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Abstract
Photodynamic therapy (PDT) has represented an important treatment modality in many ocular disorders for more
than a decade. The introduction of verteporfin-PDT to the treatment of neovascular age-related macular degeneration
and polypoidal choroidal vasculopathy has rescued millions of patients from vision loss and blindness around the
world. The most well-known vascular tumors in the eye treated with PDT include retinal capillary hemangioma,
choroidal hemangioma, retinal vasoproliferative tumor or Wyburn-Mason syndrome. The discovery of the role of
vascular endothelial cell growth factor in age-related macular degeneration and the revolution of its treatment by
anti-vascular endothelial cell growth factor agents reduced the need for PDT in age-related macular degeneration;
however, the use of PDT in the treatment of PCV is dramatically increasing. Furthermore, clinical results obtained with
PDT, in combination with angiogenesis inhibitors, vascular disrupting agents, or/and anti-inflammatory compounds
as adjuvant therapies, may well keep PDT as one the main treatment options. This review summarizes the present
role and future possible improvements of ocular PDT.
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Abbreviations: AMD: Age-related Macular Degeneration;

AS: Angioid Streaks; bfgf: basic fibroblast growth factor; CCH:
Circumscribed Choroidal Hemangioma; CD36: Cluster of
Differentiation 36; CFT: Choroidal Foveal Thickness; CNV: Choroidal
Neovascularization; CSCR: Central Serous Chorioretinopathy; EC:
Endothelial Cell; GCL: Ganglion Cell Layer; ICGA: Indocyanine Green
Angiography; INL: Inner Nuclear Layer; IPL: Inner Plexiform Layer;
IVTA: Intra-vitreal Triamcinolone; MC: Mutifocal Choroidopathy;
m-THPC: meta-tetra(hydroxyphenyl)chlorin; OFL: Optic Fiber Layer;
ONL: Outer Nuclear Layer; OPDT: Oscillatory Photodynamic Therapy
(OPDT); OPL: Outer Plexiform Layer; PCV: Polypoidal Choroidal
Vasculopathy; PD-1, Programmed cell Death-1 gene; PIC: Punctate
Inner Choroidopathy; RPE: Retinal Pigmented Epithelium; SRF: SubRetinal Fluid; SWS: Sturge-Weber Syndrome; TTT: Transpupillary
Thermotherapy; VA: Visual Acuity; VDA: Vascular Disrupting Agents;
VEGF: Vascular Endothelial Growth Factor; v-PDT: verteporfinPhotodynamic Therapy; vWF: von Willebrand Factor

Introduction
Photodynamic therapy (PDT) has been an effective treatment for
choroidal neovascularization (CNV), secondary to pathologic myopia
and neovascular forms of age-related macular degeneration (AMD),
since the late 1990s [1]. Verteporfin-PDT (v-PDT), was in fact, the first
therapy approved by the Food and Drug Administration (FDA) in 2000,
for the treatment of subfoveal lesions, and at the time of its development,
it was the only available treatment to prevent major progression of vision
loss and eventual blindness [2], with negligible side effects. Verteporfin
or benzoporphyrin derivative monoacid ring A (BPD-MA) is a secondgeneration lipophilic/amphiphilic photosensitizer. It is applied as a
liposomal formulation named Visudyne® (Novartis Pharmaceuticals),
which is a mixture of the two regioisomers, each a racemic mixture of
two enantiomers. Other photosensitizers have not made it to market
approval for the treatment of ocular disorders, although this field is
moving toward the discovery of improved compounds.
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Although PDT was an effective therapy for several of these
indications, it was soon realized that the long term efficacy of PDT
was limited by the occurrence of secondary tissue reactions, such as
hypoxia and inflammation, leading to angiogenesis and the necessity
for retreatment, and that consequently, more effective treatments
were still needed [3-5]. The discovery of the prominent role of VEGF
following PDT led to the advent of anti-VEGF therapy for neovascular
eye diseases. Since long-term beneficial effects are still difficult to
achieve with anti-VEGF monotherapy [6], the investigation of new
therapies involving PDT and based on its combination with angiostatic
and anti-inflammatory strategies, continues to be developed and
promising clinical results have been obtained. This review discusses
the clinical efficiency of v-PDT in both cancerous and non-malignant
ocular disorders. Moreover, we present recent strategies aimed at
improving the outcome of PDT in the clinic through combination with
other therapies.
PDT is a form of minimally invasive therapy based, in the present
case, on the systemic administration of a photosensitizer and its local
activation with light. Irradiation of the photosensitizer with a specific
wavelength of visible or near infrared light excites the photosensitizer
first to its excited singlet state, from which it can undergo intersystem
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crossing to a metastable triplet state. Once in the triplet state, the
photosensitizer can then interact with environmental molecular oxygen
through three possible reactions: (i) energy transfer with triplet ground
state oxygen to produce singlet molecular oxygen, which can then react
with the photosensitizer (bleaching it) or oxidize a nearby biomolecular
target; (ii) a hydrogen exchange with a substrate molecule which can
react with O2, forming peroxide radicals as intermediary molecules
in the process of oxidizing the substrate molecule; or (iii) an electron
transfer with a substrate molecule, generating radical ions which, in
combination with O2, can cause other oxidizing reactive intermediates,
such as superoxide radical anion O2-,H2O2, or a hydroxyl [7].
Visudyne® is thought to primarily act through the first mechanism,
which is referred to as a type II reaction. These cytotoxic oxygen species
can ultimately lead to cell and tissue damage [7], and in the case of
vascular targeted PDT, can cause vaso-occlusion, as schematically
shown in Figure 1. Singlet oxygen can damage the endothelial cell (EC)
luminal surface (Figure 1A) mitochondria and to various cyctoskeletal
components, including the cytoplasmic microtubules and cytoskeletal
proteins. Cytoskeletal damage causes cells to undergo cell shape
changes, losing inter EC tight junctions, which destroys the continuity
of the EC lining, exposes the basement membrane [8,9], and activates
von Willebrand factor (vWF) and the platelets. When the activated
platelets get into contact with collagen in the basement membrane,
they bind to the collagen, begin to aggregate (Figure 1B). Damaged and
activated platelets release vasoactive eicosanoids, such as thromboxane
and other factors, which in turn activate more platelets. The adhesion
of polymorphonuclear leukocytes following EC damage has also been
associated with increased vascular permeability and edema [10], as

Figure 1: An overview of the vascular effects of photodynamic therapy (PDT)
leading to vasoconstriction, blood flow stasis and thrombus formation. (A)
Magnification of a normal choroidal blood vessel and (B-E) magnifications of
a choroidal neovessels being illuminated. (A) Choroidal blood vessel where
verteporfin remains in the inactive form due to lack of illumination and no effects of PDT can be seen. Under normal circumstances, the endothelial cells
(EC) line blood vessels with a close association to the basement membrane,
and are connected to each other through tight junctions. (B) Light exposure in
the choroidal neovessels activates verteporfin initiating EC stress and various
cellular responses, including the retraction of ECs resulting in the loss of the
tight junctions between cells and the separation of cells from the basement
membrane. (C) The interaction of blood with collagen and other factors in the
basement membrane results in the activation of the clotting cascade, including the activation of platelets and the release of von Willebrand factor (vWF).
(D) Cellular responses result in vascular constriction and the stabilization of
the blood clot by fibrin, which is produced from fibrinogen as a part of the clotting cascade. (E) Vessel occlusion due to vaso-constriction and clot formation
results in the activation of the angiogenic switch, results in the activation of
proliferation, migration of ECs and sprout formation.
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Figure 2: A. Schematic drawing of a cross-section of the human eye, and an
enlarged schematic cross-section of the macula with the components of the
neovascular membrane. OPL: Outer Plexiform Layer; OFL: Optic Fiber Layer;
ONT: Outer Nuclear Layer; GCL: Ganglion Cell Layer; RPE: Retinal Pigment
Epithelium; IPL: Inner Plexiform Layer; NFL: Nerve Fiber Layer; ILM: Integral
Limiting Membrane.

well as the release of additional thromboxane and leukotriene B4
[11,12]. The release of these factors, particularly thromboxane, alters
the equilibrium between platelet pro-aggregatory and vasoconstricting
regulators (thromboxane) and anti-aggregatory vasodilating molecules
(prostacyclin) [13,14], inducing smooth muscle constriction and
additional platelet aggregation (Figure 1C). Vasoconstriction and
platelet aggregations results in the formation of a thrombus, which is
eventually stabilized to form a blood clot (Figure 1D).

