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Recent clinical trials regarding the intravitreal injection
of antivascular endothelial growth factor (VEGF) agents
(ranibizumab, bevacizumab, pegaptanib, and aflibercept)
have shown excellent results in the treatment of angiogenic
pathologies including choroidal neovascularization, macular
edema, proliferative diabetic retinopathy, and neovascular
glaucoma. Ranibizumab (Lucentis, Genectech, San Fran-
cisco), a fragment of a humanized monoclonal antibody
against all VEGF isoforms, is beneficial in the treatment of
choroidal neovascularization secondary to age-related macu-
lar degeneration (AMD). Bevacizumab (Avastin, Genentech,
San Francisco), a humanized, recombinant monoclonal IgG
antibody that binds and inhibits all VEGF isoforms, has been
approved as an adjuvant agent for the treatment of colorectal
carcinoma and has also been increasingly used as an offlabel
therapy in the field of ophthalmology. Pegaptanib (Mucugen,
Pfizer, New York) is a 28-base ribonucleic acid aptamer,
covalently linked to two branched 20-kD polyethylene glycol
moieties, that was developed to bind and block the activity of
extracellular VEGF, specifically the 165-aminoacid isoform
(VEGF165). Aflibercept (VEGF Trap-Eye, Regeneron, New
York; Bayer, Berlin, Germany) is a 115-kDa recombinant
fusion protein consisting of the VEGF-binding domains of
human VEGF receptors 1 and 2 fused to the Fc domain of
human immunoglobulin-G1.

Intraocular injections of anti-VEGF drug are considered
to be an effective treatment for macular edema after retinal

vein occlusion. The recent reports may lead to a shift in
treatment paradigm for diabetic macular edema, from laser
photocoagulation to newer approaches using anti-VEGF
drugs. There have been several well-publicized prospec-
tive, randomized studies that demonstrated the efficacy of
intravitreal injection of anti-VEGF drugs for patients with
AMD. Adjuvant bevacizumab for neovascular glaucoma may
prevent further peripheral anterior synechiae formation, and
it is likely to open up a therapeutic window for a panretinal
photocoagulation and trabeculectomy. Intravitreal injection
of bevacizumab (IVB) results in a substantial decrease in
bleeding from the retinal vessels or new vessels during
a standard vitrectomy. IVB has also been reported to be
effective for inducing the regression of new vessels in
proliferative diabetic retinopathy. The use of bevacizumab in
stage 4 or 5 retinopath of prematurity (ROP) is to reduce the
plus sign to help reduce hemorrhage during the subsequent
vitrectomy. Some authors reported cases of resolution of
stage 4A ROP after bevacizumab injection.

This special issue of anti-VEGF agents comprises five
review articles and two research articles. The review article
of K. Kimoto and T. Kubota is a concise overview on the
application of anti-VEGF agents in angiogenic pathologies
and vascular permeability. The review article of A. Willard
and I. Herman describes the mechanisms behind diabetic
retinal complications, current research supporting anti-
VEGF medications, and future therapeutic directions. The
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review of P. Keane and S. Sadda summarizes the history
of anti-VEGF drugs and presents a guide for clinicians on
the development of anti-VEGF therapies for intraocular use.
The review article of Y. Park et al. describes the treatment
possibilities including combination therapy for age-related
macular degeneration. The review article of I. Zampros et al.
summarizes the current literature regarding the effectiveness
of current anti-VEGF treatment for neovascular AMD. The
two research articles describe (i) bevacizumab injection in
patients with age-related macular degeneration associated
with poor initial visual acuity, (ii) photodynamic therapy
combined with intravitreal ranibizumab for exudative age-
related macular degeneration. We sincerely hope that the
present volume of a special issue series may provide useful
information to understand the mechanisms of the clinical
effects of anti-VEGF drug therapy, as well as the evaluation of
their outcomes for the readers in Journal of Ophthalmology.

Toshiaki Kubota
Yoshiaki Kiuchi

Carl Sheridan
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Age-related macular degeneration (AMD) is the leading cause of visual loss in older population. Angiogenesis is an important fac-
tor associated with the development of CNV due to AMD. Treatment of CNV with intravitreal anti-VEGF monotherapy is curren-
tly the standard of care. However, not all patients respond to monotherapy, and modified anti-VEGF treatment regimen and com-
bination therapy may target reducing treatment frequency or improving visual outcome. This paper reviews the many clinical trials
that have been performed utilizing several treatment regimens. While many trials have shown that this variable therapy is justifi-
able, further study is required to determine correct regimens and dosage.

1. Introduction

Age-related macular degeneration (AMD) is one of the lead-
ing causes of substantial and irreversible vision loss. The
prevalence of AMD can be expected to increase along with
life expectancy, which has risen steadily [1, 2]. Without treat-
ment, the neovascular form of AMD leads to severe quality-
of-life loss within a short time period and considerable eco-
nomic burden.

VEGF is a key mediator involved in the control of angio-
genesis and vascular permeability and has been shown to be
induced by hypoxia in cultured human RPE [3]. Vascular
endothelial growth factor A (VEGF-A) is the most potent
promoter of angiogenesis and vascular permeability within
the VEGF family and its role in the pathogenesis of neovascu-
lar AMD is well recognized [4, 5]. The advent of intravitreous
VEGF inhibitors has revolutionized the management of neo-
vascular AMD. Yet, frequently, indefinite injections of VEGF
blocking agents introduce a significant treatment burden for
patients with neovascular AMD. Many studies on modified
treatment regimens have been performed in an attempt to
mitigate this burden without compromise to visual acuity
outcomes. Meanwhile, various randomized clinical trials on

combination therapies and efforts to develop new pharma-
cologic agents are ongoing.

2. Material and Methods

A MEDLINE search of the English language literature from
1990 to present was conducted. The search strategy was
based on combinations of medical subject headings (MeSH)
and keywords and was not restricted to specific journals
or years of publication. The searches were supplemented by
handsearching the bibliographies of included studies and re-
views.

3. Results

3.1. Three Antivascular Endothelial Growth Factor (VEGF)
Therapies. Three antivascular endothelial growth factor
(VEGF) therapies are currently used for the treatment of pa-
tients with wet age-related macular degeneration (AMD):
pegaptanib (Macugen, Pfizer, UK), ranibizumab (Lucentis,
Novartis, UK), and bevacizumab (Avastin, Roche, UK).

Petaganib is an oligonucleotide aptamer and was the first
VEGF antagonist to be approved by the US Food and Drug
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Administration for use in wet AMD. However, wet AMD
patients treated with petaganib still experience visual decline
[2, 6]. For this reason, petaganib was seldom used now.

Ranibizumab (Lucentis) is also a humanized antibody
fragment against VEGF which was specifically designed for
intraocular use as a smaller antibody fragment to penetrate
through the retina better. The Food and Drug Administra-
tion (FDA) approved ranibizumab for treatment of subfoveal
neovascular AMD in June, 2006. It was the first treatment for
AMD shown to improve visual acuity in a substantial per-
centage of patients.

Bevacizumab (Avastin) is a recombinant humanized mo-
noclonal immunoglobulin antibody that inhibits the activity
of VEGF. It has a similar action and is related to the rani-
bizumab compound with respect to its structure. Bevacizu-
mab was approved by the FDA for the treatment of metastatic
colorectal cancer in 2004, but it has not been licensed for
the treatment of wet AMD or any other ocular conditions.
However, it is recently used off-label worldwide not only for
wet AMD but also for other ocular disease entities associated
with macular edema and abnormal vessel growth.

Since 2009, there have been increasing number of studies
that have compared the properties of ranibizumab and beva-
cizumab and investigated their efficacy on AMD. The pivotal
phase III Minimally Classic/Occult Trial of the Anti-VEGF
Antibody Ranibizumab in the Treatment of Neovascular
AMD (MARINA) [7] and the Anti-VEGF Antibody for
the Treatment of Predominantly Classic CNV in AMD
(ANCHOR) trial [8, 9] demonstrated best-corrected visual
acuity (BCVA) outcomes far superior to any previously
published study in the treatment of this disease. At the
end of 24 months in the MARINA trial, significantly more
ranibizumab-treated patients had maintained (lost <15 Early
Treatment Diabetic Retinopathy Study (ETDRS) letters) or
improved vision than sham-injected patients. Indeed, 90–
95% of patients treated with 0.3 and 0.5 mg ranibizumab
maintained vision compared with 53–64% of control pa-
tients. Over the same period, vision improved in 25–34% of
treated eyes, compared with 4-5% of sham-injected patients.

In the ANCHOR trial, ranibizumab was compared with
verteporfin photodynamic therapy (PDT) and demonstrated
similar findings: 90–96% of the ranibizumab-treated versus
64–66% of the PDT-treated patients maintained vision,
whereas 34–41% versus 6% of each group, respectively,
gained more than 15 letters. These outcomes were signifi-
cantly better (P < 0.001) than those achieved by the control
groups.

Patient-reported outcomes were also assessed in the
ANCHOR and MARINA trials to measure the influence of
the ranibizumab-mediated improvement in VA on quality of
life. The data demonstrated that patients treated with rani-
bizumab were more likely to report improvements in near
activities, distance activities, and vision-specific dependency
which were maintained over the 2-year duration of the trial
[10, 11]. These data demonstrate that the clinical impro-
vements seen with ranibizumab treatment translate into
meaningful benefits for the patient.

Bevacizumab, the predecessor of ranibizumab, is a full-
length monoclonal antibody that binds to and blocks the

action of all VEGF isoforms. Numerous retrospective [12–
15] and prospective studies [16–18] of intravitreal bevaci-
zumab have reported its efficacy for neovascular AMD and
low rates of treatment-related complications [19]. Although
a number of these studies were uncontrolled, relatively small
in sample size, of limited followup, and varied with regard
to outcome measures and retreatment criteria, the reported
efficacy of bevacizumab coupled with its low cost when utili-
zed as an intraocular agent has propelled its adoption world-
wide.

In clinical practice, many retinal physicians have extrap-
olated the data and continued using bevacizumab. A formal
head-to-head comparison of bevacizumab and ranibizumab
is being conducted by the National Eye Institute of the
National Institute of Health in the Comparisons of Age-Re-
lated Macular Degeneration Treatment Trials (CATTs) [20,
21]. The CATT study design includes four treatment arms:
either bevacizumab or ranibizumab on a variable schedule
and either bevacizumab or ranibizumab on a fixed monthly
schedule for 1 year followed by random assignment to either
continued monthly injections or a variable schedule based
on the treatment response. The primary outcome measure is
mean change in BCVA; secondary outcome measures include
number of treatments, anatomical changes in the retina, ad-
verse events, and cost. Preliminary results are reported in
2011 and will provide insight into how ranibizumab and be-
vacizumab compare with each other within the context of
either a fixed monthly or traditional pro re nata (PRN) ap-
proach. At 1 year, bevacizumab and ranibizumab had equiv-
alent effects on visual acuity when administered according
to the same schedule. Bevacizumab administered monthly
was equivalent to ranibizumab administered monthly, with
8.0 and 8.5 letters gained, respectively. Bevacizumab admin-
istered as needed was equivalent to ranibizumab as needed,
with 5.9 and 6.8 letters gained, respectively. Ranibizumab
given as needed with monthly evaluation had effects on
vision that were equivalent to those of ranibizumab admin-
istered monthly, although the comparison between beva-
cizumab as needed and monthly bevacizumab was inclusive.
Differences in rated of serious adverse events require further
study.

3.2. Modified Treatment Regimens. The prospect of indef-
initely adhering to the monthly treatment schedules of
MARINA and ANCHOR has raised ocular and systemic
safety concerns as well as convenience and cost issues for
patient and physician alike. The identification of alternative
dosing strategies capable of reducing the number of required
anti-VEGF injections while still achieving visual acuity out-
comes similar to those reached in the pivotal trials has since
been a subject of great interest.

The observed biphasic treatment effect raised the possi-
bility that, after the initial 3-month loading phase, mainte-
nance of VA gain may be achieved with less frequent treat-
ments. A PIER trial evaluated ranibizumab administered
monthly for 3 months, followed by quarterly injections, and
compared this with sham treatment. Under this schedule,
ranibizumab did provide a significant VA benefit; a signifi-
cantly greater number of patients achieved VA stabilization
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Figure 1: Fundus photograph of patients with hemorrhagic PED secondary to AMD. Fluorescein angiogram shows large hypofluorescence
due to hemorrhage at macular lesion. Optical coherence tomography with large PED and subretinal fluid. (a, c, e) Same section after 3 rani-
bizumab intravitreal injections. Complete resolution of the hemorrhagic PED with edema is illustrated. There was also improvement in
visual acuity (b, d, f).

at 24 months compared with patients receiving sham treat-
ment. However, subgroup analysis revealed that VA gains
observed during the first 3 months of treatment were only
maintained in 40% of patients over the duration of the trial,
and for the remaining 60% quarterly dosing was not suitable
[22, 23]. Results for both ranibizumab doses in the PIER
trial (0.3 and 0.5 mg) showed an initial mean improvement
in BCVA during the initiation phase with monthly dosing,
but after month 3 in the maintenance phase with quarterly
dosing, there was a gradual decline in mean BCVA to below
the pretreatment baseline ( 2.2 letters) at 12 months, which
remained unchanged at 24 months [23] (Figure 1).

More recently, the Efficacy and Safety of Ranibizumab in
Patients with Subfoveal Choroidal Neovascularization Sec-
ondary to Age-Related Macular Degeneration (EXCITE)
study directly compared the PIER regimen with a fixed
monthly treatment arm (0.3 mg ranibizumab) [24]. Al-
though BCVA outcomes in the two quarterly treatment arms
fared better than those in the PIER study at 12 months (2.2
and 3.1 letters with 0.3 and 0.5 mg ranibizumab, resp.), nei-
ther was as good as monthly dosing (0.9 letters). These sub-
optimal results demonstrate that, on average, quarterly treat-
ment is inferior to monthly treatment; thus, it has never been

adopted in practice. Subsequent to the PIER trial, further
investigation of a flexible dosing approach was carried out.
The EXCITE trial directly compared a maintenance phase
of quarterly injections against the monthly regimen. Consis-
tent with previous observations, an initial gain was made in
the first 3 months, after which patients receiving monthly
injections contributed to gain VA, whilst those receiving
quarterly injections showed a decrease from their 3-month
VA levels.

The current norm in clinical practice with ranibizumab
or bevacizumab is to implement an initiation/induction
phase followed by an individualized maintenance phase that
is modeled after one of two basic approaches: traditional
PRN [25] or “treat and extend” [26, 27]. Traditional PRN in-
volves both regular followup and treatment until the macula
is more or less free of exudation, with treatment thereafter
during the maintenance phase only in the presence of recur-
rent exudation. The original prospective studies that eva-
luated a PRN approach to the maintenance phase were
the Prospective Optical Coherence Tomography Imaging
of Patients with Neovascular AMD Treated with Intra-
Ocular Lucentis (PrONTO) study [28] and the Secondary to
Age-Related Macular Degeneration (SAILOR) study [29].



4 Journal of Ophthalmology

More recently, the Study of Ranibizumab in Patients with
Subfoveal Choroidal Neovascularization Secondary to Age-
Related Macular Degeneration (SUSTAIN) study has con-
tributed additional data [30]. In each of these trials, patients
received three consecutive, monthly intravitreal injections
of ranibizumab for induction, followed by monthly office
visits. Thereafter, a PRN maintenance phase adhered to the
following retreatment criteria: loss of at least five ETDRS
letters, increase in central macular thickness on OCT of at
least 100 µm, or new hemorrhage.

Of the three studies, the PrONTO study demonstrated
the best visual acuity results. The PrONTO study evaluated
an OCT guided, variable-dosing regimen with ranibizumab
(0.5 mg) and showed that mean visual acuity improved by
9.3 ETDRS letters at 12 months. Over a 2-year period, mean
BCVA outcomes were similar to MARINA and ANCHOR
with a mean of 9.9 injections (5.6 in the first year and 4.3 in
the second). In comparison, results from the SAILOR study
were not as good. In this study, the mean change in BCVA at
12 months from baseline was 0.5 and 1.7 letters in the treat-
ment-naive and previously treated groups, respectively, at the
0.3 mg dose and 2.3 letters in both groups at 0.5 mg. It is
worth noting that participants were not monitored as closely
in SAILOR as compared with PrONTO, averaging nine visits
through 1 year and a mean of 4.9 injections.

The 12-month results from SUSTAIN were slightly better
than those from SAILOR (mean BCVA from baseline of 3.6
letters), yet still not as good as the monthly treatment trials.
In contrast to SAILOR, participants in the SUSTAIN trial
were followed monthly (more like PrONTO) and the mean
number of injections over the first year was higher at 5.6.

Other relatively large studies using a traditional PRN
approach have recently been published [31–33]. An analysis
of these reports highlights an important trend: the best visual
acuity results come from the study with the greatest mean
number of treatments and closest followup, whereas the
poorest outcomes were observed in the study with the lowest
mean number of treatments and office visits. Unlike tradi-
tional PRN, a treat and extend approach initially involves
regular and frequent treatment until the macula is dry,
followed by a gradual extension of the treatment interval and
corresponding followup visit. Treatment interval extension
continues until there are signs of recurrence, at which point
the treatment interval is then reduced.

Kang and Roh [34, 35] recently published a retrospective
analysis that monthly injections were not given in contrast to
the three injections during the initial treatment period in the
PIER and PrONTO trials. This study minimized the num-
ber of injections given during 12 months of follow-up (a
mean of 4.07 injections were given over the 12 months). The
decreased need for retreatment is of great benefit to both
patients and clinicians. These results may raise doubts about
the need for the three initial loading injections. They repor-
ted another study [35]; the mean number of injections given
in the 12 months period was 4.2 (range, 1–6). Patients were
also offered reinjection with ranibizumab on an “as needed”
basis. Data showed that the percentage of patients (71.9%)
with no visual loss or improved visual acuity was comparable
to the percentages in the monthly injection-based studies.

In addition, Gupta et al. evaluated a treat and extend ap-
proach with bevacizumab and found nearly identical results
at 12 months following a mean of 7.3 injections in the first
year [33]. Although various methods for individualizing
maintenance therapy have been proposed, the optimal non-
monthly dosing regimen does not remain clear.

3.3. Combination Therapy: Photodynamic Therapy and Anti-
VEGF Therapy. The development and propagation of CNV
membranes involve proangiogenic factors, vascular permea-
bility molecules, and inflammatory proteins. Current stan-
dard treatment with monthly intravitreal injections of anti-
VEGF monotherapy can be limited to the angiogenic com-
ponent of CNV development and burdensome for both the
physician and patient. Patients are subjected to increased risk
with monthly treatments that may be lessened with treat-
ment options given with less frequency [36]. Combination
therapy with PDT proven to be effective may not only have
a role in the treatment of CNV development but also may
provide synergy through blocking adverse effects.

Photodynamic therapy was approved in 2000 by the FDA
for the treatment of CNV secondary to AMD. Treatment
involves intravenous administration of a light-sensitive dye
called verteporfin followed by laser-guided, location-specific
activation within the CNV membrane. Activation of the ver-
teporfin molecules incites a phototoxic event within blood
vessels, induces endothelial cell damage, platelet aggregation,
and eventually leads to thrombosis of vascular channels.
Treatment size is limited by the greatest linear diameter of
the CNV lesion being treated [37, 38].

While PDT is intended to specifically target CNV vessels,
collateral damage to surrounding blood vessels may lead to
ischemia of healthy tissue. Following PDT of a CNV mem-
brane, induced ischemia can lead to production of proangio-
genic factors, especially VEGF. Therefore, combining verte-
porfin PDT and anti-VEGF therapy may be beneficial com-
pared with either modality alone, yielding longer treatment-
free intervals and requiring fewer intravitreal injections [37].

The RhuFab V2 Ocular Treatment Combining the Use of
Visudyne to Evaluate Safety (FOCUS) study is a multicen-
ter, randomized, single-blind study designed to evaluate the
safety and efficacy of standard fluence Photodynamic therapy
(sfPDT) in combination with intravitreal ranibizumab [39,
40]. It compared sfPDT to combination sfPDT and intravit-
real ranibizumab in the treatment of predominantly classic
CNV secondary to AMD. One-year data showed greater
visual stability in the patients treated with combination ther-
apy and 23.8% of patients experienced improvement in
visual acuity, compared with 5% of patients treated with PDT
monotherapy alone. The number of retreatments with sfPDT
was decreased as well with 91% of patients treated with
sfPDT monotherapy requiring repeat treatment while only
28% of patients treated with combination therapy requiring
retreatment. Two-year data showed similar results with 88%
of combination-treated patients losing less than 15 lines of
vision versus 75% of sfPDT-alone treated patients. Combi-
nation therapy required an average of 0.4 repeat PDT treat-
ments compared with an average of 3.0 in the sfPDT group.
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3.4. Vascular Endothelial Growth Factor Trap-Eye. The most
effective dosing regimen and monitoring program for anti-
VEGF therapy has yet to be firmly established but new treat-
ments are aimed at extending and improving on the efficacy
of ranibizumab. VEGF Trap-Eye is a promising new anti-
VEGF drug (aflibercept ophthalmic solution; Regeneron
Pharmaceuticals Inc., Tarrytown, NY, USA). Structurally,
VEGF Trap-Eye is a fusion protein of key binding domains
of human VEGFR-1 and -2 combined with a human IgG
Fc fragment. Functionally, VEGF Trap-Eye acts as a receptor
decoy with high affinity for all VEGF isoforms, binding more
tightly. VEGF Trap-Eye differs from established anti-VEGF
therapies in its higher binding affinity for VEGF-A and its
blockage of placental growth factors-1 and -2 [41, 42].

Recently, the 1-year results of two parallel randomized,
double-masked phase 3 clinical trials (VIEW 1 and VIEW 2)
on the efficacy and safety of VEGF Trap-Eye for the treatment
of neovascular AMD were reported [42]. Phase I data de-
monstrated acceptable safety and tolerability of VEGF Trap-
Eye in the treatment of neovascular AMD, and in Phase II
study data, patients dosed in a similar fashion to the
PrONTO trial demonstrated stabilization of their vision
that was similar to previous studies of ranibizumab at 1
year. All dosing regimens of VEGF Trap-Eye, including 2 mg
bimonthly, met the primary endpoint of noninferiority com-
pared with monthly 0.5 mg ranibizumab with regard to the
percentage of patients with maintenance (loss of <15 ETDRS
letters) or improvement in vision. A greater mean improve-
ment in visual acuity compared with monthly 0.5 mg ranibi-
zumab at 1 year versus baseline represented the secondary
endpoint of the study. In both the North American study
(VIEW 1) and international study (VIEW 2), more than 95%
of patients in each of the following VEGF Trap-Eye dosing
groups achieved maintenance of vision compared with 94%
of patients on monthly ranibizumab: 0.5 mg monthly, 2 mg
monthly, and 2 mg every 2 months. In VIEW 1, patients on
2 mg monthly dosing achieved the secondary endpoint with
a mean gain of 10.9 ETDRS letters compared with 8.1 for
monthly ranibizumab (P < 0.01) [42].

In contrast to current anti-VEGF antibodies, which are
rapidly cleared, the VEGF Trap-Eye is relatively degraded
more slowly. Due to its high binding affinity and the ability to
safely inject high doses into the eye, VEGF Trap-Eye may have
longer duration of effect in the eye. Its adoption into clini-
cal practice will depend on efficacy at 4- and 8-week intervals.
If effective at 4- and 8-week intervals, VEGF Trap-Eye offers
a competitive price advantage over ranibizumab and the op-
portunity to significantly reduce treatment burden on pa-
tients and physicians.

3.5. Future Therapies for Age-Related Macular Degeneration.
AMD is a complex mechanism in which a variety of medi-
ators are likely to be involved. Any of these could serve as a
potential target for the treatment of ocular neovasculariza-
tion. In preclinical and clinical studies, several targets have
already been evaluated. For example, treatment regimes of
a drug blocking the transduction of the signaling cascade
within the cell (tyrosine kinase) and one inhibiting the fur-
ther intracellular production of VEGF (small interfering

RNA) might achieve a better visual outcome [43]. Yet the
efficacy, safety, treatment interval, and cost of these treat-
ments remain undetermined. But the increasing number of
drugs affecting neovascular growth and leakage by different
mechanisms will potentially allow various combination stra-
tegies.

4. Conclusion

Age-related macular degeneration (AMD) affects the many
elderly population. Before the development of anti-VEGF,
the diagnosis of neovascular AMD meant frequently loss of
useful vision. But targeted anti-VEGF therapy has signifi-
cantly improved the treatment of neovascular AMD.

The appropriate method, dose, and types of combination
therapy remain undetermined but randomized trials are cur-
rently continuing and will provide critical insight into the cli-
nical applicability of new regimens. It hopefully can help in
the treatment of resistant CNV with longer duration and less
frequency between treatments.

Disclosure

No author has financial or proprietary interests in any mate-
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Diabetic retinal complications, including macular edema (DME) and proliferative diabetic retinopathy (PDR), are the leading
cause of new cases of blindness among adults aged 20–74. Chronic hyperglycemia, considered the underlying cause of diabetic
retinopathy, is thought to act first through violation of the pericyte-endothelial coupling. Disruption of microvascular integrity
leads to pathologic consequences including hypoxia-induced imbalance in vascular endothelial growth factor (VEGF) signaling.
Several anti-VEGF medications are in clinical trials for use in arresting retinal angiogenesis arising from DME and PDR.
Although a review of current clinical trials shows promising results, the lack of large prospective studies, head-to-head therapeutic
comparisons, and potential long-term and systemic adverse events give cause for optimistic caution. Alternative therapies
including targeting pathogenic specific angiogenesis and mural-cell-based therapeutics may offer innovative solutions for currently
intractable clinical problems. This paper describes the mechanisms behind diabetic retinal complications, current research
supporting anti-VEGF medications, and future therapeutic directions.

1. Introduction

Angiogenesis plays a critical role in the development of
diabetic complications, particularly those complications that
involve the eye. Diabetic retinopathy is widely considered
an inflammatory process [1]. It begins as vascular occlusion
and ischemia and may result in macular edema. The eye
adapts through vascular proliferation, which can cause
blindness through hemorrhage or fibrosis. Complications
in diabetic patients are thought to be the pathological
result of a single underlying cause, hyperglycemia. Two
landmark studies in the 1990s, the Diabetes Control and
Complications Trial (DCCT) and the United Kingdom
Prospective Diabetes Study (UKPDS), showed that intensive
control of hyperglycemia can reduce the occurrence or
progression of retinopathy, nephropathy, and neuropathy in
both type one and type two diabetics [2, 3]. These findings
strongly suggest that hyperglycemia is at the root of diabetic
complications. However, strict control of hyperglycemia to

the levels outlined in these studies is extremely difficult,
and diabetic complications continue to be a significant and
sometimes life-ending reality in this population.

As obesity in the United States trends upward, so does
the prevalence of diabetes. In 2007, 23.6 million Americans,
7.8%, had diabetes including 23.1% of people older than
60. By 2030, that prevalence is expected to double [4].
For a person with diabetes, the overall risk of death is
twice that of nondiabetics at any age. Their average medical
expenditure was 2.3x higher than nondiabetics, and total cost
was estimated at $174 Billion/year (CDC 2009).

Diabetes is the leading cause of new cases of blindness
among adults aged 20–74 years, and retinopathy causes
12,000 to 24,000 new cases of blindness each year. 25–50% of
patients with type I diabetes show some signs of retinopathy
within 10–15 years. This prevalence increases to 75–95%
after 15 years and approaches 100% after 30 years. 60% of
patients with type II diabetes show signs of nonproliferative
diabetic retinopathy after 16 years [5, 6].
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There is no question that diabetes is a significant individ-
ual and public health concern. Uncontrolled hyperglycemia
is the foundation from which diabetic complications develop
and eventually result in poor health outcomes and qual-
ity of life. Although proven to be effective [2], regular
examinations and strict hyperglycemic control are difficult
to maintain and may result in alternative comorbidities.
Therapies that target the specific progression of DR seek to
limit the vision loss and other consequences of pathogenic
vascular insufficiency.

