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Abstract
Purpose The goal of this project was to demonstrate the fea-
sibility of coupling the indirect ophthalmoscope laser delivery
system with the 690 nm wavelength diode laser used to per-
form photodynamic therapy (PDT) in the treatment of
retinoblastoma.
Methods For phase 1, a total of six pigmented rabbits were
treated with the indirect laser delivery system. The laser
source was provided by the Lumenis Opal 690 nm laser unit,
delivered through a 810 nm Indirect ophthalmoscope head-
piece and a hand-held 28-diopter indirect lens (1.0 mm spot
size). Four rabbits received intravenous verteporfin at doses of
0.43 or 0.86 mg/kg, and two rabbits did not receive
verteporfin (controls). A second phase of the study involved
eight rabbits using a retinoblastoma xenograft to determine the
effect of indirect PDT on subretinal tumors.
Results For phase 1, a total of 20 laser treatments were per-
formed in the right eyes of six rabbits. Laser power levels
ranged between 40 and 150 mW/cm2 and treatment duration
ranged between 1 and 3 min. In the four rabbits that received

verteporfin, focal retinal scars were noted at 40 mW/cm2 and
higher power levels. In the two control rabbits that did not
receive verteporfin, thermal burns were confirmed at
75 mW/cm2 and higher power levels. Histopathology showed
focal retino-choroidal scars at the site of PDT treatment, with-
out evidence of generalized ocular damage. Using the retino-
blastoma xenograft, the indirect PDT system was shown to
cause areas of tumor necrosis on histopathology.
Conclusions The results of this pre-clinical study suggest
verteporfin may be activated in the rabbit retina with the indi-
rect delivery system and the 690 nm laser unit (i.e., Indirect
PDT). Using verteporfin, treatment effects were observed at
40–50 mW/cm2 in the rabbit retina, while photocoagulation
was achieved at 75 mW/cm2 and higher power levels.
Fundoscopic and histopathologic examination of treated areas
showed circumscribed areas of retinal damage and a lack of
generalized ocular toxicity, suggesting that this modality may
represent a safe and localized method for treating intraocular
retinoblastoma.

Keywords Photodynamic therapy . Retinoblastoma . Laser
treatment . Indirect ophthalmoscope . Xenograft

Introduction

Photodynamic therapy (PDT) was explored as a potential new
treatment for ocular diseases during the 1980’s by various
investigators [1–11]. At our institution, PDT was extensively
investigated as a possible treatment modality for retinoblasto-
ma from 1979 to 1987 [3, 4, 8]. However, there were no FDA-
approved photodynamic agents available for ophthalmic use
at that time, and prolonged photosensitivity was a major side-
effect of treatment. In addition, the generated light used for
PDT was delivered through a hand-held fiberoptic cable that
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did not allow for precise treatment of intraocular lesions [8].
With the FDA approval of a second-generation photosensitiz-
er (verteporfin) in 2002 for macular degeneration, photody-
namic therapy became a major clinical modality for several
ocular conditions. Because of rapid clearance, photosensitivi-
ty was no longer a major clinical issue after treatment. Despite
these advances, PDT continues to have a limited role in the
treatment of pediatric ocular conditions, such as Coats disease
and retinoblastoma. The main reason for this limitation is that
ocular laser treatment for young children typically requires
delivery through an indirect ophthalmoscope, since patients
are in a supine, recumbent position during general anesthesia.

The goal of this project was to demonstrate the feasibility
of coupling the indirect ophthalmoscope delivery system with
the 690 nm laser used to activate verteporfin (i.e., indirect
PDT). Following an intravenous infusion of verteporfin, a
690 nm wavelength laser was directed through the pupil onto
a defined area of the rabbit retina using an indirect ophthal-
moscope delivery system. Pigmented rabbits were evaluated
for acute ocular effects by ophthalmoscopy, Retcam photog-
raphy and histopathology. This study was designed to define
potential ocular side-effects from the use of indirect PDT, as
well as to demonstrate the accuracy of this system in creating
controlled retinal damage in the rabbit eye. The second phase
of the study involved implantation of a retinoblastoma xeno-
graft into the rabbit eye to determine the effect of indirect PDT
on subretinal tumors.

Material and methods

Phase 1

A total of six (8–12-week-old) pigmented rabbits were main-
tained on a normal diet consisting of rabbit chow and water.
Verteporfin (Visudyne) was obtained through a donation from
the company Valeant Ophthalmics (Bridgewater, NJ, USA). It
was supplied as a sterile solution at a concentration of 2 mg/ml,
reconstituted with 7ml of sterile water (with no further dilution);
the bottle was protected from light and used within 2 h
of reconstitution. The dose of the photodynamic agent used in
three rabbits was 0.43 mg/kg, which was extrapolated from
the recommended dose in humans of 6 mg/m2. One rabbit
received twice this dose at 0.86 mg/kg of verteporfin. Two
rabbits were used as controls and did not receive verteporfin
or any other type of injection.