Clinical Applications of PDT
Neovascularization-based non-malignant disorders
Choroidal neovascularization (CNV): CNV is the growth of blood
vessels in the choroidal layer of eye, located between the retina and
the sclera [7]. CNV can develop as a consequence of many disorders,
such as pathologic myopia, inflammation, angioid streaks, trauma
or choroidal rupture, however, it is most frequently encountered as
a complication in patients suffering from AMD (Figure 2) [15]. The
central part of the macula, called the fovea, is responsible for the highresolution central field of vision. The development of CNV in the fovea
of the eye can, therefore, lead to severe vision loss. The maintenance
of normal macular function is dependent on the integrity of the
microstructure of the different layers in this tissue, which include the
choroid, Bruch’s membrane, the retinal pigmented epithelium (RPE)
containing the photoreceptors, and the neural retina. A schematic
cross-section of the retina’s “layered” structure within the macula and
the conditions associated with pathologic CNV are shown in Figure 2.
CNV is due to the activation of angiogenesis in the choroid, resulting in
neo-angiogenesis and vascular sprouting from the choroid into Bruch’s
membrane. Neovessels are frequently restricted to the area below the
RPE and near Bruch’s membrane; however, they are sometimes capable
of perforating the RPE [16]. This process is believed to be stimulated by
the production of inflammatory and pro-angiogenic factors by the RPE
cells, as a response to inflammation and oxidative stress in the RPE and
Bruch’s membrane [17].
Age-related macular degeneration (AMD): Exudative or wet
AMD associated with CNV is the leading cause of vision loss in the
elderly populations of developed countries [18]. AMD is characterized
by the development of CNV in the fovea, leading to the gradual
destruction of the high-resolution central field of vision, a process that
is strongly correlated with aging. The wet or exudative form of AMD
is the more severe form and frequently results in rapid vision loss;
patients can lose as much as one letter a month on the ETDRS (Early
Treatment Diabetic Retinopathy Study) vision chart without treatment.
Exudative AMD is characterized by abnormally leaky CNV, which
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result in retinal edema. In this condition, newly formed blood vessels
are pathological and functionally abnormal, leaking lipids, fluid and
blood into the retina, causing the edema and retinal thickening, which
is often associated with vision impairment. If this leakage persists for
longer periods of time, it can lead to the formation of scar tissue and
to scotoma, a dark region in the field of vision. The early and late dry
form of AMD, also frequently referred to as central geographic atrophy,
accounts for approximately 90% of all AMD cases [19]. This dry form
of AMD is associated with cell death and retinal thinning, however, it is
generally not associated with rapid vision loss, as in the case of the wet

form of the disease. The history of treatments for CNV associated with
AMD has been extensively reviewed [19,5].
Various chlorin-derivatives were developed and tested for AMD
treatment, e.g. tin ethyl etiopurpurin (SnET2/Rostaporfin/Purlytin®)
and N-aspartyl chlorin e6 (NPe6/Talaporfin). SnET2 passed phase III
trials for the treatment of AMD [20], but has not been approved by the
FDA, due to a requirement of further efficacy and safety assessments.
NPe6-PDT was shown to selectively localize in experimental CNV of
Macaca monkeys, leading to CNV occlusion [21]. Moreover, lutetium
texaphyrin (Lu-Tex/Optrin®), a texaphiryn complex was tested in a

Study

Treatment regiment

Follow up period
(months)

Results

Ref

TAP

*v-PDT

24

V-PDT reduced the risk of moderate or severe vision loss in patients with
CNV due to AMD.

[3]

VIP

*v-PDT

24

In the v-PDT group, VA improvement by at least 5 letters was observed in
patients with CNV due to pathologic myopia.

[42]

24

Median VA improvement was 1.7 lines, but the mean number of PDT
retreatments required in the first 2 years was 2.3-lower than in the VIP study.

[43]
[115]

Lam et al.

*v-PDT (Asian patients)

VISION

pegaptanib sodium (0.3 mg)

12

70% of patients lost fewer than 15 letters of visual acuity, as compared
with 55% among the controls. Improvement in mean visual acuity was not
observed.

ANCHOR

ranibizumab (0.3 mg or 0.5 mg) vs.
*v-PDT

12

Ranibizumab was clearly superior to PDT with Respect to both visual acuity
(VA) and anatomic (lesion size and CNV leakage) efficacy outcomes.

[41]

FOCUS

ranibizumab 0.5 mg monthly or sham
injections monthly followed by *v-PDT at
day zero

24

Combination therapy was more effective than v-PDT alone and had a low
rate of adverse events.

[116]

same-day *v-PDT and ranibizumab 0.5 mg
in CNV AMD

12

Improved VA, lesions were stabilized with minimal treatment required after
month 3.

[117]

*v-PDT, ranibizumab 0.5 mg
In CNV AMD

12

VA improvements in the combination group are non-inferior to a ranibizumab
alone with three ranibizumab doses followed by injections on a monthly
regimen.

[118]

*v-PDT+ranibizumab 0.5 mg,
**reduced fluence v-PDT
+ranibizumab 0.5 mg,
ranibizumab 0.5 mg
In CNV AMD

12

DENALI did not demonstrate non-inferior visual acuity gain for v-PDT
combination therapy compared with ranibizumab monthly monotherapy.

[120]

*v-PDT+ranibizumab 0.5 mg in PCV

12

Complete regression of polypoidal lesions in combination therapy group.

[119]

RADICAL

**v-PDT+within 2 h ranibizumab
(0.5mg)+dexamethasone (0.5 mg); vs.
***v-PDT
+ ranibizumab (0.5 mg)
+ dexamethasone (0.5 mg); vs.
ranibizumab only (0.5 mg)

24

Cumulative retreatment rates were lower in all combination groups compared
with the ranibizumab monotherapy group. Mean VA change from baseline
was not statistically different among the treatment groups.

[126]

VALIO

*v-PDT
(light applied 30 minutes after the start of
verteporfin infusion)

12

Improved VA and angiographic outcomes with an acceptable safety profile
compared with standard light application 15 minutes after the start of the
infusion

[152]

**v-PDT, 16 h later, dexamethasone (800 μg)
and bevacizumab (1.5 mg)

9

Less than 25% of the patients treated with this regimen required additional
treatment.

[127]

*v-PDT+immediate injection of bevacizumab
(1.25 mg)+TA (4 mg)+bevacizumab (1.25
mg) every 3 months

6

Short-term results of this study (at 6 months) showed low rate of
retreatments, sustained CNV closure efficacy and visual acuity improvement.

[128]

Same-day **v-PDT
+ dexamethasone (200 μg)
+ bevacizumab (1.5 mg)

13.7

VA was maintained, decreased macular thickness in treatment-naïve or
previously treated with anti-VEGF.
The mean number of repeat triple therapy treatments was 0.3 in both
mentioned groups.

[129]

