
D
t

M
E
A
U
D
D
O
T
C

K
D
T
8
H

D
U
D
C
C

B
U
D
D
O
T
C

1

T
e
d
m
p
p
a
l

R
i
c
r
l
l

g
f

A
o
c
9

Journal of Biomedical Optics 14�6�, 064006 �November/December 2009�

J

rug and light dose responses to focal photodynamic
herapy of single blood vessels in vivo

amta Khurana
duardo H. Moriyama
drian Mariampillai
niversity of Toronto
ivision of Biophysics and Bioimaging
epartment of Medical Biophysics
ntario Cancer Institute

oronto, Ontario M5G2M9
anada

imberley Samkoe
artmouth College
hayer School of Engineering
000 Cummings Hall
anover, New Hampshire 03755

avid Cramb
niversity of Calgary
epartment of Chemistry
algary, AB T2N 1N4
anada

rian C. Wilson
niversity of Toronto
ivision of Biophysics and Bioimaging
epartment of Medical Biophysics
ntario Cancer Institute

oronto, Ontario M5G2M9
anada

Abstract. As part of an ongoing program to develop two-photon �2-��
photodynamic therapy �PDT� for treatment of wet-form age-related
macular degeneration �AMD� and other vascular pathologies, we
have evaluated the reciprocity of drug-light doses in focal-PDT. We
targeted individual arteries in a murine window chamber model, us-
ing primarily the clinical photosensitizer Visudyne/liposomal-
verteporfin. Shortly after administration of the photosensitizer, a small
region including an arteriole was selected and irradiated with varying
light doses. Targeted and nearby vessels were observed for a maxi-
mum of 17 to 25 h to assess vascular shutdown, tapering, and dye
leakage/occlusion. For a given end-point metric, there was reciprocity
between the drug and light doses, i.e., the response correlated with
the drug-light product �DLP�. These results provide the first quantifi-
cation of photosensitizer and light dose relationships for localized
irradiation of a single blood vessel and are compared to the DLP
required for vessel closure between 1-� and 2-� activation, between
focal and broad-beam irradiation, and between verteporfin and a por-
phyrin dimer with high 2-� cross section. Demonstration of reciproc-
ity over a wide range of DLP is important for further development of
focal PDT treatments, such as the targeting of feeder vessels in 2-�
PDT of AMD. © 2009 Society of Photo-Optical Instrumentation Engineers.

�DOI: 10.1117/1.3262521�

Keywords: age-related macular degeneration; confocal microscopy; window cham-
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Introduction

he history of photodynamic therapy �PDT� dates back to the
arly 1900s with the observation of the effects of light and
yes on paramecia.1,2 The current status of PDT as a treatment
odality exploiting the cytotoxicity of light-activated com-

ounds �photosensitizers� derives from the work of several
ioneers, including studies by Lipson, Baldes, and Schwartz
t the Mayo Clinic in the 1960s using hematoporphyrin, fol-
owed by clinical investigations by Dougherty’s group at

oswell Park Cancer Institute in the 1970s.3–5 Currently, PDT
s approved in several countries for various cancers and non-
ancerous conditions, the latter including the wet-form of age-
elated macular degeneration �AMD�, actinic keratosis, and
ocalized infection, using a variety of photosensitizers and
ight sources.6

In addition to direct cell targeting with PDT, several
roups have emphasized the importance of the vascular ef-
ects of this modality.7–9 This is the basis for PDT for AMD,

ddress all correspondence to: Brian C. Wilson, University of Toronto, Division
f Biophysics and Bioimaging, Department of Medical Biophysics, Ontario Can-
er Institute, Toronto, Ontario M5G2M9 Canada. Tel: 416-946-2952; Fax: 416-
46-6529; E-mail: wilson@uhnres.utoronto.ca
ournal of Biomedical Optics 064006-
where the objective is to shut down the abnormal choroidal
neovasculature without damaging the normal retinal blood
vessels, and for other noncancerous lesions like port-wine
stain. The primary pathway for the vascular effects of PDT
most likely begins with initial damage to the vascular endot-
helial cells, leading to exposure of the vascular basement
membrane and, thereby, to the creation of thrombogenic sites
within the vessel lumen. This initiates a cascade of responses,
including platelet aggregation, release of vasoactive mol-
ecules, leukocyte adhesion, and increases in vascular perme-
ability and vessel constriction.7,8 These effects have been
studied in a number of model systems,10–13 including recent
work from our own group in a dorsal skin window chamber
mouse model �WCM�.14

PDT using the benzoporphyrin derivative photosensitizer
verteporfin �Visudyne, QLT, Inc., British Columbia, Canada�
was first approved for the treatment of wet-form AMD in
2000. This condition is a major cause of vision loss in the
elderly,15 characterized by ingrowth of new blood vessels
�neovasculature� from the choriocapillaris. This leads to de-
struction of photoreceptors in the fovea and consequent loss

1083-3668/2009/14�6�/064006/14/$25.00 © 2009 SPIE
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f central vision. While other treatments are now also being
sed for this condition,16,17 it is likely that PDT will remain
art of the therapeutic armamentarium, and clinical and pre-
linical studies combining PDT with anti-angiogenic treat-
ents are in progress.18,19 Currently, PDT for all approved

ndications uses single-photon excitation of the photosensi-
izer with a spatially distributed light treatment field—e.g., in
he case of AMD, a red diode laser beam of a few mm diam-
ter is targeted on the region of neovascularization. A poten-
ial limitation is that any photosensitizer that leaks into the
etinal structures above or below the neovascular layer is also
ctivated, leading to collateral damage that may contribute to
he need for multiple repeat treatments.20,21