The laser source was provided by the Lumenis Opal 690 nm
laser unit (Yokneam, Israel) (see Fig. 1). During treatments, the
lightwasdelivered throughan indirect ophthalmoscopedelivery
headpiece manufactured by Iridex for the 810 nm laser (Iridex,
Mountain View, CA, USA). The size of the laser spot delivered
with a 28-diopter biconvex condensing lens held over the cornea
with the large spot indirect delivery system manufactured

by Iridex is 1300 μm (1.3 mm) [12]. The intensity of light
delivery before each laser treatment was measured with a ther-
mopile (model 210; Coherent Radiation, Palo Alto, CA, USA).

An intramuscular injection (IM) was performed for anes-
thesia prior to all experimental procedures, using a combina-
tion of ketamine (30 mg/kg), acepromazine (0.75 mg/kg), and
xylazine (5 mg/kg). After the IM injection, the right pupil of
the experimental animal was dilated using 10% phenylephrine
hydrochloride and 2.5% tropicamide. The animals were then
administered a single injection of verteporfin into an ear vein
through an intravenous catheter. After pupillary dilation was
confirmed, laser treatment was initiated into the right eye of
each experimental animal. The timing of laser treatment after
verteporfin infusion ranged between 16 and 95 min.

During laser treatment, the cornea was periodically moist-
enedwith a 0.9%NaCl solution. Laser treatmentwas delivered
at several power levels into the right eye of the rabbit ocular
fundus, ranging between 45 and 190mW/cm2 on the laser con-
sole (40–150 mW/cm2 as measured on the thermopile). The
biconvex 28-diopter lens was held in standard fashion over
the cornea toobtain a clear focused imageof the fundus through
the indirect ophthalmoscope headpiece. The location of the de-
livered laser spotswas anatomically below themedullary ray in
the rabbit fundus, and above the medullary ray in the ophthal-
moscope view. A total of 2–6 laser treatments per eye were
delivered in six rabbits with this technique. Fundoscopy was
performed with a separate indirect ophthalmoscope after treat-
ment to confirm the presence or absence of a visible laser scar
(Table 1). If no retinal burn was appreciated at lower power
levels, then the power level and/or treatment duration was in-
creased until ophthalmoscopy confirmed a positive treatment
effect. Reversal of anesthesia was accomplished with yohim-
bine IM injections, 1–2 mg per rabbit.

One week after laser treatment, animals were sedated and
the right pupil dilated using the identical protocol described
above. Fundus photography was performed using the Retcam
unit. Immediately after Retcam photography, the rabbits were
euthanized using an intramuscular injection of sodium pento-
barbital (120 mg/kg). The size of the visible laser scars on the
Retcam photograph was measured using a digital caliper sys-
tem, using the optic disc as a reference diameter (1 mm).
Using this method, the diameters for the largest retinal scars
in the Retcam photographs for all six rabbits were measured
and reported in Table 2.

Phase 2

The second phase of the study utilized eight right eyes of eight
additional pigmented rabbits. All rabbits were immunosup-
pressed with daily intramuscular injections of cyclosporine
A (CsA; Sandimmune 50 mg/ml; Novartis Pharmaceuticals,
Cambridge, MA, USA). The dosing schedule was 15 mg/kg
per day for the first week and 9–10 mg/kg per day for the last
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8 weeks of the experiment. CsA doses were adjusted weekly
according to each animal’s body weight. During the duration
of the experiment, the rabbits were monitored daily for signs
of CsA toxicity such as gingival hypertrophy, drooling, diar-
rhea, and weight loss.

The human retinoblastoma WERI-Rb cells (ATCC HTB-
169;American Type Culture Collection, Manassas, VA, USA)
were cultured in RPMI 1640 mediumwith 2 mML-glutamine
adjusted to contain 1.5 g/l sodium bicarbonate, 4.5 g/l glucose,
10 mM HEPES, and 1.0 mM sodium pyruvate, and 10% fetal
bovine serum. The cells were grown in suspension at a con-
centration of 105–106 cells/ml. For sedation during the im-
plantation procedure, an intramuscular injection of a combi-
nation of ketamine (100 mg/kg), xylazine (100 mg/kg), and
acepromazine (10mg/kg) were used to anesthetize the animals
prior to all experimental procedures. One week after the start
of the CsA injections, the rabbits received a subretinal injec-
tion of 100 ul of cultured WERI retinoblastoma cells
(1.5 × 106 cells). The implantation procedure was performed
under indirect ophthalmoscopy. A 1 cm3 syringe was used to
draw up 0.1cm3 of the cultured WERI retinoblastoma cell
solution using a 27G needle. A sharp 30G needle was then
placed on the syringe and the air bubbles expressed to titrate a
0.1 ml volume of injection. The 30G needle was inserted
2 mm from the limbus temporally. Under indirect ophthalmos-
copy guidance, the needle was used to perforate the retinam,
and then a subretinal pocket of fluid was created. The needle
was then removed and the eye examined for any signs of
intraretinal and/or intravitreal hemorrhage.

