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Background and Objective: The thermal response of port wine stain
(PWS) skin to a combined treatment of pulsed laser irradiation and
cryogen spray cooling (CSC) was analyzed through a series of simula-
tions performed with a novel optical-thermal model that incorporates
realistic tissue morphology.
Study Design/Materials and Methods: The model consisted of (1) a three-
dimensional reconstruction of a PWS biopsy, (2) a Monte Carlo optical
model, (3) a finite difference heat transfer model, and (4) an Arrhenius
thermal damage calculation. Simulations were performed for laser
pulses of 0.5, 2, and 10 ms and a wavelength of 585 nm. Simulated cryo-
gen precooling spurts had durations of 0, 20, or 60 ms and terminated at
laser onset. Continuous spray cooling, which commenced 60 ms before
laser onset and continued through the heating and relaxation phases,
was also investigated.
Results: The predicted response to CSC included maximal pre-
irradiation temperature reductions of 27°C at the superficial surface
and 12°C at the dermoepidermal junction. For shorter laser pulses (0.5,
2 ms), precooling significantly reduced temperatures in superficial re-
gions, yet did not effect superficial vessel coagulation. Continuous cool-
ing was required to reduce significantly thermal effects for the 10-ms
laser pulse.
Conclusions: For the PWS morphology and treatment parameters stud-
ied, optimal damage distributions were obtained for a 2-ms laser pulse
with a 60-ms precooling spurt. Epidermal and vascular morphology as
well as laser pulse duration should be taken into account when plan-
ning CSC/laser treatment of PWS. Our novel, realistic-morphology mod-
eling technique has significant potential as a tool for optimizing PWS
treatment parameters. Lasers Surg. Med. 26:145–157, 2000.
© 2000 Wiley-Liss, Inc.
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INTRODUCTION

Ideal treatment of port wine stains (PWS)
and other cutaneous vascular lesions requires se-
lective thermal necrosis of blood vessels with
minimal damage to the normal overlying epider-
mis and adjacent dermis [1]. Past research into
laser treatment of PWS has often involved inves-
tigations of alternate laser parameters to reduce
collateral damage [2]. Continuous wave lasers
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such as the argon, which produced extensive re-
gions of dermal and epidermal coagulation, have
been replaced by pulsed lasers to limit thermal
diffusion during irradiation [3].

Surface cooling has proven effective for re-
ducing collateral thermal injury during vessel
photocoagulation in skin [4–6]. Because the epi-
dermis contains the chromophore melanin, light
absorption can result in the generation of high
temperatures that lead to necrosis and undesired
dyspigmentation or scarring. By minimizing su-
perficial temperatures and the duration of high-
temperature exposure, thermal injury in the epi-
dermis can be reduced or prevented. Epidermal
cooling enables the use of higher radiant expo-
sures and, thus, deeper coagulation of cutaneous
vessels. Cooling may also reduce the temperature
in superficial blood vessels, decreasing the risk of
ablation-induced vessel rupture.

Various skin cooling techniques such as ice
[4,5,7], a water-chilled, transparent plate [8], di-
rect water irrigation [5], and water spray [9] have
been investigated for use in treatment of vascular
lesions. These methods tend to require long expo-
sure durations due to the low surface heat trans-
fer; however, they are suitable for achieving tem-
perature reduction deep within the tissue. A tech-
nique that has been shown to be more appropriate
for spatially selective cooling of superficial skin
regions is cryogen spray cooling (CSC).

In the 1950s, pressurized sprays of cryogen
(low boiling point refrigerants such as freon) were
implemented to prepare the skin for dermabra-
sion procedures [10]. In 1983, Welch et al. [5] in-
vestigated the use of a freon gas spray to reduce
thermal damage during irradiation of porcine
skin in vivo with continuous wave argon and
Nd:YAG laser irradiation. Although this first ap-
plication of spray cooling to photocoagulation of
cutaneous vessels was not optimized, results in-
dicated that it could provide significant reduction
of epidermal and dermal coagulation in compari-
son to noncooled treatment or direct precooling
with ice.