Currently the gold standard of treatment for PDR and
diabetic macular edema (DME) is panretinal and focal/grid
photocoagulation. Although this treatment is supported
by both the Early Treatment Diabetic Retinopathy Study
(ETDRS) and the Diabetic Retinopathy study [7, 8], it seeks
only to mitigate the results of the pathogenic process without
affecting the underlying cause. Therapeutic interventions
that target the pathophysiological mechanism that leads
to PDR and DME can be more effective in halting the
progression of these complications.

Vascular endothelial growth factor (VEGF) is integral in
the angiogenic process and implicated in retinal neovascular
development during PDR. Anti-VEGF treatments have been
approved by the US Food and Drug Administration (FDA)
for treatment of age-related macular degeneration (AMD),
and several anti-VEGF medications for DME and PDR are
currently in trials. This paper examines the mechanism
behind diabetic retinopathy and analyzes the potential
effectiveness and limitations of anti-VEGF medications for
the treatment of diabetic complications.

2. Diabetic Retinopathy

Diabetic retinopathy (DR) can be classified into nonprolifer-
ative (NPDR) and proliferative (PDR) [9, 10]. The earliest
clinical signs of NPDR are microaneurysms and retinal
hemorrhaging. Development of cotton-wool spots, venous
bleeding, and intraretinal microvascular abnormalities are
hallmarks of progressive capillary profusion [5]. PDR is evi-
denced by the presence of new blood vessels on the surface of
the retina and optic disc in conjunction with further retinal
ischemia [11]. These new blood vessels become problematic
because they are fragile and highly permeable. They break
through the optic disc and grow along the surface of the
retina and into the scaffold of the posterior hyaloid face. The
vessels themselves do not impair vision, but are disrupted
easily by vitreous traction and hemorrhage into the vitreous
cavity or preretinal space [5]. The neovascularization is also
associated with a fibrous component that when contracted
can lead to retinal detachment. This stage of PDR poses the
greatest threat to vision loss. Figure 1 shows the schematic
representation of the progression of diabetic retinopathy.

2.1. Role of the Pericyte. Both NPDR and PDR are thought
to be the reaction to increased vascular permeability due to
the breakdown of the endothelial-cell-pericyte interaction.
The first vascular lesions that occur in the retina are the
thickening of the basement membrane, the endothelial
injury, the disruption of the tight junctions, and pericyte

apoptosis. Pericyte dropout may have profound repercus-
sion on capillary remodeling and will be the main factor
responsible for the first abnormalities detected in clinical
examination by fundoscopy [35].

Pericytes represent a class of perivascular cells that
surround endothelial cells and perform functions on cap-
illaries similar to the ones that smooth muscle performs
on arterioles. They are heterogeneous with regard to their
origin, distribution, phenotype, and function [36]. Retinal
pericytes are associated with the vascular endothelium
through extended processes varying in length, arrangement,
and form, embedded in the capillary basement mem-
brane [37, 38]. The retina has the highest number of
pericytes in the body [39]. This interaction is critical in
maintaining the functional integrity of the capillary unit.
Pericytes regulate the capillary microenvironment through
three principal mechanisms: (1) communication with the
underlying endothelium by soluble mediators and cell-cell
contact, (2) synthesis, remodeling, and maintenance of the
basement membrane, and (3) regulation of microvascular
tone through Rho signaling [40]. All of these mechanisms
involve an overlapping array of biochemical and biome-
chanical signaling pathways [41, 42] that are not completely
understood.

Pericytes are also intricately involved in vascular devel-
opment and differentiation. During angiogenesis, nascent
microvessels are heralded by an actively motile and prolifer-
ative endothelium with an immature basement membrane.
This migratory and proliferative phase yields a primitive
capillary tube, followed by a microvascular maturation
phase marked by endothelial-FGF-2- and PDGF-dependent
recruitment of presumptive pericytes, occurring concomi-
tantly with basement membrane remodeling. Triggered by
endothelial contact, the presumptive pericyte then assumes
a mature contractile status by initiating expression of
its smooth muscle contractile protein repertoire [41–43].
Through the subsequent regulation of the capillary microen-
vironment, pericytes act to suppress endothelial growth
[44] and migration [45]. Works done by Hellström et al.
and Lindahl et al. suggest that in order for pathological
neovascularization to occur, the quiescent endothelium must
escape from its growth-arrested phenotype, perhaps actively
destabilizing and disengaging from its association with
pericytes as it reenters the cell cycle [40, 46, 47]. This is
consistent with observations of pericyte dropout seen in
pathological states, particularly diabetic retinopathy.

Several pathologies have been indicated that relate
hyperglycemia with pericyte dropout and eventual diabetic
retinopathy. Initially, it is important to note that pericytes
may exhibit dropout though apoptosis and/or migration,
both of which lead to the vascular changes that result in DR.
Apoptosis is a process of programmed cell death as a result of
cellular signaling. It is a very ordered and organized process
that minimizes damage to the surrounding tissues. Through
specific staining indicative of apoptosis, studies have shown
an apoptotic increase in retinal pericytes of isolated retinal
capillaries from diabetic patients [48].

However, this does not account for the total extent of
pericyte loss seen in experimental DR. Animal models have
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Figure 1: Schematic representation of the progression of diabetic retinopathy. Pericytes interact directly with the normal retinal capillary
endothelium (a) within the basement membrane via close contacts and gap junctions ensuring basal tone a(i) and growth arrest a(ii).
Persistent hyperglycemia leads to RhoGTPase induction of pericyte contraction b(i) causing reversal of EC growth arrest b(ii) and disrupted
matrix contact b(iii) prior to or in the absence of pericyte death/dropout. Basement membrane thickening and leaky, narrow capillaries
contribute to thrombosis, ischemia, and the first detectible abnormalities of NPDR. In response to the resultant hypoxia, soluble mediators
of angiogenesis, such as VEGF, are released to develop collateral nutrient supply by forming nascent capillary tubes (c). These new blood
vessels are highly permeable and fragile and disrupt easily causing hemorrhage and the vision loss characteristic of PDR (d).

shown that pericyte apoptosis has been detected after 6
months of hyperglycemia [49] whereas significant pericyte
loss is already detectible after three months of experimental
diabetes [50]. Pericyte migration has been suggested as
an alternative or additional mechanism of pericyte loss.
Pfister et al. 2008 show that hyperglycemia-induced pericyte
loss predominantly occurs on straight capillaries and is
accompanied by increased numbers of pericytes, migrating
from the same location into perivascular position [51]. Other
studies have shown that pericyte detachment and migration
from underlying vessels into the perivascular parenchyma is
a feature of pericytes responding to different kinds of stress
inducers. For example in brain capillaries, pericytes migrate
from capillaries as a result of ischemia, hypoxia, or injury
[52, 53]. Most likely pericyte loss includes both apoptosis
and migration. As mentioned earlier, pericytes are essential
to nascent angiogenesis. Their migration in response to stress
may be the physiological initiation of angiogenesis in order to
develop collateral nutrient supply. This process is actualized
in proliferative diabetic retinopathy as explained later in this
paper.

Although the mechanisms for pericyte loss have not been
fully determined, several studies have proposed plausible
initiation mechanisms that are here described.

Bax Expression. Bcl-2-associated X protein (Bax) is a mem-
ber of the Bcl-2 family. These proteins are well established
as inducers and integrators of survival and death signals.
The prosurvival family members can inhibit apoptosis
induced through cytotoxic insults, and the proapoptotic

members generally act through heterodimerizing prosurvival
proteins and antagonizing their effects [12]. The relative
concentrations of these proteins within the cell are essential
for their impact on cell fate. Bax is a known proapoptotic
member of the Bcl-2 family.

Studies have shown that Bax overexpression is present
in diabetic retinal blood vessels. Specifically, Podestà et al.
observed numerous focal increases in Bax staining localized
around pericyte nuclei and often associated with TUNEL-
positive fragmentation of the same nuclei [13]. They make
the association of high glucose, increased Bax, and increased
apoptosis, but cannot draw a molecular connection in situ.
This data suggests that hyperglycemia increases the levels
of Bax in retinal pericytes, tilting the cellular balance of
apoptosis regulators in a direction that leads to cell death
and eventual retinopathy. More research is necessary to
determine the molecular sequence of events.

TNF-α. Tumor necrosis factor alpha (TNF-α) is a pleiotrop-
ic cytokine involved in the regulation of immune cells during
systemic inflammation including initiation of apoptosis.
Elevated levels of TNF-α have been associated with the
early events of DR including the expression of adhesion
molecules [14]. Further studies have established the causal
link between TNF-α and diabetes-enhanced apoptotic loss
of microvascular retinal cells. Behl et al. showed inhibition
of TNF-α caused approximately 76–80% reduction in the
number of microvascular cells that expressed apoptotic
indicators [15]. TNF-α is a known inducer of apoptosis and
is shown here not only to be elevated in diabetic retinal
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microvasculature, but also to be directly involved in cell
death.

TGF-β. Transforming growth factor beta (TGF-β) is a mul-
tifunctional cytokine that regulates signaling pathways. High
glucose has been shown to upregulate TGF- β1 production in
cultured mesangial and glomerular cells [16]. High glucose
concentrations can also induce bovine retinal pericytes apop-
tosis in vitro in association with increased concentrations of
TGF-β in the culture media [17]. Han et al. show that high
glucose levels stimulate pericytes to express TGF-β, which
in turn upregulates βIG-H3 expression, resulting in RGD
signaling and induction of retinal pericytes apoptosis [18].
βIG-H3 is an extracellular matrix protein that is suggested
as being involved in cell growth, [19] cell differentiation,
[20] and cell adhesion [21]. It has also been shown to
mediate apoptosis through the release of Arg-Gly-Asp (RGD)
peptides [22], which in turn activate the caspase signaling
cascades in the cell cytoplasm [23]. Here, hyperglycemia
upregulates TGF-β causing an increase in βIG-H3 expression
which releases RGD peptides that act through the caspase
signaling pathway to induce pericyte apoptosis.

Ang/Tie. Tie-2 is a tyrosine kinase receptor primarily found
on endothelial cells; however, its RNA has also been reported
in pericytes [54]. Angiopoietins, Ang-1 and Ang-2, bind
to the Tie-2 tyrosine receptor and have been shown to
induce various results. Ang-1 binding to Tie-2 is suggested
to mediate the mobilization of hematopoietic stem cells to
the peripheral circulation [24] and the formation of mature
capillary networks by recruiting periendothelial cells such as
pericytes [25]. Ang-2 binding has been suggested to promote
smooth-muscle-cell-pericyte dropout, therefore loosening
contacts between endothelial cells and periendothelial cells
[26]. Cai et al. [27] show that Tie-2 receptors are expressed
in retinal pericytes and that Ang-2 protein is upregulated in
the diabetic retina as a response to hyperglycemia. They show
that Ang-2 plays a role in pericyte dropout and may later be
involved with pericyte proliferation in PDR. They also note
that Ang-1,2/Tie-2 interactions and downstream effects are
dependent on a variety of different factors that also depend
on the presence of other cytokines.

Table 1 further highlights the possible causes of pericyte
dropout. The mechanisms presented here are comprehen-
sive, but do not include all possible mechanisms. In actuality,
the pathway that leads to the eventual loss of pericytes
may include some combination of those above as well as
others not yet discovered. Also important to note is that
the biochemical process that links hyperglycemia and the
upregulation of various cytokines has yet to be described.

Alternatively, it has also been suggested that pericyte
mechanotransduction may be integral in the development
of pathological angiogenesis, negating the need for dropout
or death as initiation [40, 55]. Kotecki et al. implicate
calpain-dependant cleavage of talin as a critical step in
controlling pericyte contractility, perhaps via modulating
focal adhesion dynamics. They demonstrate that the strains
exerted by pericytes onto substrata can be sufficient to alter
normal basement membrane functioning thereby perturbing

the endothelial cell mechanical microenvironment [56].
This chemomechanically transduced insult on microvascular
contractility could potentially be responsible for endothelial
hyperproliferation inherent in diabetic retinal disease.

2.2. Angiogenesis in Diabetic Retinopathy. Impaired pericyte
function in conjunction with related basement membrane
thickening and dysfunction leads to the eventual devel-
opment of microaneurysms and dot intraretinal hem-
orrhages. These are two of the earliest abnormalities
detectable through ophthalmoscopic examination. Retinal
leakage ensues and vasoconstrictive agents lead to a hypoxic
environment. Eventually capillaries are constituted only
of tubes of thickened basement membrane, and being
highly thrombogenic, lead to greater ischemia [35, 57]. The
worsening ischemia results in the shift from nonproliferative
diabetic retinopathy to proliferative diabetic retinopathy via
angiogenesis.

Platelet-Derived Growth Factor. Platelet-derived growth fac-
tor (PDGF) is a 35 kDa protein originally purified from
platelets and now recognized in several cell types including
the retina [58]. It acts as an important signaling molecule
including several different roles in angiogenesis. Most stud-
ied are the hetero- and homodimeric versions, PDGF-AA,
PDGF-BB, and PDGF-AB and their structurally related pro-
tein tyrosine-kinase receptors [59]. Normal PDGF-receptor
interaction assists angiogenesis by enhancing pericyte pro-
liferation and migration most likely through increasing
expression of Ang-1 and the resulting signaling cascade
[60, 61]. Retinal pericytes have been shown to exhibit the
proliferation and chemotaxis in response to PDGF [62],
which is also implicated in PDR. Increased levels of PDGF
have been identified in the vitreous fluid in patients with
PDR [63]. Hypoxia and hyperglycemia, both characteristic
of PDR, are shown to increase the production of PDGF
in cultured bovine retinal pericytes [64]. PDGF acts as a
survival factor in retinal pericytes. Experiencing the hypoxia
and ischemia characteristic of diabetic retinopathy, PDGF
transcription increases and contributes to angiogenesis.
PDGF is necessary for normal retinal vascularization, but
its overexpression is a key mediator in the pathogenesis of
proliferative diabetic retinopathy.

Fibroblastic Growth Factor. Fibroblastic growth factor (FGF)
is a family of structurally related heparin-binding proteins
known to be potent angiogenesis inducers [65]. It comes
in both a basic (bFGF) and acidic (aFGF) form, which
act to stimulate endothelial cell migration, proliferation,
and microvessel tube formation in cell types that derive
from the embryonic mesoderm and ectoderm [66, 67].
FGF in the retina has been reported in ganglion inner and
outer nuclear layer, basement membrane of the Muller cells,
blood vessels, and retinal pigment cells [68, 69]. Despite its
known angiogenic activity and presence in retinal cells, the
pathologic activity of FGF in DR has yet to be determined.

Hepatocyte Growth Factor. Hepatocyte growth factor (HGF)
is 90 kDa cytokine synthesized in the liver that is active
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Table 1: Possible causes of pericyte dropout.

Factors Evidence

BAX expression
(i) Proapoptotic member of the Bcl-2 family [12].

(ii) Increased levels shown in retinal pericyte nuclei [13].

(iii) Shift of the balance toward pericyte apoptosis.

TNF-α

(i) Cytokine involved in the regulation of immune cells during systematic inflammation including apoptosis
[14].

(ii) Elevated levels of TNF-α are associated with the early events of DR [14].

(iii) Inhibition of TNF-α shown to cause a large reduction in the number of microvascular cells that expressed
apoptotic indicators [15].

TGF-β
(i) Cytokine that regulates signaling pathways.

(ii) High concentrations evidenced in response to hyperglycemia in pericytes and other vascular cells [16, 17].

(iii) Increased TGF-β leads to βIG-H3 and RGD signaling that activates the capsase signaling pathway leading
to apoptosis [18–23].

Ang/Tie
(i) Ang-2/Tie-2 binding shown to produce downstream pericyte apoptosis [24–26].

(ii) Ang-2 is upregulated in retinal pericytes in response to hyperglycemia [27].

in regulating cell growth, cell motility, and morphogenesis
of various types of cells [70]. It acts on epithelial and
endothelial cells through a paracrine interaction with a high
affinity c-Met tyrosine-kinase surface receptor [71]. High
concentrations of HGF have been recognized in serious PDR
with coexisting fibrovascular proliferation [72]. Although
present in retinal cells, the linking mechanism to PDR and
conclusive evidence have not been discovered.

Role of VEGF. In addition to the factors described above,
vascular endothelial growth factor (VEGF) plays a critical
role in both physiological and pathological angiogenesis. The
human VEGF gene is organized into eight exons and is
localized in chromosome 6p21.3. Alternative exon splicing
results in the generation of four main isoforms having 121,
165, 189, and 206 amino acids, respectively. VEGF165 is
the predominant molecular variant as a heparin-binding
homodimeric glycoprotein of 45 kDa [73–75].

VEGF exerts its action through two high-affinity tyrosine
kinase receptors, VEGFR-1 (Flt-1) and VEGFR-2 (Flk-1).
Evidence suggests that VEGFR-2 is the major mediator of the
mitogenic, chemotactic, angiogenic, and increased perme-
ability effects of VEGF [76]. This ligand receptor interaction
has been shown to stimulate microvascular endothelial
cell proliferation [76] and EC migration [77], inhibit EC
apoptosis [78], and induce angiogenesis [79].

Downstream effects of the upregulation of VEGF include
increases in proinflammatory mediators like intercellular
adhesion molecule 1 (ICAM-1). Increased presence of
ICAM-1 is associated with leukostasis and vascular perme-
ability recognized in animal diabetic retinopathy [80–82].
These findings substantiate the significance of inflammation
in the progression of DR.

There are several mechanisms that have been shown to
participate in the regulation of VEGF gene expression. Of
particular significance in the pathogenesis of PDR is the
upregulation of VEGF in response to hypoxia. VEGF mRNA
expression is rapidly and reversibly induced by exposure to
low pO2 in a variety of pathophysiological circumstances

[83, 84]. This is mediated through hypoxia-inducible factor
1 (HIF-1) [85]. HIF-1 is a basic, heterodimeric, helix-loop-
helix protein, transcription factor composed of the consti-
tutively expressed HIF-1β, and the oxygen-sensitive HIF-1α
subunits [86]. In appropriately oxygenated tissues, HIF-1α is
broken down. In hypoxic conditions, the breakdown of HIF-
1α is inhibited and it begins to build up and dimerize with
HIF-1β. This complex then binds to DNA, helps to recruit
coactivators, and activates transcription of its target genes,
including VEGF [87, 88].

As a survival response to the ischemic environment
created by NPDR, transcription of VEGF increases, leading
to endothelial cell proliferation, progenitor cell migration,
and pathological angiogenesis. Increased intravitreal levels
of VEGF have been shown in patients with DME and PDR
[89], implicating VEGF as a significant contributor to the
pathogenic process and an important focus for intervention.

3. Anti-VEGF Treatments

There are four anti-VEGF pharmacologic agents commer-
cially available and in trials for their use as treatment
for DME and PDR. Pegaptanib (Macugen, OSI/Eyetech,
Melville, NY, USA) is a pegylated aptamer that targets
VEGF165, inhibiting its endothelial mitogenic activity and
vascular permeability effects [90, 91]. Based on the results
of the VEGF Inhibition Study in Ocular Neovasculariza-
tion (VISION) trial, the FDA-approved Macugen for the
treatment of neovascular AMD [92]. Although shown to
be effective, pegaptanib therapy has been replaced by the
development of nonselective anti-VEGF therapies.

Both bevacizumab (Avastin; Genetech, San Francisco,
CA, USA) and ranibizumab (Lucentis; Genetech) are
humanized monoclonal antibodies, full length and fragment,
respectively, that bind all VEGF isoforms. The FDA has
approved Lucentis for neovascular AMD, and Avastin is
being used off-label for treatment of various ocular diseases.

The final anti-VEGF treatment is the VEGF Trap-
Eye (Regeneron Pharmaceuticals, Inc., Tarrytown, New
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York, NY, USA and Bayer Healthcare Pharmaceuticals,
Berlin, Germany). It is a 115 kDA recombinant fusion
protein consisting of the VEGF-binding domains of human
VEGFR-1 and VEGFR-2 fused to the Fc domain of human
immunoglobulin-G1 [93]. It acts to sequester VEGF, bind-
ing preferentially over the physiological receptors. Animal
studies have shown intravitreal VEGF Trap-Eye has theoretic
advantages over other anti-VEGF treatments, including
longer half-life in the eye and a higher binding affinity to
VEGF-A and related proteins, placental growth factors 1 and
2 [94, 95]. Trap-Eye is currently in phase two trials.

3.1. Clinical Trials and Safety Implications. Recently pub-
lished prospective studies of anti-VEGF medications for
both DME and PDR show the clinical effectiveness of these
medications and point to possible adverse events. Studies
that focused on the effectiveness of pegaptanib in DME come
from the work of the Macugen Diabetic Retinopathy Study
Group [28]. The study involved 172 patients, randomized
into four arms: 3 mg intravitreal pegaptanib, 1 mg, 3 mg, or
sham given at weeks 0, 6, and 12. Eyes in the pegaptanib
group showed more improvement over the sham eyes, partic-
ularly in the 0.3 mg group. The improvement included better
visual acuity, more reductions in central retinal thickness,
and less need for macular laser photocoagulation [96]. These
study patients had no previous history of treatment for
DME, and subsequent studies have shown that treatment-
naı̈ve eyes respond better to anti-VEGF therapy [32, 97].
Trials investigating the effectiveness of pegaptanib for the
treatment of PDR have yet to be published.

A recent trial of ranibizumab has shown its effectiveness
for the treatment of DME. Nguyen et al. conducted the
ranibizumab for Edema of the Macula in Diabetes (READ-
2) Study to investigate treating DME [98]. The group ran-
domized 126 eyes into three groups: the first received 0.5 mg
intravitreal ranibizumab at baseline and months 1, 3, and 5;
the second underwent focal/grid laser photocoagulation at
baseline and again at three months if needed; the third group
underwent laser at baseline and ranibizumab injections at
baseline and 3 months. Their primary endpoint was an
improvement in best-corrected visual acuity (BCVA) at six
months then throughout a follow-up period lasting to 12
months. At six months, the first group showed the largest
statistically significant improvement in BCVA, +7.24 letters
versus −0.43 and +3.80 letters for groups 2 and three,
respectively. After two years the first group still showed
the largest improvement in BCVA; however, there was little
change between the six-month and two-year results. The
authors attribute this lack of change to the heterogeneity of
patients with DME and note that the post-six-month regime
may not have been ideal for all patients [98]. They suggest
that perhaps some combination of more frequent injections
or greater amounts will provide better control over edema.
Table 2 further describes the considerable current clinical
activity regarding the role that anti-VEGF therapies may play
in DME.

Bevacizumab is, for both DME and PDR, the best studied
anti-VEGF medication due to availability and a cost differ-
ence of US$150 versus US$1600 for a dose of ranibizumab

[99]. Nicholson and Schachat review the clinical trials and
results of bevacizumab for both DME and PDR [96]. They
note beneficial short-term effects on treatment of naı̈ve eyes
for DME and laser-refractory DME including improvements
in both visual acuity and central macular thickness. In trials
pertaining to PDR, treatment with bevacizumab has been
promising in areas of decreasing leakage in neovascular
lesions, showing a substantial effect on new vessels. Mirshahi
et al. conducted the largest of the clinical studies in patients
with bilateral PDR with high-risk characteristics [100]. In
one eye they received 1.25 mg bevacizumab injection with
scatter laser treatment according to the ETDRS protocol and
the other eye received a sham injection with the scatter laser
treatment. After six weeks, almost 90% of the intervention
eyes had complete regression of neovascularization versus
25% in the sham group. Although remarkably effective, the
results were short lived and there was no difference in the
two groups after 16 weeks. Other reviewed trials show similar
results. Most notably absent from the available clinical trials
are long-term, well-designed studies that involve multiple
dosing and comprehensive investigation of potential adverse
events. This may be due to a lack of appropriate study
techniques.

The VEGF Trap-Eye is the least tested anti-VEGF
treatment. The DME and VEGF Trap-Eye: Investigation
of Clinical Impact (DA VINCI) study compares differing
doses of the intervention with standard macular laser
treatment [101]. All Trap-Eye treatment arms of the study
showed significantly better mean visual acuity outcomes and
greater mean reductions in retinal thickness over the 24-
week period. These results are similar to those shown by
the three other treatment interventions although no direct
comparisons have been performed.

Each therapy seems to show some beneficial effect to
treatment endpoints like best-corrected visual acuity and
central macular thickness, but an investigation of safety and
adverse events taking into consideration the limitations of
current trials is essential.

Much of the safety information from these interventions
comes from their use and study of age-related macu-
lar degeneration. These studies are generally ineffective
and underpowered at detecting adverse events, and larger
prospective trials with methodological surveillance are still
needed. For pegaptanib, the VISION trial attributed no
systemic side effects to treatment over the course of the study
[92]. For ranibizumab, the ANCHOR [102, 103] and FOCUS
[104, 105] trials reported small rates of endophthalmitis and
no serious nonocular adverse events. Pooled data from the
MARINA, ANCHOR, and PIER studies showed a slightly
increased rate of vascular events, which may be clinically
irrelevant given the 2-year safety data [96].

As before, studies involving bevacizumab yield the largest
amount of information. A large retrospective study of
1,173 patients who received intravitreal bevacizumab yielded
systemic adverse events: seven cases of acute hypertension,
six cerebral vascular accidents, five myocardial infarcts, two
iliac artery aneurisms, and two toe amputations. There
were several ocular adverse events: seven cases of endoph-
thalmitis, seven cases of tractional retinal detachment, four
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cases of uveitis, and a less significant representation of
others [106]. These results are similar to those found from
other bevacizumab studies and those of other anti-VEGF
agents. Some additional systemic effects have been recog-
nized in bevacizumab use in cancer therapy including arte-
rial thromboembolism, gastrointestinal perforation, hem-
orrhage, hypertensive crisis, and nephritic syndrome [107,
108]. An additional study also showed that bevacizumab
when used systemically with chemotherapeutic agents can
increase the risk of thromboembolic events twofold over
chemotherapy alone [109].

Other adverse events important to note are the develop-
ment of tractional retinal detachment (TRD) and the possi-
bility of systemic drug entry. Clinical trials of bevacizumab
for treatment of PDR show increased risk of TRD following
a rapid retinal neovascular regression [110–112]. Further,
Avery et al. found decreased neovascular leakage in untreated
“fellow” eyes raising the possibility that after injection of
1.25 mg, systemic inhibitory concentrations are achieved
[113]. As systemic anti-VEGF therapy may be responsible
for the increased risk of thromboembolic events seen in
cancer therapy, an unintended trespass across the blood-
retinal barrier may have far-reaching consequences.

4. Discussion and Conclusions

The diabetic retinopathy cascade begins with chronic hyper-
glycemia affecting the normal progression of glycolysis.
The downstream effect includes pericyte dropout and/or
deregulated contractility, the disruption of microvascular
integrity, and a hypoxia-induced imbalance in VEGF signal-
ing. This imbalance leads to the uncontrolled development of
fragile and highly permeable nascent blood vessels prone to
hemorrhage and visual occlusion. Therapies that intervene in
this inflammatory process must balance the beneficial effects
of reduced neovascularization with the requirement not to
harm the normal vasculature or the associated functional
supportive epithelial and neuronal cells.

VEGF is an essential moderator of the angiogenic process
and implicated in the development of diabetic retinopathy.
Anti-VEGF therapy has been developed to reduce retinal
neovascularization. The therapies that fall under the anti-
VEGF umbrella have been shown to increase visual acuity in
DME and reduce the development of nascent blood vessels
in PDR when compared to the standard photocoagulation.
Although effective, these therapies are not without fault.
Most studies are small and suffer from a very focused
design. Large, long-term prospective studies that involve
close monitoring for adverse events will greatly advance the
current research available. However, these studies may not be
feasible in the context of pharmaceutical development and
cost.

The adverse events that have emerged from current
research raise some cause for concern. Particularly, a viola-
tion of the blood-retinal barrier by anti-VEGF agents can
have catastrophic systemic effects. Further, the long-term
effects of these agents are still unknown. VEGF plays such
a critical role in the eye as well as systemically, simply

inhibiting its action universally may cause significant adverse
events after years of use.

Alternatives to photocoagulation and anti-VEGF injec-
tions are being investigated. They include therapies that
target the mechanisms behind pericyte apoptosis and detach-
ment. TNF-α inhibition could reduce endothelial damage
and pericyte apoptosis [15]. Inhibition of the βIG-H3 protein
could also serve as a future target [18]. Targeted regulation of
angiopoietin isoforms in the Ang/Tie system may also offer a
therapeutic approach to diabetic complications.