At 7 weeks after intraocular tumor inoculation, assessment
of tumor growth was performed and indirect PDT performed.
Using indirect ophthalmoscopy, tumor growth was graded as
follows:1)nogrowth,2)minimalgrowth, or3)definitegrowth.
The eyes graded as Bdefinite growth^were treatedwith indirect
PDT (similar protocol as Phase 1). The rabbitswere euthanized
1 week after indirect PDT (8 weeks after start of experiment),
using an intravenous overdose of sodium pentobarbital
(120mg/kg). The right eyes of the eight rabbits were surgically
enucleated and fixed in half-strength Karnovsky’s fixative
(2.5%glutaraldehyde and 2%paraformaldehyde in 0.1m sodi-
um phosphate buffer) for histopathologic analysis.

Histopathologic study

The enucleated eyes of each rabbit were immediately fixed in
formalin. After fixation the eyes were macroscopically exam-
ined, and measurements of the globe, cornea, and optic nerve
were obtained. After transillumination, all eyes were opened
horizontally with a blade, removing the superior calotte first.
Measurements of grossly visible retinal scars were taken. The
specimens were routinely processed for paraffin embedding
and sectioning. Step sections were stained with hematoxylin
and eosin (H&E), and others in between were left unstained

for possible immunohistochemistry. All of the findings were
analyzed by an ocular pathologist.

Immunohistochemistry using the fully automated system
Benchmark Ultra from Ventana (Ventana Medical Systems,
Tucson, AZ, USA), anti-glial fibrillary acidic protein
(GFAP) [rabbit polyclonal antibody to cow GFAP (Dako,
Carpinteria, CA, USA), diluted 1:40] was performed in all
cases to examine glial activation and proliferation (retinal
scarring). Pancytokeratin [OSCAR cocktail pre-diluted
(Covance Research Products, Berkeley, CA, USA)] was used
in some cases where marked chorioretinal scarring or
epiretinal cellularity was found to exclude RPE proliferation.
In all cases, 3, 3′-Diaminobenzidine (DAB) brown chromogen
was used for labeling.

Results

Phase 1

In the first phase of the study, a total of 20 laser treatments
were performed in six right eyes of six rabbits (Table 1). The
weights of the rabbits ranged between 3.59–3.99 kg, and the
dose of verteporfin was .43 mg/kg for three rabbits. One rabbit
received an additional bolus of .43 mg/kg, 75 min after the
first infusion, for a total of .86 mg/kg (rabbit 2). For the four
rabbits, the total dose of verteporfin injection ranged between
1.54 mg to 3.43 mg, and the total volume of the injection was
less than 2 ml per rabbit. Two rabbits did not receive
verteporfin and represented controls. Laser power levels from
the 690 nm laser console ranged between 45 and 190 mW/
cm2. Actual laser power measured on the thermopile ranged
between 40 and 150 mW/cm2. Treatment duration ranged be-
tween 1 and 3 min (Table 1).

In the two control rabbits that did not receive verteporfin,
thermal burns in the retina were confirmed with indirect ophthal-
moscopy at 75 mW/cm2 with a 1–3 min duration. A faint retinal
burn was noted at 1 min and a more intense burn was noted at
3 min. At lower power levels (40–50 mW/cm2) no retinal burn
was visualized by ophthalmoscopy in the control rabbit eyes,
even at 50 mW/cm2 at 3 min. In the four rabbits that received
verteporfin, retinal burns were confirmed at 75 mW/cm2 at
1 min, as well as all higher power levels and longer durations.
The one exception was that no retinal burn was seen at 75 mW/
cm2 with a 2 min duration in the first rabbit treated (rabbit 3).
However, this was the first laser treatment delivered and the
focus of the laser energy on the retina through the 28-diopter
condensing lensmay have been inadequate, possibly due to poor
focus and/or inexperience with this system. This first treatment
(rabbit 3) was also initiated at 16 min after verteporfin infusion,
which is the earliest in the series. In three of the four rabbits
receiving verteporfin, retinal burns were created at the first and
lowest power level used to treat the eye (Table 1).
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At 40 mW/cm2 and the standard verteporfin dose, no retinal
burns were seen at 1 or 2 min, but a faint retinal burn was noted
by ophthalmoscopy at 3 min. At 50 mW/cm2 and the standard
verteporfin dose, no burn was seen at 1 or 2min but was seen at
3 min. It appeared that at these lower power levels and at stan-
dard verteporfin doses, at least a 3-min duration of laser treat-
ment was required to create a visible retinal burn. At the higher
verteporfin dose of .86 mg.kg (rabbit 2), fundoscopy showed

retinal burns at 50 mWat 1,2, and 3 min. Based on our results,
retinal thermal injury (without verteporfin) with the indirect
PDT system can be expected at 75 mW/cm2 at 1 min. At 40–
50mW/cm2, at standard doses of verteporfin, laser duration has
to be at 3 min to create a retinal scar. However at the higher
dose of verteporfin (.86 mg/kg), a retinal burn can be produced
at 50 mW/cm2 at 1 min. Digital measurements of the size of the
retinal scars on the Retcam images are summarized in Table 2.