Treatments involving CSC have combined
spurts of liquid, nonchlorofluorocarbon refriger-
ants (from tens to hundreds of milliseconds in du-
ration) with laser irradiation (l 4 585 nm, tp ∼
0.5 ms) [6,11]. These studies have involved the
release of a refrigerant such as tetrafluoroethane
(C2H2F4; boiling point 4 −26.2°C) from a pressur-
ized (∼5 atm) canister [11]. A mixture of cryogen
and ice accumulate in a thin layer (10–20 mm) on
the skin surface. CSC begins to reduce skin tem-

perature within a millisecond of spray onset and
the ice/cryogen layer may remain on the skin for
hundreds of milliseconds after a 100 ms spurt
[12]. Heat transferred from the skin causes the
cryogen to evaporate, creating a strong convective
effect [13]. Highly transient cooling of the super-
ficial skin regions can lead to surface temperature
reductions of 30–40°C for cryogen spurt durations
(Dcsc) of 5–100 ms [14,15]. These studies have in-
dicated that CSC allows the use of increased ra-
diant exposures without epidermal injury, thus
allowing deeper coagulation of blood vessels and
expediting PWS clearance.

THEORETICAL MODELS OF CRYOGEN
SPRAY COOLING

The thermal mechanisms involved in this
highly transient process remain only partially un-
derstood. Two types of models have been used to
investigate CSC: those that simulated cooling
alone [14,16] and those that simulated cooling in
conjunction with laser heating [15,17]. These
models have been one-dimensional (1-D) and
simulated tissue morphology by using homoge-
neous layers. The usefulness of layered geometry
models may be limited when attempting to simu-
late thermal transients in PWS skin, because
PWS morphology is highly nonhomogeneous in
three dimensions. Specifically, these models were
not able to account for the unique optical and
thermal effects in and around discrete blood ves-
sels or predict the spatial distribution of thermal
damage. Previous models have also assumed ho-
mogeneous thermal and damage properties
throughout the skin, accounted for the effects of
light scattering by using simple approximations,
and neglected the effect of heat transfer during
the laser pulse [14,15,17]. Previous simulations of
CSC/laser treatment have only been performed
for tp ∼ 0.5 ms, whereas clinical treatment in-
creasingly uses lasers with pulse durations of
1–10 ms. One previous study investigated the use
of liquid nitrogen and water cooling during laser
treatment of PWS by using a 2-D, layered-
geometry, optical-thermal numerical model [18].

According to Anvari et al., “. . . the optimum
cooling strategy needs to be determined on [an]
individual patient basis as density of melano-
somes as well as depth of the PWS blood vessels
vary considerably” [15]. Therefore, modeling-
based, patient-specific treatment planning may
be useful in optimizing cooling parameters. Addi-
tionally, the use of true PWS morphology in simu-
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lating the effects of CSC provides a unique per-
spective on basic optical and thermal laser-tissue
interactions during PWS treatment.

CSC is a novel and effective adjunct to PWS
treatment. However, to achieve optimal applica-
tion of CSC, it is important to know how thermal
transients and the extent of protection against
thermal injury vary with cryogen spurt duration
and laser parameters. The purpose of this study is
to investigate these basic mechanisms and to as-
sess mathematically the effect of specific CSC
spurt durations on irreversible damage in PWS
skin components. This has been accomplished by
simulating PWS laser treatment (l 4 585 nm; tp
4 0.5, 2, 10 ms) in conjunction with CSC (precool-
ing) spurts (Dcsc 4 20, 60 ms) and continuous
spray cooling.

MATERIALS AND METHODS

The modeling approach used in this study is
nearly identical to that described and reported in
a previous study of laser treatment of PWS with-
out cooling [19]. As depicted in Figure 1, the
model includes a tissue grid that has been gener-
ated from a PWS biopsy, which provides informa-
tion about local tissue type (epidermis, dermis, or
blood) and, thus, material property data for the
light propagation, heat transfer, and thermal
damage modeling components.

The high-resolution computer-based PWS bi-
opsy reconstruction was described previously by
Smithies et al. [20]. A portion of the reconstructed
volume measuring 268 mm × 312 mm × 460 mm
(x,y,z, where z is depth) was used in the present
study. This material grid included 52 x–z sections
of 134 × 230 voxels each, resulting in a total of
approximately 1.6 million rectangular voxels (2
mm × 6 mm × 2 mm). The material grid was iden-
tical in size and dimension to the grids used for
energy absorption, temperature, and damage dis-
tributions.