The use of corticosteroids has also emerged as a potential
treatment targeting the inflammatory cascade. Clinical trials
of intravitreal triamcinolone for patients with diabetic
macular edema have shown little long-term benefit relative
to focal/grid photocoagulation [114]. The trials have also
indicated the significant presence of adverse events such
as increased intraocular pressure and increased incidence
of cataracts. Ozurdex (Allergan), an intravitreally injectable
dexamethasone implant, has shown beneficial effects in the
treatment of DME [115]. Further noninferiority trials are
necessary before widespread adoption.

Although further investigation into the contractility
apparatus of the pericyte endothelial interaction is necessary,
it presents a novel target for therapeutic intervention. Future
developments that act on the calpain-dependant cleavage
of talin as an integral step in pericyte contractility could
preferentially eliminate the need for anti-VEGF intervention.

Alternatively, recent research investigating hemangioma-
derived stem cells (HemSCs) has shown differentiation of
HemSCs to pericytes through the NOTCH family ligand
JAGGED1. This represents original evidence for a human
postnatal vascular progenitor cell [116]. Although significant
further research is needed, injecting HemSCs into a retino-
pathic eye can bestow the stability and regulation of healthy
pericytes in place of ones damaged by hyperglycemia.

Additional current reviews highlight emerging therapeu-
tic possibilities and future areas of research [117, 118].

The retinal complications that arise from chronic hyper-
glycemia have a significant impact on the lives of diabetic
patients. Amelioration of these complications and their
damaging effects will greatly benefit these patients and
impact overall healthcare. Anti-VEGF therapies inhibit an
essential mediator in the DR cascade and have been effective
in causing regression of neovascularization and improving
visual acuity. However, the evidence shows that complete
inhibition of VEGF isoforms leads to known adverse events
and unknown systemic and long-term consequences. We
urge caution at the use of anti-VEGF agents for DME and
PDR because the safety and efficacy of these drugs has yet
to be fully established. Larger controlled trials are necessary
as the vetting process continues. Also essential is the devel-
opment of alternative therapies that target the pathogenic
process leading to neovascularization. Focused therapies
involving pericyte-endothelial-cell contractile apparatus and
HemSCs are novel avenues with great potential. Due to
the complexity of angiogenesis in DR, no one therapy
will likely be perfect. However continued research into
the pathogenesis and mechanical mechanisms behind this
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vascular insufficiency will highlight innovative opportunities
for intervention.
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Angiogenesis is the process by which new blood vessels form from existing vessel networks. In the past three decades, significant
progress has been made in our understanding of angiogenesis; progress driven in large part by the increasing realization that
blood vessel growth can promote or facilitate disease. By the early 1990s, it had become clear that the recently discovered “vascular
endothelial growth factor” (VEGF) was a powerful mediator of angiogenesis. As a result, several groups targeted this molecule
as a potential mediator of retinal ischemia-induced neovascularization in disorders such as diabetic retinopathy and retinal vein
occlusion. Around this time, it also became clear that increased intraocular VEGF production was not limited to ischemic retinal
diseases but was also a feature of choroidal vascular diseases such as neovascular age-related macular degeneration (AMD). Thus,
a new therapeutic era emerged, utilizing VEGF blockade for the management of chorioretinal diseases characterized by vascular
hyperpermeability and/or neovascularization. In this review, we provide a guide for clinicians on the development of anti-VEGF
therapies for intraocular use.

1. Introduction

In 1948, Isaac Michaelson proposed that a diffusible factor
(named afterward “factor X”) could be responsible, not
only for the development of the normal retinal vasculature
but also for pathological neovascularization in prolifera-
tive diabetic retinopathy and other ocular disorders [1].
By the early 1990s, it had become clear that the recently
discovered “vascular endothelial growth factor” (VEGF)
possessed many of the requisite characteristics of a “factor
X” [2]. As a result, several groups targeted this molecule
as a potential mediator of retinal ischemia-induced neovas-
cularization in disorders such as diabetic retinopathy and
retinal vein occlusion (RVO) [3, 4]. Around this time, it also
became clear that increased intraocular VEGF production
was not limited to ischemic retinal diseases but was also a
feature of choroidal vascular diseases such as neovascular
age-related macular degeneration (AMD) [5, 6]. Thus, a
new therapeutic era emerged, utilizing VEGF blockade for

the management of chorioretinal diseases characterized by
vascular hyperpermeability and/or neovascularization.

In this review, we begin by providing an overview of
angiogenesis, the manner in which VEGF was discovered to
be central to this process, and then a summary of VEGF
biology. In this manner, we aim to provide the clinician with
an understanding of the clinical scenarios in which VEGF
blockade is likely to be successful and of patient benefit. We
continue by describing the development of four key anti-
VEGF therapies (pegaptanib, bevacizumab, ranibizumab,
and aflibercept) and the results of their application in a
selection of pioneering clinical trials. By describing the main
features of their development in a manner accessible to clin-
icians, we aim to highlight those molecular characteristics,
of each agent, with implications for clinical outcomes and
patient safety. We conclude the review by describing likely
future directions in the application of anti-VEGF therapy in
chorioretinal disease.
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2. Angiogenesis

2.1. Overview. Angiogenesis is the process by which new
blood vessels form from existing vessel networks (by com-
parison, vasculogenesis is a form of de novo blood vessel
formation that is typically seen in the embryo) [7–9].
Angiogenesis begins with vasodilatation and increases in vas-
cular permeability, followed by activation and proliferation
of vascular endothelial cells; these changes are accompa-
nied by degradation of the surrounding extracellular matrix
(ECM), facilitating endothelial cell migration. The migrat-
ing endothelial cells assemble, form cords, and ultimately
acquire lumens; further differentiation to accommodate local
requirements then occurs and a network of similarly dif-
ferentiated periendothelial cells and matrix develops. After
further remodeling a complex vascular network is ultimately
formed.

2.2. Role of Angiogenesis in Disease. In the past three decades,
significant progress has been made in our understanding of
angiogenesis: progress driven in large part by the increasing
realization that blood vessel growth can promote or facilitate
disease [10]. This major conceptual advance first occurred
in the 1930s and 1940s, when it was hypothesized that
induction of blood vessel growth through release of vasopro-
liferative factors would confer a growth advantage on tumor
cells [11]. Subsequently, in the 1970s, Folkman hypothesized
that blockade of angiogenesis could be a strategy to treat
cancer and other disorders [12]. However, adoption of such a
strategy first required the identification and characterization
of the mediators of angiogenesis—a major technological
challenge at that point.

2.3. Putative Regulators of Angiogenesis. In the subsequent
years, advances in molecular biology led to the identifica-
tion of many putative regulators of angiogenesis, with well-
known examples including basic fibroblast growth factor
(bFGF), transforming growth factor (TGF)-β, and the
angiopoietins [7]. In the 1980s, bFGF was thought to be the
major angiogenic factor in the pituitary and other organs.
However, this model was called into question when, in
1986, it became clear that bFGF lacks a peptide sequence
necessary for secretion and is thus confined intracellularly
(angiogenesis is a process that requires diffusion in an
extracellular environment) [13].

2.4. Discovery of VEGF. In the mid-1980s, Ferrara and Hen-
zel cultured a population of nonhormone secreting follicular
cells—with unusual characteristics—from bovine pituitary
glands (follicular cells have cytoplasmic projections that
establish intimate connections with perivascular spaces and
were thought to have a role in regulating growth and main-
tenance of pituitary vasculature) [14]. Ferrara discovered
that culture medium conditioned by these cells strongly
promoted endothelial cell growth. He hypothesized that this
mitogenic activity may be the result of a secreted protein;
the subsequent isolation and sequencing of this protein led
to discovery of the most important mediator of angiogenesis
currently known—VEGF [15].

2.5. Vascular Permeability Factor. Independently, in the early
1980s, Senger et al. had reported the identification of a per-
meability-enhancing protein (in the supernatant of a guinea
pig tumor cell line), which they named “vascular permeabil-
ity factor” (VPF) [16]. In 1989, at the same time Ferrara
and coworkers were reported their discovery of VEGF. Keck
et al. reported the isolation and sequencing of VPF [17].
Surprisingly, their findings indicated that VEGF and VPF
were, in fact, the same molecule.

2.6. Clinical Role for VEGF Blockade. Although multiple
growth factors other than VEGF have been implicated in
the angiogenic process (e.g., bFGF), VEGF appears critical
for a number of reasons: its production is driven by hyp-
oxia; it is highly selective for endothelial cells, it possesses
diffusion characteristics that allow it to reach its target,
and it affects multiple aspects of the angiogenic process
[18, 19]. VEGF also causes vascular dilatation and promotes
vasopermeability, both of which facilitate a rich environment
for the growth of new vessels. Thus, despite the complexity
of the angiogenic process, and the potential redundancy of
the growth factors involved, VEGF blockade was quickly
recognized as a promising approach for the restriction of
blood vessel formation in a variety of pathologic scenarios
[8].

3. VEGF Biology

3.1. Gene Family. VEGF-A, first discovered in 1989 (see
above), is the prototype member of a gene family (i.e.,
a group of genes with shared sequences and with similar
biochemical functions) that also includes placental growth
factor (PLGF), VEGF-B, VEGF-C, VEGF-D, and VEGF-E
(prior to the discovery of other family members, VEGF-A
was known simply as VEGF; the terms are used interchange-
ably in this review) [10, 18]. Of note, VEGF-C and VEGF-
D are involved in the regulation of lymphatic angiogenesis
[20], demonstrating the unique role of this gene family in
controlling multiple structural components of the vascular
system.

3.2. Regulation of VEGF Gene Expression. Oxygen tension
has a key role in regulating the production of VEGF. VEGF
mRNA expression is induced by exposure to low oxygen
tension under a variety of pathophysiological circumstances,
and it is now well established that a transcription factor,
hypoxia-inducible factor-1 (HIF-1), is a key mediator of this
response [21, 22]. Recent studies have also shown that Von
Hippel Lindau (VHL) protein, a product of the VHL tumor
suppressor gene, provides negative regulation of VEGF and
other hypoxia-inducible genes (inactivation of this gene leads
to development of capillary hemangioblastomas in the retina
and cerebellum, and in many cases, renal cell carcinomas)
[23].

Several major growth factors, such as epidermal growth
factor, also upregulate VEGF mRNA expression, suggesting
that paracrine or autocrine release of such factors works
in concert with local hypoxia to increase production of
VEGF [24, 25]. In addition, inflammatory cytokines, such as
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interleukin-1α and interleukin-6, induce expression of VEGF
in several cell types (an observation in agreement with the
hypothesis that VEGF plays a role in the angiogenesis and
hyperpermeability seen in some inflammatory disorders)
[25].

3.3. VEGF Isoforms. The human VEGFA gene is organized as
eight exons separated by seven introns (i.e., eight expressed
regions that are joined together in the final mature RNA)
[26]. Alternative splicing of the VEGFA gene results in
the generation of four major isoforms (VEGF121, VEGF165,
VEGF189, and VEGF206), having, respectively 121, 165, 189,
and 206 amino acids. VEGF165 is the predominant isoform
[27].

Native VEGF is a heparin-binding glycoprotein (heparin
is commonly used during protein purification due to its
structural similarity to RNA and DNA), with a protein
molecular weight of 45 kDa, the properties of which corre-
spond closely to those of VEGF165 [27]. Loss of the heparin-
binding domain of VEGF results in a significant loss in
its mitogenic activity [28]. VEGF121, while freely diffusible
in the ECM, is acidic and does not bind heparin [27].
Conversely, VEGF189 and VEGF206, while being highly basic
and capable of binding heparin with high affinity, are almost
completely sequestered in the ECM. Thus, VEGF165, with
intermediary properties, possesses the optimal characteris-
tics of bioavailability and biological potency [27].

3.4. VEGF Receptors. VEGF binds to two, related, receptor
tyrosine kinases: VEGF Receptor 1 (VEGFR1) and VEGF
Receptor 2 (VEGFR2) [27]. Both VEGFR1 and VEGFR2
have seven immunoglobulin-like domains in the ECM, a
single transmembrane region, and a tyrosine kinase sequence
interrupted by a kinase-insert domain. In 1992, VEGFR1 was
the first VEGF receptor discovered and was found to bind
VEGF with high affinity [29]. However, despite its lower
binding affinity for VEGF relative to VEGFR1, there is now
agreement that VEGFR2 is the major mediator of the mito-
genic, angiogenic, and permeability-enhancing effects of
VEGF (the precise function of VEGFR1 is still under debate
but may provide a “decoy effect” on VEGF signaling) [27]. In
addition, VEGF interacts with a family of nonsignaling core-
ceptors, the neuropilins—neuropilin-1 (NRP-1) appears to
present VEGF165 to VEGFR2 in a configuration that increases
the effectiveness of VEGFR2-mediated signal transduction
[18, 30].

3.5. Activities of VEGF. Vascular endothelial cells are the
primary targets for VEGF biologic activity, with their mito-
genic effects well documented, both in vitro and in vivo [27].
In particular VEGF induces a potent angiogenic effect in a
variety of animal models in vivo [15, 31].

VEGF also acts as a survival factor for endothelial cells
in a variety of circumstances. Inhibition of VEGF results in
extensive apoptotic changes in the vasculature of neonatal,
but not adult mice [32]; furthermore, a marked VEGF de-
pendence has been demonstrated in the endothelial cells of
newly formed but not of established vessels within tumors

[33]. Coverage by pericytes is thought to be one of the key
events, resulting in loss of VEGF dependence [34].

VEGF has also been shown to act as a chemotactic agent
for bone marrow-derived monocytes [35], a pro-inflam-
matory cytokine through upregulation of intercellular adhe-
sion molecule-1 (ICAM-1) with consequent leukocyte adhe-
sion [36], and a promoter of blood vessel extravasation
through the upregulation of matrix metalloproteinases and
decreased release of metalloproteinase inhibitors [37].

The effects of VEGF on the promotion of vascular leak-
age, both in inflammation and in other pathologic circum-
stances, are also well established (prior to its isolation and
sequencing, VEGF was initially characterized as “vascular
permeability factor” by Senger et al. (see above)) [16]. Con-
sistent with this role, VEGF has been shown to promote
dissolution of tight junctions between endothelial cells and to
induce endothelial fenestration in a number of vascular beds
[38]. VEGF also induces vasodilatation in a dose-dependent
fashion as a result of release of endothelial cell-derived nitric
oxide—systemic blockade of VEGF may thus result in a
clinically significant adverse hypertensive effect [39].

Taken together, blockade of the biologic effects of VEGF
results in rapid vessel remodeling with regression of pericyte-
poor capillaries, reductions in vascular lumen diameter, and
reductions in vascular permeability [33, 34]. More recently,
evidence has suggested that VEGF could have additional
neuroprotective effects [40].

3.6. Role of VEGF in Ocular Disease. In 1994, Aiello et al.
found a striking correlation between intraocular VEGF con-
centrations and active proliferative retinopathy in patients
with diabetes and ischemic central retinal vein occlusion
(CRVO) [3]. Around the same time, Adamis et al. reported
increased concentrations of VEGF in the vitreous of patients
with diabetic retinopathy [4]. In 1996, it also became clear
that increased intraocular levels of VEGF were not limited to
ischemic retinal disorders: in a pair of influential studies, the
localization of VEGF to choroidal neovascular membranes
in patients with neovascular AMD was reported [5, 6].
Proof-of-concept studies then demonstrated that blockade
of VEGF, in animal models, led to marked decreases in
retinal and iris neovascularization [41, 42]. Furthermore,
exogenous administration of VEGF was demonstrated to
produce retinal ischemia and vascular hyperpermeability in
primates [43].

4. Pegaptanib

Pegaptanib sodium is an RNA aptamer that binds to the
heparin-binding domain of VEGF and, thus, prevents the
predominant VEGF165 isoform from binding to VEGF recep-
tors [44]. Pegaptanib was licensed to EyeTech Pharmaceuti-
cals (now OSI Pharmaceuticals) for late stage development
and marketing in the United States as “Macugen” (outside
the USA, pegaptanib is marketed by Pfizer Inc.).

4.1. Chemistry. Aptamers (from the Latin aptus, to fit, and
the Greek meros, part or region) are oligonucleotides that
bind to specific target molecules and that are usually created
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by selection from a large random sequence pool [45]. In
this manner, aptamers are commonly used for basic research
and clinical purposes as macromolecular drugs. Aptamers
constitute one of four classes of oligonucleotide reagents,
the others being antisense oligonucleotides, ribozymes, and
small interfering RNAs (siRNAs) [44]. However, in contrast
with these other entities, aptamers can act on extracellular
targets and, therefore, are not required to cross cell mem-
branes to exert their therapeutic effects.

The selection of aptamers has become relatively straight-
forward with the advent of “systematic evolution of ligands
by exponential enrichment” (SELEX) [46]; in this process,
aptamers are engineered to bind to various target molecules
through repeated rounds of in vitro selection. Aptamers
offer molecular recognition properties that rival that of
antibodies, but with a number of advantages: (1) they can be
engineered completely in vitro, (2) they are readily produced
by chemical synthesis, (3) they possess desirable storage
properties, and (4) they elicit little or no immunogenicity
[44, 45]. Pegaptanib has the distinction of being the first
aptamer therapeutic approved for use in humans [44].

Having chosen VEGF165 as the target for selection of
a prospective anti-VEGF aptamer, three separate iterations
of the SELEX methodology were carried out by scientists
at NeXstar Pharmaceuticals [44]. By 1998, three, stable,
high-affinity anti-VEGF165 aptamers had been characterized,
one of which was selected for development as pegaptanib
(initially designated NX1838, and then, EYE001) (all three
aptamers demonstrated little or no binding to VEGF121)
[47].

4.2. Preclinical Studies. The fact that pegaptanib offers se-
lective inhibition of a single isoform offers the theoretical
advantage that “normal” vessels may be maintained by
VEGF121 and other isoforms, while pathologic neovascular-
ization may be suppressed [18, 44, 48]. Indeed, prior to
clinical trials in humans, basic research demonstrated that
administration of EYE001 (pegaptanib) could lead to both
reduced vascular permeability and inhibition of both corneal
and retinal neovascularization [49]. It has subsequently been
shown, however, that various proteases activated during
angiogenesis may cleave VEGF165 (and longer isoforms) to
generate nonheparin binding fragments—such fragments
may be sufficient to drive angiogenesis while evading pegap-
tanib blockade [50, 51].

4.3. Pharmacokinetics and Metabolism. Nonmodified aptam-
ers are rapidly cleared from the body, with a half-life of mi-
nutes to hours, as a result of nuclease degradation and renal
clearance (a result of the inherently low molecular weight
of aptamers). Therefore, modification of aptamers, such as
2′-fluorine-substituted pyrimidines, and polyethylene glycol
(PEG) linkage, can be used to increase their stability and
terminal half-life (both approaches are used in the case of
pegaptanib) [44]. Using these approaches pegaptanib has
been found to be stable in human plasma, at ambient tem-
peratures, for more than 18 hours [52].

Pegaptanib pharmacokinetics have been evaluated fol-
lowing intravitreal injection in monkeys and rabbits [49,

52, 53]. In both animal models, pegaptanib was detected in
the vitreous at biologically active levels for at least 28 days
following a single 0.5 mg intravitreal injection. In rabbits,
after a single dose of pegaptanib, the initial vitreous humor
levels were approximately 350 μg/mL and decreased by an
apparent first-order elimination process to approximately
1.7 μg/mL by day 28. By comparison, the plasma concentra-
tions of pegaptanib were significantly lower, ranging from
0.092 μg/mL to 0.005 μg/mL (day 1 to day 21). Plasma levels
also declined by an apparent first-order elimination. In a
human pharmacokinetic study, pegaptanib was not found
to accumulate in the plasma after multiple doses (i.e.,
systemic exposures were similar at different time-points);
furthermore, no antipegaptanib antibodies (IgG or IgM)
were detected [54].

4.4. Selected Clinical Studies: Neovascular AMD. In 2004, fol-
lowing publication of results from two, concurrent, phase
III clinical trials (the VEGF Inhibition Study in Ocular Neo-
vascularization, or VISION, trials), pegaptanib was licensed
for use in the USA by the Food and Drug Administration
(FDA) [55]. The VISION trials—two large-scale, multicen-
ter, randomized, controlled, clinical trials—demonstrated
that intravitreal administration of 0.3 mg of pegaptanib at
six weekly intervals, for a period of 48 weeks (a total of nine
treatments), was effective in reducing moderate vision loss
in patients with neovascular AMD (higher doses were not
shown to provide clinical benefit). In these studies, 70% of
pegaptanib-treated patients avoided further moderate visual
loss (defined in most AMD studies as a loss of fewer than 15
letters of visual acuity) compared with 55% of sham-treated
patients. However, treated eyes still lost, on average, 1.5
lines of visual acuity over the course of a year of treatment.
There was no evidence of either systemic toxicity or an
increased risk of potential VEGF inhibition-related adverse
events (a safety profile confirmed following three years of
treatment/follow-up) [56].

4.5. Selected Clinical Studies: Diabetic Macular Edema. In
2011, the results of a phase II/III-randomized controlled
trial, of intravitreal pegaptanib for the treatment of diabetic
macular edema (DME), were published [57]. In this study,
subjects with DME received injections of 0.3 mg of intravit-
real pegaptanib, or sham injections, every six weeks for a year,
and then according to prespecified criteria in a second year.
In all, 36.8% of patients receiving pegaptanib, versus 19.7%
of those in the sham group, experienced an improvement
in visual acuity greater than 10 letters when compared to
baseline. After two years, pegaptanib-treated patients gained,
on average, 6.1 letters of visual acuity (versus 1.3 letters
for controls). Pegaptanib-treated patients also received fewer
focal/grid laser treatments (subjects were eligible for this
beginning at week 18).

5. Bevacizumab

Bevacizumab (Avastin, Genentech, South San Francisco, CA)
is a full-length monoclonal antibody, first derived from a
murine source and prepared for intravenous administration,
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which binds to and inhibits all isoforms of VEGF [18, 58].
Bevacizumab was originally developed and approved for the
treatment of metastatic colorectal cancer but may also be
of benefit in the treatment of nonsmall cell lung cancer,
metastatic breast cancer, and glioblastoma multiforme [59].
Use of bevacizumab in these contexts has been associated
with increased incidences of hypertension, bleeding, and
thromboembolic events [59]. However the doses employed
for intraocular use are many times lower than those used
systemically, and the efficacy and safety of bevacizumab,
for the treatment of neovascular AMD, has recently been
demonstrated in phase III clinical trials [60, 61].

5.1. Chemistry. Bevacizumab was originally developed from
a mouse antihuman VEGF antibody (A.4.6.1), generated
from mice immunized with the VEGF165 isoform [58].
A.4.6.1 recognizes all isoforms of VEGF and, in 1992, was
shown to inhibit growth of human tumor cell lines in
vivo [62]. Subsequently, in 1996, intraocular administration
of A.4.6.1 was found to inhibit iris neovascularization
occurring secondary to retinal ischaemia in a primate model
[42]. In 1997, bevacizumab was developed by humaniza-
tion of A.4.6.1 [63]. In this process, six complementarity-
determining regions (CDRs) (i.e., regions that determine
antibody-binding) were transferred from A.4.6.1 to a human
antibody framework previously used for humanizations.
However, this transfer reduced VEGF binding over 1000
fold—to reduce this effect, eight framework residues were
changed from human to murine.

Bevacizumab is produced in Chinese hamster ovary cells
using expression plasmids (plasmids are DNA molecules sep-
arate from chromosomal DNA that can be used to manu-
facture large quantities of proteins) [58]. Bevacizumab is a
149 kDa full-length antibody, composed of two light chains
and two heavy chains, and with a 93% human amino acid
sequence.

5.2. Preclinical Studies. The effects of bevacizumab have been
examined in a number of in vitro and in vivo studies [58];
as bevacizumab was not developed with the intention of
intraocular administration, many of these studies were per-
formed only after its widespread adoption in this manner for
clinical practice. In both murine and porcine models, beva-
cizumab has been demonstrated to reduce VEGF-induced
permeability and proliferation of choroidal endothelial cells
and to inhibit VEGF-induced migration of human umbilical
vein endothelial cells [64–66]. In addition, bevacizumab has
been demonstrated as nontoxic, or not to alter the viability
of, neurosensory retinal cells, retinal ganglion cells, and
human retinal pigment epithelium (RPE) cells [58]. Concern
has also been raised about the Fc component present in
full-length antibodies such as bevacizumab—Fc domains
are known to initiate complement activation and immune
cell destruction [18]. Recent studies have demonstrated that
choroidal neovascular membranes from patients with neo-
vascular AMD treated with bevacizumab are characterized by
significantly higher inflammatory activity [67]. Preliminary
results have also demonstrated that bevacizumab Fc domains
are capable of binding effectively to human RPE and human

umbilical vascular endothelial cell (HUVEC) membranes via
Fc receptors, activating the complement cascade and leading
to cell death [58].

5.3. Pharmacokinetics and Metabolism. Bevacizumab was
developed for intravenous administration in diseases such as
colorectal cancer [59]. As a result, compounding into smaller
doses is required for intraocular administration. Studies have
demonstrated differences in bevacizumab concentration and
the presence of particulate contaminants following this pro-
cess, emphasizing the need for implementation of optimal
protocols when compounding pharmacies prepare this drug
for intravitreal use [58, 68].

The pharmacokinetics of bevacizumab, following intrav-
itreal administration, have not been well characterized.
Knowledge of the vitreous half-life is an important consid-
eration when optimizing retreatment frequencies, whereas
serum concentrations are an important factor with respect
to systemic adverse effects (e.g., stroke). In rabbits receiving
1.25 mg of bevacizumab, the vitreous half-life was 4.32 days
(versus 2.88 days for ranibizumab), and the maximum serum
concentrations were reached after eight days [69, 70]. Small
amounts of bevacizumab were also detected in the vitreous of
the fellow, uninjected eye. In a more recent study performed
in humans, an aqueous half-life of 9.82 days was found after
intravitreal injection of 1.5 mg of bevacizumab [71].

The retinal penetration of bevacizumab has also been
studied in animal models (experience with retinal pene-
tration of other, full-length antibodies suggested that their
large size would act as a limiting factor). In rabbits, Shahar
et al. demonstrated, using confocal immunohistochemistry,
that full thickness retinal penetration occurred 24 hours
after intravitreal injection; this study also demonstrated the
essential absence of bevacizumab from the retina by four
weeks post injection [72].

5.4. Selected Clinical Studies: Neovascular AMD. In 2010, the
results of the ABC (Avastin (Bevacizumab) for treatment
of Choroidal Neovascularization) trial provided the first
evidence from a phase III-randomized controlled study
for the efficacy of intravitreal bevacizumab in neovascular
AMD [60, 73]. In this single year trial, 32% of patients
treated with bevacizumab gained 15 or more letters from
baseline visual acuity (initial three month loading phase, and
then retreatment as required). In addition, 91% of patients
receiving bevacizumab lost fewer than 15 letters of visual
acuity from baseline, and mean visual acuity increased by 7.0
letters over the study period.

In 2011, the results of the CATT (Comparison of Age-
Related Macular Degeneration Treatments Trials) study pro-
vided further evidence, from larger phase III trial, for the
efficacy of bevacizumab in neovascular AMD [61]. In this
trial, 31.3% of patients treated with bevacizumab on a fixed,
monthly regimen gained 15 or more letters from baseline
visual acuity (28.0% for patients treated with bevacizum-
ab as required). In addition, 94.0% of patients receiving
bevacizumab on a fixed, monthly regimen lost fewer than
15 letters of visual acuity from baseline (91.5% in the
bevacizumab as required group). Finally, mean visual acuity
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increased by 8.0 letters over the study period in those re-
ceiving bevacizumab monthly (5.9 letters in bevacizumab as
required group). Of note, statistical comparisons between
bevacizumab given as needed, and given on a fixed, monthly
regimen, were inconclusive.

6. Ranibizumab

Ranibizumab (formerly known as rhuFAb V2) is an antibody
fragment that binds and inhibits all isoforms of VEGF
[18]. Specific development of ranibizumab for intraocular
use was driven, in part, by preliminary studies suggesting
that full-length monoclonal antibodies would not distribute
across all retinal layers [74]. Furthermore, the relatively
long systemic half-life of full-length antibodies (versus an-
tibody fragments) raised concerns about systemic toxicity in
patients requiring long-term anti-VEGF blockade [18].

