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Background and Objectives: Although cryogen spray
cooling (CSC) in conjunctionwith laser therapy has become
the clinical standard for treatment of portwine stain (PWS)
birthmarks, the current approach does not produce
complete lesion blanching in the vast majority of patients.
The objectives of this study are to: (1) experimentally
determine the dynamicCSCheatfluxwhena skin phantom
is preheated, and (2) numerically study the feasibility of
using skin preheating prior to CSC to improve PWS laser
therapeutic outcome.
Study Design/Materials and Methods: A fast-response
thin-foil thermocouple was used to measure the surface
temperature and thus heat flux of an epoxy skin phantom
during CSC. Using the heat flux as a boundary condition,
PWS laser therapy was simulated with finite element heat
diffusion and Monte Carlo light distribution models.
Epidermal and PWS blood vessel thermal damage were
calculated with an Arrhenius-type kinetic model.
Results:Experimental results show that the skinphantom
surface can be cooled to a similar minimum temperature
regardless of the initial temperature. Numerical simula-
tion indicates that upon laser irradiation, the epidermal
temperature increase is virtually unaffected bypreheating,
while higher PWS blood vessel temperatures can be
achieved. Based on the damage criterion we assumed, the
depth and maximum diameter of PWS vessels that can be
destroyed irreversibly with skin preheating are greater
than those without.
Conclusions: Skin preheating prior to CSC can maintain
epidermal cooling while increasing PWS blood vessel
temperature before laser irradiation. Numerical models
have beendeveloped to show that patientsmaybenefit from
the skin preheating approach, depending on PWS vessel
diameter and depth. Lasers Surg. Med. 38:155–162,
2006. � 2006 Wiley-Liss, Inc.
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INTRODUCTION

The objective of port wine stain (PWS) laser treatment is
to maximize thermal damage to the targeted blood vessels

while preventing injury to the normal overlying epidermis.
Unfortunately, formany lesions, the threshold laser dosage
for epidermal damage may be lower than that required for
permanent PWS blanching. An important approach to the
aforementioned problem is to selectively cool the most
superficial layers of the skin with cryogen spray cooling
(CSC), which has led to improved therapeutic outcome of
PWS and other vascular lesions [1–7]. However, the
current approach to PWS laser surgery does not produce
complete lesion blanching in the vast majority of patients
[8–10]. One reason for treatment failure is that heat
generation within large PWS vessels is confined to the
upper portion thereof because the light penetration depth
in blood is too short at the wavelengths (585–595 nm)
currently used for therapy [11]. Skin preheating prior to
CSC has the potential to permit lowering the light dosage
required for irreversible vascular photocoagulation of large
diameter PWS blood vessels.

Wehypothesize that, bypreheating the skinprior toCSC,
comparable epidermal and higher PWS blood vessel
temperatures will be obtained thanwhen using CSC alone.
Skin temperature can be increased by 10–158Chigher than
normal body temperature by preheating using a hot air jet,
infrared irradiation, etc. SinceCSCheatflux increaseswith
initial skin temperature [12], the epidermis can be cooled
more effectively while higher temperatures within the
PWS vessels induced during the preheating period can be
preserved. Because the PWS blood vessel temperature is
raised from baseline while keeping the epidermis selec-
tively cooled, two advantageous effects would be attained.
First, preheating would not have any effect on the incident
irradiance allowed. Second, the temperature increase
required to photocoagulate preheated blood vessels would
be less, which means that lower light dosage is required.
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A previous theoretical study has shown that skin
preheating with a near-infrared laser in conjunction with
surface cooling could increase thedepth of selective damage
of blood vessels [13]. In that study, cooling of the skin was
simulated by applying a layer of either water at a
temperature of 08C or liquid nitrogen at a temperature of
�1968C, which are not used clinically. The skin was
simulated as four layers, and vesselswere simulated rather
unrealistically as a layer of homogeneous distribution of
blood.
In the present study, we first determined experimentally

the dynamic CSC heat flux (q00(t)) extracted from an epoxy
skin phantom using a fast-response thin-foil thermocouple
when the skin phantom was preheated to different initial
temperatures (T0). We then developed numerical models of
heat diffusion, light distribution, and tissue damage with a
more realistic multiple cylindrical blood vessel model of
PWS skin. Themeasured q00(t) is used as thermal boundary
condition in the heat diffusion model. Finally, using these
numerical models, we studied the use of skin preheating
prior to CSC to improve PWS laser therapeutic outcome.
The rationale behind the study is that: (1) CSC would
effectively maintain the temperature of preheated epider-
mis below the threshold for thermal damage, and (2) the
light dosage required to photocoagulate preheated blood
vessels would be less.

