthin was associated with protection
from risk of AMD progression. The Eye Disease Case Control
Study has found the risk for advanced AMD was reduced by
more than 40% in patients in the highest quintile of dietary
carotenoid intake (> 6 mg/day) when compared to those in the
lowest quintile (Odd Ratio, OR:0.57) (55, 56). The Carotenoids in
Age-Related Eye Disease Study (CAREDS) concluded that lutein-
and zeaxanthin-rich diets could protect against intermediate
AMD in female participants <75 years of age (19). The Blue
Mountain Eye Study reported that high dietary xanthophylls
intake reduces the risk of AMD progression over 5-10 years
(18, 57), patients in the top tertile of intake (>1 mg/day)
had a decreased risk of incident neovascular AMD, and those
with above median intakes (743 pg/day) had a reduced risk
of indistinct soft or reticular drusen when compared with the
remaining population. In the Age-Related Eye Disease Study
(AREDS), dietary xanthophylls intake (as determined by a food
habit questionnaire at enrollment) was inversely associated with
neovascular AMD (OR: 0.65), geographic atrophy (OR: 0.45),
and large or extensive intermediate drusen (OR: 0.73) when the
highest vs. lowest quintiles were compared (58).

An increase in dietary intake of lutein has been shown to raise
its level in the plasma, which could provide a higher protection
against photo-damage in human subjects at risk of AMD
progression (16, 59). There is evidence that, after 1-2 months
of daily supplementation, plasma levels of lutein stay at a higher
level than the baseline while the supplementation continues;
as supplementation is discontinued, plasma concentration of
lutein decreases within 1-4 months to the pre-treatment level
(60). Following 10-mg daily oral supplementation of lutein
(the most common dose in commercial product), lutein plasma
concentration has been shown to increase 3-5 times more than
baseline values in healthy adults and subjects suffering from
AMD (48, 60, 61). The increase of plasma lutein concentration
has shown a significant correlation with the macular pigment
optical density (MPOD), which has been estimated to increase
to 5% (over a 1.5-degree area) in comparison with baseline
measurements (Table 1). The MPOD is a measurement of the
attenuation of blue light by macular pigments and is considered
as an indirect measure of the amount of macular lutein and
zeaxanthin in the macula.

AREDS? study enrolled 4.203 participants, aged 50-85, with
intermediate AMD in both eyes, or intermediate AMD in one
eye and advanced AMD in the fellow eye. The main study
outcome has shown that lutein and zeaxanthin intake resulted in
a 10% reduction of progression to advanced AMD (Hazard Ratio;
HR: 0.90; p = 0.04) (62). Further analysis has shown that the
participants with low dietary intake of lutein and zeaxanthin at
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TABLE 1 | Clinical data on the effect of regular oral daily supplementation of lutein
(10mg).

Baseline Plasma concentration Increase of Macular
plasma of lutein after 1-2 Pigment Optical
concentration months of oral Density (MPOD; 400 x
of lutein supplementation 400 um area) after oral

supplementation
0.13-0.18 uM 0.3-0.9 uM (0.17-0.5mg) 5% greater than baseline
(0.07-0.10mg)

the start of the study, supplemented with an AREDS formulation,
were 25% less likely to develop AMD Stage 4 than the patients
with similar dietary intake who did not receive lutein and
zeaxanthin (4). In a pre-specified comparison between patients
with AMD receiving lutein/zeaxanthin vs. those who did not
receive this supplementation, a 10% reduction in the risk for
progression to late AMD has been recorded (4, 63).

Considering the overall supporting science on safety of
dietary supplements of lutein (10-20 mg/day) for reducing
the risk of progression from early to advanced AMD stages,
supplementation may be a cost-effective approach for patients
with AMD to reduce future impairment and disability.
Nevertheless, compliance of patients to oral supplementation is
still limited (64). This is mainly due to the type of administration
and the requirement of daily intake of the therapy for prolonged
time (theoretically, the supplementation should not be stopped).
Another factor that significantly affects the efficacy of oral
supplementation in increasing macular lutein content is the
limited absorption of this carotenoid through the digestive route.
Lutein is transported in the plasma via lipoproteins, primarily
HDLs (52%) and, secondarily, by LDLs (22%) (64, 65). Lutein
and zeaxanthin associate more closely with HDL, and it has been
theorized that only a small proportion (2.5%) of HDL might
be responsible for transporting lutein and zeaxanthin to the
retina (66). The plasma concentration varies considerably among
individuals and may be influenced by several factors involved in
its absorption and plasma transport (type of lutein, duration of
lutein intake, amount of fat in the diet, concomitant ingestion of
fibers, genetic factors, age, etc.). In addition, it has been shown
that substantial increase in macular pigments can be found only
after at least 3 months of oral supplementation (38, 62, 67), so
it would be important to implement new strategies to enrich the
macular pigment faster than current mainstream method and to
improve patients’ compliance to therapy.

