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Background and Objectives: Cryogen spray cooling
(CSC) is used to minimize the risk of epidermal damage
during laser treatment of port wine stain (PWS) birth-
marks. Unfortunately, CSC may not provide the necessary
protection for patients with high concentrations of epider-
mal melanin. The objectives of this study are to: (1) provide
a definition of cooling efficiency (n) based on the amount of
heat removed per unit area of skin for a given cooling time;
(2) using this definition, establish the m of previously re-
ported spray nozzles; (3) identify the maximum benefit ex-
pected in PWS laser therapy based solely on improvement
of n; and (4) study the feasibility of using multiple-
intermittent cryogen spurts and laser pulses to improve
PWS laser therapy.

Study Design/Materials and Methods: A theoretical
definition to quantify m is introduced. Subsequently, finite
difference heat diffusion and Monte Carlo light distribu-
tion models are used to study the spatial and temporal
temperature distributions in PWS skin considering: (1) the
current approach to PWS laser therapy consisting of a
single cryogen spurt followed by a single pulsed dye laser
exposure (SCS-SLP approach); and (2) multiple cryogen
spurts and laser pulses (MCS-MLP approach). At the same
time, an Arrhenius-type kinetic model is used to compute
the epidermal and PWS thermal damages (Qr and Qpws,
respectively) for a high epidermal melanin concentration
(20%), corresponding to skin types V-VI.

Results: The m corresponding to a wide range of heat trans-
fer coefficients (k) is quantified. For reported CSC nozzle
devices m varies from 40 to 98%. Using the SCS-SLP ap-
proach, it is shown that even n=100% cannot prevent ex-
cessive Q for a skin types V-VI. In contrast, the MCS-MLP
approach provides adequate epidermal protection while
permitting PWS photocoagulation for the same skin types.
Conclusions: The new proposed definition allows to com-
pute the cooling efficiency of CSC nozzle devices. Computer
models have been developed and used to show that the SCS-
SLP approach will not provide adequate epidermal protec-
tion for darker skin patients (skin types V-VI), even for
n=100%. In contrast, the MCS-MLP approach may be a
viable solution to improve PWS laser therapy for darker
skin patients. Lasers Surg. Med. 31:27-35, 2002.
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INTRODUCTION

Cryogen spray cooling (CSC) has been used effectively
during laser therapy to cool selectively the most superficial
layers of skin (tens of micrometers deep), while minimally
affecting deeper targets such as port wine stain (PWS)
birthmarks (150—500 um deep) [1,2]. Clinical studies [2—4]
have demonstrated that radiant exposures of 8—9 J/cm?
are required to cause irreversible photocoagulation of PWS
vessels in patients with higher epidermal melanin con-
centration (i.e., skin types V—VI, according to Fitzpatrick
classification [5]). Unfortunately, the current approach to
PWS laser therapy—consisting of a single cryogen spurt
and a single laser pulse (SCS-SLP approach)—does not
provide sufficient epidermal protection for patients with
darker skin types. Consequently, radiant exposures are
still limited to avoid non-specific thermal injury. To solve
this problem, recent studies have sought to optimize cryo-
gen spurt durations to maximize the temperature differ-
ence between the epidermis and PWS vessels [6,7]. Other
studies have focused on increasing the rate of the heat
extraction through the skin surface (g) by different means,
such as variation of nozzle diameter [8,9], nozzle-to-skin
distance [10,11], control of cryogen deposition [12], and
enhancement of cryogen film evaporation [13]. In gene-
ral, it has been concluded that cryogen spurts of 100—
250 milliseconds result in better epidermal protection than
that provided by 30—50 milliseconds spurts—which most
physicians still use, while the increase in g by all these
means appears to be moderate. Despite all these efforts,
CSC efficiency (n) has not yet been defined. Therefore, it
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remains unclear how efficient current CSC devices are
and, also, what improvement in PWS therapy can be ex-
pected based solely on CSC maximization.

Besides these studies on CSC, other alternatives for
improving PWS laser therapy have been investigated. For
instance, Tan et al. [14] studied the effect of 450 micro-
seconds multiple pulses using a 577 nm dye laser and they
concluded that multiple pulses did not increase the depth
of vascular injury. However, each pulse was delivered se-
quentially to the same site at intervals of 3 seconds, which
was far too long to preserve thermal confinement. Anvari
et al. [15,16] proved the utility of applying intermittent
cryogen spurts along with continuous laser irradiation to
cause deeper tissue photocoagulation using a Nd:YAG
laser. However, the absorption coefficients of melanin and
hemoglobin are very small at 1064 nm compared to those
corresponding to laser wavelengths used for the treatment
of PWS (e.g., A=585-595 um).