Over the past few years, we have been investigating two-
hoton �2-�� activation,22,23 in which nonlinear light absorp-
ion confines the PDT damage to a �diffraction limited� 3-D
ocal spot.24,25 This can be achieved by scanning a tightly
ocused femtosecond �fs� laser beam across a defined volume
f the neovascularization or by targeting the feeder vessels26

hat supply the neovascular zone. Recently, colleagues at Uni-
ersity of Oxford have designed and synthesized porphyrin
imer-based photosensitizers with very high 2-� cross sec-
ion: up to �17,000 GM units �1 GM=10−50 cm4 s�, which
s orders of magnitude higher than conventional single-photon
DT compounds. We have reported successful 2-� PDT shut-
own of single targeted blood vessels using one such
ompound.27 For this, we used the well-established WCM
odel,28 described in the following, that allows one to visu-

lize and target individual vessels in a minimally-invasive
ay. In the present work, we have used this model to inves-

igate whether or not there is reciprocity of the single-vessel
esponse to varying photosensitizer and light doses, as has
een demonstrated for conventional wide-field PDT.29,30 This

Fig. 1 Block diagram of the platform for localized PDT treatm
ournal of Biomedical Optics 064006-
is important to guide the further development of single-vessel
targeted treatments. Due to the limited supply of the porphy-
rin dimer compounds currently available, we have used verte-
porfin for these experiments to validate the principle of drug-
light reciprocity for single-vessel focal PDT. We then
compare the drug-light product required for vessel closure
between 1-� and 2-� activation, between focal and broad-
beam irradiation, and between verteporfin and the porphyrin
dimer. This allows us to bridge these different approaches and
to reach quantitative conclusions on the efficacy and clinical
practicality of focal PDT for AMD and other microvascular
pathologies. Moreover, since the subsequent photochemistry
is the same for 1-� and 2-� excitation,31 namely, singlet oxy-
gen formation, the biological responses observed from the
focal 1-� study should be directly transferable to 2-� excita-
tion.

2 Methods
All animal studies were done with institutional approval �Pro-
tocol 1498, University Health Network, Toronto, Canada�.
The WCM model has been described in detail elsewhere:28

briefly, a transparent window �1 cm in diameter� was surgi-
cally placed into the dorsal skin of nude mice �NCRNU-M,
�25 g� under general anesthesia �induced by intraperitoneal
80 mg kg−1 Ketamine plus 10 mg kg−1 Xylazine, with subse-
quent lower doses as required�. As seen in Fig. 1, this allows
direct visualization of the skin vasculature at high resolution
under confocal microscopy.

Imaging and PDT treatments were performed using a con-
focal laser scanning microscope �LSM 510 Meta NLO; Carl
Zeiss, Germany�, coupled to either a continuous wave �CW�
argon-ion laser �488 nm� or a Ti:sapphire laser �Chameleon;
Coherent� that was tunable from 720 to 960 nm with 300-fs

vivo and imaging of single blood vessels in the WCM model.
ent in
November/December 2009 � Vol. 14�6�2
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ulse duration and 90-MHz repetition rate. Both transmission
nd fluorescence images were recorded. Imaging of the verte-
orfin fluorescence in the vasculature �argon-ion laser, sub-
herapeutic 10-�W power, �ex=488 nm, �em=650 to
10 nm� and the transmission images were used to guide se-
ection of the blood vessel to be treated. Digital real-time
maging of the treated region was performed before, during
nd after the PDT treatment. Stereomicroscopy �MZ FLIII,
eica; �1–8 magnification, white-light mode� was used to

mage the whole vasculature in the dorsal window before and
fter PDT. These images allowed the treated region to be re-
ocated at the different time points.

For the PDT treatments, carried out at �2 h following
mplantation of the window, the photosensitizer was
dministered by bolus tail-vein injection in 5% dextrose:
ither verteporfin �molecular weight 718.8, 2 to 32 mg kg−1

ody wt�2.8 to 44.5 micromoles kg−1� or the porphyrin
imer27 �molecular weight 2232.7, 10 mg kg−1

4.5 micromoles kg−1�. The window chamber was then po-
itioned under the microscope, and a suitable vessel was se-
ected: for these studies, arteries �identified by wall thickness
nd direction of blood flow� of 40 to 50 �m lumenal diam-
ter were used. A small region �80�80 �m2� centered on the
elected blood vessel was then irradiated in raster-scanning
ode. The CW argon laser was used for verteporfin 1-� focal
DT ��ex=488 nm, 5�dry objective, NA 0.25, 177-�W
ower at the tissue, 2700 mW cm−2 incident intensity,
.60-�s pixel dwell time, spot size �1.2 �m�. For 2-� PDT,
he pulsed Ti:sapphire laser was used ��ex=865 nm for verte-
orfin, 920 nm for the porphyrin dimer, �40 mW average
ower, irradiation done as a vertical stack of five images, each
0 �m apart, pulse length 300 fs at the sample position,
3.2�1010 W cm−2 peak power intensity, 1.60-�s pixel

well time, �500-nm spot size�. Light irradiation was started
5 min after photosensitizer injection, when the drug is pri-
arily still in the vasculature. For the verteporfin dose-

esponse experiments, the incident irradiance was varied in
he range 40 to 3000 J cm−2 by increasing the treatment time
n the range 38 s to 47 min. The treated region was imaged
mmediately after treatment and at 2 to 3 h and 17 to 25 h
ost-PDT treatment. For the latter, 5 mg kg−1 of
64,000 MW dextran labeled with fluorescein isothiocyanate
FITC; Sigma-Aldrich, Ontario, Canada� in 200 �l saline was
njected i.v., and its fluorescence was imaged 15 min later
�ex=488 nm, �em=500 to 550 nm, 5-�W power�. Mice
ere kept normothermic on a heated stage �30°C� during

maging and treatment.
Following imaging at the last time point, the mouse was

uthanized by cervical dislocation. Surgically exposed dermis
ithin the window was resected and fixed in 10% buffered-

ormalin for �48 h. The tissue was then paraffin embedded,
ectioned �6 �m thickness� parallel to the skin surface and
tained with haematoxylin and eosin �H&E�. The sections
ere then imaged with a bright-field whole-slide scanner

