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Abstract

Port wine stains (PWS) are the most common vascular malformation of the skin, occurring in
0.3% to 0.5% of the population. Noninvasive laser irradiation with flashlamp-pumped pulsed dye
lasers (selective photothermolysis) currently comprises the gold standard treatment of PWS;
however, the majority of PWS fail to clear completely after selective photothermolysis. In this
review, the clinically used PWS treatment modalities (pulsed dye lasers, alexandrite lasers,
neodymium:yttrium-aluminum-garnet lasers, and intense pulsed light) and techniques
(combination approaches, multiple passes, and epidermal cooling) are discussed. Retrospective
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analysis of clinical studies published between 1990 and 2011 was performed to determine
therapeutic efficacies for each clinically used modality/technique. In addition, factors that have
resulted in the high degree of therapeutic recalcitrance are identified, and emerging experimental
treatment strategies are addressed, including the use of photodynamic therapy,
immunomodulators, angiogenesis inhibitors, hypobaric pressure, and site-specific pharmaco-laser
therapy.

Keywords

angiogenesis inhibitors; epidermal cooling; hypobaric pressure; immunomodulators; photo-
dynamic therapy; pulsed dye laser; site-specific pharmaco-laser therapy; superficial vascular and
capillary malformations

Port wine stains (PWS) are congenital vascular lesions characterized by ectatic capillaries
and postcapillary venules (typically 30-300 um in diameter) in the papillary and mid-
reticular layers of the dermis. These birthmarks occur in 0.3% to 0.5% of infants and
initially appear as flat, pink to red patches that may gradually progress with age into
hypertrophic, red to purple lesions.1~3 By age 46 years, two thirds of affected individuals
develop papular or nodular components and soft tissue overgrowth, causing dysmorphism,
asymmetry, and occasional spontaneous bleeding.#® In addition, the aberrant cosmetic
appearance of PWS may significantly impede the patient’s psychosocial development and
well-being, and because 70% to 80% of these birthmarks occur in the head and neck regions,
many patients seek treatment.5-8

Pulsed dye laser (PDL) remains the gold standard of treatment; however, despite
technological advances, a considerable number of patients with PWS still do not achieve
complete lesion removal with PDL treatment. This overview provides an update on the
current status of light-based PWS treatment strategies and addresses several experimental
modalities that may prove promising in the treatment of refractory PWS.

LASER TREATMENT OF PWS

Current laser systems treat PWS via the principle of selective photothermolysis. PDL
therapy has remained the clinical gold standard and has inspired the development of other
laser and intense pulsed light (IPL) systems and ancillary technologies.

Causes of PWS recalcitrance to laser therapy

The efficacy of the PDL and other current laser systems is accorded by the principle of
selective photothermolysis, illustrated in Fig 1 along with the underlying endovascular laser-
tissue interactions and subsequent biological responses that lead to PWS clearance.
Clinically, complete photocoagulation of the target vessels is associated with good lesional
clearance,? representing approximately 40% of cases.1% Incomplete photocoagulation of
PWS vasculature is associated with suboptimal to no clearance, which prevails in 20% to
46% and 14% to 40% of patients, respectively, for several reasons.%-12

J Am Acad Dermatol. Author manuscript; available in PMC 2014 August 25.
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First, the efficacy of selective photothermolysis depends on the extent of epidermal
pigmentation,13-16 optical shielding by blood and superimposed vessels,2:11:12.17-19 gng
PWS vascular anatomy and morphology.211:18-21 Generally, factors resulting in decreased
treatment efficacy include those that reduce light penetration, such as superimposed
vasculature, high melanin content, and an increased PWS vascular density, diameter, or
depth.8:20 PWS vessels have been found in the reticular plexus up to a depth of 3.7 mm,
albeit most of the ectatic vasculature is located within approximately 0.6 mm of the basal
membrane.211.22.23 Second, angiogenic remodeling is poorly understood. Lesional clearance
requires the replacement of photo-coagulated hyperdilated PWS vasculature by normal-
sized, lower-volume capillaries (Fig 1), resulting in a reduction in dermal blood content and
hence PWS redness. In therapy-recalcitrant PWS, angiogenesis/ neovasculogenesis24 likely
occurs too extensively during the short-term vascular remodeling phase and hampers the
reduction in dermal blood content.2

