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Background and Objectives: Laser based therapies are
the standard treatment protocol for port wine stain in the
United States, but complete removal is infrequently
achieved. Intense pulsed light (IPL) offers a broadband
light spectrum approach as a viable treatment alternative.
Previous studies suggest that IPL can be more effective in
treatment of port wine stain by utilizing multiple wave-
lengths to selectively target different peaks in oxy- and
deoxy-hemoglobin. Our study objectives were to (i) deter-
mine a characteristic radiant exposure able to achieve
persistent vascular shutdown with narrowband IPL
irradiation, (ii) determine the degree to which narrowband
IPL irradiation can achieve persistent vascular shutdown,
and (iii) compare the effectiveness of narrowband IPL
radiation to single wavelength pulsed dye laser (PDL)
irradiation in achieving persistent vascular shutdown.
Study Design/Materials and Methods: We utlized
either single pulse or double, stacked pulses in narrow-
band IPL experiments, with the IPL operating over a 500–
600nm wavelength range on the rodent dorsal window
chamber model. We compared the results from our
narrowband IPL experiments to acquired PDL data from
a previous study and determined that narrowband IPL
treatments can also produce persistent vascular shut-
down. We ran Monte Carlo simulations to investigate the
relationship between absorbed energy, wavelength, and
penetration depth.
Results: For single and double pulse narrowband IPL
irradiation we observed (i) little to no change in blood flow,
resulting in no persistent vascular shutdown, (ii) marked
acute disruption in blood flow and vascular structure,
followed by partial to full recovery of blood flow, also
resulting in no persistent vascular shutdown, and (iii)
immediate changes in blood flow and vascular structure,
resulting in prolonged and complete vascular shutdown.
Monte Carlo modeling resulted in a 53.2% and 69.0%
higher absorbed energy distribution in the top half and the
total simulated vessel when comparing the composite
narrowband IPL to the 595nm (PDL), respectively.
Conclusions: Our data collectively demonstrate the
potential to achieve removal of vascular lesions using a

500–600nm range. Additionally, the narrowband IPL was
tuned to optimize a specific wavelength range that can be
used to treat PWS, whereas the PDL can only operate at
one discrete wavelength. Lasers Surg. Med. 47:651–657,
2015. � 2015 Wiley Periodicals, Inc.
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INTRODUCTION

Port Wine Stains (PWS) are vascular malformations of
the skin that are birthmarks. PWS are characterized by
an increase in vessel diameter (vasodilation) and increase
in the number of blood vessels (hypervascularization) [1].
PWS lesions initially present as a reddish pink coloration
of the skin and are flat in nature. If left untreated,
PWS often develop nodules and tissue hypertrophy [2],
and can lead to dental abnormalities and psychosocial
problems [3].

The standard treatment in the United States of PWS
utilizes high intensity light, typically delivered by a laser,
to selectively target abnormal vasculature. Clinicians
often use the pulsed dye laser (PDL, l¼585–595nm), in
conjunction with epidermal cooling [4], to minimize the
amount of surrounding tissue damage caused by the
thermal energy of the laser. The PDL is selectively
absorbed by oxy- and deoxy-hemoglobin in blood vessels
[3,5] and subsequently is converted to heat that ideally
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reaches temperatures that create localized damage.
Subsequent thrombosis formation leads to either a severe
reduction in or shutdown of blood flow [6]. This entire
treatment protocol is known as selective photothermolysis
[7].

While PDL therapy of PWS has led to successful
lightening of the PWS color, patients may require several
laser treatments [8] before seeing sufficient improvement.
Consistent PDL treatments can span several years,
depending on the severity of the PWS disease, and its
resistance to the PDL treatment. Furthermore, PDL
therapy is not as effective for PWS patients with darker
skin due to the competitive absorption of the laser light by
epidermal melanin. As a result, the maximum radiant
exposure must be decreased in consideration of tissue
damage and safety concerns, which in turn limits the
effectiveness of laser treatment.

