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Background and Objectives: Intense pulsed light (IPL)
sources have been successfully used for coagulation of blood
vessels in clinical practice. However, the broadband
emission of IPL hampers the clinical evaluation of optimal
light parameters. We describe a mathematical model in
order to visualize the thermal effects of IPL on skin vessels,
which was not available, so far.

Study Design/Materials and Methods: One IPL spec-
trum was shifted towards the near infrared range (near IR
shifted spectrum: NIRSS) and the other was heavily shifted
toward the visible range (visible shifted spectrum: VSS).
The broadband emission was separated in distinct wave-
lengths with the respective relative light intensity. For
each wavelength, the light and heat diffusion equations
were simultaneously solved with the finite element
method. The thermal effects of all wavelengths at the given
radiant exposure (15 or 30 J/cm?) were added and the
temperature in the vessels of varying diameters (60, 150,
300, 500 um) was calculated for the entire pulse duration of
30 milliseconds.

Results: VSS and NIRSS both provided homogeneous
heating in the entire vessel. With the exception of the small
vessels (60 pm), which showed only a moderate tempera-
ture increase, all vessels exhibited a temperature raise
within the vessel sufficient for coagulation with each IPL
parameter. The time interval for effective temperature
raise in larger vessels (diameter >60 pm) was clearly
shorter than the pulse duration. In most instances, the
vessel temperature was higher for VSS when compared to
NIRSS.

Conclusions: We presented a mathematical model cap-
able of calculating the photon distribution and the thermal
effects of the broadband IPL emission within cutaneous
blood vessels. Lasers Surg. Med. 39:132—139, 2007.
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INTRODUCTION

Broadband light emission of intense pulsed light (IPL)
sources have been successfully used in dermatology for the
treatment of various skin conditions including vascular
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disorders [1-6]. The mechanism of action of lasers in the
treatment of vascular disorders is related to their selective
absorption by hemoglobin within the blood vessels. The
absorbed light energy is converted to heat, which coagu-
lates the blood when it exceeds 70°C [7]. This well-known
process has been first described by Anderson and Parrish as
selective photothermolysis, and it forms the basis for laser
treatment of cutaneous vascular disorders [8].

The mechanism for selective photothermolysis with IPL
in the treatment of cutaneous vascular disorders should be
similar to lasers. However, unlike lasers, the IPL simulta-
neously delivers multiple wavelengths of light within the
range of 500 to 1,000 nm at different intensities. In essence,
an IPL irradiation could be considered as a virtual
application composed of more than 500 lasers emitting
different wavelengths and radiant exposures (J/cm?) of
light at the same time. The radiant exposure of each virtual
laser is proportional to the intensity of each wavelength in
the IPL spectrum. The temperature generated within the
blood vessel strongly depends on the IPL spectral distribu-
tion as well as the radiant exposure and pulse duration.

The optimal parameters for selective photothermolysisin
laser treatments have been widely published by using
mathematical models simulating selective photothermoly-
sis [9—13]. However, no model exists in order to correlate
the IPL spectrum to the temperature distribution within
blood vessels. Establishing a mathematical model for IPL-
related selective photothermolysis may help to improve the
treatment of cutaneous vascular disorders in clinical
setting and may lead to the development of new IPL
systems for optimal treatment of cutaneous vascular
disorders.

The main technical challenge in mathematical modeling
of multiple light wavelengths (as in IPL) is the need to
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include the effect of various optical parameters such as
absorption, scattering coefficient, and anisotropy factor on
the light propagation in tissue. Since these properties are
unique for every wavelength, they cannot be averaged.
Thus, the modeling of IPL propagation in tissue must be
simultaneously performed for each wavelength composing
the IPL spectrum. In order to achieve this, we modified our
mathematical model of selective photothermolysis of port-
wine stains used in a previous study [14]. This model
utilized finite element methods to solve the diffusion
approximation of light tissue interaction and was success-
fully shown in animal model to be well correlated with
clinical outcomes [14-16]. In the current study, we
investigated the applicability of mathematical modeling
for selective photothermolysis to multiple wavelengths in a
simultaneous fashion.

MATERIALS AND METHODS

The mathematical model, which has been discussed in
detail in a previous study, was modified to simulate
selective photothermolysis for two IPL spectra [14]. Using
similar skin geometry, we calculated the temperature
distributions within four different size of blood vessels
(60, 150 300, and 500 um in diameter) for IPL radiant
exposures of 15 and 30 J/cm? and pulse time of 30 milli-
seconds, all of which are typical IPL parameters currently
used in clinical practice.

