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ABSTRACT

Background: Photobiomodulation (PBM) relies
on the pathophysiological mechanism whereby
red to near-infrared light can target mitochon-
drial activity and promote ATP synthesis. Pre-
clinical and clinical studies have shown
promising results in treating intermediate age-
related macular degeneration (AMD), since PBM
can produce photochemical reactions in
endogenous retinal chromophores. Currently,
PBM is approved by the Food and Drug
Administration and by the European Medicines
Agency for the treatment of intermediate AMD.
This narrative review aimed to evaluate the
available evidence on the effectiveness and
safety of PBM in treating intermediate AMD.

Methods: A comprehensive search was con-
ducted using the PubMed database, employing
the keywords ‘‘photobiomodulation’’ and ‘‘age-
related macular degeneration.’’ All English-lan-
guage studies published up to June 2023 were
reviewed, and the search was expanded to
include relevant references from selected arti-
cles. The included publications were analyzed
for this review.
Results: The available studies on PBM in AMD
demonstrated promising but inconsistent
results. PBM showed potential in improving
best-corrected visual acuity (BCVA) and contrast
sensitivity (CS) in patients with AMD. Some
studies also suggested a reduction in AMD
lesions, such as drusen volume. However, the
long-term efficacy and optimal treatment
parameters of PBM in AMD remained to be fully
determined due to the limitations of the avail-
able studies. These included variations in irra-
diation techniques, wavelengths, exposure
times, and treatment sessions, making it chal-
lenging to generalize the effectiveness of PBM.
Furthermore, the lack of accurate classification
of AMD phenotypes in the available studies
hindered the understanding of which pheno-
types could truly benefit from this treatment.
Finally, the strength of evidence varied among
studies, with limited sample sizes, unpublished
results, and only three randomized sham-con-
trolled trials.
Conclusions: Currently, the effectiveness of
PBM in promoting drusen resorption or
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preventing progression to advanced forms of
AMD, as observed in the cited studies, remains
uncertain.

Keywords: Age-related macular degeneration;
Photobiomodulation; Mitochondria; Drusen;
Geographic atrophy

Key Summary Points

Intermediate age-related macular
degeneration (AMD) represents the most
crucial stage of age-related macular
degeneration, since it is still possible to
slow disease progression towards the most
severe forms.

Photobiomodulation (PBM) has recently
gained attention as a potential treatment
for intermediate AMD, diabetic macular
edema, and pachychoroid diseases,
mainly acting on mitochondrial
metabolism.

Preclinical and clinical studies have shown
promising but inconsistent evidence in
improving functional and anatomical
parameters in intermediate AMD. Thus,
their results should be interpreted with
caution.

Several limitations of existing studies
make it difficult to ascertain the efficacy of
PBM in slow progression of intermediate
AMD. Further studies with larger sample
size and longer follow-up are needed to
define the real pathophysiological impact
of PBM on AMD.

INTRODUCTION

Age-related macular degeneration (AMD) is a
chronic progressive macular disease causing an
irreversible and profound vision loss in older
people [1]. It is the most common cause of
blindness in developed countries [2–6], affect-
ing about 7–8% of the population worldwide

[7]. The phenotype is classified into dry (not
exudative) AMD and exudative AMD, with
three described stages: early, intermediate, and
late (neovascular, and geographic atrophy, GA)
AMD. Intermediate AMD represents the most
crucial stage, since it is still possible to slow
disease progression to more severe forms [4].
This form is typically characterized by the
presence of large drusen ([125 lm) or medium
drusen ([ 63 lm) in addition to pigmentary
abnormalities. The pathogenesis of AMD is
complex and multifactorial. Intrinsic and
extrinsic stress factors lead to a progressive
accumulation of waste materials, including
extracellular and intracellular deposits. The
former is called drusen and consists of extra-
cellular deposits of cellular debris, lipids,
lipoproteins, and amyloid. Drusen contains a
variety of pro-inflammatory factors which may
stimulate inflammation through various path-
ways, such as complement cascade. Intracellular
deposits are made of lipofuscin, a waste
metabolite produced by the outer segment of
photoreceptors that represents the main source
of reactive oxygen species (ROS). With aging,
there is an excess of ROS production that con-
ditions an oxidative stress state, and thus fur-
ther retinal damage and atrophy. Mitochondria
are key regulators of inflammatory and oxida-
tive signaling pathways, and the major intra-
cellular source of ROS as well.