MATERIALS AND METHODS

Cryogen Delivery and Nozzle

The cryogen utilized was 1,1,1,2 tetrafluoroethane,
also known as R-134a, with saturation temperature
Tsat��26.28C at atmospheric pressure. Cryogen was kept
in a container at its saturation pressure (660 kPa at 258C)
and delivered through a high-pressure hose to an electro-
nically controlled fuel injector attached to a straight-tube
nozzle. The nozzlewasmade of stainless steel with an inner
diameter (dN) and length (lN) of 0.7 and 63.6 mm, res-
pectively. Thenozzlewas soldered to a custom-made copper
coupling which fit tightly around the fuel injector. The
nozzledN and spurt duration (50milliseconds) were similar
to those in current clinical use for PWS laser surgery.

Temperature Measurement Sensor and
Skin Phantom

An essential boundary condition in the simulation of
CSC-assisted PWS laser therapy is the dynamic CSC heat
flux [q00(t)]. Different thermal sensors have been developed
to determine q00(t) [14–16]. These sensors have large bead
diameters (50–300 mm) as compared to the thickness
of human epidermis (50–100 mm) and relatively long
response times. In this study, a thin-foil K type thermo-
couple (CO2-K, Omega Engineering, Stamford, CT) was
utilized to determine q00(t) when a skin phantom was
preheated. Although the width and length of its measure-
ment junction are around 0.5mm, the thin-foil sensor has a
thickness of only 13 mm, resulting in a higher vertical
temperature resolution than conventional wire sen-
sors. This feature makes the thin-foil sensor suitable for

measuring surface temperature during CSC because the
vertical temperature gradient in either skin phantom
or human skin is much higher than that in the lateral
direction [17]. The estimated response time is around
2 millisecond and measurement uncertainty associa-
ted with K-type thermocouples is about � 0.28C after
calibration.
The skinphantomwas composed of anepoxy resin (EP30-

3, Master Bond, Inc., Hackensack, NJ), which has a
thermal conductivity (k) of 0.14 W/(m �K), specific heat
capacity (c) of 1,631 J/(kg �K), and density (r) of 1,019 kg/m3

[18]. Therefore, the epoxy skin phantom has a thermal
diffusivity of 0.84�10�7 m2/second, which is within 25% of
that for human skin, 1.1�10�7 m2/second [19]. This skin
phantom was placed underneath a hot air jet and cryogen
nozzle, as shown inFigure1.Thehot air jetwasused toheat
the phantom surface to the desired temperature before
application of a cryogen spurt.
To minimize the thermal contact resistance between the

thin-foil sensor and the epoxy skin phantom, the following
procedures were followed to bond the sensor. The top
surface of a flat Teflon1 block was covered with double
sided tape and the sensor was adhered onto the tape. A
Teflon1 enclosure was then placed around the sensor to
formamold. Thereafter, a degassed liquidmixture of epoxy
and curing agent was poured into the mold in a vacuum
chamber to avoid trapping air bubbles. After the epoxy was
cured, the mold and tape were removed carefully with the
aid of isopropyl alcohol.
We assume that the thermal contact resistance between

the sensor and the epoxy phantom is small enough so that
the temperature measured by the sensor is that of the
surface. Experiments and simulations were performed to
validate this assumption. In the experiments, we obtained
temperature measurements when the sensor was directly

Fig. 1. Schematic of skin preheating and CSC.
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exposed to CSC and when the sensor was covered with a
layer of Scotch1 tape of known thickness (50 or 78 mm). The
Scotch1 tape has a k of 0.22 W/(m �K), c of 1,400 J/(kg �K),
and r of 1,280 kg/m3, which are similar to those of epoxy
[17]. The nozzle-to-surface distance (z) was fixed at 20 mm,
and the spurt duration (Dt) at 50 millisecond. In the
simulation, the two-dimensional transient heat conduction
equation was solved with a finite-element method software
(FEMLAB1) to predict the temperature variation below
the tape. The simulation geometry has a tape layer and an
epoxy block with a size of 6�6mm. Thermal insulation was
assumed at both sides and at the bottom of the geometry.
The measured temperature when the sensor was directly
exposed to CSC was used as the boundary condition at the
top of the tape layer. Both the measured and simulated
temperatures below the 50 and 78 mmthick tapes, aswell as
the temperature measured without tape are shown in
Figure 2. Reasonably good agreement between measured
and predicted temperature variations at two depths is
achieved, which proves the measured temperature at the
surface is very close to that of the phantom surface during
CSC.
Once the surface temperature history, Ts(t), is obtained