Pulsed dye lasers

In the 1980s, the clinical introduction of the yellow light-emitting PDL revolutionized the
treatment of PWS. The first PDL system used a wave-length of 577 nm and a pulse duration
ranging from 300 to 400 microseconds.2® The 577-nm wavelength was selected on the basis
of the oxyhemoglobin absorption peak and a lower melanin-to-hemoglobin absorption
coefficient ratio compared to the wavelengths of the argon laser (488 nm, 514 nm). To
confer target selectivity, the pulse duration was longer than the thermal relaxation time of
the dermal microvessels but shorter than the thermal relaxation time of PWS vasculature.1’
However, the 577-nm PDL did not penetrate deeply enough into tissue to enable optimal
lesion clearance.26-32

In the 1990s, the 585-nm PDL became an attractive clinical alternative with its lower
melanin and (oxy) hemoglobin absorption coefficient.18:33-51 Using an albino pig skin
model, it was shown that the penetration depth could be increased from 0.5 mm (577 nm) to
1.2 mm (585 nm) below the basal membrane while retaining vascular selectivity.52
Histologic studies®1 of human skin have revealed that photocoagulation occurs to a depth
of approximately 0.65 mm after 585-nm PDL treatment at a 0.45-millisecond pulse duration,
5-mm spot size, and radiant exposure of 6 to 8 Jlcm? . At these settings, complete
photocoagulation of the vessel lumen occurs in superficial vessels up to approximately 150
um in diameter.1! Larger and deeper vessels, however, remain patent, owing to both
shielding by superficial vessels and inadequate penetration depth.17:53 This, in combination
with the greater absorption of light by oxyhemoglobin at 577 nm, may account for the lack
of significant improvement in lesional clearance rates for the 585-nm PDLs compared to the
577-nm PDLs (see “Status quo” section).

Subsequently, longer PDL wavelengths have been used to further enhance the depth of
photocoagulation and thus lesional clearance. A study by Geronemus et al®* found that the
595-nm PDL is capable of yielding clearance rates of more than 75% in 62% of patients
after an average of 3.2 treatments, without adverse events. However, subsequent studies
with the 595-nm PDL failed to reproduce these results. 55-58

J Am Acad Dermatol. Author manuscript; available in PMC 2014 August 25.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Chen et al. Page 4

In addition to wavelength, other laser parameters such as pulse duration and spot diameter
have been varied to further improve PWS clearance rates. The implementation of multiple
pulse durations may be especially effective for PWS resistant to treatment at one particular
pulse duration or PWS that are composed of vessels of different diameters. The ideal pulse
duration for blood vessels of 20 to 150 um has been suggested to range from 1 to 10
milliseconds, which is considerably longer than the 0.45-millisecond pulse width of initial
PDL systems.>? Indeed, an increase in PDL pulse width from 0.45 milliseconds to 1.5, 3,
and 10 milliseconds has been noted to cause improvement in treatment outcome.5%:57.60-62
However, the therapeutic benefit may be limited to vessels greater than 30 um in diameter.>’
It is also important to note that higher fluences may be required when using longer pulse
durations.53

With respect to spot size, increasing beam diameters allow greater tissue penetration to more
effectively target larger and deeper vascular structures, and offer more uniform energy
transmission and shorter treatment times.®* Per unit of radiant energy expended, large spot
sizes produce increased volumetric heat production with improved efficiency, but greatly
limit the acceptable maximum fluence. To avoid losing specificity, the spot size should not
be larger than the target lesion, and commonly ranges from 7 to 10 mm.

Alexandrite laser (755 nm)

The 755-nm alexandrite laser has been shown to effectively treat hypertrophic or nodular
lesions, which may be associated with deeper blood vessels.55-68 This laser system has
proven particularly useful in the treatment of hypertrophic and PDL-resistant PWS, 8569
especially when used in conjunction with the PDL. A study on the PDL/ alexandrite laser
dual approach (A = undisclosed wavelength/755 nm) demonstrated significant lightening in
all of 3 patients with hypertrophic PWS and moderate lightening in 12 of 17 patients with
PDL-resistant PWS,59

The therapeutic efficacy of the alexandrite laser has been attributed to several factors. First,
the 755-nm wavelength falls inside the therapeutic window: with less absorption by melanin
as compared to yellow wavelengths, light is able to penetrate more deeply into tissue.
Second, the 755-nm wavelength is more strongly absorbed by deoxyhemoglobin than by
oxyhemoglobin, and in theory should preferentially damage venules (ie, PWS vasculature)
over arterioles.

It is important to bear in mind that longer wave-length lasers are associated with elevated
risk of adverse events such as pigmentary changes and scarring, owing to the deeper tissue
penetration and decreased absorption by hemoglobin, which necessitates the use of higher
fluences. In the case of the alexandrite laser, it has been recommended to treat only until
achieving a subtle gray-blue darkening of the skin that, within several minutes, evolves into
deeper purpura.’® The fluence threshold for such a response is best determined in the darkest
PWS area, where this threshold is lowest.

