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Abstract

Background and Objective—Current treatments of port-wine stain birthmarks typically
involve use of a pulsed dye laser (PDL) combined with cooling of the skin. Currently, PDL
therapy protocols result in varied success, as some patients experience complete blanching, while
others do not. Over the past decade, we have studied the use of photodynamic therapy (PDT) as
either a replacement or adjuvant treatment option to photocoagulate both small and large
vasculature. The objective of the current study was to evaluate a PDT protocol that involves use of
an alternate intravascular photosensitizer mono-L-aspartylchlorin-e6 (NPe6) activated by an array
of low-cost light emitting diodes.

Study Design/Materials and Methods—To monitor the microvasculature, a dorsal window
chamber model was installed on 22 adult male mice. The light source consisted of a custom-built
LED array that emitted 10 W at a center wavelength of 664 nm (FWHM = 20 nm). The light
source was positioned at a fixed distance from the window chamber to achieve a fixed irradiance
of 127 mW/cm?2. A retroorbital injection of NPe6 (5 mg/kg) was performed to deliver the drug into
the bloodstream. Laser irradiation was initiated immediately after injection. To monitor blood-
flow dynamics in response to PDT, we used laser speckle imaging. We employed a dose—response
experimental design to evaluate the efficacy of NPe6-mediated PDT.

Results—We observed three general hemodynamic responses to PDT: (1) At low radiant
exposures, we did not observe any persistent vascular shutdown; (2) at intermediate radiant
exposures, we observed an acute decrease in blood flow followed by gradual restoration of blood
flow over the 7-day monitoring period; and (3) at high radiant exposures, we observed acute
vascular shutdown that persisted during the entire 7-day monitoring period. Dose—response
analysis enabled identification of 85 J/cm? as a characteristic radiant exposure required to achieve
persistent vascular shutdown at Day 7 following PDT.

Conclusion—The experimental data suggest that NPe6-mediated PDT can achieve persistent
vascular shutdown of normal microvasculature.

© 2012 Wiley Periodicals, Inc.
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INTRODUCTION

Port wine stain (PWS) is a congenital vascular malformation commonly found on the face
and neck regions. Current treatments typically involve use of a pulsed dye laser (PDL)
combined with cooling of the skin [1]. Yellow light, in the 585-595 nm wavelength range, is
strongly absorbed by hemoglobin and can photocoagulate the targeted vasculature.

Currently, PDL therapy protocols result in varied success, as some patients experience
complete blanching, while others do not [2]. Many factors contribute to less than optimal
PWS blanching, including reperfusion, angiogenesis, small-diameter vessels (<20 um) that
are resistant to conventional PDL-based protocols, vascular density and depth. The limited
efficacy of PDL treatments has led us to believe that a new protocol is needed to tackle
especially the problem of resistant small vasculature.

Over the past decade, we have studied the use of photodynamic therapy (PDT) as either a
replacement or adjuvant treatment option to photocoagulate both small and large vasculature
[3-5]. We previously used benzoporphyrin derivative monoacid ring A (BPD) as the
photosensitizer, and studied treatment protocols involving PDT alone, PDL alone or the
combination of photodynamic and PDL therapies. Our preliminary preclinical and clinical
data suggest that the combination protocol is a superior method to induce persistent
shutdown of the vasculature. Unfortunately, our implementation of BPD-mediated PDT is
limited due to the high cost of BPD and the lack of availability of 576-nm light sources.

In our current study, we devised a protocol that involves use of an alternate intravascular
photosensitizer mono-L-aspartylchlorin-e6 (NPe6) activated by an array of low-cost light
emitting diodes (wavelength = 664 = 20 nm) [6]. Previous studies have demonstrated that
NPe6 is an effective photosensitizer for mediating light-induced changes to the
microvasculature [7,8]. To assess therapeutic efficacy, we used the mouse dorsal window
chamber model and laser speckle imaging to monitor blood-flow dynamics. In multiple
published studies [3,5,9-13], we have used this combination to monitor the hemodynamic
response of the vasculature to phototherapeutic protocols.