with the thin-foil thermocouple before, during and after
CSC, the q0 0(t) at the surface can then be conveniently
obtained using the one-dimensional, semi-infinite medium
solution for a step change in surface temperature and
applying Duhamel’s superposition integral [17,20] to give:

q00ðtÞ ¼
ffiffiffiffiffiffiffiffi
rck
p

r Z TsðtÞ

0

1ffiffiffiffiffiffiffiffiffiffi
t� t

p dTsðtÞ

¼
ffiffiffiffiffiffiffiffi
rck
p

r Z t

0

1ffiffiffiffiffiffiffiffiffiffi
t� t

p dTsðtÞ
dt

dt ð1Þ

This method to determine q00(t) is more accurate and
convenient than an inverse heat-conduction algorithm,

which uses temperature data measured at a subsurface
location with conventional wire thermocouples.

Numerical Models

The numerical models have three main components: 1) a
Monte Carlo (MC) light distribution model, 2) a finite-
element solution to the heat-conduction equation, and 3) an
Arrhenius rate process integral to calculate thermal
damage. TheMCmodel simulates light transport in human
skin to produce energy deposition per unit time per unit
skin volume during pulsed laser exposure,S(r, z, t), where r
and z are lateral and depth dimensions, respectively. The
thermal diffusion model simulates heat transfer in human
skin during preheating, CSC, pulsed laser exposure, and a
thermal relaxation phase to compute the time-dependent
temperature distribution in human skin. The Arrhenius
rate process integral calculates tissue denaturation ratio to
predict epidermal thermal damage and blood photocoagu-
lation. Each of these models is described in detail below.

The MC model used in this study was developed by
Keijzer and coworkers [21–23], and the details will not be
repeated here. The skin is modeled by two infinitely wide
layers representing the epidermis and dermis of 60 and
940�1940 mmthicknesses, respectively (see Fig. 3). Vessels
with six different diameters, ranging from 50–130 mm, are
placed in the dermis 200–900 mm below the skin surface.
The distribution of vessels shown in Figure 3 is extended
infinitely to the left and right.Wesimulate an incident laser
beam of infinite diameter, which is a good approximation
for the spot size in current clinical use [22,24]. The
wavelength of 585 nm is commonly used for PWS laser
treatment. The optical properties for each skin component
[25] are listed in Table 1. In our model, melanin is
homogeneously distributed in the epidermis using volume
fractions (MVF) of 5, 10, and 15%, which approximately
correspond to lightly, moderately, and darkly pigmented
skin patients, respectively. Blood is represented by the
optical properties of hemoglobin. We assume the hemato-
crit is 40% and the hemoglobin is distributed homoge-
neously in the vessel.

The two-dimensional transient heat-conduction equa-
tion:

kr2Tðr; z; tÞ þ Sðr; z; tÞ ¼ rc
dTðr; z; tÞ

dt
ð2Þ

is solved with a finite element method (FEM) using a
commercial package, FEMLAB1. The thermal properties
of skin [19,26] used in this model are listed in Table 2. The
heat-source term, S, is present only during pulsed laser
exposure. A constant initial temperature of 358C is used
for the entire tissue volume before preheating. Adiabatic
boundary conditions are applied at z¼1 and r¼ �1. The
thermal boundary condition at the skin surface (z¼ 0) is as
follows: a heat transfer coefficient of 200 W/(m2 �K) [27]
and an ambient temperature of 608C during hot air jet
preheating; CSC heat flux determined in the proposed
experiment during an effective CSC cooling period (spurt
duration plus cryogen residence time [12]); a natural
convection heat transfer coefficient of 10W/(m2 �K); and an