Here, we investigated the use of targeted narrowband
intense pulsed light (IPL) as an alternative light source
to the PDL to determine if a range of wavelengths is more
effective than the single wavelength from the PDL. A
previous study of PDL-resistant PWS [9] suggested that
IPL could be used as an alternative to the PDL. In this
study, all subjects (n¼ 15), with PWS of various sizes,
locations and colors, achieved at least a 50% reduction of
their PWS through IPL treatments. Another study
conducted in China investigated the treatment of 30
PWS patients with IPL [10], with 3–8 treatment sessions
over a duration of 4–5 weeks. They reported that 100% of
patients showed more than 25% clearance, while 30% of
patients were able to achieve 75% clearance, further
showing that IPL, under certain treatment parameters,
has the potential to be an effective treatment for PWS
clearance both in terms of a reduction in the number of
treatments and improved efficiency of the each treat-
ment. A split-face study performed using the PDL and
IPL [11] demonstrated that an IPL with a wavelength
range of 555–950nm achieved more effective clearance
than the PDL (l¼585nm). Additionally, data from other
studies [12,13] suggest that IPL is a viable option for
PWS clearance, but acknowledge that, due to the large
variance in treatment parameters (pulse duration,
radiant exposure, wavelength range), IPL warrants
further investigation.

In this study, we used a narrowband IPL that emits
broadband light over the wavelength range of 500–
600nm. The wavelength range of this narrowband IPL
enables light absorption over the entire absorption
spectra of oxy- and deoxy- hemoglobin, including the
577 and 600nm oxyhemoglobin absorption peaks, which
may enhance PWS clearance [14]. The objectives of the
current study were to (i) determine a characteristic
radiant exposure able to achieve persistent vascular
shutdown with narrowband IPL irradiation, (ii) deter-
mine the degree to which narrowband IPL irradiation
can achieve persistent vascular shutdown, and (iii)
compare the effectiveness of narrowband IPL radiation
to single wavelength PDL irradiation in achieving
persistent vascular shutdown.

MATERIALS AND METHODS

Dorsal Window Chamber Model

Similar to previous work from our group [15,16], we
utilized the dorsal window chamber model [17] and
performed experiments on adult C3H mice (25–30 g,
n¼41). All experiments were approved by the Institution-
al Animal Care and Use Committee at University of
California, Irvine.

IPL Irradiation

For narrowband IPL irradiation, we utilized a commer-
cially available IPL (Dye-VL, Alma Lasers US, Buffalo
Grove, IL) with a spot size of 10mm, pulse duration
between 3 and 5ms and radiant exposure between 7 and
15J/cm2. A 15mm diameter, 1–2mm thickness of ultra-
sound gel was placed on the epidermal side of the window
chamber, prior to contact with IPL device. Figure 1 shows
the variable intensity as a function of wavelength, specific
to this IPL device.

Experimental Design

We anesthetized and positioned the animal in a custom
window chamber holder placed on top of a heating pad. We
irradiated the window chamber from the epidermal side
with either a single pulse or two stacked pulses of
narrowband IPL. For the latter (i.e., double-pulse)
narrowband IPL experiments, a one-second delay was
used between administration of the first and second pulses.
All experiments were randomized to minimize systematic
bias.

Laser Speckle Imaging (LSI)

We monitored the photothermal effects of the IPL
irradiation by observing blood flow dynamics using LSI.
Briefly, a 633nm Helium-Neon laser was used to a
illuminate the dermal side of the window chamber, from
which raw speckle image sequenceswere collected.Using a

Fig. 1. Interpolated output pectrumofAlmaDye-VL IPLdevice at
the wavelengths used in the Monte Carlo simulations. Note that
the line connecting the data points is included as a guide, and does
not represent the shape of the output spectrum between points.
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simplified speckle imaging equation [18], we processed the
collected images to Speckle Flow Index (SFI) images. LSI
methodology has been previously described in detail [17].