The 3-D, arbitrary morphology Monte Carlo
model used to simulate light propagation in this
study has been described and verified previously
[21] and implemented by using the aforemen-
tioned PWS biopsy reconstruction [19,22]. The
primary optical properties — absorption coeffi-
cient (ma), scattering coefficient (ms), scattering
anisotropy (g) and index of refraction (n) — used
in the present simulations are displayed in Table
1. A single optical simulation is required to calcu-
late the energy deposition rate distribution for a
nominal irradiance of 1 W/cm2. This distribution
is then scaled linearly with irradiance to produce
the source term (S) for each thermal simulation.

The explicit finite difference technique is
used to solve the 3-D transient form of the Fourier
heat conduction equation [13]:
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where T is temperature (°C), t is time (seconds), S
is the heat source term (W/m3), r is density (kg/
m3), c is specific heat (J/kg/°C), and k is thermal
conductivity (W/m/°C). The bioheat equation is
not used because of the very short time scales
and, thus, negligible perfusion effects involved.
Adiabatic boundary conditions are applied to the
five internal tissue boundaries, whereas a stan-
dard Robin convection condition is used to de-
scribe heat flow between the superficial tissue
layer and the environment. A uniform initial skin
temperature of 30°C was assumed. The thermal
properties of skin used in these simulations are
listed in Table 2 [23].

The primary advantage of the simulations
performed for this study lies in the combination of
realistic tissue morphology with a surface bound-
ary condition that simulates CSC. In general, pro-
cesses involving convection with phase change
such as the boiling of a cryogen can be approxi-
mated by using a convection coefficient (h) of 2.5

Fig. 1. Flow chart of the modeling process. PWS, port wine stain.
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to 100 kW/m2/°C [13]. For the present study, the
convection coefficient (4 kW/m2/°C) and ambient
temperature (−7°C) values from a previous inves-
tigation of CSC are implemented [16].

The temporal progression of CSC/laser treat-
ment of PWS was simulated in three phases: (1) a
precooling phase, involving cryogen cooling (and
no laser irradiation) for a duration (Dcsc) of 0, 20
or 60 ms; (2) a heating phase, involving an adia-
batic surface and laser irradiation for a duration
of (tp) 0.5, 2 or 10 ms; and (3) a relaxation phase,
involving an adiabatic surface and no laser irra-
diation until temperatures relaxed to below 60°C
(at which point the simulation is ended because
the damage accumulation rate is minimal). The
assumption that cooling terminates at the end of
the CSC pulse is a first approximation. A residual
ice/cryogen layer may provide post-spray cooling
[9,12] although the significance of this effect is
likely dependent on spray duration, volume of
cryogen released, and other variables. The “con-
tinuous cooling” simulation incorporated a second
temporal structure in which the convective
boundary was implemented starting 60 ms before
laser onset and continuing through a 10-ms heat-
ing phase and subsequent relaxation to below
60°C.

The Arrhenius rate process equation is used
to calculate thermal damage:

V~t! = A*0

t
expF1

Ea

RT~t!Gdt (2)

where A is the frequency factor or molecular col-
lision rate (1/s), Ea is activation energy (J/mole),

and R is the universal gas constant (8.314 J/mole/
K) [24,25]. The thermal damage calculation is
implemented as a subroutine in the thermal dif-
fusion model. Two sets of damage coefficients (A,
Ea) are used: one for blood (hemoglobin [26]) and
another for epidermis and dermis (bulk skin [27]).
These values are displayed in Table 3 and Figure
2 for comparison with other relevant data from
the literature.

The thermal response of tissue to irradiation
at a specific radiant exposure or irradiance level
is highly dependent on laser pulse duration. This
is seen in the use of higher radiant exposure lev-
els for longer laser pulse PWS treatments. To pre-
sent more comparable situations, we have altered
the radiant exposure based on the tissue thermal
response, by using a temperature-based end point
in a manner similar to previous theoretical stud-
ies [3,28,29]. For each of the three non-CSC cases
(Dcsc 4 0 ms and tp 4 0.5, 2, 10 ms), a radiant
exposure was found that produced a maximum
end of laser pulse temperature of 150°C (Table 4).
This radiant exposure was then used for the cor-
responding cooling simulations (Dcsc 4 20, 60 ms)
for that laser pulse duration. This temperature
was chosen because it ensured that significant
damage would be produced in the region of the
blood vessels without exceeding ablation-level
temperatures reported for laser-irradiated tissue
[30,31].