Current treatments are available for neovas-
cular AMD (e.g., ranibizumab, bevacizumab,
aflibercept, brolucizumab, and faricimab).
However, no therapy for GA has yet been vali-
dated, except for pegcetacoplan. Unfortunately,
therapeutical options for intermediate forms are
limited to a healthy lifestyle and nutritional
lutein/zeaxanthin supplements. The Age-Rela-
ted Eye Disease Study (AREDS)2 revealed that
patients with intermediate AMD who were tak-
ing these supplements experienced a decreased
risk of developing advanced AMD as compared
to the control group who did not receive these
supplements [8].

Photobiomodulation (PBM), also known as
low-level light therapy (LLLT), has recently
gained attention as a potential treatment for
intermediate AMD. The objective of this review
was to analyze the evidence surrounding the
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efficacy of photobiomodulation as a treatment
option for intermediate AMD.

METHODS

A PubMed engine search was performed
including the terms ‘‘photobiomodulation’’ and
‘‘age-related macular degeneration.’’ All studies
published in English up to June 2023 were
reviewed, and a bibliographic search was
expanded to the bibliographies of selected arti-
cles. All pertinent publications were included.
This article is based on previously conducted
studies and does not contain any new studies
with human participants or animals performed
by any of the authors.

BIOCHEMICAL BASIS OF RETINAL
PHOTOBIOMODULATION

The basic principle of photobiomodulation is
that light can be absorbed by molecules. Irra-
diation of cells at specific wavelengths can
activate native molecules, thus modulating
biochemical reactions and cellular metabolism.
Different wavelengths of light have different
degrees of absorption, scattering, and reflection
by biological tissues. For instance, water mole-
cules significantly absorb light energy at wave-
lengths longer than 970 nm, whereas
wavelengths shorter than 600 nm are absorbed
by flavin, hemoglobin, and melanin. PBM
therapy acts in an ‘‘optical window’’ ranging
from the red to near-infrared (NIR) regions of
the light spectrum (500–1000 nm spectrum)
generated either by a laser or by non-coherent
light sources. Light penetrates tissues depend-
ing on the wavelength and stimulates cellular
function through the activation of specific
pathways or molecules. After absorbing light,
the molecule assumes an excited state, leading
to a measurable biological effect [9]. The
underlying molecular mechanisms of light–tis-
sue interaction are very complex due to the
intracellular chromophore components. A
variety of interactions have been proposed to
explain the therapeutic effects of PBM. One of
the main targets of PBM is mitochondrial

activity. Mitochondria are sensitive to irradia-
tion with red–NIR light. In vitro experiments on
murine mitochondria have shown that illumi-
nation increased adenosine triphosphate (ATP)
synthesis and O2 consumption [10]. The main
chromophore thought to be responsible for
PBM-induced intracellular metabolic activity is
cytochrome c oxidase (CCO) [11]. CCO syn-
thesizes ATP in the mitochondrial electron
transport chain, and acts as chromophore for
the red–NIR light spectrum through a domain
of iron and copper ions [9, 12]. PBM might
increase the bioavailability of nitric oxide (NO),
prompting its release from intracellular stores. It
is proposed that PBM causes the photodissoci-
ation of NO from CCO [13]. Since NO is known
to inhibit electron transport, PBM can increase
the mitochondrial membrane potential, O2

consumption, proton gradient, and finally ATP
production. NO can also diffuse outside, as a
messenger for several pathways including
vasodilation. PBM was shown to reduce oxida-
tive stress [14–17] and inflammation [18–21]
and to modulate cell signaling [9, 22–25] and
gene expression [26–28].