ScanScope XT: Aperio, San Diego, California�.
Where necessary to extend the previous literature and our

wn earlier work, a series of complementary studies was done
ournal of Biomedical Optics 064006-
to allow comparison of the drug-light product �DLP� for vas-
cular occlusion using these 1-� focal verteporfin-mediated
PDT responses with other treatment conditions, including 2-�
treatment, wide-field irradiation, and/or the use of the porphy-
rin dimer. We will also compare these in vivo dose responses
with those for corresponding in vitro cell effects, as reported
previously.32 Briefly, for the latter, a monolayer of endothelial
cells was incubated with 10 �M verteporfin in the dark for
3 h. Next, a 230�230 �m2 region of cells was selected and
irradiated with 865-nm laser light. Cell viability stains were
added 4 h later to obtain two-color visualization of live and
dead cells.

For the broad-beam PDT experiments, a collimated beam
from a 690-nm laser coupled to optical coherence tomogra-
phy �OCT� system was delivered over a �1.5-mm-diam spot.
Blood flow in the targeted and surrounding region was re-
corded pre- during, and post-PDT using speckle variance
OCT �sv-OCT�.33 For the PDT treatment, a total light dose
100 J cm−2 was delivered over 10 min at an incident power
density of 166 mW cm−2. In order to prevent any additional
PDT damage, lower power from a 1300-nm laser was used in
the sv-OCT instrument to record pre and post-PDT images.
The sv-OCT method utilizes a speckle variance detection
technique that is based on detection of changes in the succes-
sive structural images, as reported in detail previously.33

3 Results
An illustration of the setup and the scheme for the vascular
response experiments is presented in Fig. 1, which shows the
vasculature visible through the window using the stereomicro-
scope and the small treatment area of the targeted vessel using
confocal microscopy. Figure 2 shows examples pre- and post-
�0 h, 2 to 3 h, 17 to 25 h� PDT, illustrating the vascular re-
sponse of arterioles �40 to 50 �m diameter� to different doses
of verteporfin and focal 1-� light activation. Changes in the
targeted artery �shutdown, tapering, and FITC-dextran leak-
age or obstruction� were recorded at each time point follow-
ing treatment. Figure 2�a� shows the localized vascular PDT
response ��ex=488 nm� for 2.8 micromoles kg−1 verteporfin
at a fluence of �2700 J cm−2. In this case, although immedi-
ate �0 h� occlusion was observed, the follow-up images �2.5 h
and 22 h� showed arteriole rebound, confirmed by fluores-
cein-dextran dye permeation through the targeted region. With
5.6 micromoles kg−1 and �1670 J cm−2 vasodilation of the
targeted arteriole was seen �Fig. 2�b��. There was also appar-
ent damage to a nearby venule, outside the direct laser-beam
treatment zone. While complete occlusion was not seen at
11.1 micromoles kg−1 and �600 J cm−2 �Fig. 2�c��, the 24 h
response showed swelling and hyperfluorescence of fluores-
cein in the treated area. Figures 2�d� and 2�e� show vessel
responses for 22.3 and 44.5 micromoles kg−1 drug with light
doses of �400 and 325 J cm−2, respectively. Both demon-
strated permanent damage to the targeted arteriole, confirmed
by FITC-dextran dye absence/obstruction in the treated re-
gion. No such response was observed in the light-only control
�Fig. 2�f��, even though a high light dose �1340 J cm−2� was
deposited.

Figure 3 show scatter plots of the light doses correspond-
ing to different degrees of vascular response at different time
November/December 2009 � Vol. 14�6�3
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oints post-PDT. Each symbol represents one mouse or ves-
el, which was tracked to assess the changes over time fol-
owing treatment. These plots were generated as follows: for a
iven drug dose, the light dose was varied using 1 �or in some
ases, 2� animals per dose until the targeted artery demon-
trated leakage or occlusion, confirmed by fluorescein-labeled
extran dye injection at the 17 to 25 h time point. Once the
pproximate light dose to produce this response was known,
he light dose was varied on either side of this value in several
nimals �n�3� to determine the light dose required for oc-
lusion of the arteriole at that particular drug dose. This was
hen repeated for a different drug doses. The sequence of drug

ig. 2 Confocal microscope example images of different drug
320 to 2700 J cm−2, �ex=488 nm, 5� dry objective, NA 0.25, 17
.60-�s pixel dwell time, spot size �1.2 �m� pre- and post-PDT �i
xamples of verteporfin �red� fluorescence are also shown. Green fluor
reated arteriole �80�80 �m2� region is marked with a white square
ournal of Biomedical Optics 064006-
doses and the light dose ranging was random to minimize
systematic bias. A single arteriole was targeted in most ani-
mals, except in a few cases at the higher drug doses for which
the PDT treatment time was short ��200 s� and two well-
separated and unconnected vessels could be used. Each point
in the scatter plots has been color-coded according to whether
the specific vessel response was �red� or was not �green� ob-
served. Since these responses were clear and unequivocal, we
relied on a single trained observer �MK�, who was blinded to
the light dose.