RESULTS

The predicted end of laser pulse tempera-
tures and final (post-relaxation phase) coagulation
distributions are presented in Figures 3 and 4,
respectively. Although results were computed for
the entire 3-D tissue volume, data are presented
here for a single 2-D section. In Figures 3 and 4,
data are presented for pulse durations of 0.5, 2,
and 10 ms for the uncooled (Dcsc 4 0) and pre-
cooled (Dcsc 4 20, 60 ms) cases.

The temperature distributions immediately
after irradiation (Figure 3) show a decreasing
level of thermal confinement with increasing la-
ser pulse duration. For tp 4 0.5 ms, large tem-
perature gradients were predicted at the edge of
the epidermis and blood vessels, whereas for
longer pulse durations, these gradients decreased
and perivascular heating increased. As tp length-
ened, heat transfer from blood regions necessi-
tated the use of higher radiant exposures to reach
an end-point temperature of 150°C. As a result,
epidermal temperatures increased with laser

TABLE 1. Optical Properties of Skin Components at
l = 585 nm*

ma (cm−1) ms (cm−1) g n

Epidermis 18 470 0.79 1.37
Dermis 2.4 129 0.79 1.37
Blood 191 467 0.99 1.33

*From van Gemert et al. [3].

TABLE 2. Thermal Properties of Skin Components*

k (W/m/°C) r (kg/m3) c (J/kg/°C)

Epidermis 0.21 1200 3600
Dermis 0.53 1200 3800
Blood 0.55 1100 3600

*From Duck [23].
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pulse duration until they approached maximum
vessel temperatures.

The effect of tp on the final (post-relaxation
phase) distribution of thermal injury is shown in
Figure 4. The duration of the relaxation phase
(from the end of irradiation until the maximum
temperature fell to below 60°C and the simulation
was terminated) increased with laser pulse dura-
tion from less than 1 ms for tp 4 0.5 ms to hun-
dreds of milliseconds for tp 4 10 ms. Damage dis-
tributions show some correlation with the post-
irradiation temperatures shown in Figure 3.
Coagulation was primarily limited to the blood
vessels for tp 4 0.5 ms, whereas longer pulse du-
rations produced wider regions of perivascular co-
agulation. Similarly, an increase in pulse dura-
tion produced an increase in extent of epidermal
coagulation. For tp 4 10 ms, heat generated in
the epidermis and blood diffused into the dermis

during and after the laser pulse, causing regions
of epidermal and perivascular coagulation to de-
velop into widespread necrosis.

The most obvious result of increased cryogen
spurt duration was the elimination of epidermal
coagulation for tp 4 2 ms, from the noncooled case
to the Dcsc 4 20 ms case. The thickness of peri-
vascular damage in superficial regions was re-
duced by only a few microns from the uncooled to
Dcsc 4 60 ms case. Cooling reduced temperatures
and thermal injury only in superficial regions for
tp 4 0.5 or 2 ms, whereas for tp 4 10 ms, it re-
duced the extent of deeper dermal coagulation. It
is likely that much of the dermal injury in the
noncooled case was caused by heat that was gen-
erated in the epidermis and superficial vessels
and diffused into deeper regions after the end of
the laser pulse.

The predicted effect of CSC on end of precool-
ing phase temperatures is presented in Figure 5
for durations of 20 ms (black lines) and 60 ms
(gray lines). To investigate the effect of spatial
variations in thermal properties, two sets of simu-
lations were performed: one in which heterog-
enous tissue properties were used (thick lines),
and one in which the thermal properties of dermis
were implemented for all three tissue types (thin
lines). In the heterogenous case, 20 ms of cooling
caused epidermal temperatures to be reduced by
7–23°C, whereas a 60-ms CSC spurt caused re-
ductions of 12–27°C. The effect of the 60 ms CSC
spurt on temperatures below the dermoepidermal
junction was more than double that produced by
the 20-ms spurt. The magnitude of temperature
reduction and gradients in the epidermis were
significantly reduced for the homogenous thermal
properties case due to the higher values of ther-
mal conductivity and diffusivity in the epidermis.
The increased rate of heat conduction led to
higher surface temperatures but lower tempera-
tures at and below the dermoepidermal junction
for the heterogeneous case. The magnitude of
these effects increased with cooling duration.