PRECLINICAL ANIMAL MODEL
STUDIES

Several preclinical animal models of ocular dis-
orders support the aforementioned mechanisms
of action of PBM. However, since most of these
studies involved murine models, their results
should be interpreted with caution. For
instance, mice naturally tend to avoid light due
to their lack of a central retina. Consequently,
AMD must be artificially induced in these ani-
mals (e.g., by using light), which leads to an
inflammatory retinal degeneration that simu-
lates human AMD. The demonstrated effects of
PBM include a reduction in aging-related dam-
age [29], methanol toxicity [30], and inflam-
mation [31]. Furthermore, PBM was
demonstrated to be protective against bright
light-induced retinal degeneration, even when
NIR treatment was applied after exposure to
light [32]. The efficacy of PBM was also
demonstrated in mice after exposure five times
to 670 nm light for 90 s. The treatment reduced
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the number of macrophages as well as inflam-
mation biomarkers such as tumor necrosis fac-
tor alpha (TNF-a) and complement components
[33]. Albarracin et al. demonstrated that PBM
decreased vimentin and glial fibrillary acidic
protein, which are Müller cell-specific markers
for stress and inflammation [34]. PBM was
shown to reduce inflammation in complement
factor H knockout mice, which is another
murine model of AMD [31]. These studies sug-
gest that PBM may enhance recovery from
retinal injury and other ocular diseases where
mitochondria may play a role. Thus, PBM
would slow the progression of AMD by
inhibiting the complement system, reversing
oxidative and inflammatory damage, and
improving mitochondrial function.

CONCLUDED AND ONGOING
CLINICAL STUDIES

The use of photobiomodulation in age-related
macular degeneration has been evaluated in a
small number of clinical studies (Table 1). The
first evidence was reported in 2008 in all forms
of AMD using a semiconductor laser diode
emitting continuous light (Laser Components
Germany GmbH, Germany; wavelength:
780 nm; dose: 5 mW/cm2; irradiation time:
40 s) [35]. A total of four treatments were given
over 2 weeks. Best-corrected visual acuity
(BCVA) improved significantly. A decrease in
AMD signs (e.g., pigment accumulations, dru-
sen, macular edema, retinal bleeding) and visual
symptoms (e.g., metamorphopsia, scotoma,
dyschromatopsia) were reported. No adverse
systemic or local side effects were observed. The
study highlighted the potential of PBM as a new
treatment for both early and advanced forms of
AMD, suggesting its role in preventing vision
loss with no side effects. However, this study
had some limitations, such as the inclusion of
different stages of disease (no distinction
between intermediate and late AMD) and the
absence of any structural parameters.

The Toronto and Oak Ridge Photobiomodu-
lation Study for Dry Age Related Macular
Degeneration (TORPA) [36] investigated the
impact of PBM in intermediate AMD with visual

acuity between 20/20 and 20/200. Primary
outcomes were change in BCVA, contrast sen-
sitivity (CS), and microperimetry fixation sta-
bility. Two different light-emitting diode (LED)
lasers were used for a direct-transpupillary irra-
diation: Quantum Warp 10 (Quantum Devices,
Inc., USA; wavelength: 670 nm; dose: 50–80
mW/cm2; exposure time: 88 s) and Gentle-
Waves (Light BioScience LLC, USA; wavelength:
590–790 nm; dose: 4–0.6 mW/cm2; irradiation
time: 35 s). Eighteen eyes were treated sequen-
tially by both devices three times per week for
6 weeks (total: 18 treatments). Statistically sig-
nificant improvements in BCVA and CS were
observed after 6 weeks and after 1 year from the
treatment.