Topical Delivery of Lutein

Iontophoresis is a non-invasive technique widely used in medical
practice to deliver a charged molecule from a liquid formulation
to a target tissue through the application of a low-intensity
electric current (68). During iontophoresis, the current applied
to an active electrode located in the ocular (either corneal or
scleral) applicator flows to a passive electrode placed on the
periorbital skin, thus promoting the movement of the charged
liquid formulation and enabling the therapeutic molecule to
penetrate in the ocular tissues (69).

Recent studies (70, 71) have provided preclinical and clinical
data on a novel scleral iontophoresis device for delivering
a lutein-enriched liquid formulation directly to the retina.
The 0.1% lutein ophthalmic formulation was composed of
FloraGLO® crystalline lutein (Kemin Food L.C., Des Moines,
IA, USA) encapsulated in positively charged liposomes using
phospholipon 90H (Lipoid GmbH, Ludwigshafen, Germany),
octadecylamine (Sigma-Aldrich, Saint Louis, MO, USA), and
distilled water. The scleral iontophoresis device consisted of
a generator, an applicator with the active electrode, which is
filled with the lutein liquid formulation, and a return, passive,
electrode. The generator’s current was set at 2.5mA and was
delivered for a total 4 min.

In a first ex vivo study (70), two-photon microscopy has
been used to quantify the amount of lutein, reaching the
macular region in the human retina of eye bank donor eyes
after scleral iontophoresis. Analysis of the two-photon emission
fluorescence (TPEF) intensity signal collected in the fluorescence
band spectrum of lutein was done in order to evaluate the
increase of such a signal in samples that underwent iontophoresis
in comparison with controls. Six eye globes, from different
donors, were used for experiments, four of which underwent
trans-scleral iontophoresis delivery of lutein and two eyes were
used as controls. Details of study methodology can be found in
Supplementary Material (72).

One hour after iontophoresis, features consistent with lutein-
enriched liposomes were found both in the central and peripheral
retina of treated eyes (Figure1). Imaging of retinal pigment
epithelial (RPE) cells and choroid did not show any lutein-
enriched liposomes (Figure 2). A higher TPEF intensity level in
the fluorescence band spectra of lutein was found in the macular
region of treated eyes in comparison with controls (Figure 3); the
greater differences between treated eyes and controls were found
in the retinal layers between the photoreceptors and Henle’s
fibers. This was not surprising, because, in normal eyes, lutein is
mainly concentrated in the photoreceptors’ outer segments (both
in the peripheral retina and macula) and the inner retina (only in
the macula).

The concentration of lutein was estimated to be 21 WM in
controls; this value was equated to the integral of the TPEF
intensity signal of controls (i.e., the area under the orange curve
in Figure 3). The increase of lutein after scleral iontophoresis
was calculated as the ratio between the two areas, which were
subtended by the TPEF signals of treated eyes (the area under
the blue curve in Figure 3) and controls (the area under the
orange curve in Figure 3). The concentration of macular lutein
was 40 WM 1 h after iontophoresis, thus increasing the amount of
lutein in the macula of 1.9 times in comparison with the baseline.
The results are summarized in Table 2.

In a second ex vivo experiment (71), resonant Raman
spectroscopy (RRS) was used to confirm efficacy of scleral
iontophoresis delivery of the positively charged lutein solution
to the human retina in eye bank donor human eye globes.
Resonance Raman spectroscopy is a vibrational spectroscopy
technique that is commonly used to identify and quantify
chemical compounds. Carotenoid molecules are especially
suitable for Raman measurements since they can be excited with
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FIGURE 1 | Three-dimensional projection stack of the macular area, showing several particles (>5 wm), which emit a TPEF signal corresponding to lutein-enriched
liposomes. One hour after trans-scleral iontophoresis, the lutein-enriched liposomes were spread throughout the outer and inner retinal depth; the major differences of
the TPEF signal generated by exogenous lutein were found in the retinal layers between the photoreceptors and Henle’s fibers. Scale bar: 50 um.

light overlapping their visible absorption bands (73, 74). When
excited by blue light, these molecules exhibit a strong resonance
Raman scattering response, enabling to detect their characteristic
vibrational energy levels through their corresponding spectral
fingerprint signature even in living human tissues.