TABLE 3. Rate Process Coefficients*

A (1/s) Ea (J/mole) Tth (°C) Reference

1. Hemoglobin 7.6 × 1066 455,000 93 [26]
2. Bovine serum albumin 3.2 × 1056 379,000 90 [37]
3. Aorta 5.6 × 1063 430,000 91 [38]
4. Bulk skin 7.6 × 1076 550,000 74 [27]
5. Bulk skin 3.1 × 1098 628,000 67 [39]

*In the present study, hemoglobin [26] data were used for blood regions and
bulk skin [27] for dermis and epidermis. Threshold temperature for coagu-
lation (Tth) is listed for a constant temperature exposure duration of 10 ms.

Fig. 2. Graph of time-temperature relationship defined by
Arrhenius equation and rate coefficients assuming step tem-
perature changes and well-defined exposure durations.

TABLE 4. Laser Parameters to Produce a Maximum
Temperature of 150°C Without Cooling

Pulse duration (ms) 0.5 2.0 10.0
Irradiance (W/cm2) 6900 3025 1300
Radiant exposure (J/cm2) 3.45 6.05 13.00
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Fig. 3. Temperature distributions immediately after the end of the laser pulse (arrow indicates location of data used in Figs.
5–9). Region shown is 312 mm × 460 mm (width × depth). Radiant exposures are listed in Table 4. (a) tp 4 0.5 ms, no cooling;
(b) tp 4 2 ms, no cooling; (c) tp 410 ms, no cooling; (d) tp 4 0.5 ms, Dcsc 4 20 ms; (e) tp 4 2 ms; Dcsc 4 20 ms; (f) tp 410
ms Dcsc 4 20 ms; (g) tp 4 0.5 ms, Dcsc 4 60 ms; (h) tp 4 2 ms, Dcsc 4 60 ms; (i) tp 410 ms, Dcsc 4 60 ms. Arrow in a indicates
location of data in Figures 6–8.
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Fig. 4. Distribution of native (light gray) and coagulated (dark gray) tissue after the end of the relaxation phase. Region shown
is 312 mm × 460 mm (width × depth). Radiant exposures are listed in Table 4. (a) tp 4 0.5 ms, no cooling; (b) tp 4 2 ms, no
cooling; (c) tp 410 ms, no cooling; (d) tp 4 0.5 ms, Dcsc 4 20 ms; (e) tp 4 2 ms; Dcsc 4 20 ms; (f) tp 410 ms Dcsc 4 20 ms;
(g) tp 4 0.5 ms, Dcsc 4 60 ms; (h) tp 4 2 ms, Dcsc 4 60 ms; (i) tp 410 ms, Dcsc 4 60 ms.
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A more quantitative documentation of the
end of heating phase temperature distributions
for a specific data set (indicated by the arrow in
Figure 3a) is presented in Figures 6–8. The most
significant CSC-induced temperature reductions
(compared with noncooled simulations) occurred
within 0.1 mm of the surface. The data in Figure
7 indicate that the CSC-induced epidermal spar-
ing seen for the tp 4 2-ms case (Fig. 4) was due to
decrease in epidermal temperatures from 80 to
60°C. The only cases for which temperature in-
creased significantly with depth across the epi-
dermis were tp 4 0.5 ms and cooling durations of
20 and 60 ms. This gradient was a remnant from
the end of the precooling phase (Fig. 5) but had
been reduced in magnitude by heat conduction
during the laser pulse. Although temperature re-
duction at the surface varied significantly with
pulse duration (25°C reduction for tp 4 0.5 ms;
15°C for tp 4 10 ms), at a depth of 0.05 mm this
discrepancy was greatly reduced (12 and 13°C).

The results of a simulation involving con-
tinuous cooling are presented in Figures 8 and 9.
In this case, CSC began 60 ms before the onset of
a 10-ms laser pulse and continued until the very
end of the simulation (the end of the relaxation
phase). This provided a temperature gradient at
the superficial surface before, during, and after
the laser pulse, resulting in a significant reduc-
tion in superficial temperatures and thermal in-
jury compared with the Dcsc 4 60-ms case. Al-
though continuous cooling resulted in a further
reduction in temperature of nearly 60°C near the

skin surface, the difference near the dermoepider-
mal junction was only about 5°C. As a result, only
epidermal regions were spared (including regions
corresponding to Fig. 8 data). Note that the region
spared contains ridges, thus a higher local surface
area and an increased rate of cooling.