The TORPA II study [37] tested the repro-
ducibility of the results of TORPA and explored
the potential benefits of PBM in various stages
of AMD. As inclusion criteria, AMD (AREDS 2–4)
and BCVA letter score of 50 or better were
considered. Forty-two eyes of 24 patients were
treated sequentially by two LED devices with
multiple wavelengths during nine sessions over
a 3-week period. Primary efficacy endpoints
were changes in BCVA and CS from baseline.
Secondary efficacy endpoints included changes
in optical coherence tomography (OCT) (e.g.,
drusen volume, DV, central drusen thickness,
CDT, central retinal thickness, GA area) and
fundus autofluorescence parameters at baseline,
after the first 3-week treatment, and at
3 months. Significant improvement in BCVA
was observed after PBM treatment (?5.9 letters)
and at the 3-month follow-up. Among patients,
59.5% gained more than one line and 11.9%
gained more than two lines after the 3-week
treatment. Interestingly, visual improvement
was related to baseline BCVA, since acuity of
70–82 letters was most commonly associated
with a gain of five letters or 15 letters. Contrast
sensitivity increased as well. DV and CDT were
reduced at the initial 3-week follow-up and at
3 months. No significant variations in central
retinal thickness or GA area were observed.
Overall, this study suggested that PBM may be a
therapeutic option for patients affected by dry
AMD, with both functional and anatomical
beneficial effects. Despite its valuable contribu-
tions, however, the TORPA II study showed
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certain limitations that should be considered.
The sample size was relatively small, and a
control group was not included. Furthermore,
this study focused primarily on short-term
outcomes, with no long-term follow-up data.

LIGHTSITE I [38] was the first single-center
randomized sham-controlled study to evaluate
PBM efficacy in AMD. This trial used the Valeda
Light Delivery System (LumiThera, Inc., USA),
which delivers three distinct wavelengths of
light, including yellow (590 nm), red (660 nm),
and near-infrared (850 nm). The treatment is
divided into four phases lasting 250 s. In the
first and third phases (35 s), the patient’s eyes
are opened, and the yellow and near-infrared
wavelengths are delivered in a pulsed mode. In
the second and fourth phases (90 s), the
patient’s eyes are closed, and the red wave-
length is delivered continuously. Subjects
received two PBM treatment series (at baseline
and after 6 months), with nine treatment ses-
sions per series spread over 3 or 4 weeks. Forty-
six eyes of 30 individuals affected by dry AMD
(AREDS grades 2–4) and visual acuity between
20/40 and 20/200 were enrolled. Subjects were
assessed for BCVA, CS, quality of life, and reti-
nal sensitivity by means of microperimetry,
OCT (DV, CDT, GA area, retinal volume) and
fundus autofluorescence. Treated subjects
showed an increase in BCVA (from 73.8 ± 1.9
letters to 77.7 ± 2.5 letters) that declined
around month 6 (76.1 ± 2.3 letters) just before
the second series of treatments, which con-
ferred a new visual gain (78 ± 2.4 letters) that
decreased again after 6 months (74.2 ± 2.6
letters).

A greater response was observed in patients
with drusen or GA with foveola sparing. CS
improved significantly in PBM-treated eyes. No
significant variations were observed in fixation
stability at microperimetry between the two
groups. Over time, most PBM-treated patients
(70%) exhibited a decrease in DV that was sta-
tistically significant at month 12 in comparison
to the control group. No significant differences
in other anatomical parameters were observed
between the two groups after 12 months of
treatment. In summary, the key finding was the
significant reduction in DV in the PBM-treated
group as compared to the sham treatment, with

no significant variations in other anatomical
parameters.

The LIGHTSITE II [39] study further explored
the effectiveness and safety of PBM therapy
using the Valeda system (LumiThera, Inc., USA)
in individuals with intermediate AMD (mainly
AREDS 3) and BCVA between 20/32 and 20/100.
A total of 44 subjects and 53 eyes were included
in this randomized sham-controlled multicen-
ter study. The primary outcome was the change
in BCVA from baseline to month 9. PBM-treated
patients showed a significant visual improve-
ment (2.30 letters) as compared to baseline,
although no significant differences between the
groups were reported. Secondary outcomes
related to visual function (CS, visual function
questionnaire) and anatomical changes (DV,
CDT, GA area) were also assessed. No significant
changes in secondary outcome parameters were
observed. Interestingly, GA lesions grew over
time in both groups, with a slower growth rate
in the PBM-treated group, suggesting a poten-
tial benefit of PBM treatment in reducing
anatomical progression. However, this trial
showed several limitations that should be taken
into consideration. Because of its small sample
size, its results may not be representative of the
overall population. Moreover, the COVID-19
pandemic significant affected patient with-
drawal from the study and missing data collec-
tion. Finally, four patients left the study due to
adverse events unrelated to the treatment.