In this study, a purpose-developed RRS was used for detecting
lutein in human ocular tissues. Eight eye globes from different
donors were used for experiments; six of which underwent trans-
scleral iontophoresis delivery of lutein, and the remaining two
eyes were used as controls. Details of study methodology can be
found in Supplementary Material.

One hour after iontophoresis, the inner sclera, choroid, and
retinal periphery were greatly enriched with lutein in treated eyes
(p < 0.05); no lutein was found in the same ocular regions of non-
treated samples. In the same period, the average concentration of
lutein in the macula of treated samples was 1.3 times greater than
controls (Figure 4). The results are summarized in Table 3.

In conclusion, both ex vivo studies on eye bank human donor
eyes have provided clear indication that scleral iontophoresis of a
positively charged lutein liquid formulation could be effective in
enriching the macular pigment of the human eye in few minutes.

Pilot Clinical Study on Scleral

lontophoresis Delivery of Lutein
A pilot study was performed by the present authors to confirm
safety and to assess tolerability in patients with AMD. The study

followed the tenets of the declaration of Helsinki, and all the
patients signed written informed consent after full explanation
of the procedure. The study was granted exemption because
no investigational method or device was used on patients (i.e.,
the scleral iontophoresis and the lutein liquid formulation were
already CE certified before commencing the study). The inclusion
criteria were the patients older than 40 years old, both genders,
with a diagnosis of AMD with drusen (Stages 2 and 3) or
neovascular AMD (Stage 4) in either eye and a corrected
distance visual acuity (CDVA) <0.1 LogMAR. AMD severity was
classified using Age-Related Eye Disease Study (AREDS) criteria
(75). The exclusion criteria included heavy smokers (more than
20 cigarettes per day); pregnancy; presence of corneal scars
or cataract; glaucoma; dry eye syndrome, Stage 4; and any
additional eye disease other than AMD. Assessment of safety
of scleral iontophoresis of lutein was determined by assessing
CDVA using the EDTRS chart and central retinal thickness (a
I-mm ETDRS sector) using Optical Coherence Tomography
(Canon HST-100, Japan) at the baseline and 1 week, 1 month,
and 3 months after treatment. In addition, the patients were
asked to fill a patient outcome report for self-assessment of
ocular itching, lacrimation, photophobia, and ocular discomfort
at 1 week postoperatively. At the baseline, each patient received
one application of scleral iontophoresis, which consisted of (1)
applying a drop of anesthetics (0.4% oxybuprocaine, Novesina,
Novartis, US) onto the eye to treat and the return electrode
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FIGURE 2 | Three-dimensional stack of the RPE layer underlying the retinal periphery. RPE cells are tightly attached to one another and form a barrier between the
choroid and retina. The RPE layer is increasingly impermeable to passive diffusion of molecules >400 Da. No extra-cellular particles emitting TPEF signals were found
in the RPE layer. The TPEF coming from the intracellular content of RPE cells is generated by lipofuscin (1-pm particles). Scale bar: 50 pm.

onto the forehead after cleaning the area with 70% alcohol; (2)
connecting the power supply battery (K-IONO, Ofthealth SpA,
Italy) to the ocular applicator via a cable; (3) applying the ocular
application to the eye to treat and fill it with the lutein liquid
formulation (Lipo+, Offhealth SpA, Italy); (4) setting the current
intensity at 2.5mA for 4min. At the end of the procedure,
after removing the ocular application and rinsing the eye with
balanced salt solution, the patient was invited to rest lying down
on the operating bed for 5min. The main treatment steps of
scleral iontophoresis of lutein are summarized in Figure 5.

Clinical data were summarized as mean and standard
deviation; the Wilcoxon test was used to compare baseline and
postoperative values at each examination interval. Statistical
significance will be set at 0.05. All the analysis will be performed
using the statistical software SPSS.

Nine (n = 9) patients, with mean age, 69 £ 9 years (range;
57-73 years; six females and three males), were enrolled in
this pilot study. Three patients had diagnosis of AMD Stage 2,
three patients had diagnosis of AMD Stage 3, and three patients
had diagnosis of AMD Stage 4. The clinical outcomes of the
pilot study are summarized in Table 4. The CDVA improved
significantly from 0.20 £ 0.19 LogMAR to 0.11 £ 0.18 LogMAR
(p = 0.01) at 1 week postoperatively, and then returning toward

preoperatively value during follow-up. The 1-mm EDTRS sector
retinal thickness did not change during follow-up (from 263 pum
at the baseline to 262 um at 3 months; p = 0.52).