Because thermal damage is a rate process,
and, thus, a function of time and temperature,
transient thermal behavior is a critical issue. Sur-
face temperature dynamics are presented in Fig-
ure 10 for two cases: tp 4 2 ms with no cooling
and tp 4 2 ms with Dcsc 4 60 ms. This figure
indicates that with or without CSC, temperatures
are predicted to decrease at a moderate rate over
the first hundred milliseconds after the laser
pulse. The initial, relatively constant tempera-
ture level in the CSC case was likely due to some
diffusion of heat from deeper regions of the epi-
dermis toward the surface.

DISCUSSION

Optical-Thermal Mechanisms

One of the benefits of an arbitrary-morphol-
ogy model is the ability to account for realistic
heterogeneity in thermal properties. Due to the
low water content of the epidermis, its thermal
conductivity (and possibly diffusivity) is lower
than that of dermis [23]. As a result, the effect of
the surface boundary is more confined than if ho-
mogeneous tissue properties were assumed. This
effect is apparent in Figure 5, where the hetero-
geneous tissue case resulted in lower surface tem-
peratures than the homogeneous (dermis thermal
properties) case and higher temperatures at loca-
tions deeper than the dermoepidermal junction.
Low thermal conductivity also causes heat gener-
ated in the epidermis during irradiation to re-
main in that region, an effect that was exacerbat-
ed by the lack of heat loss at the surface after the
precooling phase, often resulting in extensive
damage in or near the epidermis.

Although the crossover points that occur
near the dermoepidermal junction in Figure 5
seem to be a result of an energy balance, this is
not strictly true. In fact, the lower surface tem-
peratures in the heterogeneous case produced a
weaker temperature differential and reduced con-
vective losses at the surface as well as the total
quantity of energy removed. Because the most su-
perficial regions of the epidermis have the least
water content, removal of the stratum corneum
may decrease the resistance to heat flow and im-

Fig. 5. Comparison of temperature distributions immediately
after precooling phase for heterogeneous (thick lines) and ho-
mogeneous (thin lines) thermal properties. Cryogen spurts of
20 ms (black lines) and 60 ms (lines) were simulated. Dermo-
epidermal junction is at a depth of 0.05 mm.
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prove the ability of cryogen to remove heat from
epidermal and superficial dermal regions.

Although CSC reduces temperatures
throughout the epidermis, end of precooling
phase temperature distributions are highly non-
uniform across this layer (Fig. 5). For short laser
pulses, the post-irradiation temperature distribu-
tion across the epidermis maintains this variation
(Fig. 6). Because the basal layer is the deepest
epidermal layer (epidermal rete pegs may extend
into the dermis to a depth of 100 mm) and has the
highest melanin content, the subsurface tempera-
tures during CSC/laser treatment may be even
greater than predicted. A more realistic, multi-
layer representation of epidermal morphology, to
account for variations in both optical and thermal
properties, may yield more accurate predictions
[17,32].

Transient surface temperatures (Fig. 10) in-
dicated a greater thermal relaxation rate for the
uncooled case (21°C over 100 ms) than for Dcsc 4
60 ms (8°C over 100 ms). This finding was because
the post-irradiation temperature difference be-
tween the epidermis and superficial dermis was
reduced when the surface was cooled (Fig. 7).
Such a result is in apparent disagreement with
previous experimental data, which indicated that
for cooled tissue, the surface temperature in-
creased dramatically during the laser pulse (tp 4
0.45 ms), and returned to initial (baseline) tem-
perature within milliseconds [6]. The discrepancy
in results may be explained by recent studies in
which it was demonstrated that for cooling dura-
tions of 50–100 ms, the duration of the cooling
occurred was tens to hundreds of milliseconds
longer than the spray duration [9,12] because of a
residual cryogen/ice layer on the tissue surface.
Numerical studies have simulated CSC pulses as
being uniform in intensity over time, and stopped
cooling at laser onset [15,17] or continued it un-
changed during and after the laser pulse [11]. In
the future, boundary conditions used to simulate
CSC may need to be altered to account for re-
sidual cooling, which tapers off after the end of a
cryogen spurt.