Independent of the drug dose, it was observed that the
immediate vessel closure �shutdown at 0 h� does not neces-
sarily predict the 17 to 25 h response, and that the irradiated

o 44.5 micromoles kg−1 and no drug control� and light doses
power at the sample position, 2700 mW cm−2 incident intensity,

ately after: 0 h; short-term: 2 to 3 h; long-term: 21 to 25 h�. A few
e is due to FITC-labeled dextran injected at the longer time point. The
dicated by arrows. �Color online only.�
�2.8 t
7-�W
mmedi
escenc
and in
November/December 2009 � Vol. 14�6�4



a
e
g
3
�
b
�
w

v
t

F
5
4
p
v
v
a
�

Khurana et al.: Drug and light dose responses to focal photodynamic therapy of single blood vessels

J

rteriole can “rebound” if the PDT drug/light dose is not ad-
quate. However, the short-term �2 to 3 h� responses are a
ood indicator of the long-term responses, as shown in Fig.
�c� for 11.1 micromoles kg−1: here, lower light fluences
�700 J cm−2� resulted in immediate vessel closure but re-
ounded at the 2 to 3 h time point, whereas larger light doses
�700 J cm−2� produced both short- and long-term closure,
ith FITC-dextran blockage and/or leakage.

As indicated earlier, we also observed narrowing of
enules that were close to the targeted arterioles, but outside
he light treatment field. Damage to the adjacent vein de-

ig. 3 Scatter diagram of single arteriole response to verteporfin
.6 micromoles kg−1, 40 to 52 �m; �c� 11.1 micromoles kg−1, 40 to
2 to 55 �m. A small region �80�80 �m2� of an artery was irradiate
ixel dwell time 1.60 �s� 15 min after intravenous drug injection. Eac
arious vascular responses at different time points. The x axis shows
alues are shown on the y axis. Red color symbols indicate positive sco
nd/or leakage, and green implies negative score. Numbers on the ext
Color online only.�
ournal of Biomedical Optics 064006-
pended on number of factors: the drug and light doses, the
distance between the targeted artery and the vein, and the size
of the vein. In the case of the lowest dose of 2.8 micro-
moles kg−1, the effect was noticeable above 2000 J cm−2 for
distances of 70 to 180 �m. At 5.6 micromoles kg−1, damage
to the nearest vein �50 to 170 �m� was seen above
900 J cm−2, but there was no damage apparent beyond
200 �m, even at high light dose ��1500 J cm−2�. In the case
of 11.1 to 44.5 micromoles kg−1, damage was noticed in
nearly all experiments with light doses as low as 200 J cm−2.
This damage to nearby veins could be due to scattered light,

-� PDT in the WCM: �a� 2.8 micromoles kg−1, 40 to 48 �m; �b�
; �d� 22.3 micromoles kg−1, 40 to 48 �m; �e� 44.5 micromoles kg−1,

an argon-ion laser ��ex=488 nm, incident intensity 2700 mW cm−2,
with one type of symbol� represents one mouse, which is followed for
nt time points and parameters that were observed, and light fluence
, vascular shutdown, tapering, nearby vein damage, and dye blockage
ght side indicate the distance of the nearest vein to the targeted artery.
focal 1
48 �m
d using
h row �
differe
re, i.e.

reme ri
November/December 2009 � Vol. 14�6�5
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ince the effect is not seen with 2-� PDT.27 In a small number
f higher drug dose experiments �Figs. 3�d� and 3�e�� in
hich similar drug and light doses were delivered, we also
oticed that this effect fell off with distance between the tar-
eted artery and vein. Although there were only a few obser-
ation points, this suggests a secondary ‘bystander’ effect,
ossibly due to release of cytokines or other inflammatory
lements in response to the damaged artery and surrounding
issue, which has previously been demonstrated in several
DT studies.34,35

The drug and light doses for vascular shutdown were then
lotted against one another, as shown in Fig. 4. These values,
ogether with corresponding DLP �Fig. 4, inset�, were ob-
ained from the scatter graphs of Fig. 3 by averaging the light
oses for individual experiments that resulted in complete
essel shutdown at the 17 to 25 h time point for the respec-
ive drug doses �n�3�. For the 2.8 micromoles kg−1 data, we
alculated the mean of the three highest light doses, since we
ould not achieve complete vessel occlusion. Hence, this DLP
s the minimum value. It is seen that the light versus drug
urve is well defined for focal irradiation and that, except for
owest and highest drug doses, the DLP is nearly constant.
hat is, the responses demonstrate photosensitizer-light reci-
rocity, consistent with a model in which the singlet oxygen
enerated is proportional to this product, implying that the
reatments are not oxygen-limited. At the lowest drug dose of
.8 micromoles kg−1, a fluence of 2871�160 J cm−2 was
sed for vessel shutdown, which necessitated a very long
reatment time ��47 min�, during which the concentration of
irculating verteporfin likely dropped. Hence, one could ex-
ect breakdown of reciprocity in this case. At the highest drug
ose of 44.5 micromoles kg−1, the DLP also increased sig-

ig. 4 Drug and light dose-response curve for single vessel occlusion
rom the scatter diagram shown in Fig. 3. The x and y axis show escala
ars represent ±1 s.d.
ournal of Biomedical Optics 064006-
nificantly. This is most likely due to the vascular endothelial
cells having reached a saturation concentration of photosensi-
tizer, or it could be due to the very rapid narrowing of the
lumen at this dose, which could limit the available oxygen
during the irradiation.