In the present study, we introduce the concept of cooling
efficiency (1) applicable to CSC procedures of duration .,
and calculate m for a wide range of heat transfer coefficient
(h) values, including those reported for various CSC de-
vices. We then simulate a single cryogen spurt followed by
a single laser pulse (SCS-SLP approach) using computer
models of heat diffusion, light distribution, and tissue
damage and investigate what is the necessary m required
to obtain a safe and effective treatment for PWS patients
with darker skin types. Finally, using these computer
models we study the use of multiple cryogen spurts applied
intermittently with multiple laser pulses (MCS-MLP
approach) to improve PWS laser therapy. The rationale
behind the latter study is that: (1) the energy deposited in
PWS vessels by each laser pulse is greater than that lost by
diffusion between two consecutive pulses; and (2) cryogen
spurts applied intermittently with laser pulses maintain
the epidermal temperature below the threshold for ther-
mal damage.

METHODS AND PROCEDURES

Definition of Cooling Efficiency

The following definition is proposed to quantify skin
cooling efficiency (v):

_ Q(Tc)
n= Qmax(fc)

where @ (t.) represents the amount of heat removed per
unit area of skin in a given cooling time 1., and @« (1) is
the theoretical maximum amount of heat that can be
removed in the same time.

At the skin surface, a Robin boundary condition is used,
which is reasonable considering the convective and eva-
porative effects of CSC. Under these circumstances, Q(t.)
may be computed as:

x 100, (1)
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where h(t) represents the heat transfer coefficient at the
sprayed surface; T(¢), the skin surface temperature; and

T.(¢), the temperature of the cryogen layer on the surface.
Qmax results when A — oo and, therefore, is given by:

T
Qmax(tc) = lingc L h(t)[Ts(t) — T.(2)]dt. (3)

Inspection of Equations 2 and 3 indicates that in order to
compute @ and Qn., we must select a value of t. in
addition to three other parameters, namely, T.(¢), h(¢), and
T,(t), which may be determined either experimentally or
by reasonable theoretical assumptions. In the section that
follows, the rationale for selecting these parameters is
justified.

Selection of Parameters [7., T.(¢), h(t), and Ty (¢)]

Based on the work of Verkruysse et al. [6] and Tunnell
et al. [7], which indicates that cryogen spurts of at least
100 milliseconds provide better cooling selectivity, we
select three cooling times, 1., for the present study: 100,
200, and 300 milliseconds.

To provide an estimate of T, we use the average steady-
state spray temperature as measured by inserting bare
miniature thermocouples (300 um bead diameter) into the
center of tetrafluoroethane (refrigerant R-134a) sprays.
These sprays are produced by atomizing nozzles as
cryogen is released from a pressurized container at
6.7 bar (its saturation pressure at room temperature) to
the atmosphere. Based on systematic experiments, we
have determined that the average spray temperature
reaches a minimum between —55 and —62°C, regardless of
nozzle position [11], geometry [10,17], and relative
humidity [10,18] and, therefore, we choose a value —60°C
to represent a constant T, for this study.

As with T',, we choose a constant h value to represent the
boundary condition at the sprayed surface during a given
simulation. Nine different values of k, ranging from 1,000
to 100,000 W/m?K are used, namely: 1,000—5,000 in in-
crements of 1,000, plus 10,000, 30,000, 60,000, and
100,000 W/m?K (Table 1). This broad range includes
experimentally measured values reported in the literature
[8,9,11,19—-21], and the upper limit represents the case for
h — oo, which is needed to compute n by Equation 1. The
wide range in the h values reported by different investi-
gators is mainly attributed to differences in experimental
conditions such as nozzle geometry, spraying distance, and
ambient humidity, but also, measurement technique.