PROTECT

MONT BLANC

DENALI

EVEREST

TRIPLE
THERAPY

CFT: Choroidal foveal thickness; PCV: polyploidal choroidal vasculopathy;
*standard fluence v-PDT: 50 J/cm2, 600 mw/cm2;
**reduced fluence v-PDT: 42 J/cm2, 300 mw/cm2;
***quarter fluence: 15 J/cm2, 180 mw/cm2;
**** low fluence: 25 J/cm2, 300 mw/cm2;
TA: Triamcinolone Acetonide;
VA: Visual Acuity;
v-PDT: verteporfin-photodynamic therapy
Table 1: Summary of clinical trials with v-PDT for choroidal neovascularization.
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laser-injured eyes of New Zealand white rabbits [22], and in phase I/II
clinical trials for AMD [23].
Verteporfin-PDT is one of the few therapies, which has been shown
to effectively slow the progression of the wet form of AMD, and even to
stabilize visual acuity (VA) over many years. V-PDT was approved by
the FDA in 2000 as an effective treatment strategy for exudative AMD.
This treatment involves the intravenous administration of Visudyne®,
followed by the local activation of this photosensitizer using light with
a wavelength of 689 nm. The “standard” protocol of local light delivery
(light dose of 50 J/cm2, irradiance of 600 mW/cm2 over 83 sec, starting
15 minutes after the beginning of the i.v. infusion) produces a vasoocclusive effect. It is applied homogenously in a round spot that covers
the lesion, plus a burden of several hundreds of microns. Clinical trials
involving v-PDT in CNV secondary to AMD are presented in Table
1. Standard fluence v-PDT was used for the first time in the TAP
(Treatment of Age-related macular degeneration with Photodynamic
therapy) trial, which was composed of 2 simultaneous double-masked,
placebo-controlled, randomized arms, with patients suffering subfoveal
CNV secondary to AMD. The 609 patients enrolled in this study were
re-treated every 3 months, if judged necessary based on fluorescein
angiograms showing recurrence or persistence of leakage. 12 months
after the first treatment, PDT-treated patients showed an improvement
in VA of 1.3 lines on the ETDRS chart, as compared to the treatment
group who were administered a sham-treatment [24]. An open-label
extension of this study for an additional 3 years showed that VA could
be maintained at the level observed at the one year checkpoint, resulting
in the recommendation that v-PDT treatment be continued beyond 24
months, if fluorescein leakage from CNV is still observed at this time
point [3].
Reduced fluence v-PDT (42 J/cm2, 300 mw/cm2) protocols were
later proposed due to retinal inflammation and normal choriocapillary
closure observed after PDT in the study described above, as well as to
investigate the potential for increased treatment selectivity. The VIM
(Verteporfin In subfoveal minimally classic CNV) trial employed
both standard and reduced fluence v-PDT protocols, and showed
stabilization of vision in both treatment groups versus the placebo
group. This study, however, did not demonstrate a treatment benefit in
terms of visual outcome for the reduced fluence v-PDT protocol. It also
showed that re-treatment with v-PDT was necessary due to reperfusion
of PDT-occluded vessels [25], as well as the induction of angiogenesis
[26-28].
Both the reperfusion of blood vessels and the activation of
angiogenesis are likely to result from a combination of factors, some of
which may include PDT-induced inflammation [29,30], PDT-induced
enhanced expression of vascular endothelial growth factor-A (VEGF-A)
[27,31] or other growth factors and PDT-induced tissue hypoxia [32].
Even prior to v-PDT, CNV associated with AMD is characterized by
elevated levels of certain angiogenic cytokines, including VEGFs,
fibroblast growth factors (bFGFs) and angiopoietins [33-35]. Findings
indicating that PDT induces an increase in the expression of some of
these cytokines have led to clinical trials for AMD which exclude the
use of v-PDT treatment, instead targeting these cytokines with topically
applied or intravitreously injected compounds that block some of these
cytokines [35].
Thus, recently, the use of v-PDT in the treatment of AMD has
been replaced to a large extent by anti-VEGF targeted therapy, using
monthly injections of ranibizumab or bevacizumab, or bimonthly
administration of Aflibercept [36,5]. The choice between these closely
related compounds is ophthalmologist and country dependent. The
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CATT trial (patients in USA) revealed a significant improvement of
vision in terms of VA with either drugs, ranibizumab or bevacizumab,
when administrated once monthly [37]. At year 2, treatment as needed
resulted in less of a gain in VA than after 1 year of monthly treatments.
The results of the IVAN trial (similar to CATT, but conducted in the
UK), compared fixed monthly dosing with discontinuous (upon need)
dosing, was inconclusive after one year [38]. Phase III trials (VIEW
1 and 2) of Aflibercept given at 2 mg every second month after three
initial monthly doses showed it to be non-inferior to the recommended
regimen of ranibizumab (0.5 mg every month) in terms of the primary
endpoint [39].
In order to minimize the side effects accompanying regular
intravitreal injections [37], anti-VEGF strategy can be combined
with other treatment modalities, such as radiotherapy (epimacular
radiotherapy stereotactic radiation therapy, proton therapy,
brachytherapy or stereotactic radiation therapy) [40] or PDT.
The 2-year results of the anti-VEGF Antibody for the Treatment
of Predominantly Classic Choroidal Neovascularization in Agerelated Macular Degeneration (ANCHOR) phase III trial indicated
that ranibizumab treatment resulted in greater clinical benefits than
v-PDT. In this study, patients receiving ranibizumab had a statistically
significantly improvement in VA as compared to v-PDT treated patients,
with minimal adverse events [41]. Patients receiving ranibizumab had a
slightly increased incidence of non-ocular hemorrhage as compared to
v-PDT (8.8% for 0.3 mg and 9.3% for 0.5 mg versus 4.9% for v-PDT).
Also an increased percentage of patients experienced enhanced
immunoreactivity in the high dose ranibizumab group. It should be
noted that the VA outcomes of ranibizumab treated patients in the
ANCHOR study were better than those in a similar study (MARINA
trial) for patients with minimally classic or occult AMD with no classic
CNV lesions. This may be due to the fact that the average size of the
CNV lesions was smaller in the ANCHOR study, or that predominantly
classic lesions are normally more aggressive resulting in more rapid
vision loss, possibly causing irreversible damage to the photoreceptors.
The addition of v-PDT to ranibizumab therapy may be beneficial in
certain conditions, for example with larger or predominantly classic
lesions. Additionally, it may be advantageous to use v-PDT instead of
ranibizumab in patients who are at increased risk of hemorrhages or
other side effects associated with anti-VEGF therapies.
Pathologic myopia: Myopic CNV is another eye disorder for
which v-PDT has shown clinical efficacy. This pathology is often
associated with socioeconomic setbacks and varies among the
populations of different countries and continents. The VIP (Verteporfin
in photodynamic therapy) study was a multicenter, double-masked,
placebo-controlled, randomized clinical trial in 28 ophthalmology
centers in Northern America and Europe. The study was completed by
77 of 81 patients (95%) in the verteporfin group and 36 of 39 patients
(92%) in the placebo group. The final examination at the 24-month
check-point indicated a benefit in the verteporfin treatment group
based on the overall improvement in VA. The v-PDT treatment group
showed an average improvement in VA of at least 5 letters (equivalent
to at least 1 line) in 40% of the verteporfin-treated cases (32 patients)
compared to only 13% of cases in the placebo-treated group (5
patients). Additionally, an improvement of at least 15 letters (at least 3
lines) was seen in 10 of the v-PDT-treated cases (12%), while this level
of improvement was not reached by any of the patients in the placebotreated group. The mean number of retreatments needed was 5, and no
additional adverse effects of photosensitivity were associated with the
v-PDT treatment group [42]. A similar prospective interventional study
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was performed by Lam et al. [43] in Asian patients. In this study, the
24 month follow-up examination showed a median VA improvement
of 1.7 lines; however, the mean number of PDT retreatments required
in the first 2 years was 2.3, being significantly lower than in the VIP
study. As of 2009, anti-VEGF therapy became the first line therapy for
pathological myopia due to the limited medium-term efficacy of other
therapies, including v-PDT [44].
Idiopathic CNV: Idiopathic CNV is characterized by lesions, which
are smaller, less aggressive in growth rate, and present at a younger age
as compared to CNV due to AMD. The v-PDT protocol used in the
treatment of classic CNV in AMD was also found to be effective in
the treatment of idiopathic CNV in phase I and II clinical trials [45].
Patients treated with v-PDT experienced no deterioration in VA and
the majority of patients even gained at least 1 line of vision. A reduction
in the size of the leakage area from classic CNV was observed in all
patients already 1 week after v-PDT, and a complete disappearance of
leakage from classic CNV was observed in almost half of these patients.
Other studies have also reported a retrospective improvement in
VA. One such study in Asian patients (17 cases) showed that after 12
months, 94% of patients had improved or showed stable vision versus
baseline. The mean number of retreatments over 12 months was 1.8 and
clinically important complications related to the use of v-PDT were not
encountered [46].
Polypoidal choroidal vasculopathy (PCV): A unique form of
CNV is polypoidal choroidal vasculopathy (PCV), a feature of which
is a branching vascular network arising from the inner choroid that
terminates in polypoidal lesions [47]. Another important characteristic
of this condition is the presence of degenerated small arterioles and
capillaries with a thickened basement membrane. Historically, with the
use of indocyanine green angiography (ICGA) atypical cases of AMD
had been found with a vascular network that terminates in polypoidal
lesions. The polypoidal lesions range from small, detectable only
by means of angiography, to large with perfuse and branching inner

choroidal vessels [48]. While the branching vascular network in PCV
may be quiescent in some cases, it can sometimes cause leakage and
exudation. The reason for choroidal hyper permeability in PCV, as
detected by indocyanine angiography, remains unknown.
The genetics of PCV and AMD has been extensively studied [4953]. The association between AMD, PCV and three SNPs in threr
following gene regions, rs1061170 (CFH), rs10490924 (ARMS2), and
rs11200638 (HTRA1), were verified both in Caucasians and Japanese
patients [54,55]. There is a consistent association of the ARMS2/
HTRA1 locus with both neovascular AMD and PCV, suggesting the
two diseases at least in part share molecular mechanisms [53]. HTRA1
was found to be associated with both disorders, being about twofold stronger in AMD than in PCV [56] in Asian patients. Another
susceptibility gene in PCV is the elastin gene (ELN), which is shown
to be more associated with PCV than with AMD [57]. Honda et al.
[52] reported on positive association of cluster of differentiation 36
(CD36) gene, and the response to PDT in PCV. CD36 is expressed
higher in the macula than in the peripheral retina [58], and accelerates
the uptake of oxidized low-density lipoprotein, it might be associated
with verteporfin-PDT outcome, since verteporfin is known to bind
serum low-density lipoprotein. For a detailed description of PCV and
its treatment options, refer [59].
Similar to AMD, the increased expression of pro-angiogenic
growth factors, such as VEGF-A, has been observed in histological
examination of PCV. However, VEGF targeted therapy has only
shown limited efficacy in the treatment of this disease [60]. Although
exudative changes regressed with concomitant improvements in VA,
complete regression of polypoidal lesions was only noted in 25% of
the treated eyes [61]. Interestingly, PCV can be treated much more
efficiently using v-PDT. After 12 months of follow-up, complete
regression of the polypoidal lesions was seen in 95% of eyes with stable
or improved VA [62-64]. Table 2 summarizes the clinical trials using
v-PDT to treat PCV (with or without other therapies). A prospective,

Follow up period
(months)

Results

Ref

*v-PDT

12

VA improved (15 letters or more) in AMD and PCV by 6% and 25%, respectively. Fluorescein
leakage was suppressed in 86% of PCV and 61% of AMD eyes, respectively.