Fig. 2. Measured temperatures at the surface andbeneath 50-

and 78-mm-thick tapes. The dashed lines show simulated

temperatures at the same depths using the measured

temperatures at the surface without tape as boundary

condition.
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ambient temperature of 258C after laser irradiation. The
period of preheating is 40 seconds, the cooling period of
CSC is 60–100 milliseconds depending on vessel depth,
and the laser pulse duration is 1.5 millisecond.
The Arrhenius rate process integral is used to quantify

epidermis and PWS blood vessel thermal damages:

�ðr; z; tÞ ¼ ln
Cnðr; z; 0Þ
Cnðr; z; tÞ

� �

¼ A

Z t

0

exp � DE
RTðr; z; tÞ

� �
dt

� �
ð3Þ

where Cn is the remaining concentration of native state
tissue at exposure time t and R is the universal gas
constant (8.314 J/(mole �K)). We use the values A¼
1.8�1051 /second and DE¼ 327,000 J/mole for bulk skin
[28], and A¼ 7.6�1066 /second and DE¼ 455,000 J/mol for
blood [29]. Calculations of O are maintained for a period of
time after laser irradiation until thermal damage accu-
mulation has ceased.

RESULTS

In this section, experimental results on the heat transfer
dynamics during CSC at different initial substrate tem-
peratures (T0) and numerical results on the temperature
distributions and thermal damages in model PWS skin are
presented.

Heat Transfer Dynamics During
CSC at Different T0

Figure4a showsmeasured surface temperatures (Ts) as a
function of time at three differentT0 of 35, 50, and 808C.For

all measurements, the nozzle-to-surface distance (z) was
20 mm, and the spurt duration (Dt) was 50 milliseconds.
Initially,Ts values decreased sharply during a short period
of time (12millisecond, indicated by line I). This time is only
half of that obtained with a wire thermocouple [15,26,30],
illustrating that the thin-foil thermocouple resolves fast
temperature changes at the surface better than sensors
previously used [14–16]. This capability is critical to under-
stand the dynamics of the short cryogen spurts (5–
100 milliseconds), which are in current clinical use.
After the initial fast drop, Ts is kept below Tsat (�26.28C)

of R134a, as indicated by the horizontal line in Figure 4a,
during a specific period of time (between lines I and II),
which is even longer than the spurt duration. Such low
surface temperatures are obtained because of the bombard-
ment of cold cryogen droplets (�44.68C, [31]) during the
cryogen spurt and evaporation of residual cryogen at
the cryogen–air interface after spurt termination. It should
be realized that freezing of water in human skin might
occur during this period. The fast increase of Ts, indicated
by line II, suggests complete evaporation of residual
cryogen. Although the differences between T0 are as much
as 458C, the differences between minimum Ts are very
small. When T0 is 808C, minimum Ts is �408C, and �428C
whenT0 is 358C.These findings are favorable for PWS laser
surgery because the epidermal temperature reductionwith
CSC is not significantly affected by T0.
Figure 4b shows theheat flux calculatedwithEquation 1.

For each T0, q
00(t) increased rapidly to a maximum value

(q00max) and then dropped gradually. Although q00(t) curves
are qualitatively similar to each other, q00max increaseswith
T0. The q00max for T0¼ 808C is 47% higher than for

Fig. 3. Dimensions of model human skin with discrete PWS blood vessels.

TABLE 1. Optical Properties of Various Skin

Components Used in the Monte Carlo Model

Skin component ma (1/cm) ms (1/cm) g

Epidermis 20, 40, 60 470 0.79

Dermis 1.9 129 0.79

Blood 191 467 0.99

TABLE 2. Thermal Properties of Various Skin

Components Used in the Heat Transfer Model

Skin component k (W/m �K) r (kg/m3) c (J/kg �K)

Epidermis 0.34 1,120 3,200

Dermis 0.41 1,090 3,500

Blood 0.55 1,060 3,600
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T0¼ 358C. The effect ofT0 on the timeneeded to reach q00max

is not significant. Therefore, the total heat extracted from
skin increasedwithT0within the clinically relevant cooling
period. The interpolation of these q0 0(t) curves is used as the
thermal boundary condition for the numericalmodels since
themodel skin surface temperature is not exactly the same
as T0 in the experiments.