Representative confocal microscopy and representative
histopathology results are shown in Fig. 5, for both low-
and high-dose PDT. With low-dose PDT �Fig. 5�a�:
5.6 micromoles kg−1, 1685 J cm−2, DLP=9436�, dilation of
the targeted arteriole was noted by both confocal microscopy
and subsequent histology of the same section. The latter dem-
onstrated endothelial cell disruption in the treated area, indi-
cated by an absence of nuclear staining along the inner vessel
lumen. Despite apparent endothelial damage, the blood vessel
was still patent, as demonstrated by the FITC-dextran dye
permeation at 24 h after the PDT. However, for high-dose
PDT �Fig. 5�b��, localized vessel occlusion was achieved
�44.5 micromoles kg−1, 340 J cm−2, DLP=15130�. Histol-
ogy showed increased intra- and perivascular polymorpho-
nuclear leukocytes in the treated vascular region, especially
around the damaged endothelial lining. Cell death with signs
of apoptosis �apoptotic bodies� as well as necrosis �karyorrhe-
xis� was also visible. Histologic preparation of these thin tis-
sue samples is challenging, especially to locate a very tiny
region of a single blood vessel in a 1-cm-diam window,
within which the entire vasculature is tortuous. Currently, we
are refining the sectioning and staining methods to make this
more reliable, but to date do not have good histology at other
doses.

The drug-light products and the different experimental
conditions for vascular occlusion under various drug and light
regimes are summarized in Table 1, both for the WCM and for

WCM. Fluence values for localized vessel occlusion were obtained
rteporfin �2.8 to 44.5 micromoles kg−1� and light doses �J cm−2�. Error
in the
ting ve
November/December 2009 � Vol. 14�6�6
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ig. 5 Example confocal microscopy �top panel� before, immediately, and at 3 and 21 to 24 h post-verteporfin 1-� PDT ��ex=488 nm, intensity
700 mW cm−2, pixel dwell time 1.60 �s� and histology for the same animal �lower panel� in the WCM. The targeted region �80 �m�80 �m� is
ndicated by a white square or arrows. The image on the right shows a zoomed picture of the targeted region. �a� 5.6 micromoles kg−1, 1685 J cm−2.
ilation of the targeted arteriole can be seen at later time points in both transmission and fluorescence �FITC-dextran, green� images. Histology

hows damage to endothelial cells, indicated by the absence of darkly stained nuclei in the treated region, which are indicated with green arrows
or the intact endothelial lining in the nearby region. �b� 44.5 micromoles kg−1, 340 J cm−2. Occlusion of the targeted arteriole can be seen at later
ime points in both transmisison and fluorescence �FITC-dextran, green� images. Histology shows intra- and perivascular accumulation of poly-
orphonuclear cells �blue arrows� in the treated region. Cells with signs of apoptosis �apoptotic bodies, green arrows�, as well as necrosis

karyorrhexis, black arrows�, are also visible in the surrounding region. �Color online only.�
ournal of Biomedical Optics November/December 2009 � Vol. 14�6�064006-7
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he chorioallantoic membrane �CAM� model in chick eggs,36

hich we have also used to assess the 2-� PDT vascular
esponse. Both 1-� focal and broad-bream irradiation with
erteporfin are compared, as well as 2-� PDT with both verte-
orfin and the Oxford porphyrin dimer.27 There are several
oints to note.

1. The DLP for focal irradiation is �1.5 orders of magni-
ude higher than that for broad-beam irradiation.

2. With verteporfin the DLP is �3 orders of magnitude
igher for 2-� than for 1-� activation, but this partially com-
ensated by the much higher 2-� cross section with the por-
hyrin dimer.

3. For 2-� activation with verteporfin, the DLP for CAM
essels is an order of magnitude higher than for vessels in the
CM.

he first point clearly raises questions about the biology of the
ingle vessel responses, which will be discussed in the follow-
ng. The second point relates primarily to the low probability
f 2-� absorption in conventional photosensitizers and the
eed for “designer” drugs for this application. We note, how-
ver, that the full potential of the 300-fold higher 2-� cross
ection in the dimer compared with verteporfin is not realized,
ost likely due to its poorer pharmacokinetics and/or micro-

istribution. With regard to the third point, an order of mag-
itude lower DLP in window chamber vessels could be due to
lightly different vessel sizes �40 to 50 �m in the WCM ver-
us 50 �m in the CAM model� or, more likely, to differences
n the way light or drug is delivered. For the CAM studies,
reatment was delivered to a single fixed spot �37 �m3� on

able 1 Summary of verteporfin 1- and 2-� PDT and dimer 2-� PD
esults for 50-�m arteriole conclusion in the CAM model.

Dorsal skinfold wind

Verteporfin

1-� 1-� broad beam

Photomsensitizer conc.
�micromoles kg−1�a

22.3 1.4

Wavelength �nm� 488 690

Pulse width �femtosecond� — —

Magnification and
numerical aperture of

treatment spot

5�, 0.25 —

Peak irradiance �W cm−2� 2.7 0.17

J cm−2 414 100

Treatment time �min�b 6.5 10

Drug-light product
�conc., micromoles kg−1

and fluence, J cm−2�

9215 140

Photosensitizer concentrations were converted to micromoles kg−1 by taking in
Includes the laser sleep time during focal 1- and 2-� scanning irradiation PDT.
ournal of Biomedical Optics 064006-
the vessel wall, whereas in the WCM the laser beam was
scanned over a larger area �80 �m�80 �m� and through
different layers �z sections: series of five depths 10 �m apart�
of the blood vessel. This intermittent treatment may allow for
oxygen and/or circulating photosensitizer replenishment. In
the WCM, the photosensitizer was administered by tail-vein
injection, remote from the target vessel, whereas in the CAM
model injection was directly into the target vessel, just up-
stream of the irradiated spot. Also, the wavelength and 2-�

Table 2 Scoring scale for assessing vascular occlusion in the CAM
model.