6.1. Chemistry. Bevacizumab is constructed from A.4.6.1
using one of 12 possible Fab (fragment antigen binding)
variants: “Fab 12” [58]. Ranibizumab is constructed using
a different Fab variant from A.4.6.1: “Fab MB1.6”, in an
effort to obtain higher binding affinities for VEGF [75].
Ranibizumab is produced as a 48 kDa antibody fragment,
in E. coli, using expression plasmids [58]. It is a chimeric
molecule, consisting of an antigen-binding murine compo-
nent, and a nonbinding human component that serves to
make it less antigenic (in Greek mythology, the chimera was a
monster with a lion’s head, a goat’s body, and a serpent’s tail).
On a molar basis, ranibizumab is between five- and 20-times
more potent than bevacizumab at binding of VEGF [75].

6.2. Preclinical Studies. Preclinical studies have demonstrat-
ed the safety, tolerability, and efficacy of ranibizumab in an-
imal models. In particular, intravitreal administration of
ranibizumab reduced vascular leakage in a monkey model
of choroidal neovascularization (CNV), while pretreatment
with ranibizumab prevented laser-induced development of
CNV in this model [76].

6.3. Pharmacokinetics and Metabolism. The pharmacokinet-
ics of ranibizumab, after intravitreal administration, have
been studied both in animal models and in human trials [69,
77, 78]. Ranibizumab is thought to exit the vitreous cavity
posterior via retinal penetration and choroidal vascular
drainage or anteriorly via the aqueous drainage route. In
animal studies, ranibizumab is cleared from the vitreous
with a half-life of approximately three days [69]. Therefore,
ranibizumab is thought to maintain biologically active retinal
concentrations for approximately one month. After reaching
a maximum at approximately one day, the serum concen-
tration of ranibizumab declines in parallel with this. In
human studies, following monthly intravitreal ranibizumab
administration, maximum serum concentrations were dose
dependent but low (0.3 ng/mL to 2.36 ng/mL—levels more
than 1000 fold lower than in the vitreous and thought to be
below the concentrations necessary for reduction in biolog-
ical activity of VEGF by 50%) (http://www.gene.com/). In a
recent study by Bakri et al., no ranibizumab was detected in

the serum, or the fellow uninjected eye, of rabbits injected
with 0.5 mg of intravitreal ranibizumab; by comparison,
small amounts of bevacizumab were detected, both in the
serum and in the fellow-uninjected eye [69].

6.4. Selected Clinical Studies: Neovascular AMD. In 2006,
ranibizumab was licensed for use in the United States fol-
lowing publication of the MARINA and ANCHOR studies
[79, 80].

In the MARINA (Minimally Classic/Occult Trial of the
Anti-VEGF Antibody Ranibizumab in the Treatment of Ne-
ovascular AMD) trial, patients with either “minimally clas-
sic” or “occult” angiographic leakage patterns were random-
ized to receive monthly injections of intravitreal ranibizumab
(0.3 mg or 0.5 mg) or monthly sham injections [80]. At the
12-month point of this study, visual acuity had improved by
15 or more letters in 33.8% of the 0.5 mg group (as compared
with only 5.0% of the sham-injection group). Furthermore,
patients receiving ranibizumab, on average, demonstrated
increases in visual acuity (7.2 letters in the 0.5 mg group),
while those receiving sham therapy, on average, demon-
strated losses (10.4 letters in the sham-injection group). In
addition, the vast majority of patients receiving ranibizumab
avoided moderate visual loss (94.6% of those receiving
0.5 mg), while only 62.2% of the control group managed to
do so.

In the ANCHOR (Anti-VEGF Antibody for the Treat-
ment of Predominantly Classic Choroidal Neovasculariza-
tion in AMD) trial, patients with “predominantly classic”
angiographic leakage patterns were randomized to receive
either 24 monthly intravitreal injections of ranibizumab
(either 0.3 mg or 0.5 mg) or photodynamic therapy with
verteporfin [79]. Visual acuity improved by 15 letters or
more in 40.3% of the 0.5 mg group (as compared with 5.6%
of the verteporfin group). As in the MARINA trial, those
receiving ranibizumab also demonstrated a mean increase in
visual acuity (11.3 letters in the 0.5 mg group), while those in
the control group experienced a mean decrease (9.5 letters
in the verteporfin group). Similarly, 96.4% of those given
0.5 mg avoided further moderate visual loss (as compared
with 64.3% of those in the verteporfin group).

In the two-year HORIZON extension trial of the
MARINA and ANCHOR studies, 69% of patients still re-
quired further intravitreal injections—despite receiving
monthly injections for a two-year period prior to this. Fur-
thermore, the median visual gain at the conclusion of
MARINA and ANCHOR decreased with less frequent rani-
bizumab dosing in the HORIZON trial [81].

In the MARINA and ANCHOR trials, the incidence of
serious adverse effects was similar between treatment and
control groups—for arterial thromboembolic events (e.g.,
nonfatal myocardial infarctions, nonfatal stroke, and death
from a vascular or unknown cause) were 3.8% (sham) versus
4.6% (0.5 mg ranibizumab) in MARINA and 4.2% (PDT)
versus 5.0% (0.5 mg ranibizumab) in ANCHOR. An interim
analysis from the SAILOR (Safety Assessment of Intravitreal
Lucentis for AMD) study showed a trend for an increase in
the incidence of stroke in the group treated with 0.5 mg of
ranibizumab [82, 83]. Moreover, the incidence of stroke was
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higher with preexisting risk factors, in particular a previous
history of stroke or arrhythmia. These findings, and recent
studies reporting an association between AMD itself and
higher risk of stroke, suggest that extra discussion of risk-
to-benefit ratios may be warranted prior to ranibizumab
treatment in patients with a history of stroke [82, 84].

In 2011, the results of the CATT study confirmed the effi-
cacy of ranibizumab in the treatment of neovascular AMD
and allowed comparison of outcomes with bevacizumab
[61]. In this trial, 34.2% of patients treated with ranibizumab
on a fixed, monthly regimen gained 15 or more letters
from baseline visual acuity (24.9% for patients treated with
ranibizumab as required). In addition, 94.4% of patients
receiving ranibizumab on a fixed, monthly regimen lost
fewer than 15 letters of visual acuity from baseline (95.4%
in the ranibizumab as required group). Finally, mean visual
acuity increased by 8.5 letters over the study period in those
receiving ranibizumab monthly (6.8 letters in ranibizumab
as required group). No statistically significant difference in
visual outcomes was found between ranibizumab admin-
istered monthly and bevacizumab administered monthly
(nor for either drug administered as required). Rates of
death, myocardial infarction, and stroke were also similar for
patients receiving either ranibizumab or bevacizumab.

6.5. Selected Clinical Studies: DME. The use of intravitreal
ranibizumab for the treatment of DME has recently been
evaluated in a number of phase III clinical trials, including
the DRCR (Diabetic Retinopathy Clinical Research) Network
and RESTORE studies [85, 86]. In the DRCR Net trial, the
mean change in visual acuity from baseline, after one year,
was significantly greater in those receiving ranibizumab (+9
letters in those receiving ranibizumab with deferred laser)
versus those receiving laser alone (+3 letters) [85]. Similarly,
in the RESTORE study, ranibizumab monotherapy resulted
in a greater mean change in visual acuity from baseline (+6.1
letters) versus laser monotherapy (+0.8 letters) [86]. In both
studies, ranibizumab therapy had a similar safety profile for
the treatment of DME as has been previously described for
neovascular AMD.

6.6. Selected Clinical Studies: CRVO. Treatment of CRVO-
associated macular edema was evaluated in the phase III,
CRUISE (Central Retinal Vein OcclUsIon Study: Evaluation
of Efficacy and Safety) trial [87]. The study was a 6-month,
multicenter, randomized, sham injection-controlled study,
with an additional 6 months of follow-up (total 12 months).
The study included a six-month treatment period, during
which subjects received monthly intraocular injections of
0.3 mg or 0.5 mg ranibizumab, or sham injections; and a
six-month observation period, during which all patients
could receive monthly ranibizumab retreatment if they met
prespecified functional and anatomic criteria.

Mean change from baseline visual acuity at month six
was +14.9 letters in the 0.5 mg ranibizumab group and
+0.8 letters in the sham group. The percentage of patients
who gained ≥15 letters in visual acuity at month six were
47.7% in the 0.5 mg ranibizumab and 16.9% in the sham
group. In addition, the safety profile was consistent with

previous phase III clinical trials of ranibizumab for other
ocular disorders, and no new safety events were identified in
patients with CRVO. Treatment with ranibizumab as needed,
during the six-month observation period, maintained the
visual benefits gained in the initial treatment phase [88].

6.7. Selected Clinical Studies: Branch Retinal Vein Occlusion.
Treatment of branch retinal vein occlusion- (BRVO-) associ-
ated macular edema was evaluated in the phase III, BRAVO
(BRAnch Retinal Vein Occlusion: Evaluation of Efficacy and
Safety) trial [89]. As with the CRUISE study, the BRAVO trial
was a 6-month, multicenter, randomized, sham injection-
controlled study, with an additional 6 months of follow-
up (total 12 months). The study included a six-month
treatment period, during which subjects received monthly
intraocular injections of 0.3 mg or 0.5 mg ranibizumab,
or sham injections; and a six-month observation period,
during which all patients could receive monthly ranibizumab
retreatment if they met prespecified criteria.

Mean change from baseline visual acuity at month six
was +18.3 letters in the 0.5 mg ranibizumab group, and
+7.3 letters in the sham group. The percentage of patients
who gained ≥15 letters in visual acuity at month six
were 61.1% in the 0.5 mg ranibizumab group, and 28.8%
in the sham group. As in the CRUISE study, the safety
profile of ranibizumab appeared similar to that previous
phase III clinical trials of ranibizumab in other disorders.
Treatment with ranibizumab as needed, during the six-
month observation period, maintained the visual benefits
gained in the initial treatment phase [90].

7. Aflibercept

VEGF Trap (aflibercept) is a pharmacologically engineered
(fusion) protein that blocks the effects of VEGF by acting
as a decoy receptor [91]. VEGF Trap consists of the ligand-
binding elements of VEGFR1 and VEGFR2, fused to the Fc
(fragment crystallizable) portion of human immunoglobulin
G1 (IgG1). VEGF Trap is in commercial development by
Regeneron Pharmaceuticals Inc. (Tarrytown, NY) in the
USA, and by Bayer Healthcare (Leverkusen, Germany) for
global markets. The ocular formulation of VEGF Trap is
known as “VEGF Trap-Eye” (known generically as aflibercept
ophthalmic solution, and to be marketed as “EYLEA”)—an
iso-osmotic, ultrapurified formulation for intravitreal injec-
tion. An intravenous formulation is also being developed
for oncological use (this formulation is hyperosmotic and
diluted prior to intravenous infusion) [91].

7.1. Chemistry. VEGF Trap was first described in 2002 [92].
Prior to this, the highest potency VEGF blocker consisted
of a soluble decoy receptor created by fusing the first three
Ig domains of VEGFR1 to the constant region (Fc portion)
of human IgG1 [91, 93]. This compound demonstrated not
only considerable VEGF binding efficacy but also a number
of unfavorable molecular and pharmacokinetic charac-
teristics (e.g., nonspecific binding of extracellular matrix
components, and the need for frequent administration at
high concentrations to achieve efficacious levels in rodent



8 Journal of Ophthalmology

models). Therefore, in its current construct, VEGF Trap
consists of the second Ig domain of VEGFR1 and the third
Ig domain of VEGFR2, bound to the Fc portion of human
IgG1.

VEGF Trap is produced in Chinese hamster ovary cells
using recombinant techniques, has a protein molecular
weight of 97 kDa, and is approximately 15% glycosylated
to yield a total molecular weight of 115 kDa (by compari-
son, ranibizumab and bevacizumab have protein molecular
weights of 48 kDa and 149 kDa, resp.) [91, 94]. VEGF
Trap binds VEGF with higher affinity than monoclonal
antibodies such as bevacizumab; VEGF Trap may, thus, be
active at lower concentrations than other VEGF blocking
drugs and may offer a longer duration between doses when
compared to other drugs. VEGF Trap is also distinguished
from ranibizumab by its ability to bind other VEGF family
members—in particular, placental growth factors 1 and 2
(PLGF1 and PLGF2). Finally, the Fc portion of VEGF Trap
slows clearance by conferring the long-circulating half-life
typically seen with antibodies and, because it contains only
human sequences, its potential for immunogenicity is low
[92].

7.2. Preclinical Studies. The efficacy of VEGF Trap for
the suppression of choroidal neovascularization has been
evaluated in a number of animal models. In mice, sub-
cutaneous injections, or a single intravitreal injection, of
VEGF Trap strongly suppressed choroidal neovasculariza-
tion following laser-induced rupture of Bruch’s membrane
[95]. Subcutaneous injection of VEGF Trap has also been
shown to significantly inhibit subretinal neovascularization
in transgenic mice that express VEGF in their photoreceptors
[95]. In rats, VEGF Trap has also been found to inhibit CNV
and associated inflammation and fibrosis in a subretinal
Matrigel CNV model (Matrigel is a growth factor-reduced,
synthetic matrix that has recently been shown to induce
CNV formation when injected into the subretinal space of
rats) [96]. Finally, in nonhuman primates (adult cynomolgus
monkeys), a single intravitreal injection of VEGF Trap has
also been shown to induce inhibition of active CNV leakage
following laser-induced rupture of Bruch’s membrane [94].

The efficacy of VEGF Trap in the prevention of blood-
retinal barrier breakdown has also been assessed in a number
of animal models (i.e., a measure of potential efficacy in
retinal vascular diseases such as diabetic retinopathy and
retinal venous occlusion) [95]. Following injection of recom-
binant VEGF into the vitreous cavity of mice, VEGF Trap
significantly reduced breakdown of the blood-retinal barrier.
Similarly, in transgenic mice where VEGF expression is
induced in the retina, VEGF Trap also reduced breakdown
of the blood retinal barrier.

7.3. Pharmacokinetics and Metabolism. VEGF Trap is cleared
from the circulation through one of two pathways: (1) by
binding to VEGF to form an inactive complex or (2) by
Fc-receptor or pinocytic mediated pathways that culminate
in proteolysis [91]. At low blood levels, the clearance of
VEGF Trap is rapid as a result of binding to VEGF; at very
high circulating doses, VEGF Trap has a terminal half-life

of approximately 17 days. The terminal half-life after human
intravitreal injection is unknown.

7.4. Selected Clinical Studies: Neovascular AMD. The use of
intravitreal VEGF Trap-Eye for the treatment of neovascular
AMD has recently been evaluated in two phase III clinical
trials: the North American VIEW 1 study and the interna-
tional VIEW 2 study (VIEW: “VEGF Trap-Eye: Investigation
of Efficacy and Safety in Wet AMD”). In the VIEW 1 stud-
y, patients receiving VEGF Trap-Eye (2 mg), with fixed
monthly retreatment, achieved a significantly greater mean
improvement in visual acuity at one year (+10.9 letters)
compared to patients receiving ranibizumab (0.5 mg) on a
similar regimen (+8.1 letters) (however, all other dose groups
of VEGF Trap-Eye in the VIEW 1 study, and all dose groups
in the VIEW 2 study, were not statistically different from
ranibizumab with regard to this endpoint). Of note, subjects
receiving VEGF Trap-Eye (2 mg)—every two months—
gained, on average, 7.9 letters in VIEW 1 and 8.9 letters
in VIEW 2 (http://www.regeneron.com/ accessed August 31,
2011).

7.5. Selected Clinical Studies: CRVO. The use of intravitreal
VEGF Trap-Eye for the treatment of central retinal vein
occlusion (CRVO) has recently been evaluated in two
phase III clinical trials: COPERNICUS (Controlled Phase 3
Evaluation of Repeated intravitreal administration of VEGF
Trap-Eye in Central retinal vein occlusion) and GALILEO
(General Assessment Limiting Infiltration of Exudates in
central retinal vein Occlusion with VEGF Trap-Eye). On
December 20, 2010, the results of the COPERNICUS study
were announced. In this trial, 56.1% of patients receiving
monthly VEGF Trap-Eye (2 mg) gained at least 15 letters
of visual acuity, versus 12.3% of controls. Furthermore, the
mean change in visual acuity, from baseline, was +17.3
letters versus −4.0 letters for the sham injection group
(http://www.regeneron.com/ accessed August 31, 2011).

8. Conclusions and Future Directions

A number of points from this review, with significant clinical
implications, are worth highlighting. In terms of vascular
development, coverage of new vessels by pericytes appears
to be a key event resulting in loss of VEGF dependence;
awareness of this finding is important for clinicians as
the role of anti-VEGF therapies continues to expand, both
within the posterior segment and elsewhere in the eye (e.g.,
treatment of corneal neovascularization). The development
of imaging modalities capable of assessing this cell type, and
applicable in a clinical setting, is thus of considerable interest.

In terms of drug development and molecular charac-
teristics, a number of important findings emerge. Firstly,
the aptamer pegaptanib, while offering low immunogenicity,
excellent safety profiles, and the prospect of selective VEGF
inhibition, does not provide the extent of VEGF blockade
necessary for optimal clinical outcomes in a variety of ocular
diseases. Secondly, the antibody fragment ranibizumab, by
blocking all VEGF isoforms, has proven effective in large
clinical trials for a variety of ocular diseases (neovascular
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AMD, DME, RVO), with a good systemic safety profile, but
at a high cost. Conversely, bevacizumab, a full-length anti-
body, offers a low-cost alternative to ranibizumab that has
recently been validated in large clinical trials. However, some
concerns regarding its use include (1) the longer systemic
half-life of a full-length antibody, with the potential for
increased systemic adverse events, (2) the potential for the Fc
component of a full-length antibody to trigger inflammatory
processes, (3) the need for precise compounding of the drug
for intraocular administration, and (4) the decreased affinity
of bevacizumab for VEGF relative to that of ranibizumab.
Nonetheless, the experience of retinal specialists worldwide
attests to the profound benefits that patients have received
following intravitreal bevacizumab therapy. Finally, VEGF
Trap appears to have a higher VEGF binding affinity
than bevacizumab and, unlike ranibizumab, can bind other
members of the VEGF family (e.g., PLGF). VEGF Trap may,
thus, offer a longer duration between doses when compared
to ranibizumab and bevacizumab.

8.1. Future Directions. The introduction of anti-VEGF ther-
apies represented a significant milestone in the medical
treatment of retinal diseases. Progress in this area continues
to be made at a rapid pace, with the optimization of treat-
ment dosages (e.g., increased dosages of ranibizumab in the
ongoing HARBOR trial) and schedules (e.g., PrONTO and
CATT studies) and with the development of new agents
aimed at anti-VEGF blockage (e.g., siRNAs) [82, 97, 98]. Use
of combination therapies may also provide synergistic ben-
efits including better visual outcomes, reduced frequency of
treatments, lower risk of adverse events, and decreased like-
lihood of “escape” (i.e., the development of alternative path-
ways by which cells allow themselves to overcome iatrogenic
inhibition) [99, 100]. Already, combination approaches have
been examined in neovascular AMD (e.g., anti-VEGF ther-
apy in combination with verteporfin photodynamic ther-
apy or macular radiation) and in DME (e.g., anti-VEGF
therapy followed by macular laser photocoagulation). In
the future however, greater visual gains may require more
novel strategies aimed at promotion of RPE and pho-
toreceptor survival. In this regard, a number of therapies
using neuroprotective, anti-inflammatory, and visual-cycle
targeted strategies are in development, for AMD and for
other disorders [101].
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Abbreviations

VEGF: Vascular endothelial growth factor
RVO: Retinal vein occlusion
AMD: Age-related macular degeneration
ECM: Extracellular matrix
bFGF: Basic fibroblast growth factor
TGF-β: Transforming growth factor-β
VPF: Vascular permeability factor
PLGF: Placental growth factor
HIF-1: Hypoxia inducible factor-1
VHL: Von Hippel Lindau
VEGFR1: VEGF Receptor 1
VEGFR2: VEGF Receptor 2
NRP1: Neuropilin 1
ICAM-1: Intracellular adhesion molecule 1
CRVO: Central retinal vein occlusion
siRNA: Small interfering RNA
SELEX: Systematic evolution of ligands by

exponential enrichment
PEG: Polyethylene glycol
FDA: Food and Drug Administration
DME: Diabetic macular edema
CDR: Complementarity determining region
RPE: Retinal pigment epithelium
HUVEC: Human umbilical vascular endothelial

cell
Fab: Fragment antigen binding
BRVO: Branch retinal vein occlusion
Fc: Fragment crystallizable
IgG1: Human immunoglobulin G1.

Clinical Trial Acronyms

VISION: VEGF Inhibition Study in Ocular
Neovascularization

ABC: Avastin (Bevacizumab) for treatment
of Choroidal Neovascularization

CATT: Comparison of Age-Related Macular
Degeneration Treatments Trials

MARINA: Minimally Classic/Occult Trial of the
Anti-VEGF Antibody Ranibizumab in
the Treatment of Neovascular AMD

ANCHOR: Anti-VEGF Antibody for the
Treatment of Predominantly Classic
Choroidal Neovascularization in AMD

SAILOR: Safety Assessment of Intravitreal
Lucentis for AMD

CRUISE: Central Retinal Vein OcclUsIon Study:
Evaluation of Efficacy and Safety

BRAVO: BRAnch Retinal Vein Occlusion:
Evaluation of Efficacy and Safety

VIEW: VEGF Trap-Eye: Investigation of
Efficacy and Safety in Wet AMD

COPERNICUS: Controlled Phase 3 Evaluation of
Repeated intravitreal administration
of VEGF Trap-Eye in Central retinal
vein occlusion
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GALILEO: General Assessment Limiting
Infiltration of Exudates in central
retinal vein Occlusion with VEGF
Trap-Eye.
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Purpose. To evaluate the effects of photodynamic therapy (PDT) combined with intravitreal injection of ranibizumab (IVR) for
exudative age-related macular degeneration (AMD). Methods. Retrospective case series. Thirty eight eyes of 38 patients with
exudative AMD underwent combined therapy consisting first of IVR, followed by PDT within a week and the second IVR at 1
month. All patients were followed up for more than 12 months. The best corrected visual acuity (BCVA) and central macular
thickness (CMT) were examined. Results. The mean number of IVR and PDT sessions were 2.9 ± 1.3 and 1.1 ± 0.3, respectively.
The mean BCVA and CMT were significantly improved to 0.38 logMAR units (P < 0.01) and 240 µm (P < 0.01) at 12 months,
respectively. Thirty-six of 38 eyes (94.8%) improved or maintained BCVA at 12 months. Conclusion. PDT combined with IVR for
exudative AMD was effective at improving visual acuity and CMT with a low recurrence rate for 12 months.

1. Introduction

Age-related macular degeneration (AMD), especially exuda-
tive AMD is a major cause of visual disability and blindness
[1]. Photodynamic therapy (PDT) has been shown to oc-
clude the neovascular membrane and decrease visual acuity
loss in exudative AMD [1, 2]. However, several studies have
shown that PDT causes damage to the physiological chorio-
capillary layer, and that repeated PDT therapy often leads to
occlusion of the choriocapillaris [2, 3].

Recently, monthly intravitreal injection therapy of anti-
vascular endothelial growth factor (VEGF) antibody has
been shown to increase visual acuity in exudative AMD [4–
7]. Because the pathogenesis of choroidal neovascularization
(CNV) is complex and exudative AMD is a multifactorial
disease, combined therapy adopting different mechanisms
to inhibit and destroy CNV, namely, PDT and anti-VEGF
antibody therapy, may facilitate improvement of visual acuity
on exudative AMD.

Husain et al. reported that PDT combined with intrav-
itreal injections of ranibizumab showed a greater reduction
of fluorescein leakage compared to PDT only in monkey eyes
[8]. Several clinical studies have shown that a combination
therapy of PDT and ranibizumab effectively reduced the
number of intravitreal injections compared to anti-VEGF
antibody monotherapy regimens [9–13].

In this study, we examined efficacy of PDT combined
with intravitreal injections of ranibizumab (IVR) in patients
with exudative AMD and compared results of typical AMD
and polypoidal choroidal vasculopathy (PCV).

2. Materials and Methods

Thirty-eight eyes of 38 consecutive Japanese patients (29
men, 9 women) who were diagnosed with exudative AMD
without previous treatment at Toyama University Hospital
between April and December 2009 were enrolled in this
study. The study was conducted in accordance with the
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Institutional Guidelines of the University of Toyama and was
approved by the Institutional Review Board. The procedures
conformed to the tenets of the World Medical Association’s
Declaration of Helsinki.

The inclusion criteria for this study were patient age
older than 50 years, exudative AMD in the macular area,
decimal best-corrected visual acuity (BCVA) of 0.7 or worse,
and a greatest linear dimension (GLD) of 5400-µm or less.
The exclusion criteria were CNV caused by other diseases,
previously received subfoveal laser treatment, verteporfin
photodynamic therapy, or experimental treatments for exda-
tive AMD. Patients who had uncontrolled hypertension, a
recent myocardial infarction, or cerebral vascular accidents
were also excluded.

Before the initial treatment, all patients underwent base-
line ophthalmic examinations, which included decimal
BCVA, fundus examination, optical coherence tomography
(OCT) using an RTVue-100 (Optovue Inc., Fremont, Calif,
USA), fluorescein angiography (FA), and indocyanine green
angiography (ICGA).

All patients were followed up for more than 12 months.
At each visit, a fundus examination, BCVA, and OCT were
performed. FA and ICGA were performed when recurrence
of leakage was suspected by OCT and clinical findings during
the followup examinations.

Patients received one intravitreal injection of 0.5 mg
ranibizumab (IVR), followed by PDT within a week after the
first IVR. This treatment schedule was followed by Sato et
al. [14]. A standard-fluence verteporfin PDT was performed
at an infusion dosage of 6 mg/m2. Application of a 689-
nanometer laser at a dose of 50 J/cm2 was started 15 min after
the start of verteporfin infusion using a Visulas PDT system
690S (Carl Zeiss Meditec AG, Jene, Germany). A second IVR
was given to all eyes at 4 weeks after the first IVR.

Additional treatments were determined by BCVA, CMT,
and FA with ICGA. The retreatment criteria for IVR were
as follows; (1) decrease of BCVA by more than 0.1 logMAR
unit, (2) more than 100-µm of increase in central macular
thickness (CMT), (3) the presence of subretinal fluid or
intraretinal edema at the fovea on OCT, (4) new sub- or
intraretinal hemorrhage, or (5) signs of active CNV leakage
on fluorescein angiography. These retreatment criteria were
referred to the TROPEDO trial [12]. If the CNV was
increased in size or relapsed, additional PDT was performed.

We calculated GLD in each eye based on the findings of
FA for PDT treatment. In case of polypoidal choroidal vascu-
lopathy (PCV), ICGA was utilized for GLD calculation. The
sizes of GLD were divided into 3 groups; GLD �1800 µm,
GLD between 1801 and 3500 µm, and GLD between 3501
and 5400 µm group. We evaluated BCVA and CMT in GLD
groups.

CMT was manually measured at the fovea with OCT
images. We also evaluated the junction line between the inner
and outer segments of the photoreceptors (IS/OS) beneath
the fovea at baseline and 12 months with OCT images.
We used a grading scale reported by Mitamura et al. [15].
IS/OS was categorized into 3 grades, which were grade 0
(invisible IS/OS line), grade 1 (abnormal or discontinuous
IS/OS line), and grade 2 (normal or well-preserved IS/OS

Table 1: Treatments during 12 months.

Mean PDT sessions 1.1± 0.3 (1-2)

Mean IVR 2.9± 1.3 (2–6)

Total number of combined treatments

1 PDT + 2 IVR 22 (57.9%)

1 PDT + 3–5 IVR 11 (28.9%)

2 PDT + 4–6 IVR 5 (13.2%)

IVR: intravitreal injection of ranibizumab, PDT: photodynamic therapy.

line). Improvement of BCVA was defined as a decrease of
more than 0.3 logMAR units, and deterioration of BCVA was
defined as an increase of more than 0.3 logMAR units.

Hypoperfusion of the choriocapillaris caused by PDT
was evaluated with ICGA at 3 months after the first PDT
according to a grading scale by Michels et al. [16].