Table 1 Parameters of indirect photodynamic therapy

Rabbit no. Verteporfin dose Verteporfin infusion to
laser treatment time

Irradiance (mW/cm2) Duration of irradiation Retinal burn confirmed
(fundoscopy)

1 Normal dose 30 min 40 mW/cm2 1 min No

– – 51 min 40 mW/cm2 2 min No

– – 56 min 40 mW/cm2 3 min Yes

– – 64 min 50 mW/cm2 1 min No

– – 66 min 50 mW/cm2 2 min No

– – 70 min 50 mW/cm2 3 min Yes

2 2× normal dose 105 mina 50 mW/cm2 1 min Yes

– – 109 mina 50 mW/cm2 2 min Yes

– – 113 mina 50 mW/cm2 3 min Yes

3 Normal dose 16 min 75 mW/cm2 2 min No

– – 24 min 150 mW/cm2 2 min Yes

4 Normal dose 34 min 75 mW/cm2 3 min Yes

– – 38 min 150 mW/cm2 3 min Yes

5 None (control) 40 mW/cm2 1 min No

– – – 40 mW/cm2 2 min No

– – – 40 mW/cm2 3 min No

– – – 50 mW/cm2 3 min No

– – – 75 mW/cm2 1 min Yes

6 None (control) 75 mW/cm2 3 min Yes

– – – 150 mW/cm2 3 min Yes

a In rabbit 2, second infusion of verteporfin performed 75 min after the 1st infusion

Fig. 1 a Indirect photodynamic
therapy system: 690 nm laser
console, 810 nm indirect laser
delivery headpiece and
thermopile. b Indirect
photodynamic therapy being
performed on a rabbit eye through
a 28-diopter condensing lens
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Using the optic disc reference size of 1 mm, the average hori-
zontal and vertical diameters of the scars for the four rabbits
treated with verteporfin were 1.5 mm and 1.03 mm respective-
ly. Without verteporfin, the average horizontal and vertical di-
ameters were 0.93 mm and 1.13 mm respectively. The maxi-
mum size of the scars for both groupswas 1.63mm (horizontal)
and 2.43 mm (vertical) (see Fig. 2).

Histopathologic findings (phase 1)

The results of the histopathologic evaluation are summarized
in Table 3. In addition to the analysis of the six treated eyes,
the left untreated eye of rabbit 1 was also processed in identi-
cal fashion to serve as a baseline for normal anatomy. In none
of the treated eyes was there evidence of damage to the cornea
or lens. Findings associated with PDT were limited to the
retina, retinal pigment epithelium (RPE), choroid, and vitre-
ous. Necrosis was not seen in any of the specimens. The size
of the retinal scars on gross examination ranged between 1.3–
1.8 mm, and by light microscopy 1.2–1.8 mm.

With the standard dose of verteporfin and power levels of
40–50 mW/cm2 (rabbit 1), there were well-defined
chorioretinal scars with pigment migration on H&E stain.
The pigment migration was due to both pigment dispersion
and proliferation and migration of the RPE. In this particular
specimen, karyorrhexis with gliosis was also noted in the area

of retinal scarring. Overlying the scar there was mild vitreous
inflammation (1–2+) with lymphocytes and macrophages in
the vitreous. Glial fibrillary acidic protein stain (GFAP) con-
firmed subretinal gliosis with proliferation of astrocytes. In the
region of the retinal scarring, some focal choroidal fibrosis
was also noted. At twice the normal dose of verteporfin and
at 50 mW/cm2 (rabbit 2), there was again a circumscribed and
well-defined retinal scar extending from the internal limiting
membrane to the RPE, demonstrated both on H&E and GFAP.
Several of the eyes including rabbit 2 demonstrated an
artifactious retinal detachment after processing. At standard
doses of verteporfin and higher power levels of 75–
150 mW/cm2 (rabbits 3,4), there was full-thickness degener-
ation of the retina within a focal retino-choroidal scar, with
RPEmigration into the retina. One of the eyes treated at higher
power demonstrated a deeper choroidal-scleral scar (rabbit 4).
In the other eye (rabbit 3, Fig. 5) treated at the higher power
levels, there was a large chorioretinal scar with a localized
serous retinal detachment adjacent to the scar, as well as lo-
calized choroidal hemorrhage and vessel thrombosis. In the
control rabbit eyes (rabbits 5 and 6), treated at power levels of
40–150 mW/cm2 without verteporfin, there was a chorio-
retinal scar with marked RPE proliferation and migration into
the sensory retina, as well as hemorrhage and focal fibrosis in
the choroid. There was mild response of the glial cells mostly
at the periphery of the lesion on GFAP (see Figs. 3, 4, and 5).