TABLE 1. Heat Transfer Coefficients (k) Used in
This Study

h [W/(m2 K)] Similar values reported in Substrate
1,000 Arbitrary minimum value
2,000-3,000 Torres et al. [20] Epoxy block
4,000-8,500 Aguilar et al. [11,21] Copper disc
10,000-60,000  Verkruysse et al. [8] Epoxy block,
Copper rod
Aguilar et al. [9] Copper rod

Anvari et al. [19]
Arbitrary maximum value

Human skin
100,000
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Under the assumptions mentioned above, i.e., fixed T,
and constant T, and A, it is possible to determine T (¢) from
the exact solution to the heat conduction equation for a
semi-infinite medium, subject to a Robin boundary condi-
tion [22] or, alternatively, from a finite-difference (FD)
approximation to this equation. In the section that follows,
we describe the details of computer models for heat dif-
fusion, light distribution, and tissue damage evaluation
developed for this study.

Finite Difference Model

To study the combined effect of CSC and laser irradia-
tion, we model human skin as an axi-symmetric, semi-
infinite cylinder composed of four layers (Fig. 1): an
epidermal melanin layer, a dermis layer, a PWS layer,
and a deeper dermis layer below the PWS. Using a 2D
forward-time central space FD approximation to the heat
diffusion equation, we compute the spatial and temporal
distribution of skin temperature during CSC and after
laser exposure. Because of the axi-symmetric geometry,
only half of the skin cross-section below the sprayed and
irradiated area is discretized and used for the computa-
tions (shaded areas of Fig. 1). This skin cross section is
15 mm wide by 1 mm thick and is discretized into 60 and
100 nodes, respectively. Considering the tissue thermal
properties and the range of values of the boundary con-
dition to be studied, time steps of 100 microseconds ensure
stability and convergence criteria.

The skin layers’ thickness, and thermal and optical pro-
perties used in this study are listed in Table 2. The optical
properties correspond to a 585 nm wavelength, and they
are the same reported and used in previous studies [21,
23-25]. For simplicity, it is further assumed that both
chromophores of interest, melanin and hemoglobin, have a
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Fig. 1. Four-layer model used in the numerical simulation.
The shaded areas represent the discretized cross section,
which consists of 15 mm in the radial direction and 1 mm
in the axial direction discretized into 60 and 100 nodes,
respectively.

homogeneously spatial distribution within the epidermis
and PWS, respectively. For all simulations, we use a single
epidermal absorption coefficient of 80 cm ™!, corresponding
to melanin volume fraction, vg,, of 20% (skin types V-VI)
assuming a melanosome absorption coefficient of 400 cm !
at 585 nm [26]. We also use an effective PWS layer
absorption coefficient of 19.1 em™?, corresponding to a
vasculature volume fraction, vy, of 10% [27]. It is worthy
of mention that the relationship between v, and the
Fitzpatrick skin type classification mentioned above is
only a rough approximation intended to give clinicians a
better insight for the skin type selected for this study, and
is based on reported values of melanosomes distribution
within the epidermis [28] and experience [29].

A 2D model is selected for this study for two main
reasons. The first is that MCML/CONYV uses the shape and
diameter of the laser beam to compute a 2D light dis-
tribution and, thus, introduces lateral variations of the
light distribution and, the second and most important, is
that this model was developed with the idea to study other
aspects of PWS laser therapy, such as the influence of
lateral variations of the heat flux at the boundary on the
epidermal thermal damage (Qg), which will require the
use of a second dimension.

CSC, Laser Irradiation, and Tissue
Thermal Damage

Single cryogen spurt and single laser pulse
(SCS-SLP). Starting with a constant skin temperature
Ty =30°C, the temperature distribution resulting after a
SCS-SLP approach is computed by imposing a Robin
boundary condition at the skin surface with constant T,
and & values. No delay is allowed between the end of the
spurt and the beginning of laser exposure. To simulate the
effect of laser-induced heating within tissue, we use the 2D
Monte Carlo Multi Layer MCML) code developed by Wang
et al. [30]. The adjunct program to MCML, CONV [31], is
used to take the infinitesimally narrow photon beam from
the MCML simulations and create a flat top, circular beam
with 5-mm diameter. All MCML/CONV simulations use
100,000 photons. Then, the heat source term generated
using MCML/CONV is incorporated into the FD heat
diffusivity equation to simulate absorption of laser energy
by the tissue. The pulse duration (1)) is fixed at 1.5 micro-
second for all simulations.