Experimental Design

Similar to previous publications [15,16], we used the
dose-response analysis approach. We performed 40 experi-
ments for IPL irradiation with either a single (n¼13), or
double (n¼ 27) pulse of light. We monitor blood flow in a
longitudinal fashion to study the fate of the microvascula-
ture following phototherapy [19]. Raw speckle imageswere
collected at the following time points: pre-phototherapy;
immediately post-phototherapy; and at Days 1, 2, 3, and 7
after phototherapy. Five of the authors (BC, WJM, OCO,
JDY, and JS) independently reviewed the SFI images
collected on Day 7 of each experiment and graded each set
of images on a binary scale: a “0” (no persistent vascular
shutdown on Day 7) or “1” (persistent vascular shutdown
achieved on Day 7) was assigned to each Day 7 image. We
used a commercial software package (Prism version 5.0d,
GraphPadSoftware, SanDiego, CA) to performa sigmoidal
fit to the data and estimated a characteristic radiant
exposure (RE50/7) at which persistent vascular shutdown
was achieved.

Monte Carlo Modeling

A Monte Carlo computational model incorporating the
window chamber, multiple layers of tissue, and a flat
circular source profile was developed to estimate the
absorbed energy deposition in a vessel embedded within
the hypodermis (Fig. 2). We simulated light propagation
from 500 to 600nm, in steps of 5 nm. The source was 5mm
in radius and assumed incident normal to a four-layer
system comprised of skin, hypodermis, water and glass, to
mimic the layers found in the window chamber.Within the
hypodermis layer, a vessel with radius 81mm was
embedded. This vessel radius was selected based on
calculation of the mean vessel radius determined from
LSI images of 60 window chambers. The optical properties
for each region are given in Table 1. The absorption
coefficients for the skin, hypodermis and vessel were
determined using the volume fractions of blood, water,
blood oxygen saturation, and fat for each wavelength

[20–22]. The scattering coefficient was determined from
previous studies [20]. The Monte Carlo simulations were
performed using used the Virtual Tissue Simulator
software (http://virtualphotonics.codeplex.com). Photons
were launched from the source and propagated within a
conventional Monte Carlo simulation using discrete
absorption weighting [23,24], which deposits absorbed
energy at each collision. The tissue was subdivided into
10mm�20mm� 10mm voxels along the x-, y- and z-axes
to collect the absorbed energy; in other words, the vessel
was modeled as a cylinder of infinite length. For each
simulation, 106 photons were used which ensured that the
relative errors of the absorbed energy estimates within the
vessel, due to statistical noise associated withMonte Carlo
modeling, were less than 2%.

RESULTS

Single Pulse Narrowband IPL Irradiation

Similar to trends observed previouslywith photodynamic
therapy [15] and PDL irradiation [16] of the microvascu-
lature in the window chamber, we observed three trends
in the single pulse narrowband IPL irradiation data
(Fig. 3): (i) little to no change in blood flow over the 7 day
monitoring period resulted in no persistent vascular
shutdown; (ii) marked acute disruption in blood flow and
vascular structure, followed by partial to full recovery of
blood flow over the 7 day period, which also resulted in no
persistent vascular shutdown; and (iii) immediate changes
in blood flow and vascular structure, followed by prolonged
and complete vascular shutdownbyday 7. For experiments
that did not result in persistent vascular shutdown, we
observed the presence of hemorrhage within the window
chamber 62% of the time (Table 2). Note that in Table 2,
we present the data as irradiance (kW/cm2) instead of
radiant exposure, due to the different pulse durations
used in this study. With an irradiance greater than
5333 kW/cm2, we observed consistent, persistent vascular
shutdown.

Double Pulse Narrowband IPL Irradiation

With double-pulse narrowband IPL irradiation, we
observed the same three trends as described above for

Fig. 2. Schematic of geometry used to represent the dorsal
window chamber in Monte Carlo simulations. Not drawn to scale.
A depth position of 0mm represents the air-skin interface. The
center of the 0.081mm radius vessel is at a depth of 0.45mm.