Vascular occlusion
rating �VOR� Amount of vessel closure �AVC�

0 No visible change
�AVC=0% �

1 Slight decrease
�0% �AVC�50% �

2 Vessel diameter decrease by half
�AVC=50% �

3 Lerge decrease
�50% �AVC�100% �

4 Fully closed
�AVC=100% �

40-�m arteriole occlusion in dorsal window mice. Also shown are

amber model, 40 �m CAM, 50 �m �Ref. 36�

Dimer �Ref. 27� Verteporfin

2-�

44.5 4.5 2.8

865 920 780

300 300 100

5�, 0.25 5�, 0.25 20�, 0.4

3.2�1010 3.2�1010 3.7�1011

6.5�105 3.2�105 1.1�108

24 12 5

2.9�107 1.4�106 3.1�108

unt their molecular weights.
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ow ch

to acco
November/December 2009 � Vol. 14�6�8



c
�
�
C
i
a
C
c
v

t
r
i
p
5
d
w
w
r
�
t
I

T
m

Khurana et al.: Drug and light dose responses to focal photodynamic therapy of single blood vessels

J

ross-section values for verteporfin were different: 780 nm
	2�60 GM units� for the CAM experiments and 865 nm
	2�30 GM� in the case of the WCM,37 which should make
AM vasculature even more responsive. Whatever the reason,

t is surprising that the normal vessels in the WCM model
ppear to be more sensitive than the neovasculature in the
AM model, since other studies have suggested that neovas-
ulature is more susceptible to PDT damage than normal
essels.7,38,39

There has been previous work on optimizing 2-� PDT in
he CAM model.36 Vascular shutdown was attempted for a
ange of vessel diameters �20,30,50,80 �m�, occlusion be-
ng achieved for all except the largest, and the effect of laser
ower �30,38,45 mW� was also investigated for occlusion of
0-�m-diam arteries. For all these experiments, a verteporfin
ose of 2.8 micromoles kg−1 was used, and 2-� activation
as carried out at 780 nm. Vascular constriction/occlusion
as observed immediately after PDT. The results are summa-

ized in Tables 2–5 and Fig. 6. The largest blood vessels tested
80 �m� showed significant vasoconstriction immediately af-
er treatment, but complete vessel occlusion was not observed.
t is possible that, if these vessels were imaged at longer times

able 3 Summary of vascular occlusion ratings �VORs� in the CAM
odel with 2.8 micromoles kg−1 verteporfin 2-� PDT.

Vessel diameter ��m� VOR

20 4

30 4

50 4

80 3.25

Table 4 Light treatment parameters for optimiza

Treatment
time �s� Light dose parameters

60 Average irradiance �W cm−2�

Peak irradiance �W cm−2�

Fluence �J cm−2�

180 Average irradiance �W cm−2�

Peak irradiance �W cm−2�

Fluence �J cm−2�

300 Average irradiance �W cm−2�

Peak irradiance �W cm−2�

Fluence �J cm−2�
ournal of Biomedical Optics 064006-
after treatment, then complete vessel occlusion would be ob-
served. The light dose was further optimized by treating
50-�m-diam arteries and showed that vessels could be oc-
cluded with a variety of high laser powers and long treatment
times. It was determined that treatment with 45 mW could
cause long-term vessel closure with as little as 3 min expo-
sure, while longer irradiation times �5 min� were required to
occlude vessels at a lower power �38 mW�. It is likely then
that, if either the drug or light dose were increased, occlusion
of larger vessels would also be observed immediately after
treatment. Additionally, using a photosensitizer with a high
2-� cross section would also likely increase the vessel diam-
eter that could be treated under such conditions.

4 Discussion
Earlier dose-dependence studies with different photosensitiz-
ers in various tumor and vascular models have used broad-
beam light to target large �mm–cm� tissue areas that include
numerous arteries and veins, and demonstrated that

2-� PDT of 50-�m arteries in the CAM model.

Laser power at the artery �mW�

30 38 45

54�106 3.18�106 3.81�106

1�1011 3.64�1011 4.37�1011

77�107 2.21�107 2.65�107

54�107 3.18�106 3.81�106

1�1011 3.64�1011 4.37�1011

31�107 6.63�107 7.96�107

54�106 3.18�106 3.81�106

1�1011 3.64�10111 4.37�1011

84�107 1.11�108 1.33�108

Table 5 Vascular occlusion ratings for the optimized treatment of
50 �m vessels in the CAM model. For these experiments, verteporfin
was injdected into a feeder artery, upstream of a vessel branch and in
the direction of the blood flow. 10 min after the start of infusion, 2-�
excitation PDT treatment was delivered using 780 nm pulsed laser
light focused onto the upper portion of the lumen.

Laser power �mW�

30 38 45

Treatment
time �s�

60 0.2 0.8 2.2

180 2.2 3.4 4

300 3.4 4 4
tion of

2.

2.9

1.

2.

2.9

5.

2.

2.9

8.
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hotosensitizer-light dose reciprocity holds provided that oxy-
en is readily available. For example, Fingar et al.29 showed
rug-light reciprocity in intradermally implanted RIF tumors
sing the end-point of ex vivo tumor cell clonogenicity over a
ange of drug �dihematoporphyrin ether, 3 to 10 mg kg−1�
nd light �40 to 135 J cm−2� doses. In a follow-up study,30

hey demonstrated breakdown of reciprocity when the photo-
ensitizer dose was reduced further and attributed this to pho-
obleaching of the photosensitizer. Several other investigators
ave also evaluated the drug and light dose dependence of
DT effects in vitro using various porphyrin-based
hotosensitizers.40,41

The confirmation of drug-light dose reciprocity in focal
DT of individual blood vessels provides a high level of con-
dence that the model and evaluation metrics used in these
xperiments provide a robust platform for quantitative evalu-
tion of this novel PDT approach. This is a necessary step
oward applying the method to, for example, ocular models of
MD, which have significant additional technical challenges,
articularly in achieving diffraction-limited focal irradiation
iven the limited numerical aperture of the eye and unavoid-
ble optical aberrations.