MATERIALS AND METHODS

Rodent Dorsal Window Chamber Model

To monitor the microvasculature, a dorsal window chamber model was used [10]. Twenty-
two adult male mice (25-30 g, C3H strain) were used in accordance with a protocol
approved by the Institutional Animal Care and Use Committee at University of California,
Irvine. The window chamber model was prepared for convenient, longitudinal observation
of the vascular network on the sub-dermal side of the mouse, and is described in detail by
Moy et al. [10]. Animals were anesthetized with a combination of ketamine and xylazine
(2:1 ratio, 0.1/100 g body weight) administered through intraperitoneal injection. Two
titanium window chamber frames were implanted on the back of each animal using screws,
spacers, and nuts. Sutures were used to restrict movement of the skin within the chamber,
preserving the location of the vasculature over the 7-day evaluation period. A full thickness
of skin was removed, revealing the subdermal layer of vasculature. To prevent dehydration,
isotonic saline solution was applied onto the exposed skin, followed by placement of a glass
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cover slip and retention ring to hold the solution in place. The animal was allowed to recover
for ~24 hour prior to PDT.

Light Source

The light source consisted of a custom-built LED array, provided by Light Sciences
Oncology, that emitted 10 W at a center wavelength of 664 nm (FWHM = 20 nm). Light
output was controlled with a variable-current power supply.

PDT Protocol

To perform PDT, a custom light-tight box was developed. The animal was anesthetized with
isoflurane (5%) delivered with a nose cone placed over its snout. An aperture was used to
isolate the window chamber and avoid irradiation of surrounding tissue regions. The light
source was positioned at a fixed distance from the window chamber to achieve a fixed
irradiance of 127 mW/cm2. The irradiation time was varied as described below.

NPe6 was reconstituted using 4 ml of double deionized water in a 10 ml vial, to create a
stock solution of 25 mg/ml. A retroorbital injection of NPe6 (5 mg/kg) was performed to
deliver the drug into the bloodstream. Laser irradiation was initiated immediately after
injection.

Laser Speckle Imaging (LSI)

To monitor blood-flow dynamics in response to PDT, we used laser speckle imaging (LSI).
The imaging instrument was nearly identical to that described by Bui et al. [11]. Briefly, the
animal was anesthetized with isoflurane (5%) delivered with a nose cone placed over its
snout. The animal was positioned with the subdermal side of the window chamber imaged
directly by a camera (Nuance, Caliper Life Sciences, Hopkinton, MA) equipped with a 5x
zoom lens. A HeNe laser (A = 633 nm, 30 mW) was used to irradiate the epidermal side of
the window chamber and the transmitted speckle pattern imaged with the camera. A beam
expander and ground-glass diffuser was used to homogenize the incident laser beam. An
image exposure time of 7= 10 milliseconds was used to achieve a linear response range of
the instrument for the expected blood-flow speeds in the arterioles and venules [12]. Custom
software written in LabVIEW (Version 8.6, National Instruments, Austin, TX) and
MATLAB (The Mathworks, Natick, MA) was used to acquire and process images.

We collected LSI data on Days O (i.e., day on which PDT was performed), 1, 2, 3, and 7. On
Day 0, LSI data were collected immediately prior to and after PDT was completed. For each
time point, a sequence of 10 raw speckle images was collected. Each image was converted
to a speckle contrast image using a 7 x 7 sliding window. At each window position, the
mean intensity ({/)) and standard deviation (o) were computed, and the speckle contrast (K)
of the center pixel in the window was calculated using the following expression:

A simplified speckle imaging equation [14] was used to convert each speckle contrast image
to a speckle flow index (SF1) image. The equation is SFI = (2 7K2)~1, where SF1 is the
reciprocal of the speckle decorrelation time.