[153]

*v-PDT

24

VA preserved or improved in 79% of eyes. Recurrence of polypoidal lesions in 64% of eyes. An
abnormal branching vascular network persisted in all subjects.

[72]

v-PDT

19.2

Regression of the polypoidal lesions observed in 94% of eyes. The branching vascular network
remained in all eyes.

[154]

*v-PDT

12

Significantly better response to -PDT in terms of VA improvement and effect durability.

[69]

**v-PDT

12

Significantly lower v-PDT frequency and greater improvement in the visual acuity than AMD.

[70]

*v-PDT

12

The visual acuity improved in 56.3% of patients, remained the same in 31.3%, and decreased in
12.5% and. No patient had any long lasting complication after the treatment.

[68]

*v-PDT

36

75% of the treated eyes had no significant loss of vision, and 14.8% showed significant improvement
in visual acuity.

[65]

*v-PDT

60

Mean VA letter score loss is similar between patients with AMD (-7.25) and with PCV (-5.36) at the
month 60examination. Significantly more frequent retreatments in the years 3 and 4 than patients
with AMD.

[155]

*v-PDT+ranibizumab 0.5 mg

12

Complete regression of polypoidal lesions in combination therapy group.

[119]

*v-PDT+ranibizumab 0.5 mg

12

The mean BCVA change from baseline was +12.3 letters. 58.3% of patients had a BCVA gain of 15
letters or more. All patients underwent regression of polyps without recurrence.

[156]

*v-PDT+bevacizumab 1.25 mg

12

Lower rate of post v-PDT hemorrhage. Recurrence rate was unchanged.

[157]

ranibizumab 0.5 mg+*v-PDT

12

Improved VA and reduced exudation.

[158]

**v-PDT+ bevacizumab 1.25 mg

12

Improved VA in 56% treated eyes.

[73]

Treatment regiment

v

*standard fluence: 50 J/cm2, 600 mw/cm2 at 689 nm;
**reduced fluence: 25 J/cm2 for 70 sec, 300 mw/cm2 at 689 nm;
BCVA: best corrected visual acuity;
v-PDT: Visudyne®-photodynamic therapy.
Table 2: Summary of clinical trials with v-PDT alone or in combination with other treatment modalities in PCV patients.
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non-randomized study was conducted involving 42 eyes with newly
diagnosed symptomatic PCV treated exclusively with v-PDT and
followed-up for a 3-year period [65]. Recent studies reported, however,
that in the eyes that were successfully treated with v-PDT, significant
recurrence of the polypoidal lesions was reported after 24 months [66].
Beside the characteristic polypoidal dilatations, CNV-like vessels can
develop with exudation. Unexpected subretinal hemorrhages after PDT
are another serious problem in patients with PCV [67]. This prompted
the PDT field to search for efficient strategies to improve the efficiency
and selectivity of v-PDT and reduce the treatment burdens. Spaide et
al. [68] reported on 16 patients with subfoveal PCV treated with v-PDT.
Visual acuity improved in 9 (56.3%) patients, remained the same in 5
(31.3%), and decreased in 2 (12.5%) patients. There were no reported
long lasting complications after the treatment. The mean change in
visual acuity was an improvement of nearly 2.4 lines. Promising results
were also found in other studies in Japanese patients at 1 year after
standard fluence v-PDT [69] or reduced-fluence v-PDT [70,71]. In
these studies, PCV showed a significantly lower PDT frequency and
greater improvement in the visual acuity than in the case of AMD,
i.e. fewer v-PDT treatments per year were needed to obtain optimal
results in the case of PCV, as compared to patients with wet AMD. The
recurrence period of PCV after PDT was clearly significantly longer for
PCV patients than in the case of AMD.
Even though all polypoidal lesions regressed with PDT, its effect
on the branching vascular network does not seem to be permanent,
and thus recurrence of polypoidal lesions may occur in the long run.
Another problem is the heterogeneous localization of the polyps,
especially those in the peripapillary area, which are not always easily
accessible by laser light. Finally, repeated v-PDT may induce persistent
choroidal atrophy. Hirami et al. [67] retrospectively reviewed the data
from 91 patients who underwent PDT for the treatment of PCV. In this
study, during the follow-up period after PDT, postoperative subretinal
hemorrhages were seen in 30.8% of patients. In 78.6% of these, the
subretinal hemorrhage was absorbed without treatment. Although
visual acuity was the same or increased in 81.8% of eyes with subretinal
hemorrhage alone, it decreased significantly in 50.0% of the eyes with
postoperative vitreous hemorrhage. Akaza et al. [72] with a follow-up
of 24 months showed regression of the polypoidal lesions in 29 out of 31
eyes (94%). However, recurrence of polypoidal lesions appeared in 10 of
29 eyes (34%) and additional PDT was suggested. V-PDT could reduce
the size of polypoidal lesions, but did not destroy them completely.
Thus, the persistent branching vessels in the network are supposed to
be at the origin of the new polypoidal lesions.
Summarizing, v-PDT demonstrated very positive short- to
medium-term results in PCV. Retreatment is necessary in some cases,
but at a relatively low frequency. It may well be that vaso-occlusive
PDT, possibly applied at reduced fluence in combination with giving
anti-angiogenic compound, may lead to a quite good long-term clinical
outcome for PCV [73,59].
Inflammation: CNV can also occur as a complication of punctate
inner choroidopathy (PIC), uveitis, multifocal choroiditis (MC) and
panuveitis. PIC is a relatively uncommon inflammatory multifocal
chorioretinopathy that affects predominantly young myopic women.
It is characterized by the presence of multiple, small and well-defined
yellow-white fundus lesions restricted to the posterior pole of the eye,
where there is an absence of flare and inflammatory cells in the anterior
chamber or vitreous cavity [74]. MC is a chronic inflammatory disease
also affecting myopic women. It is characterized by multiple punchedout chorioretinal lesions at the posterior pole and midperiphery, as
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well as abnormalities associated with vitreitis. Visual deterioration can
be a result of a number of complications, including cystoid macular
edema, CNV and epiretinal membrane scar. The prognosis in PIC and
MC patients is generally good. However, in about 30% of cases, patients
develop subfoveal CNV leading to vision loss. A pool of evidence
has indicated the potential success of v-PDT or its combination with
anti-inflammatory or anti-angiogenic compounds in the treatment
of these disorders. Prospective and retrospective studies on patients
with diagnosed CNV due to PIC treated with v-PDT have shown
improved VA in most cases, as elegantly reviewed by Chan et al. [75].
Combining PDT with intravitreal triamcinolone (IVTA, 4 mg) seems to
be a promising treatment modality for both idiopathic CNV and CNV
secondary to PIC, as it requires fewer treatment sessions and results in
superior visual improvement than other treatment options [46].
Angioid streaks: Angioid streaks (AS) are small breaks in a
weakened Bruch's membrane. They may be seen in patients with
various systemic diseases, such as pseudoxanthoma elasticum or sickle
hemoglobinopathy. There are relatively few case reports of patients
with CNV due to AS that were treated with v-PDT and the results
vary between different reports. In one case study, eight patients with
subfoveal CNV secondary to AS were treated with v-PDT and their
vision was monitored for an average of 8.75 months [76]. Treatment
was well tolerated and no deterioration of vision was observed. Two
patients showed no improvement in VA and the increase in median
best-corrected VA was 1.37 lines (SD 1.59 lines). On the other hand,
several retrospective studies have indicated that v-PDT does not
appear to help significantly in the stabilization of vision loss or lesion
size in patients with CNV secondary to AS [77,78]. This is even the
case when re-treatment was performed earlier than the standard 3
months [79]. One report indicated that treatment efficacy seem to be
dependent on baseline VA [80], while others have reported that even
though v-PDT did not prevent the progression of vision loss, it helped
to stabilize macular function and slow disease progression [81,82].
It was suggested that further advances in treatment efficacy could be
achieved by improvements to treatment protocols and parameters
or through combination therapies. The recent review by Gliem et al.
[83] summarized fifty four relevant studies, which evaluated different
therapies for CNV due to AS. The primary outcome measure was a
change in best-corrected visual acuity (BCVA). Treatment with antiVEGF compounds improved or stabilized BCVA in all case series.
V-PDT slowed down disease progression with the stabilization or
a decrease in BCVA. Individual BCVA and follow-up data for each
treated eye was reported in >160 cases for both the treatment groups,
VEGF inhibitors and v-PDT. In a pooled analysis of those studies, the
difference in the mean change of BCVA between both treatment groups
was estimated at approximately 6 letters. Laser photocoagulation gave
comparable results as v-PDT with treatment performed in extrafoveal
lesions, but resulted in frequent recurrences and led to more retinal
damage. Additionally, combination therapies were not seen to be
superior to monotherapy. Although v-PDT was generally well-tolerated
and may have limited and/or slowed the progression of vision loss as
compared to the natural expected progression of CNV due to AS, the
overall treatment benefits and improvements in vision loss are not clear,
indicating that better treatment options or combination therapies are
still needed.
Central serous chorioretinopathy (CSCR): Central serous
chorioretinopathy (CSCR) is a disorder characterized by the serous
detachment of the neurosensory retina due to increased permeability
and leakage from the choriocapillaries through RPE lesions [84]. Visual
loss or permanent symptoms may appear in cases with persistent focal