Statistical analyses were performed with JMP 9 (SAS
Institute, Cary, NC, USA). Data analyses included a paired
t-test, nonparametric correlation analysis (Spearman), and
one-factor analysis of variance (ANOVA). P values less than
0.05 were considered statistically significant.

3. Results

3.1. Baseline Characteristics and Followup. The mean age of
the 38 patients (mean ± standard deviation) was 72.4 ± 8.9
years (range: 53–90 years). The mean followup term was
14.0± 1.7 months (range: 12–17 months). Based on findings
of FA and ICGA at baseline, lesion types of CNV of 38
eyes were divided into 10 eyes (26.3%) of predominantly
classic CNV, 6 eyes (15.8%) of minimally classic CNV, 8 eyes
(21.1%) of occult CNV, and 14 eyes (36.8%) of polypoidal
choroidal vasculopathy (PCV).

According to the GLD size, 24 eyes of typical AMD were
divided into 10 eyes of the group of GLD �1800 µm, 11 eyes
of the group of GLD between 1801 and 3500 µm, and 3 eyes
of the group of GLD between 3501 and 5400 µm. Fourteen
eyes of PCV were divided into 5 eyes of the group of GLD
�1800 µm, 5 eyes of the group of GLD between 1801 and
3500 µm, and 4 eyes of the group of GLD between 3501 and
5400 µm.

Each patient received an average of 1.1 ± 0.3 (range:
1-2) sessions of PDT and 2.9 ± 1.3 (range: 2–6) IVR
during 12-month followup (Table 1). Twenty-two of 38 eyes
(57.9%) were sufficiently healed by the initial treatment with
a single PDT and two IVR. Sixteen of 38 eyes (42.1%)
underwent an additional one- to- four IVR. Five of 38 eyes
(13.2%) required another PDT session. Once the CNV lesion
achieved scarred by one or two PDT sessions combined
with 2- to- 6 IVR, a recurrence of exudative changes at the
fovea was detected in 4 eyes (10.5%) during the 12-month
followup (Table 2). As a retreatment for these 4 recurrent
eyes, 1 eye underwent additional IVR and 3 eyes underwent
another PDT session with IVR.

3.2. Visual Acuity. Mean BCVA of all 38 eyes was 0.58± 0.40
logMAR units at baseline, 0.47±0.40 at 1 month, 0.33±0.28
at 3 months, 0.35 ± 0.38 at 6 months, and 0.38 ± 0.39 at 12
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Table 2: Recurrence rates of exudative changes after successful ini-
tial treatment.

Initial treatment Eyes (%) Recurrence eyes (%)

1 PDT + 2 ranibizumab 23 (60.5%) 1 (4.3%)

1 PDT + 3 ranibizumab 9 (23.7%) 2 (22.2%)

1 PDT + 4 ranibizumab 2 (5.3%) 1 (50.0%)

1 PDT + 5 ranibizumab 2 (5.3%) 0 (0.0%)

2 PDT + 6 ranibizumab 2 (5.3%) 0 (0.0%)

Total 38 eyes 4 eyes (10.5%)

PDT: photodynamic therapy.

months. Mean BCVA was significantly improved at 1, 3, 6,
and 12 months, compared with the baseline (P < 0.01, resp.).

Figure 1 shows the changes in visual acuity according to
GLD groups. In all 3 groups, the mean BCVA was improved
at 3 and 6 months after the combined therapy, compared
with the baseline (Figure 1(a)). The group of GLD �
1800 µm showed better BCVA than groups of GLD between
1801 and 3500 µm and GLD between 3501 and 5400 µm at
all time points, however, no statistically significant difference
was detected among the three groups (P > 0.05, Figure 1(a)).
As shown in Figure 1(b), the group of GLD � 1800 µm
showed better mean BCVA than the other 2 groups in the
eyes with typical AMD. Mean BCVA of the group of GLD
� 1800-µm was significantly improved at 1, 3, 6, and 12
months (P < 0.01), compared with the baseline. However,
no statistical difference was detected among the 3 groups. As
shown in Figure 1(c), the group of GLD � 1800 µm showed
better mean BCVA than the other 2 groups in the eyes with
PCV, however, no statistical difference was also detected.

Table 3 showed changes in BCVA from the baseline in
all 38 eyes during 12 months. The number of eyes with
improved or stable BCVA at 12 months compared with the
baseline was 36 (94.7%). The visual acuity of the remaining
2 eyes (5.3%) had deteriorated more than 0.3 logMAR units
at 12 months. Reasons for the decreased visual acuity of
these 2 eyes were the movement of subretinal hemorrhage
to beneath the fovea in 1 eye of PCV and the recurrence of
subfoveal CNV at 11 months in 1 eye.

3.3. Central Macular Thickness. The mean CMT of all 38
eyes was 414±120 µm at baseline, 279± 126µm at 1 month,
225 ± 74µm at 3 months, 247 ± 120µm at 6 months, and
240 ± 91µm at 12 months. The mean CMTs at 1, 3, 6, and
12 months were significantly decreased compared with the
baseline (P < 0.01, resp.).

Changes in the mean CMT of 38 eyes of the 3 GLD
groups were shown in Figure 2(a). All groups significantly
decreased the mean CMT after the combined therapy (P <
0.01) and showed similar mean CMTs among the 3 groups
after 3 months. There was no significant difference among
the 3 groups. As shown in Figure 2(b), the mean CMT in the
eyes with typical AMD significantly decreased after 1 month
in the groups of GLD � 1800 µm and GLD between 1801 and
3500 µm (P < 0.01, P < 0.05), compared with the baseline.
However, the mean CMT in the group of GLD between 3501

and 5400 µm did not significantly decrease compared with
the baseline. As shown in Figure 2(c), the mean CMT in
the eyes with PCV was significantly decreased at 1, 3, and
12 months (P < 0.05) in the groups of GLD � 1800 µm
and GLD between 1801 and 3500 µm, compared with the
baseline. However, there was no significant difference in the
changes of mean CMT in the group of GLD between 3501
and 5400 µm.

3.4. IS/OS Line. Figure 3 showed scatter plots of BCVA at
baseline and 12 months in 3 grades of IS/OS line. At baseline,
IS/OS line was evaluated in OCT images of 38 eyes, which
were divided into 16 eyes (42.1%) of grade 0 of IS/OS line, 20
eyes (52.6%) of grade 1 of IS/OS line, and 2 eyes (5.3%) of
grade 2 of IS/OS line (Figure 3(a)). At 12 months, IS/OS line
was evaluated in OCT images of 28 eyes, which were divided
into 8 eyes (28.6%) of grade 0, 14 eyes (50.0%) of grade 1,
and 6 eyes (21.4%) of grade 2 (Figure 3(b)). The grades of
IS/OS line negatively correlated with BCVA at baseline and
12 months (P < 0.01), respectively. There was no significant
correlation between the grades of IS/OS line at baseline and
BCVA at 12 months.

3.5. Adverse Events and Complications. ICGA was performed
in 31 of 38 eyes at 3 months to evaluate choroidal hypoper-
fusion according to a grading scale used in a previous study
[16]. Among 31 eyes, 4 (12.9%) showed no effect on the
choriocapillaris in early or late ICGA (grade 0), 13 (41.9%)
showed mild (not significant) nonperfusion in early ICGA
(grade I), 11 (35.5%) showed moderate nonperfusion in
early ICGA (grade II), and 3 (9.7 %) showed significant
nonperfusion in early ICGA (grade III).

There were no ocular complications such as endoph-
thalmitis, sustained ocular pressure increase, or subretinal
hemorrhage. No systemic side effects related to treatment
were encountered in this study.

4. Discussion

Combined therapy of PDT and ranibizumab for CNV
secondary to exudative AMD has been examined by several
groups and has been shown to improve visual acuity and to
reduce the number of intravitreal injections of ranibizumab
compared to ranibizumab monotherapy [5–7, 9–13]. With
combined therapy of PDT and ranibizumab, we showed
that the mean visual acuity was significantly improved from
0.58 ± 0.40 to 0.38 ± 0.39 logMAR units at 12 months and
that the BCVA of 36 of 38 eyes (94.7%) was improved or
maintained from the baseline at 12 months. The mean CMT
was significantly improved from 414±120µm to 240±91µm
at 12 months. The TORPEDO trial, which examined the
effects of combined PDT and ranibizumab injection on the
same day, showed that the mean visual acuity improved by
7.2 letters and 84% of the patients had stable or improved
vision at 2 years [12]. It also showed that the mean CMT
decreased by 146 µm [12]. These results were comparable to
ours although differences in study design and sample size
prohibited direct comparison.
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Figure 1: Changes in mean best corrected visual acuity (BCVA). Visual acuity was expressed as the logarithm of minimal angle of resolution
(logMAR). (a) Mean BCVA of all 38 patients in three GLD groups; GLD � 1800 µm, GLD between 1801 and 3500 µm, and GLD between
3501 and 5400 µm. The group of greatest linear dimension (GLD) � 1800 µm showed better BCVA than those of the other 2 groups at all
time points. However, there was no significant different among the 3 groups (P > 0.05). (b) Mean BCVA of typical AMD of 24 patients in
three GLD groups. (c) Mean BCVA of PCV of 14 patients in 3 GLD groups. Bars indicate standard deviations. ∗P < 0.05, ∗∗P < 0.01; P value
for comparison between baseline and each visit. AMD: age-related macular degeneration, PCV: polypoidal choroidal vasculopathy.

Table 3: Changes in visual acuity after PDT combined with IVR during 12 months.

Changes in logMAR from the baseline 1 month 3 months 6 months 12 months

�0.3 logMAR units improvement 7 eyes (18.4%) 16 eyes (42.1%) 14 eyes (36.8%) 15 eyes (39.5%)

Changes under 0.3 log MAR units 30 eyes (78.9%) 21 eyes (55.3%) 23 eyes (60.5%) 21 eyes (55.3%)

�0.3 logMAR units deterioration 1 eye (2.6%) 1 eye (2.6%) 1 eye (2.6%) 2 eyes (5.3%)

IVR: intravitreal injection of ranibizumab, PDT: photodynamic therapy.
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Figure 2: Changes in mean central macular thickness (CMT). (a) Mean CMT of all 38 patients in three GLD groups; GLD � 1800 µm, GLD
between 1801 and 3500 µm, and GLD between 3501 and 5400 µm. All 3 groups showed similar values among the 3 groups at all time points.
(b) Mean CMT of typical AMD of 24 patients. (c) Mean CMT of PCV of 14 patients in 3 GLD groups. There was no significant difference
among the three groups (P > 0.05). Bars indicate standard deviations. ∗P < 0.05, ∗∗P < 0.01; P value for comparison between baseline and
each visit. AMD: age-related macular degeneration, GLD: greatest linear dimension. PCV: polypoidal choroidal vasculopathy.

We showed that 57.9% of the patients with exudative
AMD successfully achieved scarring without further treat-
ments by a single PDT and 2 IVR during 12 months. Only 4
eyes (10.5%) in this study showed a recurrence of exudative
changes. Mataix et al. reported that 39.6% of patients were
successfully treated with only a single initial dose (PDT and
ranibizumab) and remained stable for 12 months [10]. Thus,
combined treatment of PDT and IVR might be sufficient to
scar the CNV lesion in about half of exudative AMD patients.

In the FOCUS study, the patients received standard-
fluence PDT on an as-needed basis along with monthly
ranibizumab injections. As a result, the mean sessions of
PDT was 1.32 and 90.5% of the patients had maintained
or improved visual acuity at 1 year [9]. In our study, the
mean sessions of PDT was 1.1 and 94.7% of the patients
maintained or improved their visual acuity at 1 year.
Ranibizumab monotherapy for exudative AMD required
5.2 ± 2.8 IVR during a followup of 12 ± 4.3 months when
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Figure 3: Scatter plots showing correlations between visual acuity and grades of the inner and outer segments of the photoreceptors (IS/OS).
Visual acuity was expressed as the logarithm of minimal angle of resolution (log MAR). (a) Scatter plot at baseline. There was a significant
negative correlation between visual acuity at baseline and IS/OS grade at baseline (Speaman correlation coefficient [rs] = −0.429;P < 0.01).
(b) Scatter plot at 12 months. There was a significant negative correlation between visual acuity at 12 months and IS/OS grade at 12months
(rs = −0.687;P < 0.01).

ranibizumab monotherapy was performed on an as-needed
basis [13]. Mataix et al. showed results of combined therapy
of PDT and ranibizumab: in that study, 92.3% patients
showed improved vision or at least avoided moderate loss
of vision over 1 year with 1.22 PDT sessions and 2.37 IVR
[10]. Their results were similar to our results even though
they performed IVR within 48 to 60 hours after PDT. By
combined therapy with PDT, we could limit the number of
IVR to 2.9± 1.3 injections per patient during 12 months.

Our protocol of the primary therapy consisted of 2 IVR
and a single PDT. We performed the first IVR one week
before PDT. The reasons why IVR was preceded to PDT
were as follows. (1) In case that a bacterial endophthalmitis
is occurred after IVR within a week, the patient must
immediately need intensive antibacterial treatments. (2)
Preceding IVR is reasonable to quench VEGF in the retina
and the choroid after application of PDT, which was shown
to induce VEGF production [17]. Sato et al. reported
beneficial effects on PCV with a combined therapy of
intravitreal injection of 1.25 mg bevacizumab 1 week before
PDT [14]. Kaiser suggested that the intravitreal injection
of bevacizumab before PDT might have beneficial effects
on the retreatment rate in the combined therapy for AMD
[18]. They showed lower retreatment rates after combined
therapy in patients who received intravitreal bevavizumab
before PDT compared to those who received PDT first or
intravitreal bevacizumab and PDT on the same day [18].

Moutray et al. reported the relationships between GLD
and visual functios in patients with exudative AMD. They
showed GLD and visual acuity significantly correlated with
each other [19]. Arias et al. examined the lesion size on
photodynamic therapy with verteporfin of predominantly

classic lesions [20]. They reported that the group of smaller
lesions had more improvements with one or more lines of
visual acuity compared with the larger lesion groups. In this
study, we showed a similar tendency in the improvement
of mean BCVA of all eyes, typical AMD, and PCV. The
smallest GLD group showed better mean BCVA during 12
months although there was no significant difference among
the 3 groups of GLD. The mean CMT showed a significant
decrease in all 3 groups of GLD during 12 months, but there
was no statistical difference among the 3 groups of GLD. The
mean CMT did not show a clear tendency according to the
GLD size.

Several studies reported that the presence of a normal
IS/OS junction indicated normal functions of photorecep-
tors and the grades of IS/OS line correlated with visual acuity
[21, 22]. We showed that grades of IS/OS line significantly
correlated with the BCVA at baseline and 12 months,
respectively. Better IS/OS line indicated better visual acuity,
however, grades of IS/OS line at baseline did not correlate
with the BCVA at 12 months. The grade of IS/OS was not
shown a predictive factor of BCVA in this study.

We also examined choroidal hypoperfusion with ICGA
at 3 months after combined therapy of PDT and IVR.
Fourteen of 31 eyes (45.2%) showed moderate (grade II) or
significant (grade III) nonperfusion in early ICGA. Iriyama
et al. showed that standard-fluence PDT (50 J/cm2) caused
a significant loss of choriocapillary perfusion in 40.9% of
the patients [23]. Michels et al. showed that 60% of patients
treated with standard-fluence PDT (50 J/cm2) had moderate
or significant choroidal nonperfusion changes in early ICGA
at 3 month [16]. In this study, we did not examine changes in
choroidal hypoperfusion between 3 months and 12 months.
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Further studies are needed to examine effects of lower flu-
ences of PDT on choroidal hypoperfusion and effects of
ranibizumab on lasting periods of choroidal hypoperfusion.

Combined therapy of IVR and PDT seemed effective
on both typical AMD and PCV for a short term, however,
randomized clinical trials are needed to show which combi-
nation of IVR with PDT is the most effective for typical AMD
and PCV on improvements of visual functions over the long
term.

5. Conclusions

PDT combined with IVR showed a siginificant improvement
in visual acuity and in CMT for exudative AMD of Japanese
patients with low recurrence rates for 12 months. Grades
of IS/OS line was significantly correlated with visual acuity.
Further studies with longer followup periods are necessary
to assess treatment safety and efficacy.
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Purpose. To evaluate functional and anatomic effects of intravitreal bevacizumab in patients with neovascular AMD and initial low
visual acuity. Methods. Retrospective case series of 38 eyes with neovascular AMD and initial visual acuity of 20/200 or less, treated
with intravitreal bevacizumab injection. Results. Mean followup was 14.1 months ± 7.1 (range: 5 to 24 months). Mean logMAR
vision at baseline was 1.38 logMAR ± 0.33, at 6 months was 1.14 logMAR ± 0.37 (P = 0.001) and at 12 months was 1.22 logMar
± 0.33 (P = 0.004). Mean baseline central retinal thickness was 431 µm ± 159.7 at 6 months was 293.43 µm ± 122.79 (P = 10−4)
and at 12 months was 293.1 µm ± 130 (P = 0.004). Visual acuity improved in both patients with or without prior PDT treatment.
Conclusions. Intravitreal bevacizumab injection may increase the chance of visual acuity gain in neovascular AMD even in cases
with initial low visual acuity.

1. Introduction

Since the vascular endothelial growth factor (VEGF) has
been implicated as a major angiogenic stimulus responsible
for the formation of choroidal neovascularization (CNV) in
age-related macular degeneration (AMD) drugs inhibiting
the bioactivity of VEGF representing a new paradigm in the
treatment of neovascular AMD [1]; MARINA (Minimally
Classic/Occult Trial of the Anti-VEGF Antibody Ranibi-
zumab in the Treatment of Neovascular Age-Related Macular
Degeneration) [2] and ANCHOR (Anti-VEGF Antibody for
the Treatment of Predominantly Classic Choroidal Neo-
vascularization in Age-Related Macular Degeneration) [3]
studies, both multicenter, randomized, double-masked tri-
als, established the efficacy of ranibizumab (Lucentis) in
improving visual acuity in patients with both classic and
occult CNV. Both studies excluded individuals with very low
visual acuity (range, 20/40–20/320 in the MARINA study
and 20/80–20/120 in the ANCHOR study) and patients
previously treated with photodynamic therapy. However,
subgroup analysis of the MARINA trial noted that the
improvement in patients with initial visual acuity of 20/160
or less is lower than patients with better initial visual acuity

[4]. Therefore, there are limited data concerning the effect
of anti-VEGF drugs in patient with neovascular AMD and
initial low visual acuity. Bevacizumab (Avastin; Genentech,
San Francisco, Calif, USA) is a full-length antibody against
all VEGF-A isoforms which is approved for use in metastatic
colon cancer and lately used for the treatment of AMD.

The purpose of the present study was to evaluate the
functional and the anatomic effects of intravitreal beva-
cizumab in patients with wet AMD and initial low best
corrected visual acuity (BCVA).

2. Materials and Methods

We conducted a retrospective consecutive case series of 38
patients (38 eyes) with neovascular AMD and initial low
visual acuity in a referral centre for AMD patients in Tunisia
from June 2006 to December 2009.

An ophthalmic examination was performed, including
measurement of best-corrected visual acuity (BCVA) using
the ETDRS visual acuity protocol, slit-lamp biomicroscopy,
intraocular pressure (IOP) measurement and contact lens
slit-lamp biomicroscopy, colour fundus photography, digital
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Figure 1: Evolution of change in logMar visual acuity over 14
months after intravitreal injection of bevacizumab showing statis-
tically significant improvement.

fluorescein angiography (FA; Imagenet; Topcon Corpora-
tion, Tokyo, Japan), indocyanine green angiography (ICGA),
and optical coherence tomography (OCT) scanning (OTI,
Toronto, Canada). The same experienced ophthalmologist
performed all FA, and OCT evaluations. The data recorded
included complains as scotoma, blurred vision and meta-
morphopsia, BVCA, lesion type on FA and central retinal
thickness (CRT) on OCT.

The BCVA and OCT were performed at baseline for every
6 weeks. FA and ICGA were performed at baseline and every
3 months afterwards.

The following inclusion criteria were applied: (1) exuda-
tive AMD, (2) initial visual acuity of 20/200 or less, and (3)
with or without prior treatment of CNV as photodynamic
therapy or laser photocoagulation. The Exclusion criteria
were (1) subretinal fibrosis involving central fovea and (2)
presence of other ocular pathology reducing vision.

Patients with BCVA better than 20/200 before treatment,
uncontrolled systemic arterial hypertension (blood pressure
>180/110 mmHg), history of thromboembolic event, renal
disease, and recent surgery were excluded.

All patients were treated at baseline with intravitreal
bevacizumab (1.25 mg/0.05 mL). A standard protocol for
intravitreal injections was followed, including the operative
room, the use of topical 5% povidone-iodine, eyelid specu-
lum, and postoperative topical antibiotic drops. They were
asked to return the following day for assessment of IOP and
signs of intraocular inflammation or infection. Whenever
IOP exceeded 24 mmHg, patients were given topical medi-
cation to reduce the pressure.

Indications for retreatment by IVB were defined as per-
sistent subretinal and/or intraretinal fluid on OCT for every
6 weeks. No repeat treatment was performed if cessation of

Table 1: Baseline features of patients with age-related macular
degeneration and initial low visual acuity.

Mean age + SD 73 + 6.24

Mean logMar VA 1.38

Mean greatest linear dimension (µ) 1748,02

Mean central retinal thickness (µm)
431 + 159.7

(range, 211–965)

No prior PDT 73.6%

Angiographic characteristic

Predominantly classic or classic 22 (28.9%)

Predominantly occult or occult 54 (71.05%)

CNV associated to Subretinal hemorrhage 4 (5.2%)

CNV associated to pigment epithelial
detachment

8 (10.5%)

LogMAR: logarithm of the minimum angle of resolution; VA: visual acuity;
OCT: optical coherence tomography; CNV: choroidal neovascularisation

dye leakage from the CNV was revealed in FA, as well as total
resolution of the subretinal fluid on OCT.

For statistical analysis, ETDRS acuities were transformed
to log-MAR units (logarithm of the minimum angle of
resolution). Person correlation test, paired Wilcoxon test
and chi-square test were performed using SPSS 14.0 for
Windows. The paired Student’s t-test was used to statistically
evaluate changes in logMAR visual acuity and central retinal
thickness at different time points. In all analyses, a P value
<0.05 was considered to be statistically significant.

3. Results

3.1. Baseline Characteristics. In the current study, 38 eyes of
38 patients were enrolled. The mean age of the patients (23
men and 14 women) was 73 years± 6.24 (range 62–82 years).
The mean followup was 14.1 months ± 7.1 (range 5–24
months).

Ten patients (26.3%) had a history of photodynamic
therapy (PDT). CNV was minimally classic in 11 eyes
(28.9%), occult in 16 eyes (42.1%), predominantly classic
in 1 eye (2.6%), and classic in 10 eyes (26%). A pigment
epithelial detachment was present in 4 eyes (10.5%), a large
submacular haemorrhage was present in 2 eyes (5.2%), and
a disciform scars was present in 5 eyes (13.1%) (Table 1).

3.2. Visual Outcomes. The mean visual acuity (VA) at base-
line was 20/400 (logMAR 1–2, mean logMAR 1.38 ± 0.33)
(range hand movements to 20/200). VA was less than 20/200
in 30 patients (78.9%) and equal to 20/200 in 8 patients
(21%). Mean BCVA improved to 20/250 (1.17 logMAR),
and this difference was statistically significant (P < 0.001)
(Figure 1). At final examination, 11 eyes (28.9%) showed
stable vision and only 3 eyes (8%) experienced visual acuity
worsening. Visual acuity improved in 24 eyes (63.2%) by 3
lines or more in 18 eyes (47.3%) with a mean gain of 2.32
lines. Metamorphopsia, blurred vision, and scotoma were
consistently reduced inducing the improvement of quality of
vision in all cases.
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Table 2: Visual acuity (VA) and central retinal thickness (CRT) outcome in patients previously treated with PDT compared with patients
without prior PDT.

Patients with prior PDT (n = 10) P Patients without prior PDT (n = 28) P

VA(LogMAR)

(i) At baseline 1.3 ± 0.24 1.4 ± 0.36

(ii) At final examination 1.16 ± 0.15 0.043 1.18 ± 0.38 0.001

(iii) At 12 months 1.08 ± 0.2 0.039 1.28 ± 0.37 0.03

CRT (µm)

(i) At baseline 472.33 ± 61.23 427.11 ± 167.52

(ii) At final examination 323.4 ± 159.6 0.1 301 ± 131.08 10−4

(iii) At 12 months 312.75 ± 184.9 0.18 313.31 ± 138.9 0.01

LogMAR: logarithm of the minimum angle of resolution; VA: visual acuity; CRT: central retinal thickness; PDT: photodynamic therapy.
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Figure 2: Evolution of change in retinal thickness over 14 months
after intravitreal injection of bevacizumab showing statistically
significant improvement.

Analysis of visual acuity in patients previously treated
with PDT (n = 10) and patients without prior PDT (n =
28) show that both groups benefited from bevacizumab
treatment (Table 2). Visual acuity improved, respectively,
from 1.3 logMAR ± 0.24 to 1.16 logMAR ± 0.15 with a
statistically limit significant difference (P = 0.043; paired
Wilcoxon test) in patients previously treated with PDT and
from 1.4 logMAR± 0.36 to 1.18 logMAR± 0.38 with statisti-
cally significant difference (P = 0.001; paired Wilcoxon test)
in non-PDT patients. Moreover the visual acuity improved
by 3 lines or more in 15 eyes (53.57%) in patients without
prior PDT compared with only 3 eyes (30%) in patients with
prior PDT.

3.3. Visual Acuity Analysis. At one month, mean BCVA
improved to 1.12 logMAR ± 0.37 (P = 10−4, n = 37, paired
Student’s test). At 3 months, mean BCVA remained stable to
1.11 logMAR ± 0.36 (P = 10−4, paired Student’s test). At
the 6 month follow-up examination, mean BCVA was 1.14

logMAR ± 0.37 (P = 0.001, paired Student’s test), mean
gain was 2.15 lines ± 3.45. At the 9-month time point, mean
BCVA was 1.19 logMAR ± 0.36 (P = 0.003, paired Wilcoxon
test), mean gain was 2 lines ± 3.41. At 12 months, the mean
BCVA decreased slightly to 1.22 logMar± 0.33 but compared
to baseline difference was also statistically significant (P =
0.004, paired Wilcoxon test). Mean gain was 1.7 lines ± 3.07.
VA improved at least by three lines in 48%, was stable in
47.3%, and deteriorates in one patient. If we consider at
12 months only eyes without prior PDT treatment, visual
acuity was 1.28 logMAR ± 0.37 with a statistically significant
difference (P = 0.033).

3.4. Status of Exudative Changes (Figure 2). Average CRT was
431 microns ± 159.7 (range 211–965) at baseline. The CRT
decreased statistically to 304.61 µm ± 133.36 (range 123–
620 µm) (P < 0.001) (Figure 2).

The CRT decreased to 334.67 µm± 137.14 at one month,
to 318.67 µm ± 124.12 at three months, to 293.43 µm ±
122.79 at six months, and to 294.23 µm ± 123.8 at nine
months (P = 10−4, paired Wilcoxon test). At 12 months, the
Mean central retinal thickness remained stable to 293.1 µm±
130 (P = 0.004, paired Wilcoxon test).

CRT decreased, respectively, from 472.33 µm ± 61.23 to
323.4 µm ± 159.6 (P = 0.1; paired Wilcoxon test) in patients
previously treated with PDT (n = 10) and from 427.11 µm±
167.52 to 301 µm ± 131.08 with a statistically significant dif-
ference (P = 10−4; paired Wilcoxon test) in patients without
prior PDT (n = 28). In this group, at 12 months mean
CRT was 313.31 µm ± 138.9 and the difference was main-
tained statistically significant (P = 0.01; paired Wilcoxon
test) (Table 2).

3.5. Retreatment. Patients received a mean of 2.86± 0.77 IVB
(range 2–5 injections). Twenty-one (55.2%) eyes received
three injections, 12 eyes (31.5%) received less than three
injections, and only five eyes (13.1%) received more than
three injections.

3.6. Adverse Effects. A total of 109 injections were performed.
One case of retinal detachment had occurred. No other
ocular or systemic complications appeared during followup.
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4. Discussion

Early treatment of wet AMD may limit the CNV-induced
damage to the photoreceptors or the retinal pigment epithe-
lium, leading to a better visual acuity outcome. Unfor-
tunately, many patients are not diagnosed early nor have
chronic disease after receiving other treatment modalities
with low visual acuity [4, 5].