LIGHTSITE III (NCT04065490) partly over-
came the limitations of the previous LIGHTSITE
trials by enrolling a larger sample size with a
longer follow-up and novel structural and
functional parameters. This prospective ran-
domized sham-controlled multicenter study
included 148 eyes of 100 patients with foveal-
sparing dry AMD, mainly at intermediate state,
and vision between 20/32 and 20/100. Over a
24-month period, patients received six series of
PBM or sham treatments using the Valeda sys-
tem (LumiThera, Inc., USA), administered three
times per week for 3–4 weeks. As clinical out-
comes, BCVA, low-luminance BCVA, CS, read-
ing speed, color vision, Visual Function
Questionnaire-25 (VFQ-25), and perimetry were
evaluated. Independent analysis of OCT, fundus
autofluorescence, and color fundus imaging was
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performed by a reading center with masked
evaluators at selected time intervals. Prelimi-
nary results at 13 months showed a significant
improvement in BCVA (5.5 letters) in the group
receiving PBM compared to the sham. Within
the treated group, 55% exhibited a greater than
5-letter improvement (9.7 letters), and another
26% achieved an improvement of greater than
10 letters (12.8 letters). Among the control eyes,
9.1% progressed to new GA, in comparison to
1.1% in the photobiomodulation-treated group.
Conversely, the conversion rate from non-ex-
udative to exudative AMD was higher for the
PBM group (5.4% vs. 1.8% for the control
group). The results at 24 months are yet to be
published.

The ELECTROLIGHT study (https://
clinicaltrials.gov/ct2/show/NCT04522999) was
another pilot study based on the Valeda Light
Delivery System (LumiThera, Inc., USA). It
aimed to evaluate the impact of PBM by mea-
suring electroretinograms in 23 eyes of 15
patients with intermediate AMD and with
BCVA between 20/32 and 20/100. As of now,
the results of this study are still pending.

Grewal et al. [40] published the results of a
pilot study based on a custom LED system (cus-
tom device; wavelength: red light ranging from
650 to 700 nm; dose: 40 mW/cm2; irradiation
time: 120 s). Visual function was measured in
terms of BCVA, low-luminance BCVA, scotopic
thresholds, and rod intercept time. PBM had no
significant impact on any of the parameters over
a period of 12 months. This is the first study in
discordance with the other published studies.
However, the ELECTROLIGHT study displayed
several differences from the previous literature,
including the lack of a control arm, younger
inclusion age, use of a single wavelength, longer
exposure, and a higher dose.

MAIN LIMITATIONS OF PREVIOUS
AND ONGOING CLINICAL STUDIES

The aforementioned studies showed several
limitations. First, PBM was performed using
different techniques with several wavelengths
and exposure times. Additionally, the time
interval between different treatment sessions

and the number of sessions varied across stud-
ies. Therefore, the results of each study cannot
be extrapolated to PBM in general, but only to
the specific type of treatment used. Secondly, all
studies lacked accurate classification of AMD
phenotype, thus making it impossible to deter-
mine which AMD phenotypes could truly ben-
efit from this treatment. Thirdly, the strength of
the proposed evidence was not the same for all
studies, since not all trials were randomized,
placebo-controlled, and with a large sample
size. Finally, although all studies investigated
almost the same functional and structural
parameters, their results varied due to different
baseline conditions. Interestingly, the evidence
of a decrease in DV could be regarded as ‘‘weak,’’
given that their resorption could potentially be
attributed to the normal cycle of deposition and
resorption of drusen material, as observed even
in untreated patients. Thus, a larger sample and
more precise measurements are needed to
ascertain whether PBM promotes a significant
reduction in DV. Moreover, even if the resorp-
tion of drusen is often seen as a positive out-
come, it is important to note that there is no
guarantee of its benefits over longer periods
than trial follow-up. In fact, the process of
drusen resorption can potentially give rise to
the development of nascent GA and advanced
macular degeneration. Further research is nec-
essary to understand the mechanisms involved
in drusen resorption and to determine whether
it truly benefits retinal health in the long term.