Photodynamic Therapy-Cancer

ISSN: 2155-9872 JABT, an open access journal

Citation: Nowak-Sliwinska P, Weiss A, Sickenberg M, Griffioen AW, van den Bergh H (2013) The Role of Photodynamic Therapy in Non-malignant
and Malignant Eye Disorders. J Anal Bioanal Tech S1: 007. doi:10.4172/2155-9872.S1-007

Page 7 of 15
leakage or chronic diffuse leakage. CSCR most commonly occurs in
populations of Asian or Caucasian descent and in middle-aged men.
CSCR can develop as a complication of CNV, in which case, PDT can
provide an effective treatment. The effects of standard fluence v-PDT
on CSCR have been shown to not only promote the resolution of acute
CSCR, but also to prevent recurrences [85,86]. More recently, reducedfluence v-PDT (25 J/cm2) has been used in CSCR with anatomical and
functional success [87]. Although focal laser and PDT are the standard
procedures for persistent sub-retinal fluid (SRF) in CSCR, they are
not appropriate for all patients and the optimal timing of intervention
remains to be defined [88].
As previous studies have indicated, v-PDT has been explored
as a form of treatment for a variety of non-malignant eye disorders
associated with or occurring as a result of CNV. In some cases, it has
been shown to improve VA and reduce disease related symptoms. For
many of these indications, however, there is still only a limited amount
of data on the investigation at the effects of v-PDT therapy and more
long-term studies are needed to make definite conclusions.

Ophthalmic tumors
Benign tumors: There are many malignant eye diseases for which
v-PDT treatment has shown clinical efficacy. Eye tumors can be of
benign or malignant origin. Vascular tumors of the choroid or retina,
while being considered benign, may be associated with complications
and significant visual impairment. Treatment options for eye tumors
generally include photodynamic therapy, argon laser photocoagulation,
trans-scleral diathermy, cryotherapy, anti-angiogenic agents, plaque
radiotherapy, proton beam radiotherapy, local resection or adjuvant
chemotherapy. PDT provides two major clinical advantages over the
other therapeutic options. First of all, v-PDT has been shown to be
relatively selective, resulting in limited damage to surrounding structures
and minimal visual impairment, allowing for a substantial increase in
the tolerance of the eye to treatment. Secondly, due to its selectivity,
v-PDT can provide the ability to treat posterior neoformations on the
macula, which are close to critical structures, such as the optic disk,
while preserving the adjacent anatomic structures. This may allow
v-PDT to provide efficient tumor control with desirable cosmetic results.
Moreover, this treatment modality might be an option in patients who
require ocular treatment only. The most well-known vascular tumors in
the eye include retinal capillary hemangioma, choroidal hemangioma,
retinal vasoproliferative tumor or Wyburn-Mason syndrome, some of
which will be discussed in more detail below.
Choroidal hemangioma: Vascular tumors of the choroidal layer
of the retina include circumscribed choroidal hemangioma and
diffuse choroidal hemangioma. The treatment of these tumors can be
relatively challenging, as symptoms appear secondary to exudative
retinal detachment. Circumscribed choroidal hemangiomas (CCH) are
benign hamartomas, which can be identified as an orange choroidal
body with indistinct margins. The treatment decision is made on the
basis of tumor location, the presence of SRF, as well as the extent of
symptoms. Current treatment options, based on VA potential and the
extent of detachment, include argon laser photocoagulation, plaque
brachytherapy, proton beam radiotherapy [89] and PDT [90]. All
of these techniques have limited efficacy and lesion recurrences are
not uncommon, additionally scaring can affect the fovea in centrally
located lesions. PDT seems to provide a viable treatment strategy in
subfoveal or juxtafoveal CCHs, since other treatments may frequently
be associated with significant morbidity. Tumor regression is most
effective after the first PDT session, and is usually significant after 1
[91] to 3 months [92] post treatment. Additionally, some case studies
J Anal Bioanal Tech

have reported on the use of v-PDT in the treatment of diffuse choroidal
hemangioma in patients with Sturge-Weber syndrome (SWS) [90].
In patients diagnosed with SWS, hemangiomas mainly appear as
spread lesions in the choroid or leptomeninges and skin. These diffuse
choroidal hemangiomas contain areas of enhanced thickening that may
simulate CCH. In these patients, there is an increased probability of
secondary retinal detachment, with shifting of the SRF. Next to vision
loss caused by exudative retinal detachment, congenital glaucoma
is diagnosed in the majority of patients with SWS. Case studies have
indicated that PDT can be an effective treatment option for visual
deterioration from exudative retinal detachment in patients with
diffuse choroidal hemangiomas.
Diffuse choroidal hemangiomas appear during ophthalmic
examination as orange, diffuse choroidal thickenings. Similarly to
CCH, they may be associated with exudative retinal detachment, which
is frequently quiescent. Short-term results obtained with PDT are
promising as compared to radiotherapy. Moreover, PDT is associated
with fewer side effects [93]. To date, large studies with long-term
follow-up to fully assess the efficacy of PDT in the treatment of diffuse
choroidal hemangioma have not been performed.
Retinal vasoproliferative tumors: Retinal vasoproliferative tumors
of the retina are very rare. Their pathogenesis is not fully known, but
can be caused by inflammation. In a fundoscopy, they present as heavily
vascularized yellowish nodular masses localized in the pre-equatorial
retina or inferior to the retina, and are often associated with intraretinal
hemorrhages. Secondary tumors may occur in the section of abnormal
retina or at the edge of a chorioretinal scar. The relative rarity of retinal
vasoproliferative tumors has resulted in the lack of an evidence-based
consensus on how to best treat these lesions. The treatment options
include cryotherapy or plaque brachytherapy, photocoagulation and
PDT [94]. A number of case reports have shown the successful use of
a PDT to treat both primary [95] and secondary [96] vasoproliferative
tumors.
Malignant tumors: Malignant ophthalmic tumors may arise from
various eye and orbital structures. The most common primary tumors
include melanomas and squamous cell carcinomas. Metastases that
appear in and around the eye are usually from breast (in women) or
lung carcinoma (in men). Other less common sites of origin include
the prostate, kidney, thyroid and gastrointestinal tract. Photodynamic
therapy does not seem to play a crucial role in treatment of these
malignancies; however, some successful treatments have been reported
in Table 3.
Choroidal melanoma: In the case of choroidal melanoma,
treatment results based mostly on case studies, have indicated that
small and preferably low or non-pigmented melanomas responded
favorably to PDT [97-99], whereas pigmented melanomas were less
or not at all [100,101], responsive due to light absorption by melanin
and hemoglobin. For example, Canal-Fontcuberta et al. [100] reported
on a case study where pigmented choroidal melanomas receiving PDT
as a primary treatment showed progressive tumor growth that led to
enucleation years later, suggesting that a single session of v-PDT was
not effective as a primary treatment for pigmented small choroidal
melanomas. In a similar case study, one patient was treated with v-PDT
as primary therapy for peripapillary amelanotic choroidal melanomas
and another patient received v-PDT in combination with an intravitreal
injection of bevacizumab. In both cases, the single v-PDT session was
not sufficient to stop tumor growth and both patients suffered from
enucleating of the eye 16 months and 4 years after the initial treatment
[100]. PDT seemed to give also promising results in low pigmented
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Indication

Results

Treatment regimen

Ref.