The vessel responses in the present study were assessed by
single observer, which may be a weakness. However, the

ndividual was blinded to the light dose used, and the re-
ponses are rather clear and unequivocal, so that we do not
elieve that this introduced undue bias: once vessel closure
ad been observed at a particular drug dose, multiple animals
ere treated with the light dose varied around this represen-

ative value to give a degree of statistical reliability.
With regard to the specific vascular responses, during irra-

iation we noticed immediate vasoconstriction for high verte-
orfin doses �22.3 and 44.5 micromoles kg−1�, whereas for
ow drug doses, slight transient dilation of the targeted arteri-
le was noticed first, followed by constriction. Subsequently,
ither recovery, tapering, and/or shutdown occurred, depend-
ng on the drug and light doses. Over two decades ago, Star et
l., using a rat window chamber model, observed immediate

ig. 6 Optimization of 2-� PDT light dose in the CAM model. Each
essel was assigned a VOR based on the decrease in vascular size
Table 3� and plotted against the total length of time over which the
ight was delivered, and the delivered power at the vessel. Each point
epresents the average VOR for 5 vessels in 5 different eggs, and is a
isual representation of Table 5.
ournal of Biomedical Optics 064006-1
constriction and vasodilatation of tumor vasculature preceding
complete stasis, when a large tissue area comprising multiple
vessels was treated with hematoporphyrin derivative-
mediated PDT.42 In a 1989 publication,43 Reed et al. com-
pared the effects of �dihematoporphyrin ether� PDT on normal
and tumor blood vessels and reported that vasoconstriction
was predominant in arterioles, while venules showed mainly a
thrombotic response. Fingar et al. performed a number of
broad-beam PDT studies using several tumor models and in-
vestigated in detail the role and mechanisms of tumor mi-
crovascular damage.7,44–47 In the present study, we did not
examine the mechanism of localized vascular damage in de-
tail. However, the current observations and these earlier large-
area vascular PDT reports indicate that the underlying phe-
nomena are similar, regardless of whether they are initiated by
localized or broad-beam irradiation.

In the present study we detected disruption of the endot-
helial cell layer in the treated region �indicated by the absence
of darkly stained flat nuclei along the inner vessel wall lining:
Fig. 5�, which has previously been established as the initial
event before platelet aggregation at the damaged site.7,8 This
then leads to increased vascular permeability and eventually
vessel shutdown, depending on the drug and light dose. In the
case of high-dose focal PDT, we noticed polymorphonuclear
leukocytes along the vessel lining �and in the surrounding
area� that are normally limited to the blood circulation. En-
dothelial cell damage, followed by platelet aggregation and
increase in vascular permeability leading to leakage of leuko-
cytes in the treated area, have been reported previously in
broad-beam PDT studies.48–51 Also, cells undergoing both
apoptosis and necrosis were observed around the targeted vas-
cular region �Fig. 5�b��, which has likewise been reported.52,53

These observations further point out to the fact that the
mechanistic basis for localized and area vascularly targeted
PDT is similar.

4.1 Comparisons with Other Treatment Conditions
Having determined the threshold DLP for single microvessel
occlusion using focal 1-� verteporfin PDT in vivo, it is of
interest to compare this with other treatment conditions. First,
as shown in the example in Fig. 7, for broad-beam 1-� PDT
�spot size 1.5 mm�, only a very low DLP
�1.4 micromoles kg−1�100 J cm−2� was required for perma-
nent vessel closure of a region containing numerous arteries
and veins �40 to 50 �m diameter�. The damage boundary
was nearly twice the diameter of the treated area, which could

Fig. 7 Example image of verteporfin �1.4 micromoles kg−1� broad-
beam PDT �690 nm, spot size �1.5 mm in diameter in the center of
the image, 100 J cm−2 fluence delivered over 10 min� in the WCM.
The orange-red �false color� is the blood flow map using speckle vari-
ance OCT.33 The 24 h time point vascular response image shows vas-
cular shutdown of numerous vessels, �50 �m vessels. �Color online
only.�
November/December 2009 � Vol. 14�6�0
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e a consequence of scattered light. By contrast, with focal
reatment for 1-� CW irradiation the local light fluence
�6000 J cm−2 for 1.4 micromoles kg−1 verteporfin, esti-
ated from the dose-response curve shown in Fig. 4� required

or vascular shutdown was 60 times higher than with broad-
eam irradiation �100 J cm−2�. It is possible that there is lo-
alized oxygen depletion or ground-state photosensitizer
epletion in the case of the focal treatment, since the fluence
ate is 15 times higher �2700 versus 166 mW cm−2�. Such
ffects would reduce the effective PDT dose delivered. Alter-
atively, or in addition, the low DLP with wide-beam irradia-

able 6 Summary of in vitro verteporfin 1- and 2-� PDT using cell m

1-� focal 1-�

Khurana et al.
�Ref. 32�

Nowak-
Sliwinska et al. �Ref.

Photosensitizer conc.
�micromoles kg−1�a

10.1 2.8

Wavelength �nm� 514 690

Pulse width
�femtosecond�

— —

Magnification and
numerical aperture of

treatment spot

40�, 1.2 —

Power �mW� 0.011 —

Drug incubation �min� 150 60

Park irradiance
�W cm−2�

— —

onfluent cell monolayer YPEN-1
endothelial

S91 melanoma

J cm−2 0.14 0.04

Evaluation 90% killing 90% killing

Drug-light product
�conc., micromoles kg−1;

fluence, J cm−2�

1.4 0.11

Photosensitizer concentrations were converted to micromoles kg−1 by taking in

ig. 8 Example of verteporfin �44.5 micromoles kg−1� 2-� PDT �865
2 min, �40 mW average power, �3.2�1010 W cm−2 peak power in
o the treated arteriole is noticeable both immediately and 3 h after P
s evident from the FITC-dextran fluorescence. Nearby veins did not s
Fig. 2�.
ournal of Biomedical Optics 064006-1
tion could be due to the additive biological effect of the dam-
age to multiple vessels �e.g., a cumulative bystander effect�. It
could also imply that it is much easier to close vessels if the
PDT damage occurs along a substantial length of the vessel
rather than at a single localized spot, and this is currently
being investigated.