Simulated Temperature Distribution
and Photocoagulation

In the preheating simulation, the model skin depth was
10mm rather than the 1 or 2mmused for laser heating due
to deeper heat conduction during a long preheating period.
After 40 seconds preheating with a 608C hot air jet, the
temperature within 1mm of themodel skin increased from
358C to an average of 478C. Epidermal temperature was 1–
48C higher than PWS blood vessel temperature depending
on vessel depth. Tissue perfusion was neglected in
the model because the blood perfusion time, that is, the
reciprocal blood perfusion rate of dermis is normally in the

range of 300�1,000 seconds depending on local skin
temperature [32]. Apparently, skin preheating with a
millisecond infrared laser pulse might be a better choice
to minimize the influence of tissue perfusion. We also
assumed no vasodilatation occurred as a result of preheat-
ing. This temperature distribution was used as the initial
condition for the following simulation of CSC-assisted PWS
laser therapy with preheating.

Figure5 shows the temperature profiles across the center
of an 100 mmdiameter blood vessel as a function of depth at
the end of the laser pulse with CSC only and with both
preheatingandCSC.Themelanin volume fraction (MVF) is
15% (which represents a darker skin type patient) and
blood vessels are 200 mm deep. The cooling period of CSC
was 60 milliseconds without preheating, and 70 millise-
conds with preheating prior to CSC. An extra 10 milli-
seconds of cooling of preheated skin is necessary to reach
similar basal layer temperature reduction as that of normal
skin. The laser fluence is 3.5 J/cm2 and pulse duration is
1.5milliseconds. It is clear that the temperature increase in
the epidermis is virtually unaffected by preheating but
higher core intravascular temperature is achieved with
preheating prior to CSC. Note that the simulated blood
temperature is higher than 1008C (the saturation tempera-
ture of water at an ambient pressure of 1 atm).

A color map of calculated O values for model skin using
theArrhenius rate process integral withCSC only is shown
in Figure 6. The MVF, PWS vessel depth, CSC, and laser
parameters were the same as above. The scale of O is set
from zero to four tomake the colormap easy to read because
O¼ 4 already corresponds to a 98% decrease from the
original total of undamaged tissue constituents. The
damage threshold for tissue necrosis is selected as O¼ 1
(a 63%decrease from the original total of undamaged tissue
constituents). It can be seen that there is no sign of
epidermal injury at the laser fluence of 3.5 J/cm2. However,
if the fluence is increased to 4 J/cm2, epidermal injury is

Fig. 4. Measured Ts (a) and calculated q00 (b) for Dt¼
50 milliseconds, z¼ 20 mm.

Fig. 5. Temperature profiles asa function of depthat the end of

the laser pulse with CSC only (60 milliseconds) and with both

preheating and CSC (70 milliseconds); MVF¼ 15%; PWS

depth, 200 mm; laser, 3.5 J/cm2, 1.5 milliseconds.
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predicted by our simulation. As for blood vessel damage, we
need to define a criterion to assess irreversible vessel
damage. Previous theoretical models used a threshold
average temperature of 708C to predict vessel necrosis
[13,33,34]. However, in vitro pulsed laser irradiation of
whole blood showed that coagulation occurs at 80–908C
[35]. Instead of a threshold average temperature, the area
ratio of coagulated blood to total blood in the vessel (rc) is
selected to assess irreversible vessel damage. If this ratio
is higher than 64%, we assume the vessel is destroyed
irreversibly [36].
Figure 7 shows rc for vessels of different diameters with

CSC only and with both preheating and CSC. The laser
fluence was 3.5 J/cm2 for both simulations, and no
epidermal injury was predicted. It can be seen that rc for
large vessels (> 80 mm diameter) increased more than four
times from an average of 15% for CSC only to 63% for both
preheating and CSC. Based on the damage criterion we
assumed, vessels with a diameter less than 65 mm will be
destroyed irreversibly with CSC only but vessels with
diameters of 100mmwill bedestroyed irreversiblywithboth
preheating andCSC.WhenPWSvessels are located 400 mm
below the skin surface as shown in Figure 8, irreversible

vessel damage cannot be causedwithCSConly, even for the
smallest vessels in the simulation. However, vessels with
diameters less than 65 mm are destroyed irreversibly with
skin preheating prior to CSC.
Figure 9 shows rc for vessels of different diameters with