Choroidal melanoma
Amelanotic choroidal melanoma *v-PDT with 3 overlapping
spots

Tumor regression to a flat scar; stable for 50 months follow-up.

[97]

Choroidal melanoma

v-PDT

Complete regression of tumor in 2 cases; 2 cases required enucleation

[101]

Amelanotic choroidal melanoma

v-PDT

Complete regression of lesion.

[99]

Amelanotic choroidal melanoma

*v-PDT

V-PDT was highly effective in causing regression of posteriorly located amelanotic choroidal
melanomas, without a detrimental effect on vision

[98]

Amelanotic choroidal melanoma

*v-PDT

*v-PDT caused transient increased exudation of retinal/subretinal fluid. Complete absorption of this
fluid with improvement of visual acuity to 20/20 was noted 3-4 weeks post *v-PDT.

[102]

Pigmented choroidal melanoma

*v-PDT vs.
*v-PDT+ bevacizumab

Tumors receiving v-PDT alone had continued tumor growth resulting in enucleation years later;
combination treatment showed reduced tumor vascularity, but biopsy stilled showed viable tumor
cells.

[100]

Squamous cell carcinoma
SCC of the conjunctiva

*v-PDT

Tumor regression in all patients at 1 month, 2 patients had complete regression after 1-2 treatments
[159]
for whole follow-up period; 3rd patient had larger tumor and only treated areas showed regression.

SCC of the conjunctiva

*v-PDT

Regression of half the lesion after first PDT session and near-complete cure of lesion 2 weeks after
[160]
second treatment; stable disease for 13 months.
Choroidal metastasis

Choroidal metastasis

*v-PDT

Choroidal metastasis (chemoand radiation therapy resistant)

*v-PDT

Choroidal metastasis

*v-PDT

Complete control and resolution of SRF in 7 tumors (78%). 2 tumors failed to respond and were
treated with plaque radiotherapy.

[104]

Resolution of exudative detachment and 50% decrease in tumor volume

[161]

Visual acuity following decrease in the tumor vascular permeability and absorption of subretinal fluid
[162]
was observed.

*v-PDT: Standard fluence, 50 J/cm2, 600 mw/cm2 at 689 nm.
Table 3: Selected reports on v-PDT in treatment of ophthalmic malignant tumors.

or amelanotic tumors in patients unresponsive to brachytherapy
[97]. Transient increased leakage causing increased retinal edema or
subretinal fluid has also been reported, following PDT for different
types of intraocular tumors, including amelanotic choroidal melanoma
[102]. Further studies are needed to identify effective methods for the
prevention of this potentially vision-threatening complication. Since
melanoma is a highly immunogenic malignancy, it is likely that the
combination of PDT with immunostimulatory therapies will increase
anti-tumor efficacy
Squamous cell carcinoma (SCC): Currently available therapeutic
options to treat squamous cell carcinoma (SCC) include surgical
excision, cryotherapy and radiation, as well as investigational approaches
with topical chemotherapy, interferon and antiviral drugs. There are
only a few case studies showing a successful v-PDT treatment in SCC
[103]. Kevany and Palczewski [104] noted SCC tumor regression in all
patients 1 month after standard dose v-PDT. Two patients experienced
complete regression (clinical and angiographic observation) after one
or two treatments for the entire follow-up time. One particular tumor
encompassed large areas of the conjunctiva and cornea. In this case,
only the treated areas showed tumor regression. PDT induced minimal,
temporary local irritation in two patients and small conjunctival
hemorrhages and mild transient chemosis in the eyes, directly after
treatment. There are also case reports on successful v-PDT treatment
of conjunctival ocular surface squamous neoplasia extending into the
cornea [103]. In this report, half of the mass regressed after the first
PDT session. A second treatment of PDT resulted in a near-complete
cure of the remaining lesion within 2 weeks, after which the patient
remained stable for 13 months. Future study is needed to investigate the
role of PDT in the management of squamous cell carcinoma.
Choroidal metastasis: The most common form of intraocular
cancer, however, is still the appearance of metastases from cancers in
distant organs. These metastases can lead to significant vision loss.
The uvea is the most common site for ocular metastasis. Within the
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uvea, 88% of metastases occur in the choroid, followed by metastases
to the iris (9%) and ciliary body (2%). Metastases that appear in and
around the eye are usually from breast (in women) or lung carcinoma
(in men). Treatment options of choroidal metastasis include laser
photocoagulation, cryotherapy, chemotherapy, radiotherapy or PDT.
The main advantage of PDT for this indication lies in intraluminal
photothrombosis in endothelial structures. Kaliki et al. [105] reported
a case study on choroidal metastases that were treated with v-PDT.
After v-PDT, complete control with resolution of subretinal fluid was
achieved in 7 of 9 tumors (78%). These tumors had a mean tumor
thickness reduction of 39%. Two tumors failed to respond to PDT
and were further treated with plaque radiotherapy. Improvement or
stabilization of vision was achieved in 7 of the 8 eyes.
A case study reported on nine choroidal metastases, all associated
with shallow sub-retinal fluid (SRF), which were treated with v-PDT
[52]. After PDT, complete control with resolution of SRF was achieved
in 7 tumors (78%). These tumors had a mean tumor thickness reduction
of 39%. Two tumors failed to respond to PDT and were further treated
with plaque radiotherapy. Improvement or stabilization of vision was
achieved in 7 eyes. PDT-related complications included intraretinal
hemorrhage in only 1 eye. This study confirmed that PDT could be
used to effectively destroy malignant tissue and to induce antitumor
activity. However, there is a very limited experience of the PDT in
melanoma, and these sporadic reports are to be followed by extensive
clinical studies, in order for PDT to be accepted as an effective adjuvant
procedure in treatment of choroidal metastasis.

Limitations of PDT
The actual biodistribution and selectivity of verteporfin after
intravenous infusion is still unknown. It seems that the verteporfin
distribution within the fundus was determined by angiographic
studies in the past. The selectivity of v-PDT in ophthalmology was
often presumed and based essentially on fluorescein angiographic
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on their degree of tumor pigmentation [111]. It is believed that many
of these limitations may be partially overcome by combination of
v-PDT with other treatment modalities, as discussed in depth in the
subsequent chapter.

Improvement of PDT Efficacy by Combination Therapy

Figure 3: Schematic drawing of various levels of targeting for combined
therapies.