TABLE 1. Tissue Properties Used in Monte Carlo

Simulations. Anisotropy (g), Index of Refraction (n),
Absorption (ma) and Scattering (ms) Coefficients were

based on values Obtained From Literature and are

Wavelength Dependent

Region g n ms/mm ma/mm

Air 1 1.4 10�10 0

Skin 0.81 1.44 l-varied l-varied

Hypodermis 0.69 0.8 l-varied l-varied

Water 1.0 1.33 0.5704 0

Glass 1.0 1.46 0.5704 0

Vessels 0.98 0.8 l-varied l-varied
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Fig. 3. Representative Speckle Flow index maps prior to and immediately after IPL irradiation,
and at day 7. Image panels are shown for both single and double pulse protocols. Single-pulse
irradiation was performed using a 15J/cm2 radiant exposure and 5ms pulse duration, resulting in
an irradiance of 3000 W/cm2. Double-pulse irradiation was performed using a 6J/cm2 radiant
exposure and 3ms pulse duration, resulting in an irradiance of 2,000W/cm2. Persistent vascular
shutdown was observed in both experiments.

TABLE 2. Summary of Observations of Persistent Vascular Shutdown for Experiments in Which the PDL

Irradiance Was 2167–6667 W/cm2, the Narrowband IPL Single Pulse Irradiance Was 2800–4000 W/cm2, and the

Narrowband IPL Stacked Pulse Irradiance Was 1250–2500W/cm2

PDL Narrowband IPL-single Narrowband IPL-stacked

Irradiance Hem. Shutdown Irradiance Hem. Shutdown Irradiance Hem. Shutdown

2167 yes 0 2800 yes 1 1250 yes 0
2167 yes 0 3000 no 0 1250 yes 0
2667 yes 0 3000 yes 0 1400 yes 0
2667 yes 0 3000 no 1 1400 yes 0
3667 yes 0 3000 yes 0 1600 yes 0
4000 yes 0 3000 yes 1 1750 yes 0
4000 yes 0 3333 no 0 1750 yes 0
4333 yes 0 3333 no 0 2000 yes 1
4333 yes 0 3333 no 0 2200 yes 0
4667 yes 1 3333 yes 0 2200 yes 0
4667 yes 0 3333 yes 1 2400 yes 1
5000 yes 0 4000 yes 0 2500 yes 0
5000 yes 0 4000 yes 0 2750 yes 1
5333 yes 1 2750 yes 0
5333 yes 1 2750 yes 1
5333 yes 1 2800 yes 1
6667 yes 1 3000 yes 1
6667 yes 1 3000 yes 0

3000 yes 0
3333 yes 1
3333 yes 0
3333 yes 0
3333 yes 1
3667 yes 1
3667 no 0
3667 yes 1
4000 no 0

The data also displays the shutdown response for each experiment at its corresponding irradiance, showing the relationship between
increasing irradiance and persistent vascular shutdown. Hemorrhage formation was observed in all experiments in which persistent
vascular shutdown occurred, but not all experiments inwhichhemorrhage formation occurred resulted in shutdown.Abinary scale: a “0”
(no persistent vascular shutdown on Day 7) or “1” (persistent vascular shutdown achieved on Day 7) was assigned to each Day 7 image.
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the single pulse narrowband IPL irradiation data. We
observed hemorrhage formation within the window
chamber in 93% of experiments. Although hemorrhage
formation did not correlate with persistent vascular
shutdown, double pulse narrowband IPL irradiation
induced persistent vascular shutdown at lower irradiance
values (2000–4000kW/cm2) than single pulse irradiation
(Table 2).

Monte Carlo Modeling

The results of the 20 simulations performed between
500–600nm in5nm increments are displayed inFigure 4A,
for a single pulse IPL irradiation. Figure 4B shows a
composite absorbed energy distribution from the narrow-
band IPL simulations, with weighted contributions from
each wavelength dependent on the narrowband IPL
spectrum, and the absorbed energy distribution from the
595nm PDL simulation. Absorbed energy distribution is
53.2% higher in the top half of the composite narrowband
IPL compared to the 595nm (PDL).
Total absorbed energy distribution over the entire

simulated vessel is 69.0% higher in the composite
narrowband IPL compared to the 595nm (PDL). We
performed further analysis in Figure 4C, in which a line
profile of the normalized total energy absorption profile at
595nm was compared to the combined total absorbed
energy of the narrowband IPL. With 595nm irradiation,
we observed that the average absorbed energy is more
uniformly distributed over the diameter of the vessel than
it is with narrowband IPL irradiation.