To compute epidermal and PWS thermal damages, Qg
and Qpwsg, respectively, we use an Arrhenius-type kinetic
model given by Equation 4:

Q) = J;A exp(—E,/RT)dt (4)

where A is a frequency factor [1/s], E, an activation energy
barrier [J/mole], R the universal gas constant (8.32 J/
mole K), and T the absolute temperature [K]. The em-
pirical values for A and E, are the same as those used in
previous studies [21,25], listed in Table 3. The computa-
tions of Qp and Qpws are incorporated into the FD heat
diffusivity model and calculated for each time step and for
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TABLE 2. Thickness, Thermal, and Optical Properties of Layers Used With the
FD Heat Diffusion and MCML/CONV Models

Layer
Properties Epidermis Dermis Blood Dermis below PWS
Thickness [pm] 50 150,250 20,050 > 1,000
E [W/(m K)] 0.21 0.53 0.55 0.53
p [kg/m?] 1,200 1,200 1,100 1,200
¢ [J/(kg K)] 3,600 3,800 3,600 3,800
o [m?/sec] 4.86x10°8 1.16 x 1077 1.39x 1077 1.16 x 1077
Ha [em™1] 80 2.4 19.1 2.4
1 [em™1] 470 129 467 129
g 0.79 0.79 0.99 0.79
n 1.37 1.37 1.33 1.37

all grid points of the left boundary, i.e., along the sym-
metry axis of the sprayed/irradiated area. Values of Qg and
Qpws reported in this study correspond to the depths
where maximal thermal damage occurred. Excessive dam-
age is considered to occur when a value for Qg is higher
than 1, which corresponds to a 63% decrease from the
original total of undamaged tissue constituents. If this
critical value is reached, the program warns about exces-
sive tissue damage and stops. Otherwise, computations
are carried out for one more second after laser exposure.
Beyond that time, it is verified that both Qg and Qpws do
not change significantly.

At the end of laser exposure, the boundary condition
used during CSC is modified by imposing an 4 = 100 W/m?K
and T, = 0°C, which presumably simulates the presence of
a thin layer of water and ice that slowly evaporates [18].

Multiple Cryogen Spurts and Laser Pulses
(MCS-MLP)

Bearing in mind the limitations of the SCS-SLP ap-
proach, we decided to study the possibility of inducing
higher temperatures within the PWS while preserving the
epidermis. We achieve this through an appropriate com-
bination of multiple cryogen spurts applied intermittently
with multiple laser pulses (MCS-MLP approach). The
rationale behind this approach is that the temperature
of PWS vessels can be gradually increased if the energy
deposited within them by each pulse is larger than that
lost by heat diffusion between two consecutive pulses, i.e.,
if thermal confinement is preserved. To achieve this
requirement, MCS-MLP should be applied intermittently
so that the epidermal temperature does not exceed the
threshold for thermal damage. Figure 2 shows a schematic

TABLE 3. Arrhenius Damage Process Coefficients

A [1/sec] E, [J/mole]
Bulk skin 7.6 x107¢ 550,000
Hemoglobin 7.6 x 1056 455,000

of a sequence of cryogen spurts and laser pulses used in
this study.

The appropriate repetition rate can be roughly approxi-
mated based on the thermal time constant of each
absorbing layer (¢tg and tpws), which may be approximated
by tg = (pcL)/h and tpws = L?/a for the epidermis and PWS,
respectively. Here p, ¢, h, L, and o represent epidermal
density, epidermal specific heat, skin surface heat transfer
coefficient, layer thickness, and PWS thermal diffusivity,
respectively (see Tables 1 and 2 for values). The average
epidermal layer is about 50 pm thick (as used for this
study) and assuming h=10,000 W/m?K, tz=22 milli-
seconds. A 3D reconstruction of PWS published by Smi-
thies et al. [32] shows multiple clusters of blood vessels
that span down to 1.3 mm below the epidermal-dermal
junction. Most importantly, almost all the blood volume
fraction is contained within this junction and 500 pum
below. Therefore, to represent this vasculature by a single
layer, we have used a PWS vessel cluster 200 um thick and
200 pm deep, for which tpwg = 284 milliseconds. If a series
of cryogen spurts are applied onto the skin surface with a
frequency of ~ 1/tg, most of the heat generated within the
epidermis by each laser pulse can be removed during the
subsequent cryogen spurt, while only ~ 16% of the heat
generated within the PWS would be conducted out in the
same time. Therefore, multiple laser pulses gradually
increase PWS temperature, while the multiple-intermit-
tent cryogen spurts cool and protect the epidermis.