Our findings revealed in patients with low visual acu-
ity a statistically significant improvement in visual acuity
associated with reduced foveal thickness on OCT after beva-
cizumab treatment. These findings compare well with other
series in the literature [5, 6]. Ehrlich et al. [5] and Galbinur
et al. report similar results, respectively, at 27 weeks and
3.9 months mean followup; here, we demonstrate that visual
improvement can last 6 and even 12 months after treatment.

In all included patients, VA was measured with the
ETDRS chart which is more accurate, in the lower VA range.
As patients do not have good fixation, there was a learning
curve for measurements of visual acuity and, moreover, OCT
has been more difficult and longer to implement. So, several
scans were often needed to measure the central retinal thick-
ness and localize the fovea.

In our report, at 12 months, visual improvement
occurred in 48% of eyes (13/27) at least by three lines with
mean gain of 1.7 lines ± 3.07; stabilisation occurred in 48%
(13/27). The learning curve may affect the improvement of
visual acuity after the treatment.

Overall, improvement in quality of vision, especially the
decrease of metamorphopsia, made the patient’s daily life
easier. Only one patient showed deterioration of her VA from
1.13 logMAR to 1.1 logMAR. There was a greater improve-
ment of VA in patients with no atrophic or fibrotic changes,
who were not treated previously with PDT and in patients
with smaller size lesions.

Our study includes only ten patients with previous PDT
treatment. It is noteworthy that patients who were not
treated previously with PDT benefited more from intravitreal
bevacizumab compared with those who underwent prior
PDT due to possible damage caused by multiple PDT ses-
sions [5, 7]. We found a statistically significant difference in
response between patients who had received PDT treatment
and those who had not and this is in accordance with the
report of Ehrlich et al. [5].

Visual improvement by three lines or more was found
in 48% of our patients and in 53.5% if we consider only
patients not treated with prior PDT; this finding is similar
to that of Galbinur et al. [6] who reported an improvement
of 43%, however, in the report of Ehrlich et al. [5], the
same improvement is limited to only 25%. The fact that the
majority of patients (66%) had previously received photo-
dynamic therapy while none of the patients of those treated
by Galbinur et al. [6] and only 26.3% of our patients had
previous photodynamic therapy.

In our study, the mean central retinal thickness was
significantly reduced from 404 µm to 291.50 µm (P < 0.001).
Significant decrease in central retinal thickness was reported
by Ehrlich et al. [5] measuring at baseline 324 ± 121 µm to
264 ± 65 µm at final examination (P = 0.02). We assumed

that a decrease in the leakage and absorption of the subretinal
and intraretinal fluid would improve the function of the
remaining viable photoreceptors.

In accordance with previous studies, significant decrease
in central retinal thickness was seen from the first to the
third month, where mean macular thickness decreased from
431 µm ± 159.7 to 334.67 µm ± 137.14 at one month and to
318.67 µm ± 124.12 at 3 months showing rapid effect during
treatment. From 6 to 12 months, macular thickness remained
stable.

Our data indicate that intravitreal bevacizumab injection
results in a significant improvement in functional and ana-
tomic outcomes from the first month after injection, main-
tained at 12 months after treatment. In the absence of sub-
foveal fibrosis, intravitreal bevacizumab injection is benefi-
cial in patients with neovascular AMD and severe vision loss.
Treatment decisions should not be based on the visual acuity
but on the characteristics of the lesion.

The strength of our study is a long follow-up period,
use of standardized ETDRS protocol visual acuity data and
acquisition of OCT data at each follow-up visit and by
the same investigator. Limitation of this study includes its
retrospective design with lack of a control group.

Our results suggest that intravitreal bevacizumab is well
tolerated and may increase the chance of visual acuity gain in
neovascular age-related macular degeneration even in cases
with initial low vision. So, this study supports the findings
of previously published series regarding the short-term
improvement in visual acuity and central retinal thickness
but suggests 6- and 12-month improvement. Given the high
percentage of patients who present with advanced AMD,
larger controlled trials are warranted.
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Age-related macular degeneration (AMD) is the leading cause of severe visual loss and blindness over the age of 50 in developed
countries. Vascular endothelial growth factor (VEGF) is considered as a critical molecule in the pathogenesis of choroidal
neovascularization (CNV), which characterizes the neovascular AMD. Anti-VEGF agents are considered the most promising
way of effectively inhibition of the neovascular AMD process. VEGF is a heparin-binding glycoprotein with potent angiogenic,
mitogenic and vascular permeability-enhancing activities specific for endothelial cells. Two anti-VEGF agents have been approved
by the US Food and Drug Administration (FDA) for the treatment of neovascular AMD. Pegaptanib sodium, which is an aptamer
and ranibizumab, which is a monoclonal antibody fragment. Another humanized monoclonal antibody is currently off-label
used, bevacizumab. This paper aims to discuss in details the effectiveness, the efficacy and safety of these three anti-VEGF agents.
New anti-VEGF compounds which are recently investigated for their clinical usage (VEGF-trap, small interfering RNA) are also
discussed for their promising outcomes.

1. Introduction

Vascular endothelial growth factor (VEGF) is a critical mol-
ecule involved in the pathogenesis of neovascular eye dis-
eases such as neovascular age-related macular degeneration
(AMD), proliferative diabetic retinopathy (PDR), diabetic
macular edema (DME), retinal vein occlusion (RVO), and
retinopathy of prematurity (ROP) [1].

Anti-VEGF-based therapies which are currently under
investigation for their efficacy and safety in these neo-
vascular diseases include an aptamer, pegaptanib sodium,
ranibizumab and bevacizumab (VEGF-specific antibodies),
the immunoglobulin G (IgG)-VEGF receptor fusion protein,
VEGF trap, and the small interfering RNA (siRNA), bevasir-
anib [1].

Purpose of this paper is to summarize the current lit-
erature regarding the effectiveness of current anti-VEGF
treatment for neovascular AMD.

2. Vascular Endothelial Growth Factor (VEGF)

The advent of antivascular endothelial growth factor (VEGF)
treatments marks a major advancement in the treatment of
angiogenic eye disease [1].

VEGF was isolated in the 1980s [2] initially as a
tumour-derived factor that increased vascular permeability
[3] and subsequently as an endothelial mitogen. It is a
homodimeric glycoprotein and is a growth factor specific
for endothelial cells [4]. It is a critical regulator of vascu-
logenesis and angiogenesis, as well as a potent inducer of
vascular permeability [5]. It is a member of the platelet-
derived growth factor (PDGF) family [6]. VEGF levels are
increased by hypoxia, rendering VEGF-driven angiogenesis a
hallmark response to low oxygen tension [7]. Its expression
is upregulated by a number of growth factors, including
epidermal growth factor, transforming growth factor-α and
-β, keratinocyte growth factor, insulin-like growth factor-I,
fibroblast growth factor, and platelet-derived growth factor,



2 Journal of Ophthalmology

such that a variety of local interactions can modulate local
VEGF concentrations [6, 8].

Three receptor tyrosine kinases have been identified
for VEGF: VEGF receptor (VEGFR) 1 (fms-like tyrosine
kinase-1) has both positive and negative angiogenic effects;
VEGFFR2 (fetal liver kinase-1 and kinase insert domain-
containing receptor) is the primary mediator of the mito-
genic, angiogenic, and vascular permeability effects of VEGF-
A; VEGFFR3 mediates the angiogenic effects on lymphatic
vessels [4, 9].

The VEGF gene family consists of VEGF-A, VEGF-
B, VEGF-C, VEGF-D, and placental growth factor (PlGF),
which have different binding affinities for the three VEGF
receptors [10, 11]. VEGF-A, which is the best studied,
has been most strongly associated with angiogenesis and
thus consists the target of most anti-VEGF treatments
[12, 13]. VEGF-A signals through two receptor tyrosine
kinases, VEGFR1 and VEGFR2, and is the only member
of the VEGF gene family found to be induced by hypoxia
[14]. VEGF-B selectively binds VEGFR1 and has a role in
the regulation of extracellular matrix degradation and cell
adhesion and migration. Both VEGF-C and VEGF-D bind
VEGFR2 and VEGFR3 and regulate lymphangiogenesis, but
VEGF-C can also be found involved in wound healing [15].
PlGF selectively binds VEGFR1 and is the most abundantly
expressed VEGF family member in endothelial cells. PlGF
may potentiate VEGF-A-induced endothelial cell prolifera-
tion, but on its own PlGF exerts only weak mitogenicity [14].

Alternative exon splicing of the human VEGF-A gene
results in at least four major biologically active isoforms,
containing 121, 165, 189, and 208 aminoacids (five more are
VEGF145, VEGF162, VEGF165b, VEGF183, and VEGF206) [16].
VEGF165 is the predominant isoform in the human eye and is
a heparin-binding, homodimeric, 45-kDa glycoprotein that
is secreted, although a substantial fraction is bound to the cell
surface and to the extracellular matrix. Both VEGF189 and
VEGF208 are strongly heparin-binding and are sequestered in
the extracellular matrix. VEGF121 does not bind heparin and
is secreted. VEGF165 appears to be the isoform responsible
for pathological ocular neovascularization [17–19]. VEGF121

appears to be essential for normal retinal vascular function.
All VEGF-A isoforms except VEGF121 contain a plasmin
cleavage site and theoretically may be cleaved by plasmin to
generate the smaller VEGF110 form [16, 20].

The properties of VEGF can be summarized as follows:
[2, 21, 22]

(1) stimulator of angiogenesis;

(2) potent inducer of vascular permeability and fenestra-
tion;

(3) proinflammatory agent;

(4) neuroprotective agent;

(5) in neurodegenerative studies, displays neuroprotec-
tive effects under conditions of hypoxia, oxidative
stress, and serum deprivation;

(6) in an in vitro model of cerebral ischemia, reduces cell
death;

(7) in vitro, protects hippocampal, cortical, cerebellar
granule, dopaminergic, autonomic, and sensory neu-
rons;

(8) vessel survival factor.

More extensively, we can comment that VEGF acts
through various pathways which results in promoting patho-
logic neovascularization. It stimulates angiogenesis by being
a potent endothelial cell mitogen and sustains endothelial
survival by inhibiting apoptosis. In addition, VEGF is a
chemoattractant for endothelial cell precursors, including
their mobilization from the bone marrow and promoting
their differentiation. Bone-marrow-derived endothelial cell
precursors recruited in response to adenoviral-expressed
VEGF165 are necessary and sufficient for tumor angiogenesis
and are capable of inducing choroidal neovascularization
(CNV) in mouse models. It is a powerful agonist of vas-
cular permeability which is particularly important in CNV.
Increased vascular permeability in response to VEGF may
be due to formation of fenestrations in microvascular endo-
thelium.

Leukocytes may amplify the effects of VEGF via their own
secretion of VEGF. Furthermore, VEGF’s proinflammatory
activity, predominantly through the 164 isoform, contributes
to pathological ocular neovascularization.

VEGF has neuroprotective properties [23] that may be
attributed in part to its ability to increase the survival of
neurons and proliferating Schwann cells [24]. In rat models
when administered intravitreally, it displayed a protective
effect on apoptotic retinal cells in a dose-dependant manner.
This protective effect was inhibited by blockade of all VEGF
isoforms but not by blocade of VEGF164 alone.

VEGF causes angiogenesis by indirect mechanisms too.
Endothelial cell expression of metalloproteinases, which
degrade the extracellular matrix and facilitate tissue invasion
by new vessels, is upregulated by VEGF. Concurrently,
endothelial cell expression of tissue inhibitors of metallo-
proteinases is downregulated in response to VEGF, which
facilitates coordination of the angiogenic process. Also,
VEGF increases the expression endothelial nitric oxide [25]
synthase, which is an important mediator of VEGF-induced
endothelial cell proliferation.

The central role of VEGF-A is well established in ocular
neovascular diseases [26–30]. High levels of VEGF-A ex-
pression are found in CNV tissue excised from patients
with age-related macular degeneration (AMD). Intraocular
VEGF-A levels correlate with blood vessel formation in
patients with diabetic retinopathy and other retinal disorders
[31–33].

Different VEGF-A isoforms may have different functions
in ocular diseases. VEGF164 is the predominant isoform
expressed at the time of maximal preretinal neovasculariza-
tion in a neonatal rat model and is the primary proinflam-
matory isoform in the retina of rats with diabetes. Levels
of both VEGF121 and VEGF165 are increased in monkeys
after laser-induced retinal vein occlusion. VEGF120 is the
main isoform expressed in mouse CNV membranes, and
inhibition of VEGF120 results in reduction of CNV in mice.
Both VEGF121 and VEGF165 isoforms are found in CNV
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tissue excised from patients with AMD. Also, it seems that
VEGF levels, in rat models, increased in direct proportion to
the degree of neovascularization.

In studies of autopsy eyes, VEGF levels were found to
be elevated in the retinal pigment epithelium (RPE) and
choroidal blood vessels of macula with AMD [26, 30, 34].

The RPE is believed to play a key role in regulating
VEGF levels. In ischemic retinal disorders, VEGF secretion by
cultured RPE was found to be strikingly increased by hypoxia
[2, 35].

Thus, we conclude that experimental elevation of VEGF
levels leads to ocular neovascularization and that inhibition
of VEGF action can prevent the development of ocular
neovascularization.

Preclinical studies have confirmed that increased expres-
sion of VEGF is both necessary and sufficient for inducing
neovascularization, and several studies have provided evi-
dence that specific inhibition of VEGF can inhibit neovas-
cularization in the iris, choroid, cornea, and retina [36–38].

3. Anti-VEGF Agents

Inhibiting the activity of VEGF is believed to be an essential
treatment strategy for many forms of ocular neovascular-
ization [39]. Currently, mainly 3 anti-VEGF agents are in
clinical use; ranibizumab (Lucentis), pegaptanib sodium
(Macugen), and bevacizumab (Avastin) [1, 2].

At this point, it must be noted that AMD is the leading
cause of irreversible, severe loss of vision in people over
the age of 50 in the developed world, and it remains an
area of unmet medical need. The neovascular form of the
disease represents approximately 10% of the overall disease
prevalence, but it is responsible for 90% of the severe vision
loss [40].

Neovascular AMD is characterized by CNV that invades
the subretinal space, often leading to exudation and hem-
orrhage. If the condition is remained untreated, damage to
the photoreceptors and loss of central vision [41] usually
results, and after several months to years, the vessels are
largely replaced by a fibrovascular scar. Patients in whom a
central scotoma develops have difficulty performing critical
tasks that are typically associated with central vision, such
as reading, driving, walking, and recognizing faces, and the
difficulty has a major effect on their quality of life [42]. Thus,
we can understand that the introduction of the anti-VEGF
agents is a true revolution [43].

Pegaptanib sodium (Macugen), first approved in the
United States for the treatment of neovascular AMD in 2004,
is a 28-base ribonucleic acid aptamer covalently linked to
two branched 20-kD polyethylene glycol moieties, that was
developed to bind and block the activity of extracellular
VEGF, specifically at the 165-amino-acid isoform (VEGF165).

Ranibizumab (Lucentis) is a fragment of a recombinant,
humanized, monoclonal antibody Fab that binds to and
inhibits all the biologically active forms of vascular endothe-
lial growth factor A (VEGFA) [44].

Bevacizumab (Avastin) is an anti-VEGF full-length
antibody that initially was approved for the treatment of

metastatic cancer of the colon or rectum. It is used as a
possible off-label, safe alternative choice of lower cost [45].
It is the paternal molecule of ranibizumab.

These agents are administered intravitreally pars plana
[46–48].

4. Ranibizumab (Lucentis)

FDA has approved the use of ranibizumab as a treatment
for all the angiographic subtypes of the subfoveal neovas-
cularization of AMD. In clinical studies of phases I and II
ranibizumab has shown encouraging results of biological
activity with acceptable safety when it was administered
intravitreously for six months to patients suffering from
neovascuclar type of AMD.

In phase III trial MARINA [44], patients suffering from
neovascular type AMD were randomly assigned into 3
groups in a 1 : 1 : 1 ratio, receiving ranibizumab at a dose of
either 0.3 mg or 0.5 mg or a sham injection monthly (within
23 to 37 days) for two years (24 injections) in one eye.

The results were encouraging. After twelve months of
treatment, the 94.5% of the patients receiving 0.3 mg and
94.6% of those receiving 0.5 mg every month had lost fewer
than 15 letters ETDRS from baseline visual acuity. In the
sham injection group the percentage dropped significantly to
the level of 62.2%. At 24 months, this end point was met by
92.0% of the patients receiving 0.3 mg of ranibizumab and
90.0% of those receiving 0.5 mg, as compared with 52.9% in
the sham injection group. The visual acuity benefit associated
with ranibizumab was independent of the size of the baseline
lesion, the lesion type, or baseline acuity.

At 12 and 24 months, approximately 25% of patients
treated with 0.3 mg of ranibizumab and 33% of patients
treated with 0.5 mg of ranibizumab had gained 15 or more
letters in visual acuity, as compared to 5% or less in the sham
injection group.

At both doses of ranibizumab, the mean improvement
from baseline in visual acuity scores was evident 7 days after
the first injection, whereas mean visual acuity in the sham
injection group declined steadily over time at each monthly
assessment. At 12 months, mean increases in visual acuity
were 6.5 letters in the 0.3 mg group and 7.2 letters in the
0.5 mg group, as compared with a decrease of 10.4 letters
in the sham injection group the benefit in visual acuity was
maintained at 24 months.

At baseline, the percentages of patients with 20/40 vision
or better were similar among the three groups. At 12 months,
approximately 40% of patients receiving ranibizumab had
20/40 vision or better, as compared with 11.3% in the sham
injection group. At 24 months, of the patients receiving
ranibizumab, 34.5% of those in the 0.3 mg group and 42.1%
in the 0.5 mg group had at least 20/40 vision, whereas the
proportion in the sham injection group had dropped to
5.9%.

Respectively, big differences were observed to the patients
with baseline visual acuity 20/20 or better. After 12 months,
the percentages were 3.8% for the 0.3 mg group, 7.9% for the
0.5 mg group, and 0.4% for the sham injection group.
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Table 1: Ranibizumab-related adverse events followed 24-month study period.

Adverse Events at 24 months Sham injection Group 0.3 mg Group 0.5 mg

Endopnthalmitis 0% 0.8% 1.3%

Uveitis 0% 1.3% 1.3%

Rhegmatogenous retinal detachment 0.4% 0% 0%

Retinal tear 0% 0.4% 0.4%

Vitreous hemorrhage 0.8% 0.4% 0.4%

Lens damage 0% 0% 0.4%

Most severe ocular inflammation

none 87.3 83.2% 79.1%

trace 10.2 8.0% 14.6%

1+ 2.5% 5.9% 3.3%

2+ 0 0.8% 0.8%

3+ 0 0.8% 0.8%

4+ 0 1.3% 1.3%

Nonocular adverse events

Arterial hypertension 16.1 17.2% 16.3%

Myocardial infarction 1.7% 2.5% 1.3%

Stroke 0.8% 1.3% 2.5%

Non ocular hemorrhage 5.5% 9.2% 8.8%

The percentages of patients with visual acuity of 20/200
or worse were similar among the 3 groups at baseline. At 12
and 24 months, the percentages in the ranibizumab-treated
groups remained the same, whereas the percentages in the
sham injection group had increased by 3 to 3.5 times.

Very few patients receiving ranibizumab had severe loss
of vision (30 letters or more) from baseline whereas in the
sham injection group the percentages were 14.3% at 12
months and 22.7% at 24 months.

Cumulated adverse events for the 24-month study period
are summarized in Table 1 as well as the percentages of each
adverse event [44].

In conclusion, according to this phase III study, patients
treated with ranibizumab had benefits. This study demon-
strated not only prevention of vision loss but also a mean
improvement, whereas patients in sham injection group
continued to decline. These benefits are being achieved with
low-rate appearance of severe ocular adverse events. The rate
of the adverse events did not differ much from the rates in
the sham injection group. The three treatment groups did
not clearly differ in their rates of nonocular adverse events
too.

Similar results and benefits for the patients suffering
neovascular type of AMD presented the PIER study [49].
In this study, ranibizumab was administered at doses of
0.3 mg and 0.5 mg for three months followed by a fourth
dose after a period of 3–12 months. On the same time, the
rate of adverse events or side effects was low (both ocular
and nonocular). Approximately, the 90% of the treated
patients had lost fewer than 15 ETDRS letters compared
with 50% of the sham group. In addition, at 12 months
maintenance of visual acuity was accompanied on average
by a significant reduction in vascular leakage, reduced foveal
retinal thickness, and inhibition of CNV lesion growth. This

initial impression is supported by individual OCT responses.
Although this study provided clinically meaningful and
statistically significant benefit to patients, the outcomes were
not as strong as those observed with monthly dosing of
ranibizumab, suggesting that some patients may require
dosing on a more frequent schedule such as that used
in the MARINA or ANCHOR studies. It is possible that
OCT-guided administration of ranibizumab retreatment, as
was used in a small, uncontrolled study, may allow greater
individualization of ranibizumab dose intervals [50].

Also it would be interesting to compare ranibizumab
with PDT treatment, a treatment modality frequently used
so far ANCHOR a multicenter, double-masked, phase III
trial compared patient-reported visual function in those with
neovascular age-related macular degeneration treated with
ranibizumab or verteporfin photodynamic therapy (PDT).
Patients were randomized 1 : 1 : 1 to verteporfin PDT plus
monthly sham intraocular injection or to sham verteporfin
PDT plus monthly intravitreal ranibizumab (0.3 mg or
0.5 mg) injection. The need for PDT (active or sham)
retreatment was evaluated every 3 months using fluorescein
angiography (FA).

The conclusion of this study was that ranibizumab
provided greater clinical benefit than verteporfin PDT in
patients with age-related macular degeneration with new-
onset, predominantly classic CNV. Rates of serious adverse
events were low [51, 52].

The SUMMIT study goes one step beyond and tries
to compare the combined therapy of PDT ranibizumab
together versus ranibizumab alone. More specifically, SUM-
MIT is a clinical trial program that includes two similarly
designed, controlled studies to further examine the safety,
efficacy, and treatment burden of combination therapy with
verteporfin photodynamic therapy (PDT) and ranibizumab
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compared with ranibizumab alone: DENALI in the USA, and
Canada, examining verteporfin PDT in combination at both
standard- and reduced-fluence light doses; MONT BLANC
in Europe, examining verteporfin PDT in combination at
standard-fluence light dose only. Twelve-month results of the
MONT BLANC study show that combining standard-fluence
PDT with ranibizumab 0.5 mg can deliver VA improvements
that are noninferior to a ranibizumab monotherapy regimen
with three ranibizumab-loading doses followed by injections
on a monthly as-needed basis (noninferiority margin of
7 letters). There was no significant difference between
the combination and monotherapy groups with regard to
proportion of patients with a treatment-free interval of at
least three months duration after Month 2. There were no
unexpected safety findings, and adverse event incidence was
similar between treatment groups.

Twelve-month results of the DENALI study showed that
combining PDT with ranibizumab with three ranibizumab
loading doses followed by additional injections on a monthly
as-needed basis can improve visual acuity at month 12 in
patients with subfoveal choroidal neovascularization (CNV)
secondary to wet age-related macular degeneration (wet
AMD). At month 12, patients in the standard fluence com-
bination group gained on average 5.3 letters from baseline
and patients in the reduced fluence combination group
gained on average 4.4 letters. Patients in the ranibizumab
monthly monotherapy group gained on average 8.1 letters at
month 12. DENALI did not demonstrate non-inferior visual
acuity gain for PDT combination therapy compared with
ranibizumab monthly monotherapy.

Also some studies were conducted in order to check if the
individualization of the treatment and the Pre Re Nata (PRN)
(as needed) treatment especially under OCT guidance in
patients with AMD can have the same efficacy and safety with
the standard monthly injections. The SUSTAIN study [53],
a twelve-month, phase III, multicenter, open-label, single-
arm study concluded that the safety results are comparable
to the favorable tolerability profile of ranibizumab observed
in previous pivotal clinical studies; individualized treatment
with less than monthly retreatments shows a similar safety
profile as observed in previous randomized clinical trials
with monthly ranibizumab treatment. Efficacy outcomes
were achieved with a low average number of re-treatments.
Visual acuity in SUSTAIN patients with individualized
re-treatment based on VA/optical coherence tomography
assessment reached on average a maximum after the first
3 monthly injections, decreased slightly under PRN during
the next 2 to 3 months and was then sustained through-
out the treatment period. Also PRONTO study [50], an
open-label, single-center prospective study using a variable
dosing regimen guided by optical coherence tomography
(OCT) concluded that intravitreal injection of ranibizumab
resulted in rapid improvements in visual acuity and OCT
measurements. After 12 and 24 months, outcomes in the
study were similar to the MARINA and ANCHOR phase
III study results but with the mean frequency of dosing
reduced by more than half, to about five injections per year.
Based on these results, OCT appears to be a useful tool for
guiding retreatment decisions for patients with neovascular

AMD. Furthermore, the CATT study [54], a multicenter,
single-blind, noninferiority trial, at year 1 showed that rani-
bizumab given as needed with monthly evaluation had effects
on vision that were equivalent to those of ranibizumab
administered monthly. Differences in rates of serious adverse
events require further study.

5. Pegaptanib Sodium (Macugen)

Similarly, studies were conducted for pegaptanib sodium
(Macugen) also. Different trials under the supervision of
inhibition study in ocular neovascularization clinical trial
group (VISION) were conducted [47].

Patients with different types of CNV were separated into
two groups. The first group was receiving a sham injection
and the second one was receiving intravitreously an injection
of pegaptanib sodium into one eye per patient every six
weeks for a period of 48 weeks in total.

In these trials, patients were receiving pegaptanib at a
dose of 0.3 mg, 1.0 mg, 3.0 mg, or sham injection.

In the combined analysis of the results of these trials
and the three different doses of pegaptanib sodium, we
can observe a significant difference between the patients
receiving treatment and those receiving a sham injection.

Pegaptanib sodium (Macugen) offered a statistically
important and clinically essential benefit in the treatment
of AMD. Declined risk for visual acuity loss observed to all
doses only six weeks after the initiation of the treatment,
the effectiveness of pegaptanib increased over time up to
week 54, as measured by the mean loss of visual acuity
from baseline to each study visit compared with that in the
sham injection group. That is supported by many findings.
Pegaptanib sodium reduced the risk not only of the visually
acuity loss≥15 ETDRS letters (considered as an average loss),
but also of a loss ≥30 letters (considered as a severe loss).
In addition, treatment with pegaptanib reduced the risk of
progression to legal blindness, promoted stability of vision
and in a small percentage of patients, resulted in more visual
improvement at week 54 than among those receiving sham
injections.

The visual results are further supported by angiographic
measurements which suggested a reduction in the growth
of the total size of the lesion or of CNV and in the
severity of leakage. Also it causes reduction of the vascular
permeability, factor that seems to have an important role in
the improved visual outcomes observed. Because all forms of
CNV have been associated with elevated levels of VEGF, it is
hypothesized that a broad spectrum of patients might benefit
with anti-VEGF therapy with pegaptanib sodium.

Most adverse events reported in the study eyes were tran-
sient, with a severity that was mild to moderate. Common
ocular adverse events that occurred more frequently in the
study eyes of patients treated with pegaptanib than in those
receiving sham injection were eye pain (34% versus 28%),
vitreous floaters (33% versus 8%), punctuate keratitis (32%
versus 27%), cataracts (20% versus 18%), vitreous opacities
(18% versus 10%), anterior chamber inflammation (14%
versus 6%), visual disturbance (13% versus 11%), eye dis-
charge (9% versus 8%), and corneal edema (10% versus 7%).
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The perinjection rates of adverse events were endoph-
thalmitis (0.16%), retinal detachment (0.08%), and trau-
matic lens injury (0.07%), rates that were similar to the ones
in the sham injection group. The risk of endophthalmitis was
1.3% per patient after one year of treatment.