Dose—Response Experimental Design

We set out to determine if NPe6-mediated PDT is capable of achieving persistent vascular
shutdown and to estimate a characteristic radiant exposure required to achieve shutdown. To
this end we employed a dose—response experimental design, typically used in
pharmaceutical studies and also used previously in laser-tissue interaction studies [15-17].
Our independent variable was radiant exposure (0-1,000 J/cm?2), which we varied in a
logarithmic fashion. Since irradiance was fixed at 127 mW/cm?, we essentially varied the
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irradiation time to control radiant exposure. A single experiment was performed at each of
the 20 radiant exposures, in addition to two control experiments. Additional negative control
experiments were performed using either (a) the maximum radiant exposure (1,000 J/cm?)
without any NPe6 administered, or (b) the minimum radiant exposure (0 J/cm?) with NPe6
administered.

Using Prism software (Version 5.0d, GraphPad Software, San Diego, CA), we performed a
dose—response analysis to determine the RE5(/7, defined as the characteristic radiant
exposure at which complete vascular shutdown was achieved through Day 7. Complete
vascular shutdown was defined as no flow seen in the SFI image on Day 7, when compared
to the baseline SFI image on Day 0, pre-NPe6-mediated PDT. We also determined the 95%
confidence interval of the RE5/7 value.

Two authors (W.J.M. and B.C.) independently reviewed the SFI images from each of the 22
experiments and graded each one as either a “0” (lack of complete vascular shutdown at Day
7) or a “1” (complete vascular shutdown at Day 7).

With LSI and the dorsal window chamber, we observed three general hemodynamic
responses to PDT (Fig. 1). At low radiant exposures, we did not observe any or persistent
vascular shutdown (Fig. 1A). The 0 J/cm? radiant energy exposure and the two control
experiments exhibited this pattern, as was expected. At intermediate radiant exposures, we
observed an acute decrease in blood flow followed by gradual restoration of blood flow over
the 7-day monitoring period (Fig. 1B). At high radiant exposures, we observed acute
vascular shutdown that persisted during the entire 7-day monitoring period.

Following the graded system explained above, we determined that 9 out of the 20
experimental conditions produced a “0” result, with the remaining 11 experiments producing
a“1” result at Day 7. Radiant exposures of 80 and 100-1,000 J/cm? produced a “1” result,
while radiant exposures of 0-70 and 90 J/cm? resulted in a “0”. Additional negative control
experiments were conducted using either (a) retroorbital administration of NPe6 and no
light, or (b) no NPe6 administration and a radiant exposure of 1,000 J/cm?. Both of these
experiments resulted in a lack of acute or persistent vascular shutdown.

Dose-response analysis enabled identification of 85 J/cm? as the REsq/7 value for NPe6, to
achieve persistent vascular shutdown at Day 7 following PDT (Fig. 2). A fairly sharp
demarcation between a “0” response and a “1” response existed, resulting in a fairly narrow
95% confidence interval of 72-95 J/cm? for the REs/7 value.

DISCUSSION

The experimental data (Figs. 1 and 2) of this study suggest that NPe6-mediated PDT can
achieve persistent vascular shutdown at doses greater than 90 J/cm?2. Given this observed
efficacy of NPe6-mediated PDT, we propose that this approach is a potential treatment for
PWS and other cutaneous vascular lesions in humans, and further preclinical evaluation is
warranted.

Examination of SFI data from high radiant exposures (>90 J/cm?2) revealed the desired
outcome of persistent vascular shutdown continuing through Day 7. The shutdown was very
apparent from inspection of the SFI images, as both small and large diameter vessels showed
a complete absence of blood flow. Hence, NPe6-mediated PDT can achieve shutdown of
smaller-diameter vessels that otherwise may be resistant to PDL therapy.

Lasers Surg Med. Author manuscript; available in PMC 2012 November 09.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Moy et al.

Page 5

In our previous studies involving BPD-mediated PDT, we found that persistent vascular
shutdown was achieved during a 16 minutes irradiation time [3-5]. During our clinical study
[4], we found that patient acceptance of this irradiation time was not an issue. In our current
study, we determined a REsq/7 value (85 J/cm?2) associated with an irradiation time of ~10
minutes. Hence, we expect that NPe6-mediated PDT also would be tolerated by patients, at
least from a time perspective. Additionally, the low cost of the LED-based light source
components is expected to make the treatment more accessible and easier to adopt in the
clinic.