Using the numerical models described above, we
simulate a MCS-MLP approach and compute the skin
temperature profiles and Qg and Qpwg for the skin types
selected for this study (V-VI). We consider two configura-
tions: (1) PWS vessel cluster 200 um deep and 200 pum
thick (as for the SCS-SLP case described above); and (2)
PWS vessel 300 um deep and 50 pm thick. In this case,
tpws ~ 18 milliseconds is of the same order of magnitude as
tg (~22 milliseconds) and, therefore, this scenario repre-
sents a limiting condition for the minimum vessel size that
may be effectively coagulated using this procedure. In
both configurations, the initial cryogen spurt is fixed at
100 milliseconds, immediately followed by a 1.5 milli-
seconds laser pulse.
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Fig. 2. Schematic of multiple cryogen spurts and laser pulses
(MCS-MLP).

Then, multiple cryogen spurts with the same boundary
condition values as the initial spurt are alternately applied
with laser pulses. Since the 1.5 milliseconds laser pulses
are too short compared to the spurt duration, the boundary
conditions during the laser pulses remain unchanged.
After the last cryogen spurt, the values of T, and h are
fixed at 0°C and 100 W/m?K, respectively. Similarly, Qg
and Qpwg are computed simultaneously for each time step
and, if the maximum permissible epidermal damage
(Qg=1) is not reached, the computations are carried out
until 1 second after the end of the last cryogen spurt.

RESULTS

Temperature Profiles, Heat Removed,
and CSC Efficiencies

Figure 3a,b show the computed temperature profiles
along the axis of symmetry of the sprayed area (left
boundary of the discretized human skin model) at the end
of 100 and 300 milliseconds cryogen spurts, respectively.
Each of the four profiles shown in each figure is computed
using the same value for T, = —60°C, and different values
of h: 2,000, 10,000, 30,000, and 100,000 W/m?K, respec-
tively. For both values of 1, computed, & > 30,000 W/m?ZK is
a sufficiently large heat transfer coefficient, beyond which
it is almost impossible to induce any further reduction
in skin temperature, as suggested by the temperature
profiles for &= 30,000 and 100,000 W/m?K, which are al-
most identical. Also note the changes in slope at x =50 pm
for all profiles. This is due to the difference in the thermal
properties between the epidermis and dermis. In fact,
these temperature profiles vary significantly from those
that assume homogeneous skin thermal properties, as
described by Pfefer et al. [25].

Figure 4a shows Q(t) computed from Equation 2 for all
values of & listed in Table 1 for each value of 1. used in the
present study (100, 200, and 300 microseconds). As ex-
pected from Equation 2, @(t) increases with increasing
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Fig. 3. Temperature profiles as a function of depth computed
by the heat diffusivity model using T, = —60°C and & values
of: 2,000, 10,000, 30,000, and 100,000 W/m?K. a: Profiles for
1. = 100 milliseconds, and (b) 1. =300 milliseconds.

h and 1., and it reaches an asymptotic value, which we use
to compute @nax(1), according to Equation 3. Figure 4b
shows 1 computed using Equation 1. With this definition it
is now possible to establish that the m corresponding to
reported h values of various CSC nozzle devices varies
from 40 [20] to 98% [8].

Q(7) [Jiem?]

g
=~ 7. =100 ms ]
|l mmme- v = 200 ms
20 | 7 =300 ms B
04+ ——T T
1000 10000 100000
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Fig. 4. a: Amount of heat removed (@) by a single cryogen
spurt for all values of & listed in Table 1. b: Cryogen spray
cooling (CSC) efficiencies (n) computed using Equation 1 for
all values of & listed in Table 1. The solid curves correspond
to cooling time, 1., of 100 milliseconds; the dashed curves
to 1,=200 milliseconds; and the dotted curves to 1.=
300 milliseconds.
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SCS-SLP Approach

Figure 5 shows examples where the SCS-SLP approach
would provide inadequate epidermal protection for a
patient with skin types V-VI (vs, =20%, p, =80 cm™ ),
regardless of m and t.. Solid curves represent computed
temperature profiles after a 100 milliseconds cryogen
spurt and at the end of a 1.5 milliseconds laser pulse
(¢=101.5 milliseconds) of 6 J/cm?. Dashed curves repre-
sent the computed temperature profiles after a 300 milli-
seconds cryogen spurt and at the end of a 1.5 milliseconds
laser pulse (¢ =301.5 milliseconds) using the same fluence.
The same values of T, = (60°C and & = 100,000 W/m?K are
used in both examples (n = 100%). Values for Qg and Qpws
are also shown in Figure 5. Note that even for an ideal
situation where n = 100%, severe epidermal damage would
occur for these skin types, while Qpwg would be negligible.
This example suggests that even though enhancement in
may help to improve the outcome for patients with skin
types I-IV, skin thermal resistance may prevent the
successful implementation of the SCS-SLP approach for
patients with darker skin types V-VI, even if it was
possible to attain n=100%.