Several previous studies have incorporated
radiometric surface temperature measurement
during CSC. In one study, surface temperatures
were shown to be reduced by 30–40°C for spurt
durations between 5 and 80 ms [14]. A more re-
cent investigation indicated a temperature reduc-
tion of 25–40°C for pulse durations of 20–100 ms
[16]. Our model indicated post-irradiation surface
temperature reductions of 24°C for Dcsc 4 20 ms

Fig. 8. Temperature distributions immediately after the end
of the laser pulse for tp 4 10 ms (Ho 4 13.00 J/cm2) and Dcsc
4 0, 20, 60 ms, and continuous cooling simulation (CSC be-
gan 60 ms before 10 ms laser pulse and continued through
heating and relaxation phases).

Fig. 6. Temperature distributions immediately after the end
of the laser pulse for tp 4 0.5 ms (Ho 4 3.45 J/cm2) and Dcsc
4 0, 20 and 60 ms. The letters E, D, and B indicate the
location of epidermis, dermis and blood regions, respectively.

Fig. 7. Temperature distributions immediately after the end
of the laser pulse for tp 4 2 ms (Ho 4 6.05 J/cm2) and Dcsc 4
0, 20, and 60 ms.
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and 27°C for Dcsc 4 60 ms. The discrepancy be-
tween these data sets may be caused by variations
in temperature and thickness of the ice/cryogen
layer on the skin surface. However, radiometric
data published recently by Torres et al. [12] indi-
cated better agreement with our results — a sur-
face temperature reduction of 28°C at the end of a
40 ms CSC spurt. In a recent in vivo study of CSC
in hamster skin, temperature reductions of
5–10°C were recorded for a cooling pulse of 100
ms with a thermocouple located 625 mm below the
tissue surface [33]. These results indicate a much
deeper cooling effect than that seen in the present
simulations, possibly due to significant anatomic

and physiological differences between human and
hamster skin or the finite thickness of the skin
preparation.

Previous theoretical studies have predicted
the temperature response versus skin depth in
response to CSC. One study indicated that a 20-
ms cooling pulse caused a decrease of 10°C at a
depth of ∼60 mm, whereas a 60 ms pulse resulted
in a 10°C reduction to depths greater than 100 mm
[16]. Another study indicated that post-
irradiation temperatures might decrease by
nearly 10°C down to a depth of 200 mm, for typical
clinical laser parameters (tp 4 0.5 ms, l 4 585
nm) and CSC durations of 80–100 ms [17]. Both of
these studies are in reasonable agreement our re-
sults, although differences in laser parameters
make accurate comparisons difficult.

Optimization of Treatment Parameters

Our simulations indicated that the threshold
radiant exposure for epidermal injury at tp 4 2
ms was approximately 6 J/cm2. This rate is in
reasonable agreement with the finding of a previ-
ous theoretical study that, in patients with type II
skin (intermediate melanin content), no cooling
was required for epidermal preservation for a ra-
diant exposure (Ho) of 5 J/cm2, whereas for higher
radiant exposures, a longer spurt duration was
required to avoid coagulation [17]. Within the lim-
ited parameter space investigated in the present
study, the optimal pulse duration for this PWS
was found to be 2 ms and the optimal CSC spurt
duration was 60 ms. This combination of param-
eters should provide vascular and perivascular co-
agulation to a depth of approximately 300 mm,
without epidermal coagulation. The authors are
not aware of any previous study that has theoret-
ically or experimentally evaluated PWS treat-
ment by using this combination of laser and cool-
ing parameters; however, laser pulse durations on
the order of 2 ms have been identified as optimal
for noncooled treatment in several previous stud-
ies [3,19,34–36].

Our results indicate that tp not only has a
significant influence on vessel coagulation, but on
the efficacy of CSC for epidermal sparing as well.
To produce a specific maximum temperature in a
small blood vessel (such as the 20- to 30-mm di-
ameter vessels typical of the PWS used in this
study), an increase in tp must typically be accom-
panied by an increase in radiant exposure. How-
ever, due to the air-tissue (adiabatic) boundary
condition and low thermal conductivity in the epi-
dermis, epidermal temperatures are approxi-

Fig. 9. Distribution of native (light gray) and coagulated
(dark gray) tissue after the end of the relaxation phase for
continuous cooling simulation.