The patients did not complain of pain or discomfort during
the treatment. At 1 week, the patient outcome report score for
tolerability was low for all symptoms, as summarized in Table 5.
Overall, the clinical data from the pilot study demonstrated that
scleral iontophoresis for topical delivery of lutein is safe and well-
tolerated; randomized controlled clinical studies will be helpful to
support evidence on efficacy of this novel secondary prevention
strategy in patients with higher risk of AMD progression from
early to advanced stages.

NOVEL DIAGNOSTICS

In the last decade, ophthalmic imaging has advanced from simple
photography of the eye disease to an advanced investigation tool,
enabling clinicians to better understand disease phenotype and to
make quantitative assessments of the eye.

AMD is usually investigated by assessment of visual acuity,
optical coherence tomography (OCT), and retinal/choroidal
angiography using fluorescein/indocyanine green dyes.
Currently, clinical diagnosis of established cases of AMD
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FIGURE 3 | An average (+ SD) TPEF intensity profile in samples treated by iontophoresis (the blue curve) and controls (the orange curve) in the macular area (500 x
500 wm). In eyes that underwent trans-scleral iontophoresis, the TPEF signal collected in the fluorescence band spectra of lutein was significantly higher than controls
(o < 0.001). Across the inner retinal layers, the difference in the TPEF signal of treated and control eyes was still significant (o = 0.001); the inner layers are
represented by the Henle’s fibers at the fovea and the inner nuclear layer and the inner plexiform layer at the perifovea. In the normal macula, lutein is mostly
concentrated in the photoreceptors’ outer segments (<1/3 of total lutein; outer retina) and Henle’s fibers (>2/3 of total lutein; inner retina). The excess of lutein in the
macular region obtained after iontophoresis can represent the ideal local reservoir of the compound, which is selectively concentrated in the macula by retinal cells.

TABLE 2 | Estimation of lutein concentration in the macular area of eyes after
scleral iontophoresis of lutein and controls.

Macular lutein Macular lutein in Increase of lutein in macula

in controls iontophoresis (500 x 500 um area) after
(n = 2 eyes) (n = 4 eyes) iontophoresis
21uM (12mg) 40 uM (23 mg) 90% greater than controls

is evident on clinical examination when gross macroscopic
alterations occur at the retina, such as drusen larger than
65pm, hemorrhages, serous or hemorrhagic retinal or RPE
detachment, RPE atrophy etc. With the advent of the anti-
VEGF therapy, OCT retinal imaging has been increasingly
used for the early diagnosis of choroidal neovascularization
(CNV) and for the treatment and re-treatment management.
OCT imaging is currently the paradigm of the diagnostic
procedure to diagnose retinal diseases; in particular, analysis
of SD-OCT and OCT-angiography retinal images has shown
to provide clinically significant information on both disease

progression and functional outcomes after anti-VEGF treatment
(76, 77). Nevertheless, OCT is not sensitive enough to identify
early signs or those patients with higher risk of disease
progression from intermediate to late AMD stages because of
relatively poor spatial resolution and lack of intrinsic functional
information from retinal and RPE cells and retinal/choroidal
microvasculature. There is, therefore, need to develop reliable
methods for detecting specific signs of disease progression in
the retinal tissue in a much shorter time frame than current
state-of-the-art technologies.

The prerequisite for successful patients care in this age-related
disease area is the development of diagnostic devices to facilitate
definition of new and appropriate label-free clinical endpoints
with high sensitivity and specificity. Such endpoints need to be
meaningful to clinicians and patients and not limited to visual
acuity, which is, currently, the only generally accepted functional
clinical endpoint in retinal diseases, although it does not have
enough sensitivity to reliably and consistently monitor disease
progression. There is need for objective and sensitive clinical
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FIGURE 4 | The macula shows the highest concentration of xanthophyll pigments in the retina of human eyes. (A) Resonance Raman spectra obtained from the
macula of a control eye. The Raman peak is specifically related to xanthophyll pigments. (B) Resonance Raman spectra of the macula 1 h after transcleral
iontophoresis with 0.1% lutein ophthalmic solution. The concentration of macular pigments in treated eyes was, on average, 25% higher than control eyes (p < 0.05).