Fig. 2 a Retcam fundus photograph showing three laser burns created
with Indirect photodynamic therapy (with verteporfin) at 50 mW/cm2 and
1 min, 2 min, and 3 min durations (rabbit 2 in Table 1). b Retcam fundus
photograph showing 690 nm diode laser burns in the rabbit retina created

with the indirect delivery system (no verteporfin, rabbit 6 in Table 1). The
superior retinal burn was created with 75 mW/cm2 at 3 min and the
inferior burn was created with 150 mW/cm2 at 3 min

Table 2 Measurements of the
largest retinal scar for each treated
rabbit on Retcam photographs

Rabbit no. Optic nerve HD

mm

Scar HD
(avg) mm

Scar VD (
avg) mm

Average of HD
and VD

1 1 0.875 0.875 0.875

2 1 1.37 1.5 1.435

3 1 1.625 1.875 1.75

4 1 1.43 2.43 1.93

5 1 0.25 0.75 0.50

6 1 1.6 1.5 1.55

Averages 1.19 1.48 1.34

HD horizontal diameter, VD vertical diameter
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Phase 2

In the second phase of the study, seven of the eight rabbits
survived the entire duration of the study. One rabbit was eu-
thanized after 3 weeks of CsA injections due to worsening
pneumonia (rabbit 14). No rabbits developed external signs
of CsA toxicity such as gingival hypertrophy, drooling, diar-
rhea, or significant weight loss. Using indirect ophthalmosco-
py, definite growth of subretinal tumors was confirmed in five
of the seven surviving rabbits (Fig. 6). The five rabbits with
definite growth were treated with Indirect PDT using the
higher dose of verteporfin (0.86 mg/m2). The indirect PDT
treatment was delivered to the area of greatest subretinal tu-
mor growth, as judged on indirect ophthalmoscopy and
Retcam photography. The specific parameters used to treat
the five rabbits in the second phase of the study with
Indirect PDT are listed in Table 2.

Histopathologic findings (phase 2)

Xenograft tumor growth was noted in seven of the eight rab-
bits in the second phase of the study, and the results are sum-
marized in Table 4. The first rabbit eye injected did not dem-
onstrate any tumor growth, and this was attributed to poor
technique. Vitreous tumor growth was noted in six rabbits,
while retinal, subretinal, and choroidal tumor growth was

noted in all five rabbits treated with PDT. Extrascleral tumor
growth was observed in five eyes (including a rabbit not treat-
ed with PDT), and appeared to be related to growth through
the needle tract during the injection process (Fig. 7d). In the
five eyes treated with PDT, areas of tumor necrosis in the
subretinal tumor location was confirmed in 4/5 rabbits
(Fig. 7a), ranging in power from 50 mW/m2–80 mW/m2.
There was no tumor necrosis observed in the eye treated with
40 mW/m2. There was no evidence of damage to the lens or
cornea in any of the eyes implanted with the RB xenograft and
treated with indirect PDT.

Discussion

Given the intrinsic properties of photodynamic therapy, there
is potential for PDT to become an important new modality for
the treatment of intraocular retinoblastoma. PDTexhibits pref-
erential tumor localization, as photosensitizers have been
shown to be retained within the tumor at higher concentrations
than in some normal tissues [2, 13]. Unlike other intraocular
neoplasms, the lack of inherent pigmentation with retinoblas-
toma may allow for deep penetration of the light into the
tumor [1]. The treatment effect induced by PDT is believed
to result from the formation of singlet oxygen [1], leading to
direct cytotoxicity, induction of apoptosis, or obliteration of

Fig. 3 Histopathology of a rabbit eye treated with Indirect PDT using
verteporfin at 50 mW/cm2 (rabbit 2 in Table 1 and Fig. 2a): a gross
section photograph showing the retinal scar (arrow) b Hematoxylin and

eosin stain at low power showing central retinal-choroidal scar and the
adjacent untreated retina. c GFAP stain at high power showing Muller
cells and glial astrocytes forming the scar

Fig. 4 Histopathology of a rabbit eye treated with the Indirect PDT
system but without verteporfin at 75–150 mW/cm2 (control, rabbit 6 in
Table 1). a Gross section photograph showing the retinal scar. b
Hematoxylin and eosin stain at low power showing central retinal-

choroidal scar and an adjacent artifactious retinal detachment after
processing. c Glial fibrillary acidic protein (GFAP) stain at high power
demonstrating extensive gliosis within the scar
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blood vessels [1, 2]. Direct vascular damage leading to tumor
necrosis is thought to be a particularly important mechanism
for the treatment of retinoblastoma, given the importance of
the vascular supply in its develoment [3]. With the arrival of
second-generation photosensitizers (e.g., verteporfin), side-
effects such as prolonged clearance and photosensitivity have
been significantly reduced [1]. However, the lack of an indi-
rect delivery method for the 690 nm wavelength laser has
greatly limited its use in the pediatric population. Curiously,
the indirect laser delivery system is commonly employed for
retinoblastoma with the 532 nm (argon) and 810 nm (diode)
lasers [14–17], but has never been used for PDT. The main
advantage of the indirect delivery system is the ability to pre-
cisely treat retinal lesions in patients under general anesthesia.

The rabbit model used in this study was designed to dem-
onstrate the feasibility of performing ocular PDT through an

indirect laser delivery system. We coupled the 690 nm laser
console used to activate verteporfin with an indirect ophthal-
moscope delivery system initially designed for the 810 nm
diode laser. Power delivery of the 690 nmwavelength through
the fiber-optic system of the indirect ophthalmoscope was
shown to be predictable and linear in the laboratory. In this
animal model, accurate and focal laser scars were created both
with and without verteporfin, indicating controlled delivery of
laser energy to the rabbit retina. After verteporfin infusion,
retinal scars were created at lower power levels than required
for photocoagulation without verteporfin. In phase 1, the in-
direct PDT system appears to have been successful in activat-
ing verteporfin within the rabbit retina at 40-50 mW/cm2 and
duration times of 1–3 min. Without verteporfin, retino-
choroidal burns were created at higher power levels (75–
150 mW/cm2), but not at 40–50 mW/cm2 (even after 3 min).