studies [106]. The first published article about a CNV histological
study after PDT was from Schnurrbusch et al. [107]. Two patients with
recurrences after v-PDT underwent surgical extraction of the CNV.
Electron photomicrographs showed occluded vessels within the CNV
containing thrombotic masses, as well as morphological damage of
the neovascular endothelium. Most of the vessels presented regressive
changes with vacuolisation and fragmentation of the neovascular
endothelium accompanied by disintegration of the endothelial cell
layer. Moreover, the extravasation of erythrocytes was observed. The
authors concluded that their findings might be non-specific and would
not definitely be all attributed to v-PDT. The findings could be related
to the original pathology or could indicate that PDT treatment might
result in RPE atrophy. Later major choriocapillaris photothrombosis
after standard v-PDT in the normal fundus areas was reported by
Schimdt-Erfurth et al. [108], thus terminating the presumed high
neovascular tissue selective targeting of v-PDT in humans. It was also
very difficult for Ghazi et al. [109] to find intraluminal CNV thrombus
formation in their specimens. Only a few areas at the lesion periphery
revealed to be occluded, whereas the CNV center was practically intact.
Two additional studies [110,26] confirmed a lack of intraluminal and
selective CNV thrombus formation after v-PDT. In Moshfeghi et al.
[110] histopathologic evaluation of CNV 3 days after v-PDT showed
partial vascular occlusion that was not present in later specimens,
indicating that v-PDT did not appear to lead to permanent and complete
occlusion of the CNV. Since these studies, no real improvement in the
selectivity of PDT of CNV has been developed.
The treatment of various ocular disorders with v-PDT is
also frequently associated with the gradual recurrence of disease
symptoms and reductions in VA, requiring regular re-treatments to
maintain treatment benefits. This regression is generally attributed
to angiogenesis and the recurrence of neovascularization, partially in
response to tissue hypoxia and inflammation caused by v-PDT, but in
many cases, angiogenesis is also innately associated with the pathology
of neovascular based eye disorders and limited efficacy can be attributed
to disease-related reperfusion of the targeted vasculature.
Limited treatment efficacy has also been seen in many of the case
studies examining the PDT treatment of ocular tumors. Hypoxia and
inflammation, as a result of PDT, may play an important role in tumor
recurrence; however, PDT efficacy may also be limited by how deep
the light can penetrate into the tumor tissue in order to activate the
photosensitizer. This hypothesis is supported by studies showing that
the successful treatment of ocular melanomas be highly dependent
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Previous research and clinical studies have demonstrated that
v-PDT treatment of eye disorders involving CNV can provide beneficial
clinical effects in patients, despite some limitations. The most relevant
of these limitations, with respect to treatment efficacy, include the
effects of v-PDT on the RPE cells and the requirement for retreatment
in order to maintain treatment benefits. These limitations have
prompted researchers in this field to explore strategies to improve the
efficiency and selectivity of v-PDT, and to reduce treatment burdens.
This includes the combination of PDT with anti-angiogenic strategies
or angiostatic steroids, most frequently reported for the treatment of
CNV due to AMD or PCV in clinical applications, as shown in Table 1.
Unique characteristics in the pathogenesis of AMD, such as
oxidative stress and inflammation, lead to angiogenesis and the
increased expression of various cytokines, which provide unique
targets for therapeutic intervention. Additionally, it seems reasonable
to presume that more effective therapy can be achieved with long-term
improvement in VA by targeting more than one of these processes at
the same time.
For example, pharmacological intervention in the activity of
VEGF-A decreases the proliferation of ECs and the recruitment of
other cell types, such as leukocytes, which can express the cytokines and
proteases necessary for the development and maintenance of neovessels.
However, once this neovascularization is mature, it may no longer be
responsive to anti-VEGF treatment. PDT, on the other hand, destroys
existing neovessels effectively acting as a “CNV eraser”, and could be
combined with an anti-VEGF strategy aimed at inhibiting further
neovessel outgrowth and leakage. Combination with corticosteroids
will further improve the therapy by its anti-inflammatory and antifibrosis effects (Figure 3).
The closure of unwanted neovasculature by the combination of
PDT with angiostatic compounds to prevent neovascularization, as well
as corticosteroids to prevent inflammation, may provide an effective
multilevel treatment for AMD. This combination therapy is also
expected to be more effective due to the fact that PDT tends to result
in the increased production VEGF-A [10,112], and thus the induction
of angiogenesis [113,114], as well as some degree of inflammation. By
affecting separate pathways, one may accomplish synergies that might
lead to a better treatment outcome.
Anti-angiogenic strategies have already been implemented as
monotherapies in the treatment of eye diseases involving CNV with
relative success. For example, the VISION (VEGF Inhibition Study in
Ocular Neovascularization) study demonstrated that in the treatment
group receiving pegaptanib sodium, a pegylated anti-VEGF aptamer,
at 0.3 mg, 70% of patients lost less than 15 letters of VA, as compared
to 55% in the control group. However, pegaptanib sodium therapy did
not lead to any improvement in mean VA [115,41]. Additionally, the
ANCHOR (anti-VEGF antibody for the treatment of predominantly
classic choroidal neovascularization in AMD) phase III study compared
patients treated with either two doses of monthly ranibizumab or with
v-PDT. Patients were enrolled into either v-PDT or monthly intravitreal
ranibizumab (0.3 mg or 0.5 mg) injections. Ranibizumab treatments
lead to a greater clinical benefit after 2 years than v-PDT [41]. The
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search for a long-lasting treatment for AMD is still underway, and the
current status of combination trials is summarized below.
Ranibizumab in combination with PDT has been studied in the
FOCUS (rhufab V2 Ocular Treatment Combining the Use of Visudyne®
to Evaluate Safety) phase I/II trial, and the PROTECT phase II trial
(Ranibizumab administrated in conjugation with v-PDT in patients
with occult or predominantly classic subfoveal CNV due to AMD).
Both studies showed that the combination groups exhibited less lesion
growth and greater reductions in CNV leakage and SRF accumulation
[116,117].
The SUMMIT trial was a multicenter, 12-month double-blind
non-inferiority randomized phase III clinical program, including
a European (MONT BLANC), Northern American (DENALI) and
Asian (EVEREST) study. This trial was aimed at determining if the
combination of ranibizumab and standard dose v-PDT is better than
ranibizumab monotherapy in patients with subfoveal CNV secondary
to AMD. At the 12-month time point of the MONT BLANC trial, an
average VA improvement of 2.5 letters was seen in the combination
therapy treatment group, as compared to 4.4 letters in the monotherapy
arm [118]. This confirmed the non-inferiority of combination therapy
over ranibizumab monotherapy at 12 months. The randomized
prospective study (EVEREST) showed the efficacy of v-PDT in
combination with ranibizumab for PCV [119]. Complete regression of
polypoidal lesions was achieved at 6 months in 77.8% of patients after
combination therapy, as compared to 71.4% after PDT alone and 28.6%
after intravitreal injection of ranibizumab. Patients gained an average
of 10.9, 7.5, and 9.2 letters in VA, respectively. The VA after PDT was
maintained for 2 years after the initial treatment. Patients with AMD
and PCV had stable visual outcome within 1 year, but not afterwards
[119].
To date, there is limited information on combination therapy for
PCV that is refractory to anti-VEGF therapy, but due to the limited
effectiveness of anti-VEGF treatment itself in PCV, combined therapy
might be an option when persistent or recurrent exudative change is seen
post anti-VEGF treatments. Reduced fluence v-PDT in combination
with intravitreal bevacizumab was reported by Sagong et al. [73]. At 12
months, VA improved in 56% of eyes by 3 lines or more, was the same
in 37% of eyes and decreased in 1 eye due to the recurrence of polyps.
In the DENALI study, patients received standard fluence v-PDT and
intravitreal ranibizumab (0.5 mg) combination therapy, reduced fluence
v-PDT and intravitreal ranibizumab (0.5 mg) combination therapy, or
monthly ranibizumab monotherapy (0.5 mg). Patients receiving v-PDT
combination therapy were administered ranibizumab treatment on
day 1 and months 1 and 2. At the 12 month time point, patients in the
standard fluence combination group gained more letters as compared to
baseline (5.3 letters) than patients in the reduced fluence combination
group (4.4 letters), but which was less than patients receiving the
monthly monotherapy of ranibizumab (8.1 letters). This study did not
show that v-PDT combination therapy was more effective in terms of
gain in VA, as compared to ranibizumab monthly monotherapy [120].
The impact of inflammatory processes in the progression of AMD
has also been investigated by many groups [121,122]. For example,
the formation of drusen, which is a common feature of dry AMD, has
been associated with localized inflammation and the activation of the
complement cascade [123]. Additionally, it has been shown that patients
with AMD express elevated systemic biomarkers of inflammation,
including CRP, IL-6 and homocysteine. The role of inflammation in
the pathogenesis of AMD has led to the investigation of the use of
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corticosteroids, a class of anti-inflammatory agents, in the treatment of
AMD. PDT has also been shown to induce inflammatory processes and
the potential advantage of combining PDT with corticosteroids for other
indications has already been investigated. Therefore, the combination
of PDT with corticosteroids could provide additional benefit in the
treatment of neovascular eye diseases. For example, one study showed
that in patients with AMD, treatment with v-PDT in combination
with the anti-inflammatory triamcinolone acetonide (TA) resulted in a
reduction in the need for retreatment, as compared to v-PDT treatment
alone. In this study, however, many of the patients did not show an
improvement in VA, as compared to the v-PDT only treatment group
[123]. Additionally, the combination of v-PDT with corticosteroids
has been associated with some adverse side effects, including cataract
progression and ocular hypertension [124], which are likely to be a
direct result of the corticosteroids. Another retrospective analysis
reported on patients with PCV who underwent v-PDT, with or without
IVTA with a follow-up of 2 years or more [125]. In this study, twentyseven eyes of 27 patients were analyzed, out of which 12 were treated
with v-PDT monotherapy and 15 were treated with the combination of
PDT and IVTA. The results showed that v-PDT reduced the short-term
risk of vision loss in these patients. The combined therapy, however, did
not appear to result in any additional benefit for the treated patients.
The use of triple therapies, including v-PDT, anti-VEGF therapies
and anti-inflammatory therapies, has also been investigated. For
example, a phase II, multicenter, randomized study (the RADICAL
trial) was designed to compare the effectiveness of reduced fluence
v-PDT, in combination with ranibizumab combination therapies,
with or without the anti-inflammatory agent dexamethasone, to the
effects of ranibizumab monotherapy [126]. At the 24-month followup, significantly fewer retreatment visits were required in the groups of
patients receiving combination therapies, as compared to ranibizumab
monotherapy. However, no statistically significant difference was seen
in the average improvement in VA between the different treatment
groups, as sample sizes were insufficient to draw definitive conclusions.
In a study involving 104 patients, Augustin [127], used v-PDT
applied at a reduced fluence (42 J/cm2, 300 mw/cm2 at 689 nm),
followed by a vitrectomy 16 hours later and the administration of
dexamethasone (800 μg) and bevacizumab (1.5 mg) into the center of
the eye. Significant improvements in VA (an average of 1.8 lines) and a
decreases in retinal thickness (182 μm) were seen at the 40-week followup. Additionally, no serious adverse effects were observed and less than
25% of patients’ required additional treatment, which if administered
was either a repeat of the triple therapy or anti-VEGF monotherapy.
Triple therapy was also investigated in another study, including
36 eyes of patients with CNV secondary to AMD. Patients were
treated with standard fluence v-PDT followed immediately by the
administration bevacizumab (1.25 mg) through intravitreal injection
and the corticosteroid, triamcinolone acetonide (4 mg) [128]. This
was followed by bevacizumab (1.25 mg) treatment every 3 months.
The six-month results of this study showed a reduction in the
number of re-treatments required, sustained vasculature closure and
improvements in VA [128]. A final study investigated the use of sameday triple therapy with reduced fluence v-PDT (25 J/cm2, 300 mw/
cm2), intravitreal dexamethasone (4 mg), and bevacizumab (1.25 mg)
in patients with AMD [129]. In this study, VA was maintained, and
decreased macular thickness was observed in patients with and without
previous anti-VEGF therapy. The triple therapy appeared to reduce the
number of anti-VEGF injections and stabilized vision in some patients
not responding to anti-VEGF therapy [129].
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Future Directions in Ophthalmic PDT
Photodynamic therapy is no longer generally recommended
as a monotherapy regimen, but its success has been confirmed in
combination with pharmacologi¬cal treatments [122]. Currently, the
standard of care for wet AMD or PCV is either a monthly dose of
ranibizumab or bevacizumab (the latter has shown non-inferior results
when compared to ranibizumab (the CATT trial; [130]). However,
not all patients respond to anti-VEGF monotherapy, and long-term
effects may not be reached in those who do respond [6]. Combinatorial
approaches may, therefore, turn out beneficial as the disease is targeted
through multiple mechanisms, likely resulting in reduced treatment
frequency and improved visual outcome.
In our view, the development of better strategies against neovascular
eye disorders should be conducted in two directions: (i) the development
of improved and more selective or targeted photosensitizers, and (ii)
the combination of PDT with other treatment approaches targeting
distinct pathways involved in the disease progression.
i.