DISCUSSION

Currently, the PDL is the gold standard technique in the
treatment of PWS in the United States. On average, most
patients typically require more than 15 sessions to achieve
either a lightening of the PWS or complete removal [8].
Many groups [9–11,13,25] have studied the use of IPLas an
alternate method to treat PWS birthmarks. Previous
results have demonstrated limited efficacy due to a large
variation of parameters including pulse width, output
energy, and spectral output. Here, we studied the effects
of these parameters for photothermal therapy using
narrowband IPL and compared it with data from PDL
experiments.
We previously characterized PDL irradiation in order to

determine the radiant exposures necessary to achieve
persistent vascular shutdown [16]. Utilizing similar
methods described in previously published studies to
photocoagulate the vasculature [15,26,27], we employed
dose response analysis to determine the characteristic
radiant exposure (7.1 J/cm2) required to induce persistent
vascular shutdown using 595nm PDL irradiation.
Here, we characterized the narrowband IPL in single

and double (stacked) pulse configurations. Tomore directly
compare the results of PDL and narrowband IPL irradia-
tion, we used irradiance values instead of radiant
exposure. We found that the irradiance values associated
with persistent vascular shutdown for both PDL and

narrowband IPL irradiation were in the same general
range (Table 2). For PDL irradiation, irradiance values
greater than 4667kW/cm2 were required to induce
perisistent vascular shutdown. For single pulse narrow-
band IPL, persistent vascular shutdown was induced with
irradiances as low as 2800kW/cm2 and as high as 3333kW/
cm2, but not in a consistent manner. Similarly, for double
pulse narrowband IPL irradiation, persistent vascular

Fig. 4. (A) Normalized absorbed energy distribution within
0.081mm radius vessel over 500–600nm wavelength range at
5 nm increments. All energy distribution maps are plotted on the
same color scale. (B) Comparison of 595nm normalized absorbed
energy distribution and composite narrowband IPL 500–60 nm
energy distribution of 0.081mm radius vessel. The average
absorbed energy in the upper half of the line profile of the IPL
is 0.0406 þ/�0.0004 while the average in the lower half is 0.0098
þ/�0.0003. At 595nm the average absorbed energy in the upper
half is 0.0216 þ/�0.0004 and in the lower half is 0.0131
þ/�0.0003. Composite vessel indicates thatmost absorbed energy
is contained within the top half of the vessel, while the bottom half
has lower absorbed energy compared to 595nm. (C) Line profile of
normalized absorbed energy distribution with one-sigma error
bars (bars are smaller than symbol) using 595nmandnarrowband
IPL irradiation. With the former, the average absorbed energy is
more evenly distributed over the entire vessel, as compared to the
narrowband IPL absorbed energy.
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shutdown was observed at irradiances from 2000–
3667kW/cm2, but a clear trend between increasing
irradiance and occurrence of persistent vascular shutdown
was not evident. Furthermore, with narrowband IPL
irradiation, we were unable to identify a characteristic
radiant exposure or irradiance required to achieve persis-
tent vascular shutdown. Collectively, the data suggest that
narrowband IPL irradiationwith the parameters available
in this specific IPL device, may cause persistent vascular
shutdown at lower irradiances than the PDL, but in an
inconsistent fashion.

Using double-pulse narrowband IPL irradiation, our
data do not demonstrate a clear relationship between
increasing irradiance and persistant vascular shutdown.
This observation is consistent with other studies
[13,28,29] in which a similar effect was observed of
improved treatment outcome with an increasing number
of pulses. One key difference between these studies and
our present study is that they involved use of mulitple
treatment sessions of multiple pulses, compared to our
single use of double pulse narrowband IPL. Further
study of this narrowband IPL deivce is warranted to test
the hypothesis that multiple treatments involving
multiple light pulses correlate to improved treatment
outcome.