7000

6000 |-

E L
S 5000 |-
[e]
g L
> 4000 |
£ [
5
£ 3000
c L
£ 2000 |-
©
o

1000 -

1400 1450 1500 1550 1600 1650
Raman shift (cm™)

endpoints, assessing both the structural (e.g., drusen volume and
characteristics) and functional (e.g., photoreceptors reflectance,
choriocapillary blood flow) macular abnormalities. In addition,
the ideal clinical outcome metrics should be able to establish
sub-phenotypes of intermediate AMD with high risk to develop
late-stage AMD and to early detect the response to therapy. Such
assessments could greatly contribute to reduce the incidence of
AMD progression from intermediate to late AMD stages. For
example, progression from early AMD to the advanced stage of
AMD has been related to a set of signs, such as the number and
type of (soft) drusen in the macula, drusen size, the presence of
pigment irregularities in the macular, age > 65 years, previous
cataract surgery, cigarette smoking, and family history of AMD
(mostly due to genetic variants of CHF and ARMS2 genes).
More knowledge of additional and, possibly, more specific risk
factors of AMD progression, such as those related to the macular
xanthophyll pigments, would also contribute to improve more
appropriate patients’ management and care.

Among the novel diagnostic tools, adaptive optics ophthalmic
imaging can resolve the retinal microscopy in vivo with
unprecedented spatial resolution for detection of details smaller
than 3 pm, and resonance Raman spectroscopy is a promising
technology for the measurement of macular carotenoid levels in
the living human retina.

Adaptive Optics Retinal Imaging

It has been clear for long time that, by the time pathology is visible
with current imaging tools, significant neuro-retinal cellular
damage has already occurred. The resolution at which retinal
images could be recovered in vivo by current retinal cameras is
limited to the macroscopic scale (lateral resolution is > 12 um).
In order to bring the lateral resolution of ophthalmoscopes to the
microscopic scale (i.e., lateral resolution < 4 pm), it is necessary
to compensate both for low- and high-order optical aberrations
of the eye.

TABLE 3 | Concentration of lutein in ocular tissues (ng/mm?, M + SD).

Inner sclera Choroid Peripheral Macula
retina
Controls (n = 2) 0 0 0 3.7+10
lontophoresis (n = 6) 16 +£9.0* 1.2+0.3" 25+1.3" 48+17

*P < 0.05 between study and control groups.

Adaptive optics (AO) is a technology used to improve
the performance of optical systems by reducing the effects
of optical distortions. It provides considerable improvements
in the contrast and sharpness of retinal images that are
normally degraded by ocular aberrations when combined
with any one of the known imaging modalities (e.g.,
fundus camera, SLO, OCT) (18). The benefit of AO for
high-resolution retinal imaging has been clearly shown in
numerous reports with the discovery of differences in the
pattern of the cone/rod mosaic in various diseases, including
AMD, diabetic retinopathy, inherited retinal dystrophies, and
glaucoma (78).

Adaptive optics retinal imaging systems have demonstrated
the capability to resolve numerous microstructural aspects
of the living human retina. They make possible to resolve
photoreceptor cells, including cones and rods, retinal nerve
fibers and microvasculature; the improved resolution provides
a more sensitive tool with which to study, detect, and track
retinal diseases (78). Given the prevalence of AMD, it is likely
that this will be one of the more active growth areas in clinical
AO imaging. The availability to combine complementary AO
imaging, such as en face and axial scanning of the retina, and
detection, such as bright- and dark-field modality, options at
the same time can provide a holistic approach to in-depth
investigation of the retinal photoreceptors, capillaries, and nerve
fiber bundles.
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for 5 min (C).

FIGURE 5 | Main treatment steps of trans-scleral iontophoresis delivery of 0.1% lutein ophthalmic solution. After placing the passive electrode onto the patient’s
forehead and connecting the electrodes to the generator, the active electrode is filled with the lutein formulation (A). Electric current is set at 2.5 mA for 4 min (B). At
the end of treatment, the ocular surface is gently washed with balanced salt solution to remove the excess of lutein; the patient is asked to rest onto the operating bed