Furthermore, there were no findings in relation to vital
signs performed at each clinical assessment or ECG test
results that were suggestive of a relationship to treatment
with pegaptanib sodium; in particular, there was no evidence
of an increase in mean blood pressure over the 3 years
of treatment. The types and incidence of systemic serious
adverse events observed are not unexpected in this elderly
patient population, and none of these events was judged to be
related to study drug. This favourable systemic safety profile
is of particular importance for this population, that is, at
higher risk for cardiovascular and thromboembolic diseases
[55].

In order to maximize the benefit of the treatment, it is
critical that all treating ophthalmologists carefully adhere to
an appropriate aseptic technique for each injection, educate
patients regarding worrying symptoms, and closely monitor
patients—after each injection.

Similar results were achieved in vitro and in studies to
animals.

Pegaptanib sodium was the first anti-VEGF agent ap-
proved for intravitreal administration for neovascular AMD.
The VA results of the VISION study are clearly inferior
to those of the MARINA and ANCHOR studies with
ranibizumab. At the time of writing, therefore, pegaptanib
sodium is considered second-line therapy. However, VA
efficacy is only one of the clinical considerations that must
be taken into account. Also the safety profile of the agent
both in VISION study and in a german study [56] was good;
VISION’s safety profile was described earlier, and in the
german study no relevant systemic or ocular side effects were
noted. Cardiovascular incidents and overall mortality in the
pegaptanib sodium group were comparable to those of the
sham injection group. In addition, a separate trial looking
at intravitreal pegaptanib sodium injections over a 2-year
period concluded that there was no clinical- or angiographic-
proven retinal or choroidal damage detectable. Thus, we
understand that pegaptanib is a relatively safe choice that
improves vision and must under consideration especially
when the candidate of anti-VEGF treatment suffers from
cardiovascular diseases.

In conclusion, pegaptanib sodium offers, statically and
clinically, a meaningful benefit to the patients suffering from
AMD, regardless of the size or angiographic subtype of the
lesion or the baseline visual acuity [1, 2, 40–50].

6. Bevacizumab (Avastin)

Bevacizumab is the father molecule of ranibizumab, and it
is administered intravitreously as an off-label choice, since
its original use is intravenous to colon and rectum cancers.
Small study [39] by Ciulla and Rosenfeld has demonstrated
benefits and results, for the patients suffering from AMD,
similar to those of ranibizumab. Its rather smaller cost,

consists a plus for using bevacizumab as treating agent [1,
2, 40–50].

7. Bevacizumab-Ranibizumab Relation

Due to the close molecular relation between bevacizumab
(Avastin) and ranibizumab, a comparison between these two
anti-VEGF agents would have been very interesting [54].
Also the lack of a large-scale clinical trial data (the small study
by Ciulla and Rosenfeld) and the fact that in the United States
bevacizumab is the most commonly used anti-VEGF agent
by the ophthalmologists as an off-label, low cost alternative
treatment, suggests the comparison between them even more
necessary. This gap was recently filled by ranibizumab and
bevacizumab for age-related macular degeneration study of
the CATT research group.

The purpose of this study was to assess the relative
efficacy and safety of ranibizumab and bevacizumab and to
determine whether an as-needed regimen would compro-
mise long-term visual acuity, as compared with a monthly
regimen.

Patients were randomly assigned to four groups after
the first mandatory intravitreal injection: ranibizumab every
28 days (ranibizumab monthly), bevacizumab every 28
days (bevacizumab monthly), ranibizumab only when signs
of active neovascularization were present (ranibizumab
as needed), and bevacizumab only when signs of active
neovascularization were present (bevacizumab as needed).

The dose was 0.5 mg (in 0.05 mi of solution) for ranibi-
zumab and 1.25 mg (in 0.05 mL of solution) for bevaci-
zumab. The commercially acquired bevacizumab had to be
repackaged in glass vials in an aseptic filling facility.

Every 28 days, patients in the groups that received study
drugs as needed underwent time-domain OCT and were
evaluated for treatment. Also fluorescein angiography was
performed at the discretion of the ophthalmologists in order
to aid in retreatment decisions.

According to this study, visual acuity improved from
baseline to 1 year in all four study groups. Most of the im-
provement occurred during the first six months. At 1 year,
bevacizumab was equivalent to ranibizumab, both when
the drugs were administered monthly and when the drugs
were given as needed. Ranibizumab given as needed was
equivalent to bevacizumab given monthly. The comparison
between bevacizumab given as needed and ranibizumab
given monthly was inconclusive, and so was the comparison
between bevacizumab given as needed and bevacizumab
given monthly.

The outcomes for the pairwise comparisons between
study groups did not change after the clinical adjustment for
clinical center, age, baseline lesion size.

At 1 year, the proportion of patients who did not have a
decrease in visual acuity of 15 letters or more from baseline
was 94.4% in the ranibizumab-monthly group, 94.0% in
the bevacizumab-monthly group, 95.4% in the ranibizumab-
as-needed group, and 91.5% in the bevacizumab-as-needed
group. The proportion of patients who gained at least 15
letters increased during the first 36 weeks in all four study
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groups at 1 year did not differ significantly, ranging from 24.9
to 34.2%.

The two drugs resulted in a substantial reduction in
total retinal thickness at the fovea after the first injection.
At four weeks, no fluid was detected on OCT for 27.5%
of the patients treated with ranibizumab and 17.3% for
patients treated with bevacizumab. At 1 year the proportion
of patients with no fluid on OCT ranged from 19.2% among
patients who received bevacizumab as needed to 43.7%
among those who received ranibizumab monthly.

Dye leakage was absent on angiography in 58.8% of
patients in the ranibizumab-monthly group, 57.7% in the
bevacizumab-monthly group, 46.7% in the ranibizumab-
as-needed group, and 41% in the bevacizumab-as-needed
group.

However, the lesions size on angiography were slightly
larger in the two groups treated as needed.

The ocular adverse events were endophthalmitis (0.7%
for ranibizumab monthly group and 1.4 for bevacizumab
monthly group) and uveitis, retinal detachment, ocular-
vessel occlusion or embolism, retinal tear, vitreous hemor-
rhage that each of them occurred in less than 1% of the
patients.

The serious systemic adverse events included arterio-
thrombotic events with a similar percentage of 2-3% for each
group, venous thrombotic events in approximately 1.0% of
the patients. One or more serious systemic adverse events
occurred in 21.5% of patients in total, the percentages,
respectively, for each group were 17.6% in the ranibizumab-
monthly group, 22.4% in the bevacizumab-monthly group,
20.5% in the ranibizumab-as-needed group, and 25.7% in
the bevacizumab-as-needed group.

Other serious systemic adverse events with similar rates
for group were cardiac disorder (3.3% to 5.6%), infection
(2.0% to 6.0%), nervous system disorder (2.0% to 4.0%),
injury or procedural complication (2.3% to 3.8%), benign
or malignant neoplasm (1.7% to 3.4%), surgical or medical
procedure (1.3% to 2.7%), and gastrointestinal disorder
(0.7% to 3.0%).

The comparison between the two drugs shown that these
two anti-VEGF agents had equivalent effects on visual acuity
at time points throughout the first year of followup. The
mean number of letters gained the proportion of patients in
whom visual acuity was maintained (<15 letters lost), and the
proportion of patients who had a gain of at least 15 letters
were nearly the same for each drug, when regimen was the
same.

Also excellent results for visual acuity could be achieved
with less than monthly regimens for both drugs. The mean
number of letters gained were 5.9 letters with bevacizumab
given as needed, 6.8 letters with ranibizumab given as
needed, 8.5 letters with ranibizumab-monthly, and 8.0 letters
with bevacizumab-monthly.

Both bevacizumab and ranibizumab substantially and
immediately reduced the amount of fluid in or under
the retina. The proportion of patients who had complete
resolution of fluid was greater with ranibizumab than with
bevacizumab. This difference was evident after first injection,
with no fluid seen at 4 weeks in 27.5% of patients receiving

ranibizumab and 17.3% of those receiving bevacizumab, and
the difference persisted throughout the year. Furthermore,
the absolute between drug differences in the amount of
residual fluid was small, and in the majority of patients
neither drug eliminated all fluid.

The mean decrease in central retinal thickness was greater
in the ranibizumab-monthly group (196 μm) than in the
other groups (152 to 168 μm).

Monthly injections of either drug resulted in no increase
in the mean lesion area, whereas there was a small increase
when injections were given as needed.

The rates of both ocular and nonocular adverse events
were similar. However, the rate of serious systemic adverse
events and primarily hospitalizations was higher among
bevacizumab-treated patients than among ranibizumab-
treated patients (24.1% versus 19.1%). But at this point it
should be noted that the median age of patients in the CATT
Study was over 80 years, and a high rate of hospitalizations
might be anticipated as a result of chronic or acute medical
conditions more common to older populations.

After the head to head comparison between the two
agents according to this study, we observe similar therapeutic
results and adverse events. The factor that was significantly
different was the average cost of drug per patient. It was
23,400 USD in ranibizumab-monthly group and 13,800 USD
in ranibizumab as-needed group while in the bevacizumab
groups it was 595 USD and 385 USD in bevacizumab-
monthly and bevacizumab as needed, respectively. Previ-
ously it was mentioned that AMD is the leading cause of
irreversible, severe loss of vision of people about 55 years of
age or older thus resulting in a big number of patients. So this
significant difference of treatment cost must go under serious
consideration [57].

8. VEGF-TRAP

VEGF-Trap is a novel anti-VEGF drug. It is a receptor decoy
that functions by literally trapping VEGF. It is a recombinant
chimeric molecule that contains the VEGF-binding elements
from the extracellular domains of VEGF receptors 1 and 2
fused to the Fc portion of human IgG. It binds all VEGFA
isoforms and placental growth factor with high affinity [58].

In several mouse models, VEGF-Trap was shown to
partially suppress CNV when injected either subcutaneously
(systemically) or intravitreally. It decreased the area of CNV
in a mouse model of laser-induced CNV. It also decreased
the area of CNV in transgenic mice that express VEGF in the
photoreceptors. Subcutaneous injection of VEGF-TRAP led
to a reduction in retinal vascular permeability in mice whose
retinas were exposed to VEGF.

Both aflibercept (the oncology product) and VEGF
Trap-Eye are manufactured in bioreactors from industry
standard Chinese hamster ovary cells that overexpress the
fusion protein. However, VEGF Trap-Eye undergoes further
purification steps during manufacturing to minimize risk of
irritation to the eye. The highest intravitreal dose being used
in pivotal trials for VEGF Trap-Eye is 2 mg/month [58].

The safety, tolerability, and biological activity of intravit-
real VEGF Trap-Eye in treatment of neovascular AMD was
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evaluated in the two-part Clinical Evaluation of Antian-
giogenesis in the Retina-1 (CLEAR-IT-1) [59] study. The
first part was a sequential cohort dose-escalation study in
which 21 patients were monitored for safety, changes in
foveal thickness on OCT, best corrected visual acuity (BCVA)
and lesion size on FA for 6 weeks. No adverse systemic or
ocular events were noted and visual acuity remained stable or
improved≥3 lines in 95% of patients with a mean increase in
BCVA of 4.6 letters at 6 weeks. Patients showed substantially
decreased foveal thickness.

In the second part, patients received a single intravitreal
injection of either 0.5 or 4 mg of VEGF Trap-Eye and were
followed for 8 weeks. At 8 weeks, the mean decrease in retinal
thickness in the low-dose group was 63.7 μm compared to
175 μm for the high-dose group.

CLEAR-IT-2 trial was a prospective, randomized, multi-
center, and controlled dose- and interval-ranging Phase II
trial in which 157 patients were randomized to five-dose
groups and treated with VEGF Trap-Eye in one eye. Two
groups received monthly doses of either 0.5 or 2.0 mg for 12
weeks (at weeks 0, 4, 8, and 12) and three groups received
quarterly doses of either 0.5, 2.0, or 4.0 mg for 12 weeks
(at weeks 0 and 12). Following this fixed dosing period,
patients were treated with the same dose of VEGF Trap-Eye.
Patients initially treated with 2.0 or 0.5 mg of VEGF Trap-Eye
monthly achieved mean improvements of 9.0 and 5.4 ETDRS
letters with 29 and 19% gaining, respectively, ≥15 ETDRS
letters at 52 weeks. Patients in these two monthly-dosing
groups also displayed mean decreases in retinal thickness
versus baseline of 143 μm in the 2.0 mg group and 125 μm
in the 0.5 mg group at 52 weeks as measured by OCT.
Patients in the three quarterly dosing groups also showed
mean improvements in BCVA and retinal thickness; however,
they were generally not as profound as the monthly injection
group.

In phase III studies’ VIEW 1 (conducted in USA and
Canada) and VIEW 2 (Europe, Asia pacific, Latin America,
and Japan) VEGF Trap-Eye was evaluated for its effect
on maintaining and improving vision when dosed as an
intravitreal injection on a schedule of 0.5 mg monthly,
2 mg monthly, or 2 mg every two months (following three
monthly loading doses), as compared with intravitreal
ranibizumab administered 0.5 mg every month during the
first year of the studies. As-needed dosing with both agents,
with a dose administered at least every three months (but
not more often than monthly), is being evaluated during the
second year of each study.

The results for the primary and the first secondary
endpoint prespecified for testing concerning both the main-
tenance (loss of 15 letters or less) and the mean improvement
in vision at week 52 versus baseline are promising and similar
at all groups. The percentages for maintenance are ranging
from 94.4% to 96.3%, and the mean improvement is ranging
from 6.9 to 10.9 letters.

Based on Phase II study data, VEGF Trap-Eye seems
to be generally well tolerated with no serious drug-related
adverse events. The most common adverse events reported
in the study included conjunctival hemorrhage (38.2%),
transient increased intraocular pressure (18.5%), refraction

disorder (15.9%), retinal hemorrhage (14.6%), subjective
visual acuity loss (13.4%), vitreous detachment (11.5%), and
eye pain (9.6%) [60].

9. RNA Interference

SIRNA stands for short interfering RNA. SIRNAs are 21 to 25
nucleotide-long double-stranded RNA molecules capable of
destroying a corresponding target messenger RNA with high
selectivity and efficacy [61]. This leads to posttranscriptional
gene silencing (PTGS).

SIRNAs work intracellular where they are incorporated
into a protein complex called RNA-induced silencing com-
plex (RISC) [61]. The RISC has RNA helicase activity, which
unwinds the two strands of RNA starting by the terminus
with the lowest melting temperature (highest A-U base
pairs).

The strand of the siRNA that becomes associated to the
RISC leads the complex to selectively cleave and degrade
messenger RNA molecules containing a complementary
sequence. The siRNA is engineered to match the protein
encoding nucleotide sequence of the target messenger RNA.
Since the translation of messenger RNA into proteins is an
amplification step whereby a single messenger RNA molecule
can lead to the production of around 5.000 copies of a protein
molecule, destroying the messenger RNA is a very potent
method of inhibiting protein function.

SIRNA-027 (SIRNA Therapeutics, Inc.) is a short inter-
fering RNA that targets the VEGF receptor 1 (VEGFR-1).
VEGFR-1 is found primarily on vascular endothelial cells
and is stimulated by both VEGF and placental growth
factor (PlGF), resulting in the growth of new blood vessels.
Animal experiments have shown that both intravitreous and
periocular injections of siRNA directed against VEGFR1 lead
to a substantial reduction of VEGFR1 messenger RNA levels.
The siRNA suppressed the development of CNV at rupture
sites in Bruch’s membrane and decreased retinal neovascular-
ization in mice with oxygen-induced ischemic retinopathy.
These data suggest that VEGFR1 plays an important role in
the development of ocular neovascularization [62, 63].

Acuity Pharmaceuticals has also produced a siRNA called
Cand5 or Bevasiranib that targets the messenger RNA of the
VEGF protein itself. Animal models have shown prevention
of CNV after laser-induced injury.

Bevasiranib sodium was developed for intravitreal
administration and, like other intravitreal antiangiogenic
agents, requires knowledge of specialized injection tech-
niques. Following intravitreal injection, bevasiranib is well
distributed within the eye and localizes to the retina [64, 65].

Preliminary results of Phases I and II clinical trials of
bevasiranib have shown promising results for the treatment
of wet AMD and diabetic macular edema.

There are various studies of different phases underway
(but COBALT study is terminated). A phase III study
evaluating the combination of bevasiranib and ranibizumab
in wet AMD (the CARBON study) is currently under-
way. The purpose of this study is to compare intravitreal
bevasiranib sodium as maintenance therapy for AMD fol-
lowing initiation of anti-VEGF therapy with three doses
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of ranibizumab. Preliminary clinical results indicate that
the effects of bevasiranib do not appear until six weeks
after the commencement of treatment, which suggests that
combination therapy when using bevasiranib as an adjunct
might be justified. The notion that the effect of bevasiranib is
appearing late might be linked to its mechanism of action,
since bevasiranib inhibits the synthesis of new VEGF, and
does not eliminate existing VEGF, a direct anti-VEGF agent
may be required to neutralize VEGF already present in the
eye before the effects of inhibiting new VEGF synthesis
are realized. Preliminary results of the carbon and cobalt
studies suggested that over 30% of patients on combination
ranibizumab-bevasiranib achieve at least three more lines of
visual acuity than those on ranibizumab alone. The safety
and efficacy of this combination awaits the full results of the
ongoing clinical trials.

Although the safety profiles and efficacy results of clinical
trials are promising, the lack of available data from ran-
domized placebo-controlled or comparative studies makes it
difficult to objectively evaluate the role of bevasiranib in wet
AMD therapy. It is clear from experimental and preclinical
studies that anti-VEGF siRNA (either bevasiranib or simi-
lar formulations) technology is capable of downregulating
VEGF production, a key goal of anti-VEGF therapy [66].

In summary, bevasiranib exploits an interesting technol-
ogy [66, 67] and may be a useful addition to the currently
available drugs used to treat wet AMD.

10. Anti-VEGF and Macular Edema

The DA VINCI study, a phase II study, tries to determine
whether different doses and dosing regimens of intravitreal
vascular endothelial growth factor (VEGF) Trap-Eye are
superior to focal/grid photocoagulation in eyes with diabetic
macular edema (DME). Patients were assigned to 1 of 5
treatment regimens: 0.5 mg VEGF Trap-Eye every 4 weeks;
2 mg VEGF Trap-Eye every 4 weeks, 2 mg VEGF Trap-Eye
for 3 initial monthly doses and then every 8 weeks, 2 mg
VEGF Trap-Eye for 3 initial monthly doses and then on an
as-needed (PRN) basis, or macular laser photocoagulation.
Assessments were completed at baseline and every 4 weeks
thereafter. The main outcome measures were the mean
change in visual acuity and central retinal thickness (CRT)
at 24 weeks.

The primary results showed that intravitreal VEGF Trap-
Eye produced a statistically significant and clinically relevant
improvement in visual acuity when compared with macular
laser photocoagulation in patients with DME.

In detail, patients in the 4 VEGF Trap-Eye groups
experienced mean visual acuity benefits ranging from +8.5
to +11.4 Early Treatment of Diabetic Retinopathy study
(ETDRS) letters versus only +2.5 letters in the laser group
(P ≤ 0.0085 for each VEGF Trap-Eye group versus laser).
Gains from baseline of 0+, 10+, and 15+ letters were seen in
up to 93%, 64%, and 34% of VEGF Trap-Eye groups versus
up to 68%, 32%, and 21% in the laser group, respectively.
Mean reductions in CRT in the 4 VEGF Trap-Eye groups
ranged from −127.3 to −194.5 μm compared with only
−67.9 μm in the laser group (P = 0.0066 for each VEGF

Trap-Eye group versus laser). VEGF Trap-Eye was generally
well tolerated. Ocular adverse events in patients treated with
VEGF Trap-Eye were generally consistent with those seen
with other intravitreal anti-VEGF agents [68].

Also another phase II controlled clinical trial by Senger
et al. [3] and Cunningham et al. [69] showed a considerably
higher rate of visual gain of ≥10 letters of visual acuity for
pegaptanib-treated patients compared with sham-injected
patients (34% versus 10%) for patients with diabetic macular
edema. The conclusion of this trial was that subjects assigned
to pegaptanib had better VA outcomes, were more likely to
show reduction in central retinal thickness, and were deemed
less likely to need additional therapy with photocoagulation
at followup.

Also smaller studies show that the intravitreal use of
bevacizumab can be a safe alternative treatment and a
promising option for patients suffering from DME [70, 71].

11. Conclusions

Numerous clinical trials are undergone to examine the
comparative efficacy and safety of these anti-VEGF agents.
While these studies may not detect clinical superiority of
one agent over the over, larger prospective randomized trials
will reassure their safety and confirm their efficacy in the
future. Anti-VEGF agents are now under evaluation for
other diseases such as pathologic myopia, angioid streaks,
idiopathic polypoidal choroidal vasculopathy, and ocular
histoplasmosis.
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We review articles describing intravitreal injection of anti-VEGF drug trials, while discussing the mechanisms of the action of anti-
VEGF antibodies, and also evaluating their outcomes. Intraocular injections of anti-VEGF drug are considered to be an effective
treatment for macular edema after retinal vein occlusion, however, recurrent/persistent edema is common. The recent reports
may lead to a shift in treatment paradigm for DME, from laser photocoagulation, to newer approaches using anti-VEGF drugs.
There have been several well-publicized prospective, randomized studies that demonstrated the efficacy of intravitreal injection of
anti-VEGF drugs for patients with AMD. Adjuvant bevacizumab for neovascular glaucoma may prevent further PAS formation,
and it is likely to open up a therapeutic window for a panretinal photocoagulation and trabeculectomy. Intravitreal injection of
bevacizumab (IVB) results in a substantial decrease in bleeding from the retinal vessels or new vessels during a standard vitrectomy.
IVB has also been reported to be effective for inducing the regression of new vessels in proliferative diabetic retinopathy. The use
of bevacizumab in stage 4 or 5 retinopahty of permaturity (ROP) is to reduce the plus sign to help reduce hemorrhage during the
subsequent vitrectomy. Some authors reported cases of resolution of stage 4 A ROP after bevacizumab injection.

1. Introduction

Recent clinical trials regarding the intravitreal injection of
anti-VEGF agents (ranibizumab, bevacizumab, pegaptanib,
and aflibercept) have shown excellent results in the treatment
of angiogenic pathologies including choroidal neovascular-
ization [1–10], macular edema [11–18], proliferative dia-
betic retinopathy [19–23], and neovascular glaucoma (NVG)
[24–32]. Ranibizumab (Lucentis, Genentech, San Francis-
co), a fragment of a humanized monoclonal antibody
against all VEGF isoforms, is beneficial in the treatment of
choroidal neovascularization secondary to age-related mac-
ular degeneration [1–7]. Bevacizumab (Avastin, Genentech,
San Francisco), a humanized recombinant monoclonal IgG
antibody that binds and inhibits all VEGF isoforms, has been
approved as an adjuvant agent for the treatment of colorectal
carcinoma and has also been increasingly used as an off-label
therapy in the field of ophthalmology. Pegaptanib (Macugen,
Pfizer, New York), a 28-base ribonucleic acid aptamer,
covalently linked to two branched 20-kD polyethylene glycol

moieties, was developed to bind and block the activity of
extracellular VEGF, specifically the 165 amino acid isoform
(VEGF165) [7]. Aflibercept (VEGF Trap-Eye, Regeneron,
New York; Bayer, Berlin, Germany) is a 115-kDa recombi-
nant fusion protein consisting of the VEGF-binding domains
of human VEGF receptors 1 and 2 fused to the Fc domain of
human immunoglobulin-G1 [18].

Intravitreal injection of anti-VEGF agents has also been
reported to be effective for inducing the regression of new
vessels in proliferative diabetic retinopathy (PDR) [19, 20,
33, 34] and neovascular glaucoma (NVG) [24–32, 35] and
for improving the vascular permeability in macular edema
[11–18]. This injection may provide sufficient time to treat
the PDR and NVG patients with retinal photocoagulation.
In addition, it may also be used as an adjunctive therapy
for mitomycin C (MMC) trabeculectomy to treat NVG [34–
38]. Bleeding from the retinal vessels or new vessels during
a standard vitrectomy after IVB has been reported to occur
significantly less frequently than that observed during a
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standard vitrectomy without bevacizumab therapy [19, 33,
39–41]. Peters et al. [42] reported on the ultrastructural find-
ings in the primate eye after an IVB. They showed chorio-
capillaris endothelial fenestrations to dramatically decrease
after the injection. In a normal eye, the retinal pigment
epithelium (RPE) secretes VEGF at its basal side, which is
required for the maintenance of the choriocapillaris [43].
The absence of VEGF may cause a loss of endothelial fenes-
trations [44]. Moreover, topical, subconjunctival, or stromal
injections of bevacizumab against corneal neovascularization
were also effective and well tolerated [45–47].

We herein review articles describing intravitreal injection
of anti-VEGF drug trials, while discussing the mechanisms of
the action of anti-VEGF antibodies,and also evaluating their
outcomes.

2. Evaluations of the Outcomes of Anti-VEGF
Therapy for Macular Edema following
Retinal Vein Occlusion (RVO)

The upregulation of VEGF expression was noted to be
elevated in the ocular fluids of central retinal vein occlusion
(CRVO) patients [48] and VEGF mRNA expression is also
upregulated in the inner nuclear layer in human CRVO path-
ological specimens [49]. Recent studies have demonstrated
that increased production of VEGF occurs early in the dis-
ease process and is a major contributor to macular edema
following CRVO or branch retinal vein occlusion (BRVO)
[11–13]. Thus, there is strong rationale for using VEGF
antagonists to treat macular edema following RVO.

There have been two large, well-designed (prospective,
randomized, sham injection-controlled, double-masked,
multicenter), phase III trials in patients with macular edema
following CRVO [14, 15] or BRVO [16, 17].

2.1. CRUISE Study [14, 15]. In the Ranibizumab for the
Treatment of Macular Edema after Central Retinal Vein Occl-
UsIon Study: Evaluation of Efficacy and Safety (CRUISE)
study, the 392 eligible patients were randomized 1 : 1 : 1
to receive 6 monthly intraocular injections of 0.3 mg or
0.5 mg of ranibizumab or sham injections during the 6-
month treatment period. After 6 months, all patients with
best-corrected visual acuity (BCVA) �20/40 or a central
foveal thickness (CFT) �250 µm were allowed to receive
ranibizumab treatment during the 6-month treatment
period. The mean change from baseline BCVA letter score
at month 6 was 12.7 and 14.9 in the 0.3 mg and 0.5 mg
ranibizumab groups, respectively, and 0.8 in the sham group
(P < 0.0001 for each ranibizumab group versus sham).
The percentage of patients who gained �15 letters in BCVA
at month 6 was 46.2% (0.3 mg) and 47.7% (0.5 mg) in
the ranibizumab groups and 16.9% in the sham group
(P < 0.0001 for each ranibizumab group versus sham). At
month 6, significantly more ranibizumab-treated patients
(0.3 mg = 43.9%; 0.5 mg = 46.9%) had a BCVA of �20/40
compared with sham patients (20.8%; P < 0.0001 for each
ranibizumab group versus sham), and the CFT had decreased
by a mean of 434 µm (0.3 mg) and 452 µm (0.5 mg) in

the ranibizumab groups and 168 µm in the sham group
(P < 0.0001 for each ranibizumab group versus sham). The
median percent reduction in the excess foveal thickness at
month 6 was 94.0% and 97.3% in the 0.3 mg and 0.5 mg
ranibizumab groups, respectively, and 23.9% in the sham
group.

At 12 months, the mean change from the baseline BCVA
letter score was 13.9 and 13.9 in the 0.3 mg and 0.5 mg
ranibizumab groups, respectively, and 7.3 in the sham/0.5 mg
group (P < 0.001 for each ranibizumab group versus
sham/0.5 mg). The percentage of patients who gained �15
letters from the baseline BCVA at month 12 was 47.0%
and 50.8% in the 0.3 mg and 0.5 mg ranibizumab groups,
respectively, and 33.1% in the sham/0.5 mg group. On
average, there was a marked reduction in the CFT after
the first as-needed injection of 0.5 mg ranibizumab in the
sham/0.5 mg group to the level of the ranibizumab groups,
which was sustained through month 12.