A second comparison is that between 2-� PDT using verte-
porfin �Fig. 8� or the porphyrin dimer that we have reported
previously.27 With verteporfin, DLP2-� was �3 orders of
magnitude higher than DLP1-�. This is hardly surprising,
since the 2-� cross section of this photosensitizer is very low

yers.

beam 2-�

Chen et al. �Ref. 55� Khurana et al.
�Ref. 32�

Karotki et al. �Ref. 22�
�no drug, light

only�

0.28 10.1 0

690 865 865

— 300 300

— 40�, 1.2 40�, 1.2

— 7.0 40

15 150 —

— 2.6�1011 7.8�1011

SVEC4-10
endothelial

YPEN-1
endothelial

YPEN-1
endothelial

1 1000 25000

Cell permeability
loss

90% killing bubble
formation

0.28 104 —

nt their molecular weights.

� dry objective, NA 0.25, �3�105 J cm−2 fluence delivered over
1.60 �s pixel dwell time, spot size �500 nm� in the WCM. Damage
24 h image shows some recovery, but tapering of the treated region

mage or inflammatory response, unlike in the case of focal 1-� PDT
onola

broad

54�

to accou
nm, 5
tensity,
DT. The
how da
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	2�50 GM units�.32 However, unlike focal 1-� PDT �Fig.
�, there were no visible signs of damage or inflammatory
esponse to nearby veins. This suggests a possible alternative
o the bystander interpretation—namely, that there is a signifi-
ant contribution from scattered light even with the small fo-
al spot and relatively thin tissue ��400 �m� in the WCM.
he effects of such scattering would be much less in the case
f the 2-� irradiation, since the wavelength of the fs laser
865 nm� is beyond the 1-� absorption range. When we
witched to the porphyrin dimer that was designed de novo to
ave a very high 2-� cross section �	2�17,000 GM units at
20 nm�,27 the DLP2-� was 20-fold lower than for verteporfin.
he fact that this reduction is much less than the 340-fold
17,000 /50� expected on the basis of the high 2-� cross sec-
ion relative to verteporfin suggests that the uptake and/or
ocalization to PDT-sensitive sites are different, and this has
een confirmed by in vitro fluorescence microscopy.27 Further
tudies using targeted delivery vehicles for the dimer com-
ound are in progress.

We also reviewed our previous in vitro results, summarized
n Table 6, for endothelial cell kill using focal 1- and 2-�
erteporfin-PDT32 and compared these with published verte-
orfin broad-beam in vitro experiments.54,55 For similar cell
ill, 1-� focal PDT required 5 to 15 times higher DLP than
road-beam PDT: this is only a rough comparison, as the
xperiments were done under different conditions using dif-
erent cell lines. The in vitro DLP2-� was �3 orders of mag-
itude higher than for 1-� focal PDT.

To our knowledge, there are no studies that have targeted a
ery small region with focal PDT in normal healthy blood
essels, but there have been several attempts to identify and
cclude feeder vessels in patients. In a proof-of-principle
tudy with 11 AMD patients �subfoveal occult CNV with
eeder vessels �150 �m�, Flower56 demonstrated the feasi-
ility of indocyanine green dye �ICG�–enhanced photocoagu-
ation of these vessels with a device that permitted real-time
isualization of the choroidal circulation while aiming the
reatment laser beam. Feeder vessel closure could be achieved
ith 1 to 3 laser pulses, each of energy 0.6 J �7.6
103 J cm−2, ICG: 0.3 ml of 65 mg ml−1; spot diameter:

00 �m; duration: 1.0 to 1.5 s; laser power 400 to 600 mW;
096 to 7644 W cm−2�, with no visible damage to the sur-
ounding fundus tissue. Staurenghi et al. mentioned the im-
ortance of ICG angiography in detecting small feeder vessels
ut also emphasized that the success of treating feeder vessels
y �photothermal� laser depends on their width, length and
umber.57 These reports indicate the necessity of a reliable
eal-time monitoring system for both identification of feeder
essels �or neovasculature� and evaluation of the therapeutic
esponse. Research in this direction is already underway and
ne such emerging technique that we are exploring is
v-OCT.58,59

In summary, this is the first report of quantitative dose
elationships for focal PDT targeting individual blood vessels
n vivo, an approach that is greatly facilitated by the use of the

CM. Confirmation of photosensitizer–light dose reciprocity
ives a basis for dose optimization, while the significant dif-
erences between focal and large-area vascular targeting raises
ignificant questions about the biology of �micro�vascular re-
ponses to PDT-induced damage. We recognize that the cur-
ournal of Biomedical Optics 064006-1
rent studies have been done in normal blood vessels, rather
than in neovasculature such as found in AMD or tumors.
Based on previous reports of the sensitivity of neovessels to
PDT,7,38 it is likely that the absolute values of the DLP for
vascular occlusion are higher than will be required for treating
such pathologic tissues. Conversely, this is not consistent with
higher doses observed in the case of CAM vessel closure,
despite local injection of the photosensitizer. However, we
note that in the CAM experiments, the PDT dose was deliv-
ered at a spot close to the upper vessel wall, whereas in the
WCM, a larger region was scanned circumferentially, encom-
passing more endothelial cells.

The ultimate goal of this study is to evaluate the efficacy of
highly localized 2-� PDT, either as stand-alone treatment or,
most likely, in combination with other approaches for vascu-
lar pathologies where high spatial confinement is a significant
potential advantage.
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