In order to determine the temperature distributions
within the tissue, the heat and optical diffusion equations
were solved simultaneously using the finite element
method (FEM) by the aid of commercially available
software (Femlab 3.1, Comsol, Burlington, MA). The model
was created based on an IPL applicator with an area of
40x8 mm, whereas only half of the applicator width (4 mm)
was used in the model due to symmetry (Fig. 1). The blood
vessels used for calculations were located at the depth of
1.2 mm and were surrounded by other blood vessels to
simulate a more realistic scenario.

Photon Distribution in IPL Spectra

In order to apply the diffusion approximation principle
to our modeling, the respective IPL spectrum was divided
into a certain number of sampling points regarding the
emission peaks of the curve. The exact location and
relative intensity of each peak were calculated by
finding the center of gravity within the range that is
bound between two circles representing the background
level (see Fig. 2). The relative intensity I, for each
wavelength 1 is the area under each peak of a specific
wavelength.

The light intensity, P(¢); of the IPL emission for each
wavelength 1 is:

I\

Pt ="
S I
=1

-P(t)IPL (1)

The sum of all “m” peaks yields the total power of the IPL
spectrum in the range of 500 to 1,000 nm. We modeled the
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Fig. 1. Schematic geometrical model of a cross section of
normal skin that wasused in the IPL simulation. It consists of a
thin epidermal layer and a dermis containing different blood
vessels of different diameters. The blood vessels can be
positioned by the computer at different positions in the dermis.
This model includes the test vessel used for modeling (depth
1.2 mm) showing a vessel diameter of 60, 150, 300, or 500 um).
The symmetry axis is at distance 0 from the center. The
irradiated zone in the figure is equivalent to the half width of
short edge length of an IPL applicator (8 x40 mm).

emission spectrum of two typical xenon flash lamps that
are used in IPL sources (DEKA, Calenzano, Italy) showing
a cutoff at 500 and 1,000 nm of wavelengths. Thus, the
emission ranged from 500 to 1,000 nm exhibiting two
different spectral distributions. One spectrum was shif-
ted towards the near infrared range (i.e., near IR shifted
spectrum, NIRSS) and the other was heavily shifted
toward the visible range (i.e., visible shifted spectrum
VSS).

In the IPL modeling, we first calculated the photon
distribution for each specific wavelength A, and thereafter
combined the solutions to calculate the thermal field. The
two-dimensional time-dependent diffusion equation for
each wavelength is given by

%d)x(x,z,t) — V(oA VO (x,2,1)) = cz;u;n(l)k(x,z, t)y (2)

A Cn

B+ (1= )
®*(x,z,t) is the photon fluence rate [P, /m?second]| P, is
the number of photons for each wavelength used in
the simulation, o} is the optical diffusion coefficient
[m?/second] of tissue n (epidermis, dermis, or blood)
absorption, p,, and pg, are the linear absorption and
scattering coefficients [1/m], g is the optical anisotropy
factor, and c, is the speed of light. The right term of
Equation (2) represents the reaction rate or the absorbed
energy in the epidermis (n =e), dermis (n = d), or red blood
cells (n =h).
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Fig. 2. The two IPL spectra that are used for the modeling
with the spectrally resolved intensity of the NIRSS (a) and
the VSS (b), the respective absorption coefficients are shown
in (e). The respective IPL spectrum was cut into pieces
yielding small bands. The width (wavelength interval) of
each band is marked by two small circles on the spectral
course. The middle of each wavelength interval (sampling
points) shows the relative intensity I, for each wavelength A,
to 4,, (green lines).
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With respect to surface boundary conditions, the flux of
photons at the skin surface (epidermis) at every wavelength
L, is given by

1—r.)P(t)\co
% z=0,0 ng4mm:—aﬁV®}‘(x,z,t) (4)

t>0

v* is the frequency of light at each wavelength /, & is the
Planck’s constant (6.62x1073* Js). The reflection factor,
r=0.1 is the ratio between the light reflected from the
tissue and IPL power output, whereas cq is the speed of
light in a vacuum (3x10® m/second). It was assumed that
the photons at each wavelength propagated in tissue
according to the corresponding optical properties such as
scattering and absorption, and the respective values were
taken from the literature [17] that has been improved by a
recent article [18].
The corresponding heat transfer equation is:

oT

PnC(T)n 5y = V(kaVT) =pp C(T),0p(Ts — T)

A=m (5)
+ Z p;‘,nd)k(x,z, t)hvx
=1

where T is the temperature as a function of time (¢)
and space (x, 2), k, [W/mK] is the thermal conductivity of
the epidermis (n =e), dermis (n =d), or blood (7 =hb). p,
[kg/m?] is the density, Vi, is the volume fraction of the
chromophores inside the tissue, and C(T),, [J/kgK] is the
temperature-dependent specific heat capacity of epider-
mis, dermis, or blood, including the latent heat of
evaporation. The blood perfusion v, was 18.73my/kgs,
where my, is the mass of blood per kilogram tissue.