Neodymium:yttrium-aluminum-garnet lasers (1064 nm, 532 nm)

As with other longer wavelength lasers such as the alexandrite laser, the 1064-nm
neodymium:yttrium-aluminum-garnet (Nd:YAG) laser can further reduce optical scattering

J Am Acad Dermatol. Author manuscript; available in PMC 2014 August 25.
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and melanin absorption. Promising results have been obtained especially in purple,
hypertrophic, and nodular PWS lesions. Yang et al®® reported that this laser system was as
effective as the PDL for treating PWS when used at the minimal purpura dose, and our
group has achieved relatively high clearance rates in specific patient cohorts.

As with the alexandrite laser, because of the lower hemoglobin absorption and relatively
high water absorption at 1064 nm, higher fluences are required for sufficient
photocoagulation, concomitantly causing nonselective bulk heating. Thus, the 1064-nm
Nd:YAG laser can result in significant scarring when using fluences greater than 1.2 times
the minimal purpura dose.86 This makes safe treatment of anatomically heterogenous
vascular lesions such as PWS difficult. Moreover, the therapeutic response and tolerance
varies greatly among PWS lesions, which further limits the use of the 1064-nm laser in
general practice. Such therapy is best performed by those with experience with these
devices.

Another treatment option is the PDL/Nd:YAG dual laser approach (A = 595 nm/1064 nm):
the initial 595-nm pulse causes a chromic shift from oxyhemoglobin to methemoglobin,
which has a significant absorption peak near 1064 nm. Consequently, the Nd:YAG laser
pulse is rendered more effective, whereby the synergistic thermal effect decreases the
amount of fluence necessary for adequate photocoagulation, potentially reducing bystander
tissue damage. This dual laser approach has been successfully used for recalcitrant and
hypertrophic PWS.67

Alternatively, the frequency-doubled 532-nm Nd:YAG laser has been used to induce
homogenous heating of large-diameter blood vessels. It has also been shown to have some
efficacy in pink, flat, PDL-resistant PWS.”! Nevertheless, irradiating skin with 532-nm light
is associated with greater risk of adverse effects as a result of predominant absorption by
melanin, despite epidermal cooling.”273 The clinical applicability of the 532-nm laser may
hence be limited.

Intense pulsed light

IPL has also been reported to be an effective alternative to PDL for treatment of PWS.”* The
IPL flashlamps generate noncoherent light with wave-lengths between 515 to 1200 nm,
while integrated filters remove unwanted wavelengths for more specific targeting. Although
IPL has been shown to be effective in the clearance of pink and red PWS,’4-80 a head-to-
head trial comparing the efficacy of IPL against PDL determined that the median clinical
improvement was significantly better for PDL (65%) than IPL (30%).81 Nevertheless, IPL
can be considered for treating PDL-resistant PWS.

Multiple-pass approaches

The extent of vascular damage may be increased by the use of multiple-pass techniques,
although this has been controversial.82-85 |n the treatment of hypertrophic PWS, the
administration of a second pass has been reported to be safe and effective in 4 patients.82
Another study, however, used the same technique and settings in 33 patients with PWS and
could not confirm the benefit of a second pass over conventional single-pass treatment.83
More recently, a retrospective review of 26 patients, all of whom had received a minimum

J Am Acad Dermatol. Author manuscript; available in PMC 2014 August 25.
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of 3 treatment sessions with double-pass PDL using an interpulse interval of 20 to 30
minutes,85 reported clinically significant PWS lightening in only 5 of 26 patients. Sixteen of
the 26 patients developed mild adverse effects in the form of blisters, dry scabs, and
transient hyperpigmentation. Tanghetti et al 8 based on histologic assessment of vascular
damage of non-PWS skin, suggested that multiple-pass PDL treatment may be beneficial but
stressed the relevance of the interval between pulses. At minimal purpuric doses, they
demonstrated an increase in the depth of vascular damage from 0.7 to 1.3 mm with an
increasing interpulse interval of up to 60 seconds. Further increase of the interpulse interval
to 5 or 30 minutes resulted in a similar depth of vascular injury as single-dose treatments. In
contrast, treatment above purpura threshold resulted in increased depth of damage with
increasing interpulse intervals up to at least 30 minutes. All interpulse intervals were
tolerated well with no adverse effects other than transient purpura. Altogether, multiple
passes may be beneficial but further evidence is needed.