To understand better the observed difference between
narrowband IPL and PDL irradiation, we performed
Monte Carlo computational simulations to estimate the
optical energy deposition in subdermal blood vessels. This
required analysis of the output spectrum of the narrow-
band IPL for two purposes: (i) to quantify the wavelength
dependent contributions towards the total absorbed ener-
gy in our Monte Carlo simulations and (ii) to calculate a
weighted absorption coefficient at each wavelength along
the spectrum. The weighted absorption coefficient was
calculated by multiplying the oxyhemoglobin absorption
spectrum [19] by the relative intensity of the narrowband
IPL output spectrum. Over the range of 500–600nm, we
calculated a value of 149 cm�1, which is nearly four times
higher than the absorption coefficient (35 cm�1) at 595nm.
A higher oxyhemoglobin absorption coefficient suggests
that for a given irradiance, the narrowband IPL treatment
should result in increased rate of energy deposition than
PDL treatment. While simultaneously analyzing the
weighted absorption coefficient, we compared experimen-
tally observed treatment outcome results to those pre-
dicted by Monte Carlo computational simulation.
Figure 4A shows the absorbed energy deposition on an
average sized vessel (162mm diameter) found in the dorsal
window chamber model. While the modeling was per-
formed using a simplified simulated geometry (i.e., the
vessel in the window chamber is represented by a cylinder
and each tissue layer has homogeneous absorption and
scattering coefficients throughout its depth), we estimated
the localized energy deposition within the vessel at
different wavelengths. From 500 to 585nm, the model
predicts an energy deposition 53.2% higher at the top half
of the vessel compared to the bottom half. At 595 and
600nm, the total absorbed energy distribution is much

more uniform, which can lead to more efficient conversion
of light to heat.
Figure 4B shows the comparison between the combined

total absorbed energy over all wavelengths, weighted by
the intensity spectrum of the narrowband IPL. On the
left side of Figure 4B, we see the total absorbed energy
plot at only 595 nm. Due to the nature of the uniform and
even energy distribution of the 595 nm, the PDL may be
more effective in causing blood flow shutdown in the
vessel because the temperature of the entire vessel is
allowed to rise to a value associated with permanent
damage [6]. This effect was demonstrated by Heger et al.,
who observed that inhomogenous photon distribution
and subsequent subcritical temperature increase could
be a source of incomplete photocoagulation within
vessels, leading to a suboptimal treatment outcome.
Figure 4C shows a line profile of the normalized total

energy absorption profile at 595 nm compared with
combined total absorbed energy of the narrowband IPL.
While the combined total absorbed energy of the IPL is
higher in the top half of the vessel energy, we see an
intersection point roughly half way into the vessel. Thus,
as we move deeper into the combined total absorbed
energy distribution, the absorbed energy drops off much
more quickly compared to the 595nm absorbed energy,
which indicates that less energy is absorbed deeper into
the vessel in narrowband IPL treatments compared to
the PDL.
Collectively, based on our preclinical data (Table 2) and

modeling data (Figure 4), we believe that further study is
warranted to refine the narrowband IPL technology to
treat PWS birthmarks. The incidence of PVS can be
modulated with changes to the intensity spectrum, pulse
durations, maximum radiant exposure, and alternate
approaches beyond the single/double pulse protocol. The
prevailing thought behind IPL usage to treat PWS birth-
marks is that by using a broad range of wavelengths,
absorption of the light during photothermolysis can be
enhanced by absorption over the entire hemoglobin
spectra. By calculating the weighted absorption coefficient
at each wavelength, we can model the effects of broadband
irradiation to study the full interactions between light
dosimetry and treatment outcome. Additionally, the
narrowband IPL can be further tuned to optimize a specific
wavelength range that can be used to treat PWS, whereas
the PDL only operates at discrete wavelengths.
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