PHOTOBIOMODULATION
IN OTHER MACULAR DISEASES

Photobiomodulation in Diabetic Macular
Edema

Given that some preclinical [41, 42] and pilot
studies [43] confirmed the impact of PBM on
diabetic retinopathy and center-involved dia-
betic macular edema (DME), the Protocol AE trial
[41] evaluated the efficacy of home-based PBM in
treating DME in patients with type 1 and type 2
diabetes. A total of 134 eyes mainly from patients
with type 2 diabetes (93%) were randomly
assigned to twice daily use for 90 s of either a PBM
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device (Retilux Eye Patch, PhotoOpTx, USA) that
emitted red light (670 nm) or a placebo device
that emitted low-power white light. The study
had two phases: a primary outcome phase
(4 months) and a post-outcome phase
(4 months). The primary outcome measure was
the change in central subfoveal thickness (CST)
on OCT from baseline to 4 months. Secondary
outcomes included variations in retinal volume
on OCT, the percentage of DME at 4 months, and
the percentage of 5-letter loss in BCVA from
baseline to 4 months. No statistically significant
changes in any of these parameters were found
between the PBM and placebo groups at
4 months. Thus, Protocol AE did not support the
effectiveness of PBM in treating DME.

Photobiomodulation in Pachychoroid
Disorders

There is still a lack of evidence on PBM in
pachychoroid disorders, although the study
conducted by Servillo et al. on no-dose photo-
dynamic therapy (PDT) served as the closest
reference point. This treatment consisted of
PDT without the infusion of verteporfin, which
is commonly used in conventional PDT. The
authors suggested that no-dose PDT may
involve a mechanism of thermally enhanced
PBM, similar to that of photobiomodulation in
AMD. The benefits of no-dose PDT included its
affordability, patient comfort, and the wide-
spread availability of PDT laser systems.
Promising results were found in terms of func-
tional and morphological outcomes in patients
treated with no-dose PDT, suggesting PBM as a
potential future therapy for pachychoroid dis-
eases as well. Since this study showed some
limitations (e.g., retrospective design, small
sample size, and short follow-up duration),
further studies are needed to confirm the effi-
cacy of PBM in pachychoroid disorders.

CONCLUSIONS AND FUTURE
PERSPECTIVES

A thorough investigation of the potential of PBM
to halt the progression of intermediate AMD is

warranted, given both the biochemical basis for
the treatment’s effectiveness and the encourag-
ing preliminary findings. Although regulatory
agencies have already approved several devices to
treat intermediate AMD, there are lingering
questions regarding the true effectiveness of this
treatment. Additional randomized controlled
trials are needed with larger sample sizes and
long-term follow-up. These studies would pro-
vide a more reliable assessment of the feasibility
of PBM and the optimal parameters for its appli-
cation. Finally, the identification of new func-
tional imaging techniques capable of visualizing
the tissue effects of PBM would be helpful. For
instance, no current trial has specifically
explored the alterations in autofluorescence of
retinal fluorophores targeted by PBM. Conse-
quently, the activation of specific cellular pro-
cesses remains largely speculative. The
introduction of new imaging techniques would
enable a more comprehensive evaluation of the
mechanisms of action of PBM, including the
underlying biochemical pathways. By bridging
this knowledge gap, we can further advance our
understanding of the potential of PBM and pave
the way for more effective treatments for AMD.
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