Epidermal cooling

Status quo

Epidermal melanocytes constitute a major limitation to laser therapy, as they have the
capacity to absorb a significant portion of the laser energy and mediate laser-induced
scarring and pigmentary damage. Consequently, irradiances must be chosen such that
adequate venular heating is achieved without generating excessive temperatures at the basal
membrane. This has proven rather challenging, as unequivocal objective parameters to
determine the optimal irradiance are currently lacking. With the advent of epidermal cooling
technology, however, it has become possible to minimize nonselective epidermal thermal
injury and concurrently use higher fluences to treat PWS more effectively.10.14,54-58,86-99
Cooling also has the added advantage of significantly reducing the patient’s level of pain
and discomfort. As a result, the majority of modern clinical laser systems are equipped with
integrated cooling technology.

Primary cooling methods include contact cooling, cold air cooling, and cryogen spray
cooling.190 Cryogen spray cooling is currently the method of choice of the authors, as we
believe it can selectively cool the epidermis and perivascular tissue while minimally
affecting the temperature of the underlying blood vessels.86

To compare PWS clearance rates among different laser systems, ancillary technologies, and
treatment modalities, retrospective analysis was performed of clinical studies published
between 1990 and currently, in which patient outcomes were classified according to putative
scoring systems. The data are summarized in Fig 2, and the complete data set is provided in

Table I (available online at http://
www.jaad.org).10-14,18,26-51,54-58,62,65-69,71-82,86-99,101-112

Review of the literature shows that a large population of patients with PWS respond poorly
to laser treatment, with a range of 12% to 85% of patients achieving less than 50%
clearance, regardless of the treatment modality (Fig 2). Despite all advances, no substantial
progress in clinical outcomes has been made over the last 20 years. Interestingly, the 577-
nm and 585-nm PDLs appear to yield better clinical results than the more modern laser

J Am Acad Dermatol. Author manuscript; available in PMC 2014 August 25.
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systems, although this may be explained by differences between populations of patients with
PWS and the gradual transition to more objective scoring methodologies. Nevertheless,
there is a clear necessity for the continued development and implementation of alternative
treatment strategies for refractory PWS.

EXPERIMENTAL TREATMENT MODALITIES

There are a number of promising experimental therapies for PWS currently being
investigated. In this section, several of these modalities are addressed, including
photodynamic therapy (PDT), angiogenesis inhibitors, hemodynamic alterations in PWS
vasculature, and site-specific pharmaco-laser therapy (SSPLT).

Photodynamic therapy

Based on the results of a chicken comb model study, in 1990 Orenstein et al'3 proposed the
use of PDT to selectively treat hypervascular dermal lesions without inducing epidermal
damage. In 1994, a 3-year clinical study corroborated that PDT can be successfully used for
the treatment of PWS.114 Since then, many studies have evaluated the use of PDT for the
treatment of PWS, both as a solitary and as a synergistic treatment modality. Retrospective
analysis was performed of clinical studies using PDT for the treatment of PWS published
between 1990 and currently, in which patient outcomes were classified according to putative
scoring systems. The summary of results is presented in Fig 3 and the complete data set is
provided in Table 1 (available online at http://www.jaad.org). 115-121

PDT involves the activation of a photosensitizer by visible light. The absorption of light
triggers a photochemical-biological reaction that, in the presence of oxygen, leads to
reactive oxygen species generation that in turn causes direct endothelial cell damage,
thrombosis, and shutdown of vasculature.11” Oxidative cell damage is limited to those
photoilluminated areas containing sufficient photosensitizer concentrations, 122 as the short
diffusion distance of reactive oxygen species (< 0.1 um) limits collateral damage to minimal
to none. These aspects impart site specificity to PDT that is similar to selective
photothermolysis. The efficacy of PDT depends on factors such as wavelength and light
intensity, exposure time, and choice of photosensitizer.

It has been suggested that the therapeutic efficacy of PDT is equivalent or even superior to
PDL treatment. One retrospective study of 581 patients compared the 585-nm PDL at 0.45-
millisecond pulse duration with PDT using intravenously administered hematoporphyrin
monomethyl ether and the 578-nm copper vapor laser.120 There was no statistically
significant difference in lesional blanching in children, whereas lesional blanching in adults
was achieved in 88.4% of patients treated with PDL and in 94.2% of patients treated with
PDT. Near-complete clearance was higher in the PDT group (37.5%) than in the PDL group
(3.1%). Moreover, complications were higher in the PDL than in the PDT group (24.7% vs
10.2%, respectively), with adverse effects including phototoxicity, pigmentary changes,
crusting or scaling, and scar formation. All complications were mild, reversible, or both.
When treatment responses were stratified by PWS morphology, PDT proved as effective as
PDL in the treatment of pink flat lesions and more effective for purple flat lesions.