At low radiant exposures (<80 J/cm?), we observed an acute reduction in blood flow that
gradually returned by Day 7 (Fig. 1B). These data suggest the onset of three biological
response mechanisms: (a) restoration of the vascular network by reperfusion of incompletely
photocoagulated microvasculature, (b) development of new blood vessels separate from
existing vasculature, and (c) angiogenesis and its regenerative effects on existing
vasculature. Our results of reperfusion following PDT with low radiant exposures are
consistent with those from previous pulsed-laser studies that have demonstrated the
difficulty of achieving persistent vascular shutdown [11,13]. Our current study and these
previous studies collectively demonstrate the critical need to perform longitudinal
monitoring of blood flow in response to phototherapies, since immediate vascular responses
(<24 hours) may differ greatly from those observed several days past the therapeutic
intervention.

Our past work with BPD [3,13] demonstrates that translation of PDT results from rodents to
humans requires additional considerations. Light doses required for the clinical response in
humans were different. In addition, we frequently observed ulceration in the rodent window
model due to lack of deep vasculature (a result of the surgery) that did not occur in the
human studies. Thus, the primary value of the preliminary animal experiments is to confirm
that persistent vascular shut down can be achieved; however, dosing information and side
effect profiles must be determined in future clinical experiments.

Current literature does include some information about dosing and side effect profiles that
will be useful for our planned clinical experiments. With respect to the safety concerns in
humans of NPe6-mediated PDT, we refer to the study conducted by Chan et al. [18] in
which NPe6 was administered to 14 patients with basal cell carcinoma, squamous cell
carcinoma or papillary carcinoma. Patients received varying drug dosages (0.5-3.5 mg/kg)
and light dosages (argon pumped dye laser at 664 nm; 25-200 J/cm?; 50-400 mW/cm?).
Ninety percent of the patients exhibited a complete response, which was defined as no
clinical or histopathological evidence of tumor remaining after PDT treatment. Adverse
effects were pain at the treatment site (two patients) and erythema and edema of the
treatment site (one patient). Three patients experienced pruritus, facial edema, erythema or
tingling, all of which were not clearly related to treatment. Photosensitivity tested with a
solar stimulator was not evident 1 week post-treatment in 12/14 subjects. One patient had
erythema with the solar simulator until 3 weeks post-treatment and one patient was not
tested. In Usuda et al. [19], 29 patients with 38 lesions of centrally located early lung cancer
received PDT with a 40 mg/m? dosage of NPe6, followed by 664 nm wavelength light (100
Jlem?2; 150 mW/cm?). They achieved complete remission in 35/38 lesions (92.1%).
Recurrence occurred in seven lesions. Patients were told to avoid light for 2 weeks post-
treatment. The study did not report any indications of extensive necrotic damage of the
tumors and no other adverse effects were noted by the authors.

Previous studies of NPe6-mediated PDT have demonstrated promising outcomes for tumor
treatment [6-8,18-20]. Our current study of NPe6-mediated PDT treatment highlights the
potential role of this therapy in treatment plans targeting unwanted cutaneous vasculature.
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Our future work will study the role of additional independent variables (irradiance, drug
dosage, fractionation, combination protocols, etc.) on our ability to achieve persistent
vascular shutdown.
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Fig. 1.

Representative SFI images of the microvasculature following irradiation. A: No acute
shutdown, no persistent shutdown on Day 7. Experiment: 0 J/cm? radiant exposure. B:
Acute shutdown post-experiment, but no persistent shutdown on Day 7. Experiment: 60 J/
cm? radiant exposure. C: Acute shutdown and followed by persistent shutdown.
Experiment: 600 J/cm? radiant exposure. D: Acute shutdown post-experiment, but no
persistent shutdown on Day 7. Experiment: 90 J/cm? radiant exposure. For each experiment,
the SFI values for each image was normalized with respect to the Day 0 (Pre) baseline.

Day0 (Pre)  DayO (Post) Day1
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Fig. 2.
Dose-response analysis of persistent vascular shutdown response at specific radiant
exposures. REsq/7 of 85 J/cm? was determined from the data.
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