Fig. 5 Histopathology of a rabbit
eye treated with the Indirect PDT
system using verteporfin at 75–
150 mW/cm2 (rabbit 3 in
Table 1). a Hematoxylin and
eosin stain at low power showing
an extensive chorioretinal scar
with serous retinal detachment
and choroidal hemorrhage. b
High power image of the same
scar showing localized choroidal
hemorrhage with vessel
thrombosis. c low power GFAP
stain showing glial proliferation.
d High power GFAP stain
showing glial and retinal pigment
epithelial proliferation

Table 3 Summary of histopathologic results

Rabbit no Vitreous inflammation
(1–3+)

Necrosis Vitreous hemorrhage
(1–3+)

Choroid Retina

1 1+ No No Chorioretinal scar Abundant karyorrhexis, subretinal membrane,
proliferation of RPE and glial cells,
degeneration of the retina.

2 1+ No 1+ Peripheral chorioretinal
scar

RPE proliferation,
RPE-retinal scar, artifactual RD

3 2+ No 1+ Thrombosis of choroidal
vessels

RPE and fibroblastic proliferation, localized
RD with degeneration of outer retinal layers

4 No No 1+ Deep chorio-scleral scar Chorioretinal scar with glial proliferation

5 1+ No 1+ No unremarkable

6 No No No No unremarkable

RPE retinal pigment epithelium, RD retinal detachment
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Since this pilot study only had two control rabbits, it was
difficult to prove conclusively that a thermal effect did not
occur at these lower power levels, with a treatment effect not
related to the activation of verteporfin. Photocoagulation can
cause regression of retinoblastoma in the absence of PDT [15,
16]; therefore, any thermal effect created by the indirect PDT
system is not considered a disadvantage for treating retino-
blastoma. Traditional photocogulation is used routinely for
small retinoblastoma tumors of 3 mm or less in diameter
[18], while any tumor larger than 3 mm is typically treated
with a combination of systemic chemotherapy and photoco-
agulation [19]. The photodynamic effect created by
verteporfin may offer a benefit over traditional laser treatment
given the potential for a deeper treatment effect within the
tumor (with PDT), which may translate into the ability to treat
some patients without chemotherapy. However, future clinical
investigations of PDT for retinoblastoma are needed before
determining whether there is any benefit of this potential
new modality over traditional laser photocoagulation.

For this animal study we chose a lower light radiance or
fluence rate (40–150 mW/cm2) than is currently used with the
slit-lamp delivery system in adult patients (600mW/cm2). The
lower power level was chosen mainly because of the smaller
spot size used for indirect PDT vs traditional slit-lamp PDT
(1.4 mm vs 3.0 mm). A number of recent studies have also
suggested that tumor responsiveness following PDT may be
enhanced when light is delivered at lower irradiances [20–22].
The improved effect on tumors appears to be due in part to a
decrease in oxygen depletion at lower light irradiances.
Lowering the irradiance from 600 mw/cm2 and 83 s to 40–
50 mW/cm2 over 1–3 min appeared to be appropriate, given
that this power range was able to create retinal scars in our
study. We also selected a treatment duration time of 1–3 min,
which encompasses the duration of the established slit-lamp
delivery system (83 s). The standard laser treatment time for
ocular PDT (with verteporfin) in adults is 15 min after intra-
venous administration, and the systemic half-life in adults has
been estimated to be 2–5 h [23].We chose a time period of 15–
35 min between verteporfin infusion and initiation of treat-
ment with the 690 nm laser, as a minimum time period is
needed to allow the drug to distribute into the ocular tissues
but general anesthesia times for children cannot be extended

indefinitely. We acknowledge that our study had a limited
number of animals and that the duration of time between in-
fusion and laser treatments varied significantly. In addition,
the dose escalation design of the study makes it difficult to
be certain whether subsequent treatments are successful be-
cause of increasing power levels, or due to the added experi-
ence of the investigator.

Onhistopathology, therewasnoevidenceofgeneralizedocular
toxicityoutsideof the treatedzones in the retina.Theareaof retinal
damagewas limited to the treatment field following Indirect PDT
in five of the six eyes. In one globe, a localized retinal detachment
and choroidal hemorrhagewere noted around the treated area that
received verteporfin and the highest power level (150 mW/cm2).
The eyes that received 50 mW/cm2 or less power (with
verteporfin) demonstrated circumscribed areas of retinal scarring
without collateral injury. The lack of generalized ocular toxicity
following PDT was previously demonstrated in a similar rabbit
studyperformedbyGomer and colleagues [13].When the rabbits
were enucleated 14 days after treatment, histopathologic evalua-
tion showed that the area of ocular damage was limited to the
treatment field in the retina [13]. The effects on the retina were
permanent but not progressive, and similarly to the current study,
therewasnoevidenceofopacities involvingthecorneaorvitreous
[12]. Since the photosensitizing agent is not concentrated in the
lens or cornea, indirect PDTshould not cause cataracts or corneal
damage inyoungchildren [13].Overall, commonfeatures inall of
the treated eyes were proliferation of the RPE and mild vitreous
inflammation in the region of the chorioretinal scars, as well as
subretinal gliosis and proliferation of astrocytes. Those eyes treat-
ed at higher power levels demonstrated deeper levels of damage
into the choroid causing fibrosis and hemorrhage.