CSConlyandwithbothpreheatingandCSCwhen theMVF
was 10%, which represents a moderately pigmented skin
type patient. Depth of PWS vessels was 400 mm. The laser
fluence was 4.5 J/cm2 for both simulations. Above this
fluence, epidermal injury was predicted by our simulation.
It can be seen that rc for large vessels (> 100 mm diameter)
increased from an average of 53% for CSC only to 89% for
both preheating and CSC. Based on the damage criterion
we assumed, vessels of diameter less than 100 mm will be
destroyed irreversibly with CSC only, but vessels with
diameters of 130mmwill bedestroyed irreversiblywithboth
preheating and CSC.
Figure 10 shows rc when the MVF is 5%, which

represents a light skin type patient. Depth of PWS vessels
was 900 mm. The laser fluence was 7 J/cm2, the maximum
allowed to avoid epidermal injuries for both simulations. It
can be seen that rc for large vessels (> 100 mm diameter)
substantially increased when skin preheating was applied

Fig. 6. Color map of calculated O values for the model skin without preheating; MVF¼ 15%;

PWS depth, 200 mm; CSC, 60 milliseconds; laser, 3.5 J/cm2, 1.5 milliseconds.

Fig. 7. rc for vessels of different diameters with CSC only

and with both preheating and CSC; MVF¼ 15%; PWS depth,

200 mm; laser, 3.5 J/cm2, 1.5 milliseconds.

Fig. 8. rc for vessels of different diameters with CSC only

and with both preheating and CSC; MVF¼ 15%; PWS depth,

400 mm; laser, 3.5 J/cm2, 1.5 milliseconds.
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prior to CSC. Based on the damage criterion we assumed,
diameter of vessels that will be destroyed irreversibly
increases from 100 mm for CSC only to 130 mm for both
preheating and CSC.

DISCUSSION

Several assumptionsweremade in the numericalmodels
for this study. The first assumption was that freezing of
water has no significant influence on epidermal protection
with CSC. In vitro experiments with an epoxy skin
phantom indicate that human skin will be exposed to
subzero temperatures during CSC and thus possibly be
frozen. During the freezing of water in skin, a latent heat of
334 kJ/kg will be released, which is much higher than the
sensible heat of skin (�4 kJ/kg for 18C change). Therefore,
the epidermal temperature reduction will be smaller than
that measured with the epoxy skin phantom. However, the
same amount of latent heat needs to be absorbed during the
melting of ice crystals when skin is heated by the laser
pulse, which slows down the temperature increase of skin.

Therefore, we assume freezing of water has no significant
influence on epidermal protection with CSC.

The second one was that we assume no vaporization/
bubble formation occurs, although the numerical results
indicate that the simulated blood temperature is 208C
higher than1008C.The reason is that the bubblenucleation
temperature,TN, should bemuchhigher than1008Cduring
pulsed laser heating. Both analysis and experiments show
that TN of water increases with heating rate from a few
degrees higher than 1008C to the homogeneous vapor
bubble nucleation temperature of about 2958C [37,38].
In vitro experiments of open-cuvette pulsed laser irradia-
tion of whole blood has shown that blood temperatures
reached 1508C before significant explosive vaporization
occurred [35]. The heating rate in that experiment was
approximately 13�103 8C/second,which ismuch lower than
the heating rate in our simulation of 56�103 8C/second.
Therefore, TN in our simulation is even higher than 1508C
and our assumption of no vaporization is valid.

The effect of preheating prior to CSC on PWS laser
therapeutic outcome depends greatly on blood vessel
morphology. Qualitatively, skin preheating will improve
the therapeutic outcome in a PWS lesion with large and
deep ectatic vessels for all patients regardless of skin type.
Quantitative prediction of therapeutic outcome with skin
preheating can only be conducted when the criterion to
assess irreversible PWS vessel damage is well defined.
Therefore, clinical studies on the effect of skin preheating
with different methods are urgently required to assess the
role of such an approach to the clinical management of
patients with PWS.

CONCLUSIONS

CSC experiments at different T0 with a thin-foil thermo-
couple cast on an epoxy skin phantomwere conducted. The
experimental results show that the skin phantom surface
can be cooled to similar minimum temperatures regardless
of the initial temperatures. Using the experimental CSC
heat flux as one boundary condition, laser PWS therapy in
conjunction with either CSC or skin preheating prior to
CSC was simulated numerically. The results indicate that
skin preheating prior to CSC can be effectively used to cool
the epidermis to a temperature similar to that expected
with CSC alone, and increase blood vessel temperature
before laser irradiation. PWS patients may benefit from
skin preheating prior to CSC, depending on PWS vessel
diameter and depth.
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