The photon distribution and the temperature in tissue
were calculated for both emission spectra using pulse
duration of 30 milliseconds, and a radiant exposure of 15 or
30 J/cm?. The modeling was performed for vessels 60, 150,
300, or 500 pm at a depth of 1.2 mm.

The dependency of the optical parameters on each
wavelength composing IPL spectrum complicates mathe-
matical modeling of light tissue interaction for IPL, as
compared to monochromatic lasers. The emission of an IPL
shows a broadband spectrum of several hundreds of
nanometer [1]. This would require the calculation of photon
propagations for each single wavelength within the IPL
spectrum, which may take significant amount of time to
accomplish, even for one set of parameters. Therefore, we
decided to perform our modeling of IPL only for distinct
positions within the spectrum, which are marked with
green lines in Figures 2. The length of the lines represents
the respective contribution to the optical power of the total
IPL emission. The respective absorption coefficients at
these wavelengths are shown in Figure 2c.

The two IPL spectra used in our modeling are shown in
Figure 2. The first spectrum is shifted towards the near
infrared range NIRSS (Fig. 2a) and the second spectrum is
shifted toward the visible range VSS (Fig. 2b). These two
spectra may represent the full bandwidth of IPL used in
clinical practice [1-6]. It is obvious that the VSS spectrum
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exhibits more power in the spectral range of 500 to 700 nm
as compared to NIRSS.

RESULTS AND DISCUSSION

Two-Dimensional Temperature Distributions

The temperature in the two-dimensional section of the
skin was calculated for each spectrum and two examples
are displayed in Figure 3. In Figure 3a, the temperature is
shown for the NIRSS at the end of 30-millisecond pulse
duration using a radiant exposure of 15 J/cm?2. The test
vessel had a diameter of 300 um and it exhibited a
homogeneous heating in its entirety with an approximate
maximal temperature of 80°C in its core. The temperature
outside the vessels in the dermis is elevated to a certain
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Fig. 3. Theresulting temperature at the end of 30 milliseconds
pulse duration is shown as a virtual two-dimensional cut using
aradiant exposure of 15 J/cm? in a test vessel with the diameter
of 300 pm. NIRSS results in a steeper temperature gradient
within the test vessel (top). The VSS emission leads to a more
homogeneous heating in the same test vessel (bottom).
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degree and this might be partly due to heat transfer from
the hot vessels and partly due to direct heating of dermis,
since part of the NIRSS photons (1 > 900 nm) can be readily
absorbed by the bloodless dermis.

In Figure 3b, the temperature is shown for the VSS at
the end of 30-millisecond pulse duration using a radiant
exposure of 15 J/cm?. The test vessel had a diameter of
300 um. In addition, with the VSS, the test vessel exhibited
homogeneous heating in its entirety but the temperature
was slightly less when compared to the NIRSS. This is
probably due to decreased proportion of infrared photons in
this spectrum, which resulted with less direct heating of the
dermis than NIRSS and more comparable heating with
pulsed dye lasers [14].

Effects of Vessel Size

The effects of IPL parameters on vessel diameter of 60,
150, 300, and 500 um were studied. The temperature at the
top, center, and bottom portion of each blood vessel was
calculated for IPL based on the temperature gradients
within blood vessels found in a previous study [14]. It was
postulated that coagulation of blood would occur at
temperatures higher than 70°C [7]. In Figure 4, tempera-
ture measurements in various size vessels are shown for
NIRSS and VSS at both radiant exposures.

The temperature values for the top portions of the vessels
increased as the vessel diameter increased from 60 um to
150 pm and yielded comparable values for 300 pm and
500 um vessels. Neither NIRSS nor VSS revealed a suffici-
ent temperature increase in order to coagulate various size
vessels using 15 J/cm? of radiant exposure. However,
coagulation at the top portions of vessels occurred using
the higher radiant exposure of 30 J/cm? at both spectra,
except for the vessel diameter of 60 um. The VSS generated
higher temperatures as compared to NIRSS and this was
attributed to the high absorption coefficient of hemoglobin
for most of the wavelengths covered by VSS ranging from
500 to 650 nm.

The temperature, at the center portions of the vessels
exceeded the needed temperature for blood coagulation in
the vessels with 150 um, 300 pm, and 500 pm diameter for
both spectra and radiant exposures. Again, the IPL
parameters used in the modeling hardly matched the
criteria of a sufficient coagulation temperature in the vessel
with 60 pm diameter.