Thousands of patients with solid tumors in various anatom-
ic locations have been successfully treated with PDT [2].
Photodynamic treatment of transplanted ocular melanoma
cells in the anterior chamber of rabbit eyes has been described
previously [9, 10, 13]. Other studies have demonstrated that
the use of PDT on ocular tumors does not induce tumor me-
tastasis or new mutations [3, 24]. There are numerous case
reports of ocular tumors being successfully treated with ocular
PDT performed with the standard slit-lamp delivery system
and the 690 nm laser [25–27]. Verteporfin has also been used
in a limited number of cases in young children (as young as

Fig. 6 Retcam fundus
photograph showing a subretinal
retinoblastoma xenograft in a
rabbit eye (rabbit 10 in Table 4). a
Before indirect PDT b After
indirect PDT
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6 years old) with no significant ocular or systemic side-effects
[28–30]. However, retinoblastoma affects a very young pop-
ulation (1–5 years of age), and therefore caution is warranted,
with the possible use of a photodynamic agent in this age
group. In addition, there are potential unknown ocular or sys-
temic toxicities of verteporfin in children who have received
chemotherapy. For phase 1 of this study, we chose a lower
dose of verteporfin (0.43 mg/kg) than has been previously
used in other rabbit studies evaluating the effects of PDT
[31, 32]. This dose was chosen because it correlates with the
FDA-approved human dose of 6 mg/m2, and the goal of this
animal study was to provide pre-clinical data for a future hu-
man pilot trial for children 1–5 years of age. The only major
clinical side-effect observed after PDT in humans has been
prolonged skin sensitivity, which has been largely mitigated
with the introduction of verteporfin. However, we acknowl-
edge that Indirect PDT would involve more ocular and sys-
temic risk than traditional laser photocoagulation.

Our previous clinical work on ocular PDT in 1987 utilized
a 630 nm rhodamine dye laser, with light being emitted
through an optical fiber held 5 mm from the cornea [8]. This
system was able to activate the photosensitizer in the eye, but
was cumbersome to use and the clinical results were limited.
Discrete retinoblastoma lesions treated with PDT had remark-
able initial responses to treatment [8]. However, regrowth was
noted within 3–4 months in the majority of cases. The indirect
PDT system may lead to better long-term tumor control be-
cause of the targeted treatment of the tumors through the in-
direct viewing system. An indirect ophthalmoscope designed
specifically for the 690 nm laser is not widely available for
clinical use in the current marketplace. However, it is hoped
that with further investigation of this newmodality, laser com-
panies will develop and introduce an indirect delivery system
for the 690 nm laser unit. Company data for the large-spot
indirect delivery system for the 810 nm laser is 1400 μm in
the ocular fundus (1.4 mm) [12]. Measurements performed on
Retcam photographs from our study showed that the indirect
system using the 690 nm laser created retinal scars mainly in
this size range, although some larger scars were also observed,
possibly due to difficulty in focusing the laser energy on the
retina. The ability to create scars larger than 1 mm is not
considered a disadvantage in treating retinoblastoma tumors
since lesions treated with indirect PDT are expected to be
larger than 3 mm in diameter. One drawback of the indirect
PDT system used in this study is that there is no ocular pro-
tection for the person performing the treatment, since the in-
direct delivery system has filters for the 810 nm laser but not
the 690 nm wavelength. An indirect ophthalmoscope with a
690 nm filter and an aiming beam with a different wavelength
would solve this issue.

The xenograft phase of the study was important in estab-
lishing a rabbit model for PDT, both for the current study and
future investigations. Similar to a previously publishedT

ab
le
4

Su
m
m
ar
y
of

fi
nd
in
gs

fo
llo

w
in
g
in
di
re
ct
P
D
T
of

re
tin

ob
la
st
om

a
xe
no
gr
af
t

R
ab
bi
tn

o.
7

8
9

10
11

12
13

14

V
ol
um

e
(m

l)
of

V
is
ud
yn
e

N
on
e

1.
16

1.
32

1.
45

N
on
e

1.
46

1.
46

L
ig
ht

fl
ue
nc
e
of

tr
ea
tm

en
t(
M
w
)

N
on
e

40
50

60
N
on
e

70
80

L
ig
ht

fl
ue
nc
e
di
sp
la
ye
d
on

L
um

en
is
(m

W
)