In early stages of AMD (i.e., stages from 1 to 3), the ability to
predict the rate of progression is currently limited. By monitoring
drusen over time, en face and axial AO imaging could be used
to monitor drusen progression in terms of number and size,
and assess their direct effect on the overlying photoreceptor
mosaic (79). Preservation of cones over the drusen (either
large colloid drusen or basal laminar drusen) could be clearly
observed in patients (79). In a study of early AMD, the authors
identified several additional small drusen deposits that were not
observed with wide field fundus imaging or SD-OCT in early
AMD stages (80). AO-SLO imaging also revealed a decrease in
photoreceptor density and increased cone spacing in patients
with AMD Stages 1 to 3, as well as a spectrum of photoreceptor
changes, ranging from variability in cell reflectivity to decreased
cell density (81). The increased reflectivity of photoreceptors
associated with the drusen could be attributed to increased scatter
from the RPE (due to decreased melanin or accumulation of
some waste material) and to loss of outer segment pigments or
loss of the photoreceptor outer segment. Significant decrease in
visible photoreceptor density was also found in large coalescent
drusen and areas of GA in advanced stages of dry AMD. A 30%
decrease in cone counts was found (at 5-7 degrees eccentricity)
in eyes with later stages in comparison with eyes with earlier
stages of AMD progression. In addition, AO imaging has been
shown to visualize reliably disruptions to the photoreceptor
mosaic even outside the clinically visible GA lesions and to track
the progression of the GA lesions over time (82). As such, a
sensitive, non-invasive, high-resolution imaging tool could help
to better recognize the earliest retinal changes and to identify
patients who could progress rapidly and may benefit from a more
intensive observation and management (83, 84). Furthermore,
a better diagnostic approach of the macular disease could have
an important role in the evaluation of the effectiveness of new
prevention strategies at the cellular level.

These authors tested different AO imaging modalities in
vivo, providing former clinical data on patients using either
flood illumination or line scanning laser ophthalmoscopy (LSO)
imaging modalities (18). The advantage of the line scanning

TABLE 4 | Clinical data outcome of the pilot study on scleral iontophoresis
delivery of lutein.

CDVA (LogMAR) ETDRS letters (n.) 1-mm ETDRS
sector (um)
Baseline 0.20 £0.19 45 +£10 263 £+ 32
1-week 0.11 £0.18* 50 £ 10" 263 + 32
1-month 0.13 £ 0.22 50 + 11* 263 + 32
3-months 0.16 £ 0.19 48 + 10" 262 + 32
“p < 0.05 between post-operative and baseline values.
TABLE 5 | Patient outcome report on tolerability.
Ocular itching  Lacrimation = Photophobia Ocular
discomfort

Patient 01 1 0 0 1
Patient 02 0 0 0 1
Patient 03 1 1 0 0
Patient 04 0 1 0 0
Patient 05 1 0 0 1
Patient 06 0 0 0 0
Patient 07 1 0 0 1
Patient 08 0 1 0 1
Patient 09 1 0 0 1

For each symptom, score ranges from O (any symptom) to 4 (highest intensity for
the symptom).

approach is that it multiplexes the illumination and detection
in one dimension, while rejecting scattered light outside of the
confocal range gate defined by the pixel size in a similar fashion
as a flying-spot SLO; nevertheless, the line scanning approach
reduces the hardware complexity by elimination of a high-speed
scanner and associated mirror or lens relays. A multimodal AO-
LSO-OCT system (PSI Corp., MA, USA) has been operated in
both bright-field and dark-field detection modalities for imaging
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FIGURE 6 | Montage of AO images in a 45-year-old female patient (scale bar: 100 um). The photoreceptor mosaic can be clearly resolved across the central retina.
Image processing and analysis of AO retinal images allow the clinicians to detect and track pathologic changes of the cone mosaic with cellular resolution.

the retina. In the bright-field mode, quasi-confocal imaging
was obtained by illuminating the retina with a scanning light
source, which is collected by a line-array CMOS sensor for
high contrast imaging of the retinal photoreceptors. Using this
mode, images of the photoreceptor mosaic could be collected
across the central and peripheral retina at high resolution; even
the foveal cones within 1 degree from the foveal center could
be clearly visualized (Figure 6). Polarized detection could be
achieved within the bright-field modality by illuminating the eye
with linearly polarized light and by filtering the light exiting the
eye with a linear polarizer (or analyzer). Images of the retinal
nerve fiber layer (RNFL) bundles could be acquired with the
polarizer oriented for maximum through output (i.e., parallel to
the major axis of bundles), and then at 45° and 90° relative to

that orientation (Figure 7). In the dark-field detection mode, the
light back scattered from the retina is collected by a time-domain
integration (TDI) line camera in order to improve resolution
of acquired images of the retinal vascular structures (Figure 8).
High-resolution OCT could be performed simultaneously during
LSO imaging of the retina (synchronous image acquisition).
The complementary AO-OCT imaging modality does offer
additional technical advantages compared to AO-LSO, providing
a high-resolution cross-sectional view through the living retina,
comparable to a histological section (Figure 9) (85).