Finally, it was observed that effective coagulation was
difficult to achieve at the bottom portions of the vessels,
regardless of the vessel size or IPL parameters. When using
the radiant exposure of 15 J/cm?, temperature values of
about 50°C were calculated, which is equivalent to only a
moderate warming effect at the bottom portions of the
vessels.

Based on these findings, it seems to be very unlikely to
coagulate small vessels (60 um) using the given IPL spectra
at radiant exposures less than 30 J/cm?. This is probably
due to the limited amount of chromophores (hemoglobin) in
such small vessels, which is similar to modeling using
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Fig. 4. The temperature inside the vessels for different
vessel diameters. The results are shown for the top, center,
and bottom portions of the vessels at the end of the pulse
duration (30 milliseconds). For both spectra, radiant expo-
sures of 15 J/em? and 30 J/cm? were used with pulse duration
of 30 milliseconds.
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pulsed dye lasers at 585 or 595 nm [14]. Effects such as
hypobaric pressure [19] or dermal blood volume fraction
[20] play a significant role. Additionally, the cooling of a
vessel by heat diffusion into the dermis has a major impact
on the temperature in the vessel and the thermal damage.
The cooling of a vessel during and after laser irradiation
depends on the volume—surface ratio of each vessel and
therefore on the vessel size. The smaller the vessel
diameter, the faster is the cooling and the smaller is the
thermal damage inside the vessel. This has been discussed
when modeling the treatment of large vessels with Nd:-YAG
laser at 1,064 nm [16].

Moreover, our findings support the results of clinical
studies. Using IPL, a better clearance was observed in
patients treated for visible teleangiectatic vessels when
compared to patients with diffuse erythema composed of
much smaller vessels [1]. It is also reported that shorter
wavelengths (530—750 nm) of IPL, which is comparable to
our VSS yielded better vessel clearance than longer
wavelengths (5655—950 nm) of IPL, which comparable to
our NIRSS. This finding correlates with our modeling
results, which revealed higher temperature values for VSS
as compared to NIRSS.

Because of the high absorption coefficient of hemoglobin
in the visible part of the spectrum, the temperature at the
top or center portions of the vessel were generally higher for
the VSS as compared to the NIRSS. Nevertheless, the
temperature in the center portion of the large vessels
(300 um, 500 um) was higher by using NIRSS and the
radiant exposure of 15 J/cm? The longer wavelengths of
NIRSS penetrate the large vessels and come across a thick
layer of light absorbing hemoglobin. This combination may
lead to an effective delivery of thermal energy in these large
vessels, at least for the radiant exposure of 15 J/cm?. At the
bottom portions of the vessels, the NIRSS causes similar or
even higher temperatures, except for the small vessel
diameters.

Effects of Heating

When using pulsed dye lasers for vessel diameters in the
range of 10 to 500 um (e.g., port wine stains), typically very
short pulse durations of less than 10 milliseconds are
applied. In fact, sufficient heating of the vessels can
be achieved within tenths of milliseconds with a pulse
duration as short as 0.45 milliseconds, while cooling down
may require time intervals up to 20 milliseconds [14].

Heating process of the vessels using IPL is shown in
Figure 5, where the temperature values represent the
values of the center portions of the vessels. It is clear that
the temperature increases slowly by time and saturates at
very low levels for the vessels with 60-pm diameter. Using
radiant exposures of 15 J/cm?, the maximal value is almost
achieved after 10 milliseconds and it remains nearly
constant for the following 20 milliseconds of the pulse
duration. It is obvious that the long pulse duration cannot
provide a temperature sufficient to provide coagulation in
the small vessel. Therefore, shortening the pulse duration
and increasing the power of IPL emission would be
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necessary in order to coagulate smaller vessels, as proven
for pulsed dye lasers [14].

For medium caliber vessels with a diameter of 150 pm,
the temperature increases by time and the effective
temperature for ablation is reached after about 20 milli-
seconds by using a radiant exposure of 30 J/cm?. To achieve
similar results, the pulse duration might be shortened by
10 milliseconds. When using 15 J/cm?, the temperature also
increases but at a lower level. Using a low radiant exposure,
the pulse duration seems to be appropriate for a sufficient
coagulation temperature, which may take place at the end
of IPL pulse (30 milliseconds).

For larger caliber vessels with a 300 um or 500 um
diameter, the temperature increases linearly by time and
the values saturate at high levels ranging from 90 to 100°C
using a radiant exposure 30 J/cm?. The saturation is due to
the latent heating of water within the blood. Since the
coagulation temperature is achieved after about 15 milli-
seconds, the pulse duration might be shortened by 50%.
When using 15 J/ecm?, the full pulse duration is required for
a sufficient coagulation temperature.