Fig. 10. Transient temperature distributions at the epider-
mal surface for tp 4 2 ms with no cooling (dashed line); and
tp 4 2 ms with Dcsc 4 60 ms (gray solid line).
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mately proportional to radiant exposure. The im-
pact of CSC is reduced in the epidermis as laser
pulse duration increases because the cooling ef-
fect becomes more distributed within the tissue
(Figs. 6–8), causing a reduction in the extent of
coagulation in deeper regions (Fig. 4c,f,i). Thus,
safe CSC/laser treatments may be more difficult
to achieve when pulse durations of 10 ms or
greater are used. However, it must be noted that
the apparent superiority of shorter laser pulse
treatment may be reduced or eliminated when
treatment involves irradiation of blood vessels
with more typical PWS diameters of 50–120 mm.

Figure 8 also documents the results of a
simulation involving continuous cooling (includ-
ing 60 ms of pre-irradiation cooling), which was
used to investigate a possible methodology for
minimizing the excessive temperatures and co-
agulation seen for tp 4 10 ms. Continuous cooling
produced a skin surface temperature at least 55°C
less than the other CSC cases at tp 4 10 ms.
However, by a depth of about 70 mm, the differ-
ence in temperature between Dcsc 4 60 ms and
the continuous case was minimal (4°C). Thus,
only part of the most superficial epidermal re-
gions remained native. Although these results
seem to indicate that continuous or postcooling
would have little effect on tissue damage, it is
worthwhile to consider that for longer pulse du-
rations, larger tissue volumes reached tempera-
tures at or exceeding the threshold for coagula-
tion, which led to longer thermal relaxation times.
As indicated by Figure 2, if the exposure duration
increases, then the threshold temperature be-
comes reduced and coagulation may occur. There-
fore, post-irradiation cooling may be most impor-
tant for longer laser pulse durations.

The use of a maximum temperature end
point (150°C) in this study was problematic in
that it produced a 10-ms pulse duration case in
which extensive coagulation was predicted. This
outcome did not represent the best possible treat-
ment result. This result is interesting because
previous studies that have used threshold tem-
perature-based end points have typically not pre-
sented information on collateral damage [3,28,
29]. In future studies, it may be more appropriate
to consider coagulation of a specified percentage
of vessel (or vessel wall) regions as the end point,
based on the Arrhenius equation.

Our results indicate that to more accurately
estimate the thermal mechanisms in the epider-
mis, it may be important to account for the varia-
tion in absorption across its layers. Because a sig-

nificant portion of epidermal melanin is contained
in deeper layers, which can be 50–100 mm deep
and vary from patient to patient [3], it may be
worthwhile to investigate a variety of epidermal
morphologies. Computational investigation of
several combinations of precooling and postcool-
ing durations and delay periods may also be use-
ful in identifying optimal treatment parameters
for a specific PWS anatomy.

CONCLUSIONS

A 3-D optical-thermal numerical model has
been implemented to study the effect of CSC on
simulated laser treatment of PWS by using tissue
morphology specified from a true PWS biopsy. Re-
sults were obtained for laser pulse durations of
0.5, 2, and 10 ms (l 4 585 nm) in conjunction with
20- and 60-ms-long CSC (precooling) spurts as
well as noncooled irradiations. The use of continu-
ous cooling during irradiation was also simulated.

The most important findings of this study
include (1) The effect of CSC cooling was confined
to the most superficial 100–200 mm, particularly
for shorter laser pulses; (2) As the cryogen spurt
duration was increased from 20 ms to 60 ms, the
pre-irradiation temperature reduction at the der-
moepidermal junction increased from 7°C to 12°C;
(3) Superficial skin temperatures were signifi-
cantly effected by the low thermal conductivity of
the epidermis; (4) Of the treatment parameters
investigated in this study, the optimal laser pulse
length and CSC spurt duration (for this specific
PWS morphology) were 2 ms and 60 ms, respec-
tively; and, (5) CSC was most effective for epider-
mal temperature reduction during shorter laser
pulses, but more necessary for longer laser pulse
durations.

When planning CSC/laser treatment of
PWS, tissue morphology and laser pulse duration
should be taken into account. The results of this
study indicate that our novel modeling technique
has significant promise as a tool for improving
understanding of laser-tissue interactions in
highly nonhomogeneous tissue and optimizing la-
ser and cooling parameters on an individual pa-
tient basis.
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