MCS-MLP Approach

Figure 6a shows computed temperature profiles as a
function of depth at the end of the initial cryogen spurt
(t =100 milliseconds) and at the end of multiple 60 milli-
seconds cryogen spurts numbers 1, 4, 8, and 12. Note that
except for the profile corresponding to the initial 100 milli-
seconds spurt, all others follow the corresponding laser

120 . = 20%, .= 80 cm']
100 | Fluence =6 Jicm®
8o [ h = 100,000 Wm’K ]
?L_,. L t=301.5ms
o 40| e
><- I =====7
= 20t ]
ok i
20k 4
i Q Qs
-40 1’ r=100ms 23x10°  52x10° 4
f ----7=300ms 18x10°  15x10" 1
-60 L 1 " 1 s 1 L 1 " ]
0 200 400 600 800 1000
X [um]

Fig. 5. Temperature profile simulations as a function of depth
for skin types V-VI (vs, =20%, p, =80 em™Y). Solid curves
represent temperature profiles after a 100 milliseconds spurt
and at the end of a laser pulse (101.5 milliseconds) for
T.=—-60°C and & = 100,000 W/m2K. Dashed curves represent
temperature profiles after a 300 milliseconds spurt and at
the end of a laser pulse (301.5 milliseconds) for the same
values of T, and k. Fluence = 6 J/cm?. * Denotes maximal Qg
was reached.
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Fig. 6. a: Temperature profiles as a function of depth after the
initial 100 milliseconds spurt and after the 1st, 4th, 8th, and
12th multiple 60 milliseconds spurts are applied to skin types
V-VI (g, =20%, p, =80 em™ 1) with port wine stain (PWS)
vessel cluster 200 pm thick and 200 pm deep. T, = —60°C and
h =10,000 W/m?K. b: Temperature profiles at the end of the
first 1.5 milliseconds laser pulse and the end of 1st, 4th, 8th,
and 12th multiple laser exposures. Fluence =4 J/cm?.

pulse shown in Figure 6b and, therefore, the skin tem-
perature is gradually increased. Values of T, = —60°C and
h=10,000 W/m?K are used for the boundary condition.
Figure 6b shows computed temperature profiles as a func-
tion of depth at the end of the initial 1.5 milliseconds
laser pulse and the end of multiple pulses numbers 1, 4, 8,
and 12. A fluence of 4 J/cm? is used for all laser pulses. The
final values for Qg and Qpws computed until 1 second after
the end of the last cryogen spurt are also shown in
Figure 6b.

Finally, we present in Figure 7a,b a similar example
for skin types V-VI, with a PWS vessel 50 pm thick and
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300 um deep. For this example, a total of 23 additional
cryogen spurts/laser pulses were needed to induce a signi-
ficant Qpws while keeping Qg below the specified threshold.
Figure 7a shows computed temperature profiles as a
function of depth at the end of the initial cryogen spurt
(¢ =100 milliseconds) and multiple 50 milliseconds cryogen
spurts numbers 1, 10, 20, and 23. Values of T, = (60°C and
h=30,000 W/m?K are used for the boundary condition.
Figure 7b shows computed temperature profiles as a func-
tion of depth at the end of the initial 1.5 milliseconds laser
pulse and the end of multiple pulses numbers 1, 10, 20, and
23. A fluence of 4 J/cm? is used for all laser pulses.
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Fig. 7. a: Temperature profiles as a function of depth after the
initial 100 milliseconds spurt and after the 1st, 10th, 20th,
and 23rd multiple 50 milliseconds spurts are applied to skin
types V-VI (vs,, = 20%, p, =80 cm ™) with PWS vessel 50 pm
thick and 300 pm deep. T, =(—60°C and % = 30,000 W/m?K.
b: Temperature profiles at the end of the first 1.5 milliseconds
laser pulse and the end of 1st, 10th, 20th, and 23rd multiple
laser exposures. Fluence = 4 J/cm?.

Note that for both examples, additional cryogen spurts
intermittently applied with sub therapeutic laser pulses
are adequate to induce a significant Qpws, while keeping
Qg below the specified threshold. Also note that these
are the same skin types which could not be sufficiently
protected with a single cryogen spurt of t.=100 and
300 milliseconds, even with n =100%.