J Am Acad Dermatol. Author manuscript; available in PMC 2014 August 25.
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Although PDT has promise as a treatment approach, there are potential limitations. First,
PWS vessels are believed to have a normal endothelial lining, which does not allow for the
selective accumulation of photosensitizing agents within the target vessels. The use of
antibody-labeled photosensitizers for selective targeting is futile without differential surface
antigen expression on the endothelial cells in PWS vasculature. Another major drawback of
PDT is the generalized photosensitivity that persists after therapy.117 With the currently
used photosensitizers, patients are counseled to avoid direct sunlight for up to 4 weeks after
PDT treatment.123 This inconvenience can be partially addressed by using photosensitizers
with shorter circulation half-lives, such as benzoporphyrin derivative monoacid A, which
remains photoactive for no more than 5 days.121 Other limitations include the long length of
treatment and the high costs of photosensitizers. Further study and careful planning of PDT
regimens are required to address these issues.

The combination of PDL and PDT has been proposed to be synergistic. The suggested
mechanism of action entails the administration of an initial, subtherapeutic PDT pulse to
create injury to the vascular wall, after which irradiation with the PDL enhances the PDT-
induced vascular damage. Because two methods of injury are used, lower radiant exposures
can be employed for the PDT and PDL components, minimizing adverse effects such as
scarring while inducing more extensive damage to the PWS vasculature. In a chick
chorioallantoic membrane model, the combination of PDT and PDL treatment yielded
significantly more vascular damage than either modality alone.124

In a clinical trial, Tournas et al'?! found a favorable dose-dependent treatment outcome
using PDT with benzoporphyrin derivative monoacid ring A (576 nm) followed by 585-nm
PDL irradiation. Treatment effects were evaluated by comparison of pretreatment and
posttreatment photographs and chromametric measurements. Treatment efficacy appeared to
improve with increased PDT radiant exposures. Overall, PDT-PDL combination therapy
appears promising, although additional controlled clinical trials are needed to further
evaluate the efficacy, safety, and advantages of the combined therapy.

Angiogenesis inhibitors

It has been postulated that angiogenesis plays a critical role in limiting PWS treatment
efficacy via posttreatment vascular repair of PWS vessels.24 Initial interest in angiogenesis
after selective laser injury was generated based on observations that acute vascular
destruction does not necessarily result in PWS lightening.! Subsequent studies using laser
speckle imaging on a rodent dorsal window chamber model demonstrated an initial
shutdown in blood flow followed by reperfusion and vascular remodeling.12° Serial laser
speckle imaging monitoring of patients with PWS has also demonstrated the dynamic nature
of the posttreatment blood flow response in the clinical setting.126 Thus, it has been
proposed that PDL treatment of vascular lesions could be enhanced by antiangiogenesis
therapy after photocoagulation/PDT.24

Imiquimod—Imiquimod is a topically administered immune response modulator approved

by the Food and Drug Administration (FDA) for the treatment of external genital warts,
superficial basal cell carcinoma, and actinic keratosis.12” As such, it is widely commercially

J Am Acad Dermatol. Author manuscript; available in PMC 2014 August 25.
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available and its favorable safety profile is well documented.127 Imiquimod has been
proposed to play a role in the inhibition of angiogenesis via: (1) activation of toll-like
receptor 7, which induces the antiangiogenic cytokines interferon-alpha, interleukin-10,
interleukin-12, and tissue inhibitors of metalloproteinases; and (2) inhibition of
proangiogenic factors such as matrix metalloproteinases.128:129 |t has been successfully used
for the treatment of vascular proliferative lesions such as infantile hemangiomas, pyogenic
granulomas, Kaposi sarcoma, and hemangiosarcomas,128130-133

Preliminary data from Tremaine et al'34 suggest that imiquimod antiangiogenesis therapy
may enhance the treatment efficacy for PWS when used in conjunction with selective
photothermolysis. In all, 24 healthy subjects with PWS were treated with PDL and then
randomized to apply posttreatment placebo or 5% imiquimod cream 3 times a week for 8
weeks. Chromametric measurements taken at baseline were compared with measurements
taken 8 weeks post-treatment. In comparison with PDL and placebo, PDL and imiquimod
sites showed a statistically significant reduction in erythema and color improvement. Two
patients developed minor erythema and crusting in the treatment area, but no other adverse
effects were noted. After a brief rest period (1-4 weeks), imiquimod dosing was resumed
without sequelae.