The possibility to analyze retinal photoreceptors in AO images
allows for assessing their density and arrangement as well
as their waveguide and reflectance properties. Clinical studies
have demonstrated how AO technology is sensitive enough to
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FIGURE 7 | High-resolution AO imaging allows the clinicians to scan the retinal microstructures easily for rapid screening of health and integrity of the outer and inner
retinal layers. In (A) the photoreceptor mosaic, including cones (brighter and bigger dots; the full circle) and rods (dimmer dots surrounding the cones; the dotted
circle), is shown. In (B) the nerve fiber bundles, overlapping the cell mosaic is well-resolved. Scale bars: 50 um.

v,
. W'\’;

-

i

detect retinal tissue abnormalities with unprecedented spatial
resolution, providing clinical information that is invisible to a
current diagnostics tool (86, 87).

There are currently few barriers to a wide adoption of
AO technology in clinical ophthalmology: the main obstacles
are the high cost of sensing and correcting elements and the
system complexity. A user-friendly AO instrument that can be
used by ophthalmologists will facilitate the introduction of this
technology into clinical practice.

Resonance Raman Spectroscopy

Although the protective effect of dietary lutein/zeaxanthin on
slowing down progression and severity of AMD is under
intensive investigation, there is no commercially available
diagnostic tool able to detect the amount of xanthophyll pigments

in the macula and to monitor for their effect on preventing AMD
progression from intermediate to advanced stages in response to
dietary intake or emerging topical administration.

Resonance Raman spectroscopy (RRS) is one of the most
promising technologies for the measurement of macular
carotenoid levels from the human retina (71). It is precise,
sensitive, specific, reproducible, and objective. It has also the
potential to be translated to clinical applications in order to
collect quantitative, direct, measurement of macular content of
xanthophyll pigments.

To date, the macular carotenoid levels could be measured only
indirectly using the macular pigment optical density (MPOD)
measurement (88). There is a variety of methods currently in use
that claim to measure the MPOD in vivo. Technically, the MPOD
is a measurement of the attenuation of blue light by macular
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FIGURE 8 | In the dark-field detection mode, retinal vascular structures can be resolved with high resolution. The use of a time-domain integration (TDI) line camera
allows the user to exploit the split field imaging modality, which consists of collecting two shifted images on the camera, subtracted and divided by their sum. In (A)
the mean TDI image and in (B) the standard variation, TDI image showing details of the retinal vessel walls and beds, respectively. Scale bars: 50 pm.
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FIGURE 9 | Adaptive optics technology can be implemented in a multimodal imaging system to acquire images of the retina, showing details of the tissue with
histologic resolution in vivo. Multimodal imaging provides spatial co-localization of complementary information on structure (and function). Cross-sectional (A) and
enface (B,C) AO images of the retina. (A) The AO-OCT scan provides detailed information on tissue layers from the choriocapillaris to the inner limiting membrane. (B)
The same retinal area scanned at the IS-OS layer showing the photoreceptor mosaic. (C) High-resolution images of the retinal nerve fiber bundles are acquired with
the polarizer oriented for maximum through output (paralleled to the major axis of bundles).
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pigments and could be somewhat indirectly related to the amount
of lutein and zeaxanthin in the macula; however, uncertainties
exist on whether the MPOD may be reliably correlated with
the amount of xanthophyll pigments in the retina. The methods
to measure MPOD are divided into psychophysical (sometimes
referred to as “subjective”) and physical (sometimes referred to
as “objective”). The psychophysical techniques available include
heterochromatic flicker photometry and color matching; the
physical techniques include Fundus AutoFluorescence (FAF) and
fundus reflectance. Validation of macular pigment subjective
measurement techniques is still the subject of lively debate,
and, due to their intrinsic technical limits, these methodologies
are not gaining popularity among ophthalmologists and retinal
specialists. Current physical methods are based on a variety
of assumptions and are vulnerable to several technical limits.
These methods shall (1) take into account single- and double-
path light traversal through deeper retinal layers, (2) eliminate
image contrast, diminishing fluorescence and scattering from
the optical media (via confocal detection techniques, filtering,
etc.), (3) bleach the photoreceptors, and (4) use a location
in the peripheral retina as a reference point. For these
reasons, auto-fluorescence and reflectance patterns hold poor
specificity and are not sensitivity enough to follow AMD
disease progression.