To date, the development of photosensitizers for application
in cancer seems to have been driven chemically, rather than
biologically or clinically, with a focus on improving optical
properties. The difficulties to overcome are the limited
penetration depth of excitation light into the target tissue
and the problem of the selectivity of PDT exclusively towards
the target cells. Modification of the photosensitizing moiety
through its physicochemical properties, making compounds
with longer excitation wavelengths, is a necessary step. The
selectivity of PDT can be enhanced through the design of
targeted photosensitizers, homing in to the target cells of
choice. This is currently attempted by targeting to growth
factor receptors (as shown, e.g. in a rat laser-injury model for
CNV for VEGFR2 [131]), or by using targeting moieties such
as antibodies, polymers [132] and peptide scaffolds [133].
These strategies, which may include new photosensitizers with
increased clearance rates and better selectivity, might overcome
the present limitations of ophthalmic PDT. Furthermore, some
attempts to modify the drug-light time interval in the treatment
of PCV have already been reported (e.g. the VALIO trial, Table
2). Another improvement could be the strategy of oscillatory
photodynamic therapy (OPDT). Although performed only
in a few patients [134], it was demonstrated to be an effective
treatment for CNV lesions and central serous chorioretinopathy
and caused reduced side effects, as compared to standard-dose
PDT. Thus, more representative groups of patients should be
included to give conclusive results.

ii. Advances mainly in the field of oncology have led to the
development of new, more selective anti-angiogenic compounds.
Next to ranibizumab, several other anti-VEGF strategies
have been developed for eye disorders. The FDA approved
Aflibercept (VEGF Trap-eye/Eylea; Regeneron, Tarrytown,
NY, USA/Bayer Plc, UK), which differs from ranibizumab and
bevacizumab in the mode of action by trapping VEGF via acting
as a dummy receptor for VEGF, thus effectively inhibiting the
angiogenic response. Based on a phase III clinical trial [135],
it was approved for exudative AMD in 2011. Pivotal trials
with ranibizumab, bevacizumab and Aflibercept show that
patients receiving protocol-driven treatment have a 30-40%
chance of achieving a 15-letter improvement in visual acuity
[39]. It is expected that combination of v-PDT with Aflibercept
(and possibly a steroid drug) would give superior results over
conventional combination strategies.
J Anal Bioanal Tech

VEGF also can be targeted by the use of small interfering RNAs,
e.g. bevasiranib [136,137]. Bevasiranib targets the production of VEGF
protein, but does not affect existing VEGF protein, suggesting that it
may give a synergistic effect when applied in combination with other
treatment regimens such as v-PDT. Distinct therapeutic approaches
are promising in this regard, such as inhibition of oxidative stress,
interference with immunomodulation and the retinoid visual cycle
occurring between the rods and cones and the retinal pigmented
epithelium [138]. The maintenance of this cycle is essential to sustain
physiological vision. Accumulation of cytotoxic side products of this
cycle might be correlated with several eye disorders. Moreover, due
to the success of first generation tyrosine kinase inhibitors such as
sunitinib, erlotinib and sorafenib, a large number of angiogenesis
inhibitors have been developed and tested in combination with PDT
[114], including agents that target more upstream pathways, such as
mTOR and HIF-1α. Agents that target integrins [139], PDGF [140],
or receptor tyrosine kinases (e.g. vatalanib, pazopanib, TG 100801,
TG 101095, AG 013958, AL 39324, [137]) are also enhancing the
growing list of anti-angiogenic drug family members. Another class
of anti-vascular drugs is the family of vascular disrupting agents, such
as tubulin-binding combretastatin A-4 phosphate. These were tested
recently in a clinical phase I/II dose-escalation safety and tolerability
trial, and the results are pending [141]. Recently, we have suggested the
use of ruthenium-based drugs as anti-angiogenic anti-tumor agents
for combination with PDT [142,143]. There is discussion on the use
of immune potentiating strategies, such as targeting of CTLA4 by
ipilimumab [144], or targeting of programmed cell death gene (PD1) [145], and its ligand as immune checkpoint blockers. These drugs
activate the immune system and may not exert wanted activity. It might
be beneficial for ocular tumors, but most likely should be avoided for
non-malignant neovascular eye disorders such as AMD.
A very promising approach for the treatment of AMD is the
replacement of the damaged RPE cells with healthy progenitor cells.
In a clinical study, which included four patients with AMD, and with
vision of 20/200 or worse, treatment was performed with transplants
of human neural retinal progenitor cell layers and RPE. In this study,
all four AMD patients showed improvement in VA as a result of the
therapy. Moreover, graft rejection was not observed over a period of
6-years of follow-up [146].
Last but not least, the use of photodynamic treatment is being
developed of other ocular disorder, retinoblastoma, which is the
most common malignant intraocular tumor in children. Positive
treatment outcomes have been reported in vitro or in vivo models of
human retinoblastoma xerographs using various photosensitizers, e.g.
verteporfin [147], photofrin II [148], glycol-linked glycoconjugated
porphyrins [149], LDL-conjugated chlorin e6 [150], or metatetra(hydroxyphenyl)chlorin (m-THPC) [151]. PDT may represent an
alternative conservative treatment for these tumors and needs further
investigation and development.

Conclusions
PDT has been a useful treatment modality in the clinical
management of a variety of intraocular neovascular disorders in the
“pre anti-VEGF era”. Now-a-days, PDT is used as a second-line therapy
in wet AMD patients not responding to monotherapy with anti-VEGF
agents, or in whom the treatment burden of monthly injections is
too heavy. Next to this, it is still virtually the only effective treatment
for PCV-diagnosed patients. PDT seems to give promising results
when applied for benign, and particularly vascular tumors, such as
circumscribed choroidal hemangioma. For primary malignant tumors,
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such as choroidal melanoma, PDT does not offer local tumor control
rates that are equivalent or better than that achieved with plaque or
proton radiation therapy. On the other hand, for choroidal metastases
PDT can be applied as a palliative treatment. Increased knowledge
concerning the pathogenesis of neovascular-based diseases would likely
result in the gradual development of more selective photosensitizers
and of combination strategies with improved therapeutic benefits for
patients and increased potential for long-term vision improvement.
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