Rapamycin—Rapamycin (RPM), an inhibitor of mammalian target of RPM (mTOR), is a
naturally occurring macrolide antibiotic that has been approved by the FDA for use as an
immunosuppressant in organ transplant recipients and as a coronary stent coating to prevent
restenosis.13%:136 |n addition, RPM has antiangiogenesis properties that appear to be related
to a decrease in both vascular endothelial growth factor production and responsiveness of
endothelial cells to vascular endothelial growth factor.13” Moreover, mTOR is known to be
a downstream target of RAC-alpha serine/threonine-protein kinase (Aktl), the
overexpression of which in endothelial cells causes cutaneous vascular malformations in
mice.138 RPM inhibits Aktl-induced pathological angiogenesis, thereby restoring normal-
appearing vascular morphology.139 In the eye, RPM reduces neovascularization in both
laser-induced choroidal neovascularization and hypoxia-induced retinopathy of
prematurity.140

In the skin, studies have suggested that RPM is promising in the treatment of vascular
lesions when used in combination with laser therapy. In 2010, Jia et al2° treated subdermal
blood vessels in a rodent dorsal window model with laser alone versus topical RPM for 14
days after laser therapy, evaluating photocoagulation and reperfusion with color digital
photography and laser speckle imaging. Whereas 23 of 24 (96%) treated blood vessels
reperfused within 14 days in the group treated with laser alone, the overall reperfusion rate
was only 36% in the group treated with varying concentrations of RPM. The reperfusion rate
was not directly proportional to the RPM concentration.

Another study by Loewe et al'#1 found robust expression of the proliferation marker Ki-67
and the stem cell marker nestin in dermal endothelial cells of PDL-irradiated skin. RPM
administration reduced Ki-67 and nestin expression in dermal endothelial cells and increased
PDL-induced destruction of dermal vessels. Although further studies are required, the use of
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RPM after PDL exposure may be a promising new approach to improve PWS laser
treatment outcomes.

Hemodynamic alterations in PWS vasculature

Most approaches to optimizing selective photo-thermolysis of PWS vasculature have
focused on ways to bring more light to the papillary and upper reticular dermis rather than
on ways to bring more blood to the available light. Recently, several articles were published
on the idea of perioperatively altering the hemodynamics of PWS vasculature so as to
increase susceptibility to photoinduced damage.142-144 The approach is based on the
incongruence between the typical pulse durations used for PWS laser therapy and the
thermal relaxation times of PDL-resistant PWS vasculature.1#2 The venules in mild red or
faint PWS (which predominate in infants and young children) and in laser-treated patients
who have reached a therapeutic plateau have an average diameter of 10 to 30 pm33. Most
PDLs use 0.5- to 1.5-millisecond pulse durations, which exceed the thermal relaxation time
of this category blood vessels.8% Consequently, the target vessels are difficult to
photocoagulate by selective photothermolysis because the volumetric heat production is
insufficient to adequately heat the entire vessel wall.

One possible approach to increasing the diameter and thermal mass of small venules is to
induce vessel dilation through hemostasis by temporarily obstructing venous blood flow via
a pressure cuff placed on the proximal arm.142 In several studies, it was demonstrated that
low hypobaric (vacuum) pressures (between 17-51 kPa or 5-15 in Hg) applied for only a
few (5-15) seconds before 585-nm PDL irradiation were sufficient to induce more intense
purpura on the forearm of normal-appearing (Fig 4, A) and PWS (Fig 4, B) skin compared to
control skin that underwent irradiation at the same settings but at atmospheric pressure.144
Based on visible reflectance spectrometry and a diffusion approximation model, 142 it was
estimated that approximately 35% less radiant exposure would be required to induce the
same degree of purpura 3 days after laser exposure on subjects with normal-appearing skin.
Most importantly, noticeable blanching of PWS skin, as quantified by visible reflectance
spectrometry, was achieved 7 months after laser exposure to single laser pulses.

Although additional work is required to further optimize the modality, several recent clinical
studies have underscored the potential role of local hypobaric pressure in PWS treatment
optimization. For example, a pilot study with 11 patients with PWS refractory to PDL
treatment revealed that hypobaric pressure application improved the treatment efficacy of
the 595-nm PDL in approximately 50% of cases!07. As addressed previously, 142144 the
authors observed that in some cases lower radiant exposures were sufficient to achieve
blanching in otherwise PDL-resistant PWS.