Regarding the two different IPL spectra, VSS yields
higher temperature values in the small vessels (60 pum,
150 pm) during the entire course of pulse duration as
compared to NIRSS. Interestingly, NIRSS provides a faster
heating in larger vessels (300 pm, 500 um) as compared to
VSS, but generates only a minor maximal temperature
value, except for 500 pm vessel at 15 J/cm?. The use of
NIRSS leads to a steeper gradient of temperature within
the vessel (see Fig. 3) causing a rapid outflow of heat energy
from the center portion of the vessels towards their walls.
This would decrease the temperature in the center portions
of these vessels.

Using IPL for the treatment of rosacea in clinical
practice, a radiant exposure of about 30 J/cm? is applied
at pulse durations of about 5 milliseconds [21]. In another
study, the radiant exposure and the cut-off filter is changed
for different vessels sizes. For small vessels, a radiant
exposure of 30 J/cm? is applied and up to 56 J/cm? for large
vessels using multiple pulses. The pulse duration was
about 5 milliseconds using triple pulses [22]. Bjerring et al
[1] show a table of pulse durations and radiant exposures
when using IPL for different vessels sizes. For teleangiec-
tasia, he recommends pulse durations of 15 to 30 milli-
seconds and a radiant exposure of 11.5 to 22 J/cm?, whereas
for diffuse erythema (small vessels) a pulse duration of
about 5 to 12 milliseconds and a radiant exposure of about 9
to 17 J/em?.

In our modeling, we used pulse duration of 30 milli-
seconds and depending on the vessel size, the maximum
temperature is achieved after 10 to 20 milliseconds. This
supports the clinical findings of Bjerring et al. [1], who used
long pulse durations at moderate radiant exposures.

Fig. 5. The course of the temperature in the center of the
vessels for the different vessel diameters 60 pm, 150 pum,
300 pm, or 500 pm. For both spectra, radiant exposures of 15 J/
em? and 30 J/em? were used with pulse duration of 30

milliseconds (end of pulse).
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Effects of Wavelength

In order to investigate the inradiant exposure of
wavelength distribution on the photothermal action, the
temperature was calculated for each wavelength within the
respective spectrum (Fig. 6). There is a major contribution
of the shorter wavelengths for effective heating of smaller
vessels (60 pm and 150 pm) using VSS. For larger vessels
(300 um and 500 um), there is not much difference between
individual wavelengths, although the photothermal effect
is slightly more pronounced for longer wavelengths. For
NIRSS, the contribution to the thermal effects is more
evident for longer wavelengths regardless of the vessel
diameter. In the future, we will investigate the radiant
exposure of different cut-off filters on the thermal action in
blood vessels.

CONCLUSION

We present a mathematical model for selective photo-
thermolysis of IPL, which may help for developing optimal
IPL systems or parameters for dermatological applications.
Although mathematical modeling is an excellent tool that
helps to identify the optimal parameters for satisfactory
clinical outcomes; it cannot replace clinical studies.

Moreover, the temperature achieved in the different
vessel sizes are not due to the light energy applied to the sin
surface but to the light energy absorbed in the hemoglobin
inside the vessel. Due to the broadband emission, IPL light
consists of many different wavelengths. However, the
absorption coefficient shows a substantial variation when
going from 500 to 1,000 nm. Thus, the absorbed light energy
depends critically on the distribution of photon energies of
the IPL emission, that is, it depends on the spectral shape of
the IPL emission. For a monochromatic laser light, beside
pulse duration and radiant exposure, the laser wavelength
is important for selective photothermolysis and efficacy of
the treatment.

Regarding the broadband emission of IPL, not a single
wavelength but different photons with different energies
and wavelengths are responsible for the thermal effects in
the vessels. In contrast to lasers, the clinical outcome of
different studies using a certain pulse duration and
radiant exposure are only comparable if the same spectral
shape of IPL has been used. Consequently, using IPL for
blood vessels coagulation, the specification of pulse
duration, radiant exposure, and cut-off filter is not
sufficient without any information about the spectral
shape of light emission.

This article should encourage physicians to evaluate
modeling findings in clinical practice performing clinical
studies.

Fig. 6. The contribution of the different bands to the
temperature in the vessel. The results are displayed for the
different vessel diameters 60 pm, 150 um, 300 pm, or 500 pm.
For both spectra, a radiant exposure 30 J/cm? was used with
pulse duration of 30 milliseconds.
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