DISCUSSION

Several assumptions had to be made when selecting the
CSC parameters for this study. The first assumption was
that most of the heat extracted from skin is removed
during spray deposition, so that the cooling time, 1., is
equal to the spurt duration. This simplification is espe-
cially true when the laser pulse follows immediately at the
end of the cryogen spurt (as in the present study), i.e., no
delay is allowed between the cryogen spurt and laser pulse
and, therefore, the heat absorbed by the epidermis
enhances the evaporation of the remaining pool of liquid
cryogen [18]. We also assumed a constant value of T,
which may not necessarily represent the real cryogen layer
temperature because of the enhanced convection and
evaporation of the liquid cryogen in contact with the
thermocouple bead. Most importantly, our recent studies
suggest that T, and & may vary significantly over time and
across the sprayed area [8,9,12] and, therefore, lead to
instantaneous and lateral variations in heat flux during
cryogen spurts. By using two miniature thermocouples
embedded 90 pm below the surface of an epoxy block, and
positioned at the center and 3 mm away of the sprayed
area, respectively, we have measured temperature differ-
ences as large as 12°C [8] during 100 milliseconds spurts.
This suggests that heat flux variations may occur across
the sprayed area during CSC and, if these variations are
large, they could lead to inadequate epidermal protection
at certain locations across the irradiated area. We are
presently conducting systematic experiments to measure
instantaneous and local values of 2 and T, produced by
nozzles with different geometries.

Figure 3a,b illustrate the effects of 2~ and 1. on the
temperature distributions within the human skin model.
For high values of 4, for example, & > 30,000 W/m?K, the
effect of 1. on the epidermal temperature is minimal. The
reason for this is that once the thermal resistance at the
boundary becomes too low relative to the skin thermal
resistance, i.e., h becomes too high, the skin thermal
resistance physically limits the amount of heat extracted
per unit time. This suggests that even if it were possible
to reach m=100%, the SCS-SLP approach to PWS laser
therapy may not provide sufficient epidermal protection
for patients with darker skin types.

A Robin boundary condition with kA — cois equivalent
to the use of a boundary condition of the first kind (i.e.,
constant temperature), which is applicable to the case of
skin contact cooling (SCC) with a sapphire plate. Based on
the definition of n given by Equation 1, it may appear at
first inspection that the SCC procedure has 7n=100%.
However, the definition of m requires specification and/or
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computation of 1. and T, which are different for SCC and
CSC. Typically, SCC provides t.> 0.5 milliseconds and
Ty>—-4°C, so a fair comparison between both cooling
techniques may not be possible, as it would imply arti-
ficially increasing t. and T for CSC, or decreasing those
values for SCC.

Using the SCS-SLP approach, it is expected that pati-
ents with fair skin types (I-IV) would benefit if CSC nozzle
devices could provide and maintain v in the order of 80%,
ie., h>10,000 W/m?K. In recent studies [8,9], we measur-
ed an h value as high as 40,000 W/m?K [9] for a spray
produced by a 1.4 mm diameter nozzle. This i value
corresponds to m~~90%. However, this experiment con-
sisted of a continuous spray aimed at a thin copper rod,
and it may not necessarily represent a realistic estimate
for short cryogen spurts. Furthermore, as the temperature
profiles presented in Figure 3 suggest, there is an upper
limit to the expected benefit in PWS laser therapy based
solely on maximization in CSC, and for & values > 30,000
W/m?K there is a negligible impact on the underlying skin
temperature.

Alternatively, and considering the configurations and
simplifications intrinsic to the numerical model developed
for this study, the MCS-MLP approach provides the ne-
cessary epidermal protection for darker skin types V-VI,
while achieving sufficient thermal confinement within
PWS vessels. Note that this approach provides adequate
treatment even for configuration 2 (50 pm thick PWS
vessel, 300 pm deep), which represents a more challenging
scenario because smaller PWS vessels diffuse heat more
rapidly. Our computations show that this situation is
overcome by slightly reducing the multiple cryogen spurts
duration from 60 to 50 microseconds, which increases the
laser pulse repetition rate. However, since this change also
induces further heating of the epidermis, the n has to be
increased to provide adequate epidermal protection. This
was achieved by changing the value of 2 from 10,000 to
30,000 [W/m?K], which is clearly approaching an ideal .
Therefore, it is fair to say that even though MCS-MLP may
represent a significant improvement to the current SCS-
SLP approach, it may still be inadequate to photocoagulate
small PWS vessels, particularly shallow ones.