Site-specific pharmaco-laser therapy

SSPLT is a development-stage treatment modality that was designed on the basis of

endovascular laser-tissue interactions in incompletely photocoagulated vasculature, which is
thought to be responsible for therapeutic recalcitrance.24145-147 The laser-tissue interactions
in these blood vessels are characterized by a photothermal response (thermal coagulation of
blood)148.149 and a hemodynamic response (thrombosis followed by fibrinolysis).146:147.150
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The photo-thermal response is considered a static component, as thermal coagula do not
expand after the laser pulse. Consequently, modulation of the extent of vaso-occlusion
through the photothermal response is difficult.1®1 In contrast, the hemodynamic response
constitutes a highly dynamic process of thrombus growth and breakdown that can be
modulated pharmacologically.15

The aim of SSPLT is to pharmacologically manipulate the hemodynamic response so as to
cause complete occlusion of targeted vascular lumen that would otherwise only be partially
photocoagulated. Complete occlusion has been associated with complete lesional
clearance.?4 The procedure is detailed in Fig 5.

There are numerous classes of pharmaceuticals that modulate the hemodynamic response via
induction of hyperthrombosis (eg, platelet activators, coagulation agonists) and deterrence of
fibrinolysis (eg, plasmin inhibitors). Because such drugs may produce undesirable adverse
effects, the pharmaceuticals are to be encapsulated in a thermosensitive liposomal drug
delivery system and specifically targeted to PDL-irradiated vasculature. Liposomes are
nanoscopic fat droplets that can encapsulate water-soluble and lipophilic drugs. Moreover,
liposomal encapsulation restricts the biological activity of the drugs until they are released
from the liposomes. Drug release can be systematically triggered via thermal, oxidative,
enzymatic, or chemical processes.

The liposomes for SSPLT are selectively targeted to the thrombus (ie, via antibodies specific
only to receptors on activated platelets involved in thrombosis) (Fig 5, step 2). Once the
liposomes have accumulated in the thrombus, drug release will be triggered by local
generation of heat using a heating pad or near infrared light (Fig 5, step 3). This will lead to
site-specific hyperthrombosis and complete occlusion of the target vasculature (Fig 5, step
4), effecting the removal of blood vessels that would have otherwise remained partially
patent. SSPLT may be combined with immunomodulatory and/or antiangiogenic modalities
as described above to further modulate the chronic responses to laser therapy.24

Currently, the prothrombotic and antifibrinolytic liposomal formulations have been
developed and characterized in vitrol52 and will be tested in vivo before the end of 2011.
Once proof of concept has been established as to their targeting specificity and
pharmacodynamics, and toxicological testing has been completed, clinical phase Il trials will
be initiated.

CONCLUSION

Despite innovations in various laser techniques, our retrospective analysis shows that the
number of patients with PWS who do not achieve complete lesion removal with current
treatment modalities remains substantial. Consequently, the exploration and implementation
of alternative therapies is necessary for improvement of therapeutic efficacy. Treatment
failure has largely been attributed to lesional variation, posttreatment angiogenesis, and
limitations in optical penetration depth. Several promising approaches have been presented
that may improve therapeutic efficacy, including PDT, immunomodulation, antiangiogenesis
therapy, hypobaric pressure devices, and SSPLT.
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Fig 1.

Ogerview of endovascular laser-tissue interactions in pulsed dye laser (PDL) treatment of
refractory port wine stain (PWS) skin. Yellow light-emitting PDL is used to selectively
photothermolyze ectatic venules (blue structures) in predominantly papillary dermis.
Affected dermal segment is encircled, and acute and chronic responses are depicted in
chronological order in panels from top to bottom. An approximate time frame in which
events occur is indicated in upper left corner of each panel. Upon irradiation, photons are
absorbed by hemoglobin-containing erythrocytes and converted to heat, resulting in thermal
denaturation of blood and formation of thermal coagulum (photothermal
response).9:11:12,146,148,149 | refractory PWS vessels, one fraction of the vascular lumen is
completely photocoagulated and another fraction is incompletely occluded by thermal
coagula. Thermal coagula in latter trigger thrombosis (hemodynamic response).147 It is
believed that these processes induce an inflammatory reaction that culminates in vascular
remodeling, whereby completely photo-coagulated vasculature is removed and replaced by

J Am Acad Dermatol. Author manuscript; available in PMC 2014 August 25.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Chenetal.

Page 23

normal-sized capillaries through angio-genesis and/or neovasculogenesis. Because
remodeled vasculature contains lower blood volume, PWS either lightens in redness or
disappears entirely. In contrast, thermal coagula and thrombi in incompletely occluded
structures are thought to be remodeled into restructured vascular lumen.24 Image of skin and
vascular anatomy courtesy of LibuSe Markvart, used with permission.
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Fig 2.