Contrary to all existing methods, RRS has no assumptions
other than approximating the spectrally broad background
fluorescence with the fluorescence response at a wavelength that
is slightly offset from the macular xanthophylls Raman response
(71). Tt directly measures absolute amounts of carotenoids in
the illuminated region; in addition, it provides a measure of
the absolute xanthophylls concentration distribution in the
macular region since it does not use a reference point in the
peripheral retina.

Resonance Raman detection of xanthophyll molecules is
highly specific and can be established as a label-free tool
for reliably evaluating the amount of macular pigments in
patients. Xanthophyll molecules have been reliably detected in
the living human retina (89-91), and the Raman signature of
the xanthophyll molecules has been shown to be identical to
the isolated carotenoid molecule. The authors have demonstrated
feasibility and safety of RSS of macular xanthophylls on excised
retina and human subjects, showing different patterns of macular
pigment distribution (peaked, plateaued, ring shaped) (71, 89,
92, 93). It remains to be understood how the technique could
be translated in clinical practice for monitoring and tracking the
concentration of macular xanthophyll pigments in patients at
risk of AMD progression. Overall, the advantages of RSS can be
summarized in the following features:

e objective measurement: resonance Raman spectroscopy is a
non-invasive technology able to directly measure and monitor
the concentration of macular xanthophyll pigments in the
living human retina;

e molecular contrast: excitation of the retina with a blue
laser source enables the generation of a characteristics
resonance Raman scattering response from xanthophyll
molecules and allows for their accurate measurement from

their corresponding spectral fingerprint signature in the living
human retina;

e spatial mapping: scanning the blue light over the central
retina allows for depicting and tracking over the same area
a bi-dimensional map of the macular xanthophyll pigments
content in the living human retina.

The limit consists in the implementation of a
quantitative, reliable, method for data analysis and
for eliminating the influence of the crystalline lens
absorbance, which increases with aging and varies
among populations.

CONCLUSION

Age-related macular degeneration is the major eye disease in the
aging populations worldwide. Knowing that the total cost savings
derived from avoided AMD events for the same population
is, on average, €4 billion per year, both novel diagnostic
approaches aiming at identifying patients at risk of AMD
progression and effective secondary prevention strategies to halt
disease progression would greatly benefit society worldwide.
Currently, the most indorsed pathophysiologic pathway of AMD
includes a relationship with genotype, age, and lesions to the
photoreceptor/RPE/Bruch’s membrane/choriocapillaris complex,
which have been associated with light-induced oxidative
damage (blue light hazard). Systemic risk factors, such as
smoking, hypercholesterolemia, overweight, and cardiovascular
diseases, likely contribute to increased oxidative stress in
the choriocapillaris complex. A healthy lifestyle, including a
type of diet rich in vegetables, fruits and fish, and regular
exercise are recommended to counteract the effect of aging and
oxidative stress. In this context, there is increasing evidence
that xanthophyll pigments may play an important role in
maintaining the health and function of the macula. Their levels
are known to decrease with aging and are significantly lower
in patients with AMD, making the retina more vulnerable
to light-induced damage with advancing age. Several clinical
trials, including the CAREDS, the Blue Mountain Eye Study,
and the AREDS2, have reported that higher dietary lutein and
zeaxanthin intake reduces the risk of AMD progression. On
the other hand, there are some barriers that halt clinicians
to support prevention strategies that promote xanthophylls
supplementation, mainly due to the low patient adherence to
therapy and the limits of current diagnostics technologies for
measuring macular pigments. New prevention strategies may
involve topical delivery of lutein directly into the eye in order
to allow clinicians to test directly the effect of xanthophylls
on slowing down or halting disease progression in patients at
higher risk. On the other hand, because the rate of disease
progression is typically slow, it is estimated that patients have
a clinical loss of visual function years after the onset of early
signs of AMD. For this reason, both the early diagnosis and
the monitoring of treatment efficacy at a cellular level represent
two of the greatest needs in the management of AMD. If AO
imaging succeeds in entering the clinical practice to provide
high-resolution, objective, measures of the cone photoreceptor
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structure, RPE, and micro-vasculature in patients, it will open
a new frontier for establishing effective patient care with novel
prevention and treatment strategies.

Efforts will be also needed for improving management
of patients suffering from AMD Stage 4. Although gene
therapies have potential and are promising, there are
significant obstacles, such as safety, long-term efficacy,
and cost, to these therapeutic options for AMD becoming
mainstream (94, 95).
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