N
on
e

50
65

80
N
on
e

90
10
3

D
ur
at
io
n
of

fi
rs
tl
ig
ht

tr
ea
tm

en
t

N
on
e

3
m
in

3
m
in

3
m
in

N
on
e

3
m
in

2
m
in

20
s

D
ur
at
io
n
of

se
co
nd

lig
ht

tr
ea
tm

en
t

N
on
e

1
m
in

30
s

3
m
in

3
m
in

N
on
e

N
on
e

N
on
e

C
lin
ic
al
fi
nd
in
gs
:v

itr
eo
us

–
+

+
+

+
+

+
–

C
lin
ic
al
fi
nd
in
gs
:s
ub
re
tin
al

–
+

+
+

–
+

–
–

C
lin
ic
al
fi
nd
in
gs
:P

D
T

–
+

+
+

–
+

+
–

M
ic
ro
sc
op
ic
fi
nd
in
gs
:v

itr
eo
us

–
+

+
+

+
+

+
+

M
ic
ro
sc
op
ic
fi
nd
in
gs
:r
et
in
a

–
+

+
+

–
+

+
–

M
ic
ro
sc
op
ic
fn
di
ng
s:
su
br
et
in
a

–
+

+
+

–
+

+
–

M
ic
ro
sc
op
ic
fi
nd
in
gs
:c
ho
ro
id

–
+

+
+

+
+

+
–

M
ic
ro
sc
op
ic
fi
nd
in
gs
:e
xt
ra
sc
le
ra

–
–

+
+

+
–

+
+

M
ic
ro
sc
op
ic
fi
nd
in
gs
:o

pt
ic
ne
rv
e

–
–

–
–

–
–

–
–

M
ic
ro
sc
op
ic
fi
nd
in
gs

in
fl
am

m
at
io
n

–
M
ild

(c
ho
ro
id

an
d
op
tic

ne
rv
e)

–
M
od
er
at
e
(c
ho
ro
id
)

M
od
er
at
e
(c
ho
ro
id

an
d
sc
le
ra
)

M
od
er
at
e
(c
ho
ro
id
)

M
od
er
at
e
(c
ho
ro
id
)

–
V
itr
eo
us

he
m
or
rh
ag
e

–
–

–
–

–
–

–
–

Su
br
et
in
al
tu
m
or

ne
cr
os
is

–
–

+
+

–
+

+
–

Graefes Arch Clin Exp Ophthalmol (2017) 255:2363–2373 2371



protocol [33], we demonstrated that a viable xenograft model
in a rabbit could be achieved with a commercially-available
retinoblastoma cell line and daily immunosuppression with
intramuscular cyclosporine. Histopathologic evidence sug-
gested that subretinal, choroidal, and even extrascleral tumor
foci can be created using a needle and indirect ophthalmo-
scopic guidance. The extrascleral tumor growth was believed
to be related to the needle injection technique of the xenograft
procedure since it was noted in a rabbit not treated with PDT,
but caution is warranted with any new modality in ocular
oncology. Future studies are planned using an operating mi-
croscope viewing system to implant the tumors more focally
in the subretinal space (Gloss). Additionally, vitreous tumor
growth was exuberant in our xenograft model by 7 weeks, and
partially obscured the fundus view when performing indirect
PDT. With the needle injection technique, the ideal time to
perform indirect PDT appeared to be at 4 weeks after xeno-
graft implantation when subretinal tumor growth was con-
firmed, rather than waiting 7–8 weeks when vitreous seeding
began to obscure the fundus view. Areas of tumor necrosis
was demonstrated on histopathology following Indirect PDT
on areas of subretinal xenograft tumor growth, with power
levels ranging between 50 and 80 mW/m2. The exact power
levels used to achieve tumor regression in children with reti-
noblastoma will need to be defined with future studies. It
appears that 50 mW/cm2 was the ideal power level for
Indirect PDT when treating the rabbit retina, as higher levels
can result in photocoagulation and lower power levels may
not achieve tumor necrosis. However, it should be noted that
even at 80 mW/cm2, we did not have any evidence of damage
to the lens, cornea or choroid in the xenograft model.

In conclusion, the results of this preclinical study suggest
that targeted, circumscribed areas of retinal damage can be
created by the indirect PDT system. The indirect viewing sys-
tem allows targeted delivery of the laser energy to a specific
location in the fundus, using direct visualization. Given the
optical characteristics of the eye and the relatively small size
of the intraocular tumors, indirect PDT could become an im-
portant modality for the treatment of retinoblastoma, although
it remains to be seen whether long-term regression can be
achieved. There is enough encouraging evidence in this pre-
clinical model to support further investigation of indirect PDT
as a potential new modality to treat patients with intraocular
retinoblastoma.
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Fig. 7 Histopathology of the
same eye in Fig. 5 (rabbit 10 in
Table 4): hematoxylin and eosin
stain at a low power and b high
power, showing a subretinal
tumor nodule (arrowhead) and
focal area of tumor necrosis
following Indirect PDT (arrow). c
Viable vitreous seeds created in
this xenograft retinoblastoma
model. d Needle tract (arrow)
from the xenograft procedure
with a focus of extraocular tumor
in a rabbit not treated with PDT
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