Intraocular injections of 0.3 mg or 0.5 mg of ranibizumab
provided rapid improvements in the 6-month visual acuity
and CFT following CRVO, and treatments with ranibizumab
as needed during months 6 through 11 maintained the visual
and anatomic benefits achieved by 6 monthly injections, with
low rates of ocular and nonocular safety events. After sham
injections for 6 months, ranibizumab injections as needed
for 6 months resulted in a rapid reduction in the CFT in the
sham group to a level similar to that in the two ranibizumab
treatment groups, and an improvement in the BCVA, but
not to the same level as that in the two ranibizumab groups.
This suggests that there may be a visual penalty incurred
by delaying ranibizumab injections in patients with macular
edema following CRVO.

Intraocular injections of ranibizumab are considered
to be an effective treatment for macular edema after
CRVO. However, during the observation period, recur-
rent/persistent edema or BCVA �20/40 was common,
necessitating an injection of ranibizumab approximately
two-thirds of the time in each group. Additional studies
are needed to provide longer follow-up of patients with
CRVO treated with ranibizumab to determine whether the
dependence on injections is reduced over time and whether
strategies such as scatter photocoagulation to areas of retinal
nonperfusion provide an added benefit.

2.2. BRAVO Study [16, 17]. In the RanibizumaB for the
Treatment of Macular Edema after BRAnch Retinal Vein
Occlusion: Evaluation of Efficacy and Safety (BRAVO) study,
397 eligible patients were randomized 1 : 1 : 1 to receive
6 monthly intraocular injections of 0.3 mg or 0.5 mg of
ranibizumab or sham injections during the 6-month treat-
ment period. After 6 months, all patients with best-corrected
visual acuity (BCVA) �20/40 or CFT �250 µm were allowed
to receive ranibizumab during the 6-month observation
period. Patients could also undergo rescue laser treatment
once during the treatment and observation period.

The mean change from the baseline BCVA letter score at
month 6 was 16.6 and 18.3 in the 0.3 mg and 0.5 mg rani-
bizumab groups and 7.3 in the sham group (P < 0.0001
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for each ranibizumab group versus sham). The percentage
of patients who gained �15 letters in BCVA at month 6
was 55.2% (0.3 mg) and 61.1% (0.5 mg) in the ranibizumab
groups and 28.8% in the sham group (P < 0.0001 for each
ranibizumab group versus sham). At month 6, significantly
more ranibizumab-treated patients (0.3 mg, 67.9%; 0.5 mg,
64.9%) had a BCVA of �20/40 compared with sham
patients (41.7%; P < 0.0001 for each ranibizumab group
versus sham); and the CFT had decreased by a mean of
337 µm (0.3 mg) and 345 µm (0.5 mg) in the ranibizumab
groups and 158 µm in the sham group (P < 0.0001 for
each ranibizumab group versus sham). The median percent
reduction in excess foveal thickness at month 6 was 97.0%
and 97.6% in the 0.3 mg and 0.5 mg ranibizumab groups
and 27.9% in the sham group. More patients in the sham
group (54.5%) received rescue grid laser treatment compared
with the 0.3 mg (18.7%) and 0.5 mg (19.8%) ranibizumab
groups.

At 12 months, the mean change from the baseline
BCVA letter score was 16.4 and 18.3 in the 0.3 mg and
0.5 mg ranibizumab groups, respectively, and 12.1 in the
sham/0.5 mg group (P < 0.01, each ranibizumab group
versus sham/0.5 mg). The percentage of patients who gained
�15 letters from the baseline BCVA at month 12 was 56.0%
and 60.3% in the 0.3 mg and 0.5 mg groups, respectively,
and 43.9% in the sham/0.5 mg group. On average, there was
a marked reduction in the CFT after the first as-needed
injection of 0.5 mg ranibizumab in the sham/0.5 mg group,
which was sustained through month 12. No new ocular or
nonocular safety events were identified.

Intraocular injections of 0.3 mg or 0.5 mg of ranibizumab
provided a rapid improvement in the 6-month visual
acuity and macular edema following BRVO, and treatments
with ranibizumab as needed during months 6 through
11 maintained the visual and anatomic benefits achieved
by 6 monthly injections, with low rates of ocular and
nonocular safety events. In the sham group, treatment
with ranibizumab as needed for 6 months resulted in a
rapid reduction of the CFT to a similar level as that
in the 0.3 mg ranibizumab group and an improvement
in the BCVA, but not to the extent of that in the two
ranibizumab treatment groups. This suggests that prolonged
edema resulting from undertreatment, due to either an as-
needed (PRN = pro re nata) dosing schedule or a delay
in the initiation of treatment, may result in irreversible
retinal damage. Intraocular injections of ranibizumab are
considered to be an effective treatment for macular edema
after BRVO. However, at 12 months, some patients in each of
the groups had a CFT > 250 µm (16.4% in the 0.3 mg group,
13.7% in the 0.5 mg group, and 21.2% in the sham/0.5 mg
group), indicating that the resolution of edema was not
universal. Future therapies that address the vein blockage
or reduce VEGF production in the affected retina may be
necessary to reduce the need for ongoing injection therapy in
many patients. Until that time, the mainstay of treatment for
macular edema following BRVO is likely to involve frequent
intraocular anti-VEGF injections with or without grid laser
photocoagulation.

3. Evaluations of the Outcomes of Anti-VEGF
Therapy for Diabetic Macular Edema

Diabetic macular edema (DME) is the most common cause
of moderate vision loss in patients with diabetic retinopa-
thy [50–52]. The pathogenesis of DME is not completely
understood, but hyperglycemia- and hypoxia-induced VEGF
release are contributing factors [53, 54]. The injection of
VEGF into mouse eyes causes the breakdown of the inner
blood-retinal barrier [55], and sustained release of VEGF
in the eyes of monkeys causes macular edema [56]. The
intravitreal VEGF levels have been shown to be elevated in
patients with DME [48]. There have been several prospective,
randomized studies that have demonstrated the efficacy of
intravitreal injection of anti-VEGF drugs (ranibizumab and
aflibercept; VEGF Trap-Eye) for patients with DME [18, 57–
60].

3.1. The RESOLVE Study [57]. This study was a 12-month,
multicenter, sham controlled, double-masked study (age >
18 years, type 1 or 2 diabetes, central foveal thickness
(CFT) > 300 µm, and BCVA of 73–39 ETDRS letters) with
eyes randomly assigned to intravitreal ranibizumab (0.3
or 0.5 mg; n = 51 each) or sham (n = 49) treatment.
The treatment schedule comprised three monthly injections,
after which treatment could be stopped/reinitiated with
an opportunity for rescue laser photocoagulation. After
month 1, dose doubling was permitted (protocol-defined
criteria, the injection volume increased from 0.05 to 0.1 mL
and remained at 0.1 mL thereafter). The efficacy (BCVA
and CFT) and safety were compared between the pooled
ranibizumab and sham arms using the full analysis set
(n = 151, patients receiving �1 injection). At month
12, the mean ± SD BCVA improved from baseline by
10.3± 9.1 letters with ranibizumab and declined by 1.4 ±
14.2 letters with sham treatment (P < 0.0001). The mean
CFT reduction was 194.2 ± 135.1µm with ranibizumab and
48.4 ± 153.4µm with sham treatment (P < 0.0001). A gain
of �10 letters BCVA from baseline occurred in 60.8% of
the ranibizumab and 18.4% of sham eyes (P < 0.0001).
This phase II randomized multicenter study demonstrated
that ranibizumab monotherapy was well tolerated and
significantly more effective than sham treatment (with rescue
laser) in providing rapid and continuous improvements in
the BCVA over 12 months (mean BCVA letter score change
from baseline to month 12, +10.3 for ranibizumab versus
−1.4 for sham; P < 0.0001).

3.2. The RESTORE Study [58]. The RESTORE study was
a 12-month, double-masked, multicenter, laser-controlled,
phase III study where 345 eligible patients from 73 cen-
ters were randomized 1 : 1 : 1 to 1 of the 3 treatment
arms: intravitreal ranibizumab (0.5 mg) injection + sham
laser, adjunctive administration of intravitreal ranibizumab
(0.5 mg) injection + active laser, or laser treatment + sham
injections for 12 months.

Ranibizumab alone and combined with laser treatment
was superior to laser monotherapy in improving the mean



4 Journal of Ophthalmology

average change in the BCVA letter score from baseline to
months 1 through 12 (+6.1 and +5.9 versus −0.8; both P <
0.0001). At month 12, a significantly greater proportion of
patients had a BCVA letter score of �15 and a BCVA letter
score level >73 (20/40 Snellen equivalent) with ranibizumab
(22.6% and 53%, resp.) and ranibizumab + laser treatment
(22.9% and 44.9%) versus laser treatment alone (8.2% and
23.6%). The mean CFT was significantly reduced from
baseline with ranibizumab (−118.7 µm) and ranibizumab
+ laser (−128.3 µm) versus the laser alone (−61.3 µm; both
P < 0.001). Patients received ∼7 (mean) ranibizumab/sham
injections over 12 months.

3.3. READ-2 Study [59, 60]. The Ranibizumab for Edema of
the MAcula in Diabetes-2 (READ-2) study was designed to
compare ranibizumab with focal/grid laser treatment or a
combination of both in DME patients. A total of 126 patients
with DME were randomized 1 : 1 : 1 to receive 0.5 mg of
ranibizumab at baseline and months 1, 3, and 5 (group 1, 42
patients), focal/grid laser photocoagulation at baseline and at
month 3 if needed (group 2, 42 patients), or a combination
of 0.5 mg of ranibizumab and focal/grid laser treatment at
baseline and month 3 (group 3, 42 patients). Month 6 was the
primary end point of this study. Starting at month 6, if the
retreatment criteria were met, all subjects could be treated
with ranibizumab. At month 6, the mean gain in the BCVA
was significantly greater in group 1 (+7.24 letters, P < 0.01,
analysis of variance) compared with group 2 (+0.43 letters),
and group 3 (+3.80 letters) was not statistically different from
group 1 or 2. For patients with data available at 6 months,
improvement of 3 lines or more occurred in 8 of 37 (22%)
patients in group 1 compared with 0 of 38 (0%) in group 2
(P < 0.002, Fisher exact test) and 3 of 40 (8%) in group 3.
The excess foveal thickness was reduced by 50%, 33%, and
45% in groups 1, 2, and 3, respectively. After the primary
end point at month 6, most patients in all three groups were
treated only with ranibizumab, and the mean number of
injections was 5.3, 4.4, and 2.9 during the 18-month follow-
up period in groups 1, 2, and 3, respectively. For the 33
patients in group 1, 34 patients in group 2, and 34 patients
in group 3 who remained in the study for 24 months, the
mean improvement in the BCVA was 7.4, 0.5, and 3.8 letters
at the 6-month primary end point, compared with 7.7, 5.1,
and 6.8 letters at month 24, and the percentage of patients
who gained 3 lines or more of the BCVA was 21%, 0%,
and 6% at month 6, compared with 24%, 18%, and 26% at
month 24. The percentage of patients with a 20/40 or better
Snellen equivalent at month 24 was 45% in group 1, 44%
in group 2, and 35% in group 3. The mean CFT, defined
as the center subfield thickness, at month 24 was 340 µm,
286 µm, and 258 µm for groups 1, 2, and 3, respectively, and
the percentage of patients with center subfield thickness of
250 µm or less was 36%, 47%, and 68%, respectively.

Intraocular injections of ranibizumab provided benefit
for patients with DME for at least 2 years, and when
combined with focal or grid laser treatments, the amount
of residual edema was reduced, as were the frequency of
injections needed to control the edema.

3.4. The DA VINCI Study [18]. The primary purpose of
the DME and VEGF Trap-Eye: Investigation of Clini-
cal Impact (DA VINCI) Study (multicenter, randomized,
double-masked, phase 2 clinical trial) was to determine
whether different doses and dosing regimens of intravitreal
VEGF Trap-Eye are superior to standard macular laser
treatment over a 24-week study in eyes with DME.

VEGF Trap-Eye is a 115-kDa recombinant fusion protein
consisting of the VEGF-binding domains of human VEGF
receptors 1 and 2 fused to the Fc domain of human
immunoglobulin-G1. Animal studies have demonstrated
that intravitreal VEGF Trap-Eye has theoretic advantages
over ranibizumab and bevacizumab, including a longer half-
life in the eye and a higher binding affinity to VEGF-A. In
addition, the fusion protein binds placental growth factors
1 and 2, which have been shown to contribute to excessive
vascular permeability and retinal neovascularization.

A total of 221 patients were assigned to 1 of 5 treatment
regimens: 0.5 mg VEGF Trap-Eye every 4 weeks; 2 mg VEGF
Trap-Eye every 4 weeks; 2 mg VEGF Trap-Eye for 3 initial
monthly doses and then every 8 weeks; 2 mg VEGF Trap-
Eye for 3 initial monthly doses and then on a PRN basis;
or macular laser photocoagulation. Patients in the 4 VEGF
Trap-Eye groups experienced mean visual acuity benefits
ranging from +8.5 to +11.4 ETDRS letters versus only +2.5
letters in the laser group (P < 0.0085 for each VEGF Trap-
Eye group versus laser). Gains from baseline of +0, +10,
and +15 letters were seen in up to 93%, 64%, and 34% of
VEGF Trap-Eye groups versus up to 68%, 32%, and 21%
in the laser group, respectively. The mean reductions in the
CFT in the 4 VEGF Trap-Eye groups ranged from −127.3 to
−194.5 µm compared with only −67.9 µm in the laser group
(P < 0.0066 for each VEGF Trap-Eye group versus laser).
VEGF Trap-Eye was generally well tolerated. The ocular
adverse events in patients treated with VEGF Trap-Eye were
generally consistent with those seen with other intravitreal
anti-VEGF agents.

This study demonstrated that the different doses (0.5
or 2 mg) and dosing regimens (given every 4 weeks, every
8 weeks, or on a PRN basis) of VEGF Trap-Eye were all
individually superior to laser therapy and resulted in statis-
tically significant increases in visual acuity and reductions in
retinal thickness at week 24. The reports mentioned above
may lead to a shift in treatment paradigm for DME, from
laser photocoagulation, to newer approaches using either
ranibizumab or aflibercept.

4. Evaluations of the Outcomes of Anti-VEGF
Therapy for Age-Related Macular
Degeneration

There have been several well-publicized prospective, ran-
domized studies that have demonstrated the efficacy of
intravitreal injection of anti-VEGF drugs (ranibizumab,
pegaptanib, and aflibercept; VEGF Trap-Eye) for patients
with age-related macular degeneration (AMD).

The MARINA (Minimally classic/occult trial of the
Anti-VEGF antibody Ranibizumab In the treatment of
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Neovascular Age-related Macular Degeneration) study [1]
demonstrated the intravitreal administration of ranibizumab
for 2 years to prevent vision loss while improving the mean
visual acuity with low rates of serious adverse events, in
patients with minimally classic or occult choroidal neovas-
cularization secondary to age-related macular degeneration.

The ANCHOR (ANti-VEGF antibody for the treatment
of predominantly classic CHORoidal neovascularization in
age-related macular degeneration) study [2] demonstrated
that ranibizumab provided greater clinical benefit after 2
years than verteporfin PDT in patients with age-related
macular degeneration with new-onset, predominantly classic
CNV.

The PIER (Phase IIIb, multicenter, randomized, double-
masked, sham Injection-controlled study of the Efficacy and
safety of Ranibizumab in subjects with subfoveal CNV with
or without classic CNV secondary to age-related macular
degeneration) study [3, 4] demonstrated that ranibizumab
administered monthly for three months and then quarterly
provided VA benefits to patients with neovascular AMD
and was well tolerated. However, the observations from
the MARINA and ANCHOR trials suggest that the PIER
regimen of dosing every three months after three monthly
doses provides less benefit in terms of VA on average
than continued monthly dosing. Monthly dosing may be
necessary in some patients to achieve maximal treatment
benefit from ranibizumab.

The PrONTO (Prospective Optical coherence tomogra-
phy imaging of patients with Neovascular age-related macu-
lar degeneration Treatment with intraOcular ranibizumab)
study [28, 29] used an Optical Coherence Tomography
(OCT)-guided variable dosing regimen with intravitreal
ranibizumab. During the first year, retreatment with rani-
bizumab was performed at each monthly visit if any criterion
was fulfilled such as an increase in OCT-CFT of at least
100 µm or a loss of 5 letters or more. During the second
year, the retreatment criteria were amended to include
retreatment if any qualitative increase in the amount of fluid
was detected using OCT. This study demonstrated that at
month 24, the mean VA improved by 11.1 letters and the
CFT decreased by 212 µm. The VA improved by 15 letters
or more in 43% of patients. These VA and OCT outcomes
were achieved with an average of 9.9 injections over 24
months. As-needed (PRN), OCT-guided variable dosing
with intravitreal ranibizumab resulted in VA outcomes
comparable to the outcomes from the phase III clinical
studies (monthly injection), but fewer intravitreal injections
were required.

The V.I.S.I.O.N (VEGF Inhibition Study In Ocular Neo-
vascularization) study [7] demonstrated that in the group
given pegaptanib at 0.3 mg, 70% of patients lost fewer than
15 letters of visual acuity, as compared with 55% among
the controls (P < 0.001). Pegaptanib appears to be an
effective therapy for AMD. However, it does not lead to any
improvement in the mean visual acuity.

The LEVEL (EvaLuation of Efficacy and Safety in Main-
taining Visual Acuity with SEquential Treatment of Neovas-
cuLar AMD) study [8] assessed the efficacy of pegaptanib

as maintenance therapy in AMD patients who experienced
a clinical improvement in disease following an induction
phase. The induction maintenance using nonselective, fol-
lowed by selective VEGF inhibitors should be considered
for the treatment of AMD. Such an approach has special
relevance for patients with cardiovascular comorbidities who
require anti-VEGF drugs to manage their AMD.

The Comparison of Age-Related Macular Degeneration
Treatments Trials (CATT) research group [9] demonstrated
that at 1 year, bevacizumab and ranibizumab had equivalent
effects on visual acuity when administered according to
the same schedule. Bevacizumab administered monthly was
equivalent to ranibizumab administered monthly, with 8.0
and 8.5 letters gained, respectively.

The CLEAR-IT (CLinical Evaluation of Anti-angiogene-
sis in the Retina Intravitreal Trial) study [10] demonstrated
that PRN dosing of VEGF Trap-Eye after 12 weeks of
monthly or quarterly fixed dosing maintained clinically and
statistically significant improvements in vision and retinal
thickness until at least week 52 in patients with neovascular
AMD, with a low frequency of reinjection. VEGF Trap-Eye
was generally well tolerated, with a safety profile similar to
that reported with other intravitreally administered anti-
VEGF agents.

5. Neovascular Glaucoma

The normal trabecular meshwork consists of trabecular
spaces and trabecular cells covering trabecular beams, and
it contains no vascular structures. Neovascular glaucoma is
a severe consequence of ocular ischemic diseases, such as
diabetic retinopathy and central retinal vein occlusion. The
elevated intraocular pressure (IOP) is considered to result
from an increased permeability of the newly formed vessels
[61], angle closure by the peripheral anterior synechia,
and intertrabecular neovascular tissue [62, 63]. An ultra-
structural study showed that the neovascular tissue in the
intertrabecular spaces may be one of the factors responsible
for the IOP elevation. The layers of vascular endothelial
cells have junctional complexes and fenestrations [63]. The
intravitreal injection of bevacizumab was reported to be
effective for inducing the regression of new vessels, although
its effect seems to be temporary [24–32, 35–38]. In an
animal˜study, bevacizumab penetrated quickly into the
iris, anterior chamber angle and ciliary body after IVB.
This finding supports the clinically observed rapid effect
of bevacizumab in the treatment of iris neovascularization
[64]. This injection may provide us with sufficient time
to treat these patients with retinal photocoagulation. In
addition, it may also be used as an adjunctive therapy
for a mitomycin C (MMC) trabeculectomy in order to
treat NVG. The use of preoperative IVB may decrease
postoperative hyphema, however the beneficial effects of IVB
are controversial for surgical outcomes over longer periods
[37, 38].

Ishibashi et al. [65] performed anterior segment angiog-
raphy with both fluorescein (FA) and indocyanine green (IA)
using a Heidelberg retina angiograph 2 on the patients with
NVG. FA showed intensive leakage of the dye from newly
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formed vessels, although IA revealed the vessel structures
clearly without dye leakage. In both iris and angle angiogra-
phy, dye leakage with FA was decreased after IVB compared
with that before treatment. The vascular structures in the iris
and angle observed with IA, however, did not change after
IVB, although the newly formed vessels in the tissues seemed
to vanish based on slit-lamp examinations.

Kubota et al. [66] showed that CD34 positive vascular
endothelial cells formed capillary-like structures in the tra-
becular meshwork of NVG after an intravitreal injection of
bevacizumab. Although the slit lamp and gonioscopic exami-
nations revealed a regression of the newly formed vessels after
the intravitreal injection of bevacizumab, they morphologi-
cally showed that the vascular endothelial cells were present
in the trabecular meshwork. Electron microscopy revealed
that the layer of endothelial cells had junctional complexes.
However, the fenestrations of the vascular endothelial cells
were significantly fewer in the trabecular meshwork of ne-
ovascular glaucoma eyes treated with bevacizumab than
those without the therapy [66, 67]. The intravitreal injections
of bevacizumab resulted in a decrease in VEGF in the
aqueous humor [68]. Therefore, it is considered that a
decreased VEGF concentration in the aqueous humor causes
a reduction of the fenestrations of the vascular endothelial
cells in the trabecular tissue of neovascular glaucoma after
an intravitreal injection of bevacizumab. These morpho-
logical alterations may play an important role in the clin-
ical effects of intravitreal bevacizumab for neovascular
glaucoma.

Although the effect of bevacizumab seems temporary,
previous clinical reports suggested the potential for intrav-
itreal bevacizumab as a treatment option for neovascular
glaucoma [24–32]. Adjuvant bevacizumab for neovascular
glaucoma may prevent further PAS formation, and it is
likely to open up a therapeutic window for a panretinal
photocoagulation and trabeculectomy. Johnson et al. [61]
reported that one of the factors affecting the IOP elevation
is the concentration of the serum protein in the aqueous
humor. It has been suggested that one possible mechanism
underlying the IOP elevation is the increased permeability
of the newly formed vessels. The fenestrations of the
newly formed vessels are thus considered to have a close
relationship to such permeability. Bevacizumab may induce a
reduction of the capillary structures and fenestrations of the
vascular endothelium in the trabecular tissue, and therefore,
has an IOP lowering effect and a reduced risk of hemorrhage
during trabeculectomy.

It was still unclear from these studies whether beva-
cizumab temporally induces a reduction of the perfusion
of the newly formed vessels, or a disappearance of the
newly formed vessels in the trabecular meshwork. Another
previous study [67] suggested that the number and perfu-
sion of the newly formed vessels were reduced. However,
to fully elucidate how a reduction of the newly formed
vessels occurred in the trabecular meshwork of neovascular
glaucoma after intravitreal bevacizumab injection, further
studies are needed.

6. Proliferative Diabetic Retinopathy

VEGF is a key molecule involved in the development of reti-
nal neovascularization [69–71]. Studies have demonstrated
not only a correlation of the VEGF levels with the severity
of proliferative diabetic retinopathy (PDR), but also a re-
duction in the levels after successful laser treatment of PDR
[48]. Ischemia in the retina due to microvascular occlusion
induces the release of VEGF into the vitreous cavity; highly
concentrated VEGF in the ocular fluid leads to the growth
of new vessels [48]. VEGF also increases the permeability
of capillary vessels and contributes to diabetic macular
edema [72, 73]. Retinal fibrovascular membranes, including
neovascularization, represent an important risk factor for
severe vision loss in patients with diabetic retinopathy. An
ultrastructural study of the fibrovascular membranes in a
patient with proliferative diabetic retinopathy demonstrated
that the newly formed vessels frequently showed endothelial
fenestrations. Occasionally, the tight junctions between
endothelial cells appeared altered [74].

IVB results in a substantial decrease in VEGF in the
aqueous humor [68]. Bleeding from the retinal vessels or
new vessels during a standard vitrectomy after IVB has
been reported to occur significantly less frequently than that
observed during a standard vitrectomy without bevacizumab
therapy [33, 39–41]. IVB has also been reported to be
effective for inducing the regression of new vessels in PDR
[19, 20, 33, 34]. An angiographic study demonstrated that
the leakage was noted to diminish as early as 24 hours
after IVB [19]. IVB also resulted in marked regression of
neovascularization and rapid resolution of vitreous hem-
orrhage [22]. A randomized, placebo-controlled clinical
trial revealed the efficacy of IVB in reducing the rate of
early postoperative vitreous hemorrhage after vitrectomy in
diabetic patients [75]. The balance between connective tissue
growth factor and vascular endothelial growth factor may be
the strongest predictor of the degree of fibrosis; a shift toward
connective tissue growth factor can underlie the aggravation
of fibrosis after IVB [76]. Moradian et al. [77] reported
exacerbation and subsequent contracture of fibrous tissue
leading to tractional retinal detachment (TRD) in 2 patients
who received IVB for active aggressive PDR. In a report by
Arevalo et al. [78], TRD occurred in 11 eyes (5.2%) among
211 intravitreal injections in patients with severe PDR. A
longer interval between IVB and vitrectomy was among the
main risk factors for the development or progression of
TRD.

Histological studies have shown vascular endothelial
cells to still be present in the FVMs following IVB [67,
79, 80]. No apparent fenestration was observed in newly
formed vessels from the FVMs. A histological study showed
apoptotic vascular endothelial cells and overexpression of
smooth muscle actin in the FVMs after IVB [67]. The
authors of that study concluded that IVB may induce
changes in immature, newly formed vessels of PDR, leading
to endothelial apoptosis with vascular regression, while
inducing normalization of premature vessels by increasing
the pericyte coverage and reducing vessel fenestration.
Another study suggested that retinal neovascularization
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is markedly reduced on approximately day 10 after IVB
injection, whereas contractile elements are not yet abundant
[80]. Therefore, IVB may temporally reduce the blood flow
of the newly formed vessels, however, it did not induce
the complete regression of the vascular endothelium of the
FVMs. Therefore, the blood flow of the newly formed vessels
may be easily reperfused when the effect of bevacizumab
diminishes.

7. Retinopathy of Prematurity

An overexpression of VEGF appears to be important in the
pathogenesis of retinopathy of prematurity (ROP). Laser
photocoagulation of the avascular retina reduces the risk
of severe visual loss, presumably by decreasing VEGF pro-
duction, but causes loss of peripheral retinal function. Some
patients progress to retinal detachment despite laser or
cryotherapy. The functional outcomes are still not satisfying
in stage 4B or 5 ROP, even after vitrectomy or scleral buckling
[81, 82]. There has, therefore, been considerable interest
in the potential application of anti-VEGF agents, such as
bevacizumab, as primary treatment or as an adjunct to
photocoagulation [83–89]. Because VEGF is highly elevated
in advanced ROP and has been found to play a central role
as the driving force for neovascularization [90, 91], blocking
VEGF with anti-VEGF agents seems to be a reasonable
approach. Bevacizumab seems to work best in stage 3
ROP. The majority of the treated eyes did not progress
to stage 4 ROP even without additional injection or laser
therapy. However, some patients received laser treatment
if positive symptoms or neovascularization persisted or
worsened [85, 92–95]. The purpose of bevacizumab use in
stage 4 or 5 patients is to reduce the plus sign to help reduce
hemorrhage during the subsequent vitrectomy [88, 93, 96].
Some authors reported cases of resolution of stage 4A ROP
after bevacizumab injection [86, 93]. However, caution is
necessary when bevacizumab is used in ROP with retinal
detachment. While angiogenesis is inhibited, the fibrotic
components of ROP may accelerate and retinal detachment
might worsen [97].

Potential local and systemic complications of intravitreal
injection of anti-VEGF medications are one of the major
concerns especially for infants with a very small eye size and
small body mass with rapidly developing tissue [89]. VEGF
plays a number of critical roles in the developing retina as a
survival factor for retinal neurons [98] and in maintaining
the health of the retinal pigment epithelium [99]. It also
influences neuronal growth and differentiation because of its
neurotrophic effects [100, 101] and has a critical role as a
neuroprotectant in the central nervous system in the adaptive
response to ischemia [102]. The only histopathologic study
evaluating neonate ocular specimens 20 weeks after IVB
showed that bevacizumab was well tolerated without any
signs of toxic effects including inflammation, degeneration,
or necrosis [103]. The beneficial effects and advantages of
bevacizumab for ROP that have been reported in the limited
literature to date, indicate that further randomized control
trials are warranted.
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