For all our computations we modified the values for i
and T, after the last cryogen spurt to represent a more
realistic scenario in which condensed and frozen water
melt steadily on the skin surface. However, other bound-
ary conditions could also apply. For example, values of
h =1,000 W/m?K and T.. = —26°C could be used to simulate
a thin liquid layer of boiling cryogen. Alternatively, values
of h =10 W/m?K and T, = 25°C could simulate a steady air
atmosphere at room temperature. Our experience indi-
cates that the magnitude of A and T, during and after the
cryogen spurt is a function of nozzle geometry, nozzle-to-
skin distance, and t.. Thus, the magnitudes of 2 and T,
used for computer simulations should be related to a
specific nozzle device and CSC procedure. For example, it
is not clear whether the Robin boundary condition with
constant values of T. and /& is a valid approximation for
nozzles that produce relatively thick cryogen layers on the

skin surface. This is particularly true for t. > 100 milli-
seconds and for nozzles which produce finely atomized
sprays [9].

In addition to the appropriate quantification of the in-
stantaneous boundary conditions, variations of skin ther-
mal properties with temperature may be very important
if cutaneous water freezes during CSC, which is more
likely to occur during longer spurts (e.g., 300 milliseconds).
This could have a significant impact on heat extraction
from skin, as it involves a significant storage of latent heat
[18].

Values of Qr and Qpws reported in this study correspond
to depths where maximum thermal damage occurred.
Interestingly, it should be noted that during the MCS-
MLP approach, the site of maximal temperature is not
the same within the PWS, as seen in Figures 6 and 7.
Depending on thickness and depth of the PWS vessels,
CSC boundary condition, and the MCS-MLP parameters,
it appears that the maximum temperature within the PWS
vessel (and therefore maximum Qpws) can shift from the
bottom edge of the PWS vessel towards its upper edge and
back to the bottom edge, as in Figure 6b, or continuously
shift from the back edge to the upper, as in Figure 7b.

A current commercial laser device (Vbeam™; Candela
Corporation, Wayland, MA) is capable of delivering multi-
ple 595 nm wavelength laser pulses at a maximum of
1.5 Hz with fluences as high as 25 J/cm? Another com-
mercial device (Smoothbeam™; Candela Corporation)
delivers multiple cryogen spurts intermittently with multi-
ple 1450 nm laser pulses. However, the hemoglobin and
oxy-hemoglobin absorptions are very low at this wave-
length and, also, the repetition rate between the multiple
cryogen spurts and laser pulses (1 Hz) is not as fast as
required for the MCS-MLP approach discussed herein.

According to our results, if pulse repetition rates could
be increased to~ 16—20 Hz (to permit epidermal cooling)
for a device similar to the Vbeam with a 595 nm wave-
length, the number of multiple pulses adjusted to ~ 10—25
(to increase energy absorption in the blood vessels), and
multiple 50—60 milliseconds cryogen spurts were deli-
vered intermittently with each laser pulse, the efficacy of
PWS laser therapy would be expected to increase signi-
ficantly, especially for patients with darker skin types. In
any event, the application of the MCS-MLP approach and
the validity of the predicted thermal damages must still be
supported by experimental evidence and histological
measurements of human skin, respectively. These are
the objectives of ongoing work, which will be reported
shortly.

CONCLUSIONS

A new definition to compute n of CSC on human skin has
been proposed. With this definition, it is possible to esti-
mate that 7 of current nozzle devices varies between 40
and 98%. Improvements in CSC that lead to 2 values
beyond 30,000 W/m?ZK will not have a significant impact on
m, since the thermal resistance of human skin becomes the
limiting factor for determining the rate of heat extraction.
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Using heat diffusion, light distribution, and thermal
damage computational models, it is shown that patients
with darker skin types (e.g., V-VI) are not suitable candi-
dates for PWS treatment using a single cryogen spurt and
single 585—-595 nm pulsed-dye laser exposure (SCS-SLP
approach), regardless of m. However, multiple-intermit-
tent cryogen spurts and laser pulses (MCS-MLP approach)
could provide adequate epidermal protection while induc-
ing the desired PWS vessel damage for patients with skin
types V-VI. The validity of the MCS-MLP approach
should be eventually confirmed through clinical trials
and histological characterization.
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