Ogerview of port wine stain treatment outcomes achieved by laser and intense pulsed light
(IPL) systems from 1990 to present. Data are categorized by laser treatment modality,
plotted as percentage of clearance (cl ) (generally classified into 09%—24%, 25%-49%, 50%—
74%, and 75%-100%), and color coded according to level of cl. Solid circle on right side of
chart indicates different classification system as described in legend (top), which has been
color coded in yellow/orange as indicated in legend. Each horizontal bar set represents
entire patient population of study, referenced on left side of chart, whereby patient
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percentages are provided on bottom x-axis. Complete data set is presented in Table I. CSC,

Cryogen spray cooling; Nd: YAG, neodymium:yttrium-aluminum-garnet; PDL, pulsed dye
laser; —, followed by IPL.
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Fig 3.

Ogerview of port wine stain treatment outcomes achieved with photodynamic therapy from
1990 to present. Data are plotted as percentage of clearance (cl) classified according to
figure legend. Solid circle on right side of chart indicates type of classification system,
which has been color coded according to level of cl as provided behind every legend entry.
Each horizontal bar set represents entire patient population of study, referenced on left side
of chart, whereby patient percentages are provided on bottom x-axis. Complete data set is
presented in Table Il. CVL, Copper vapor laser.

J Am Acad Dermatol. Author manuscript; available in PMC 2014 August 25.



Chen et al.

Page 27

NORMAL SKIN PWS SKIN

t -
. ] L]

(A) radiant exposures (J/cm?) (B) vacuum
(normal skin) settings (PWS)
suction time [s]
5 10 15 0 0
—_ £
=] et
T 5 [
= <)
top row: atmospheric pressure 210 €
bottom row: hypobaric pressure § N~
o 15
(-3
LEGEND
A B
Fig 4.

Pulsed dye laser-induced (585 nm) purpura on inner forearm in absence of and after
application of pressure cuff in healthy volunteer (A) and on back upper aspect of arm in
patients with port wine stain (PWS) at increasing vacuum pressures and suction times (B).
A, Healthy volunteers with Fitzpatrick skin types Il and 111 were subjected to laser
irradiation at radiant exposure as indicated in legend, and extent of purpura was imaged at
indicated times after laser irradiation. Purpura induced without use of suction device (top
row) or obtained after suction device was applied at 10 inHg for 3 minutes before laser
irradiation (bottom row). B, Laser-induced purpura directly after laser irradiation, 1 day, and
7 months after laser irradiation of PWS skin at 6-J/cm? radiant exposure. Rows show
hypobaric pressures applied before laser irradiation and columns indicate duration of applied
vacuum (see legend). Column right of grid shows induced purpura without vacuum at same
radiant exposure. Note obvious clearing in upper two rows after single laser pulse. Data
modified and used with permission.144 CTRL, Control.
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Fig 5.

chhematic representation of principles of site-specific pharmaco-laser therapy (SSPLT) for
treatment of port wine stains (PWS). After intravenous (iv) administration of liposomes
containing prothrombotic and/or antifibrinolytic agents, PWS vasculature will contain
liposomal drug carriers and cells that are instrumental in SSPLT: red blood cells (nucleation
centers during selective photothermolysis, required for triggering hemodynamic response
via thermal coagulum formation) and platelets (mediators of thrombosis, required for
targeting of liposomes) (top). First step of envisaged modality comprises induction of

1duosnuel Joyiny vd-HIN

J Am Acad Dermatol. Author manuscript; available in PMC 2014 August 25.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Chenetal.

Page 29

thermal coagulum by laser irradiation according to current clinical practice. Direction of
blood flow (—). This leads to subsequent induction of thrombosis in semiphotocoagulated
blood vessels,14” whereby circulating liposomes are targeted to activated platelets in
developing thrombus (step 2). Subsequently, irradiation of laser-treated PWS using near
infrared light will locally generate heat that causes liposomes to release encapsulated
pharmaceutical agents (step 3, arrows and dots)1%3 in vicinity of laser-induced,
semiobstructive thermal coagulum. Release of prothrombotic and antifibrinolytic agents
promotes hyperthrombosis and deterrence of fibrinolysis, culminating in thrombotic
occlusion and hemostasis of blood vessel that otherwise would have remained incompletely
photo-occluded (—X—). Because this damage profile is comparable to completely
photocoagulated vasculature,2* SSPLT may prove promising in improving lesional
clearance rates.
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