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Background and Objectives: Cryogen spray cooling
(CSC) has become an integral part of dermatologic laser
surgery because of its ability to remove selectively large
amounts of heat from human skin in short periods of time,
thereby protecting the epidermis from unintended thermal
injury. The objective of the present study is to investigate
the extent of lateral epidermal protection afforded by a
cryogen spray during laser irradiation.
Materials and Methods: CSC experiments on skin
phantoms are conducted using a commercial nozzle
(GentleLase, Candela) to characterize epidermal cooling
in time and space; namely, surface temperatures and heat
fluxes during a 60 milliseconds spurt and 30 milliseconds
delay. Numerical methods are used to model the light
distribution (755 nm), heat diffusion and thermal injury
within the epidermis and dermis. A 755 nm laser
(GentleLase, Candela) was used to assess in vivo the extent
of lateral epidermal protection against irradiation in
human skin.
Results: The commercial nozzle produced an uneven
deposition and spread of liquid cryogen, thereby creating
zones of high and low heat extraction on the
surface. Numerical and in vivo studies show that 18 mm
diameter laser beams may induce skin injury at the
periphery of the irradiated areas. However, a 10 mm
diameter beam provides the safest therapy because only
the zone of highest heat extraction is exposed to laser
irradiation. Beyond 10 mm, heat extraction is no more than
a third of the maximum heat extraction within this
diameter.
Conclusions: Accumulation of heat within the epidermis
is always greater at the laser beam periphery, away from
the CSC nozzle tip, where heat extraction is lowest.
Therefore, there is risk of thermal injury at the beam
periphery when there is a mismatch between the skin
protected by CSC and that exposed to laser irradiation. For
the cooling and irradiation sequences considered herein,
heat extraction provided by a 60 milliseconds spurt/
30 milliseconds delay correctly matches the heating
profile of a 10 mm diameter beam. Lasers Surg. Med.
39:414–421, 2007. � 2007 Wiley-Liss, Inc.
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INTRODUCTION

Prior to laser irradiation, cryogen spray cooling (CSC) is
applied to lower the temperature in the epidermis in order
to prevent injury due to unintended, uncontrolled, exces-
sive heating therein [1,2]. The physics of liquid evaporating
sprays, such as CSC are inherently complex: for example,
within a single cryogen spray there are wide ranges in
droplet size and velocity that are functions of time, space,
nozzle geometry and atmospheric conditions [3]. It follows
that heat extraction from the epidermis during CSC is
time and space dependent; hence, a better understanding
of the heat flux profile during CSC of human skin would
allow the selection of appropriate laser beam diameters,
thereby matching the zones of epidermal cooling and
heating.

There are many studies on the time and space-dependent
heat transfer of CSC, nozzle geometries, surface-nozzle
distances, and spurt durations [4,5], yet only a few have
addressed lateral variations in heat transfer [4,6,7]. Franco
et al. [8] showed that temporal and spatial variations in
heat extraction from a skin phantom during CSC are
significant and, consequently, epidermal protection pro-
vided by CSC is not uniform. These studies considered
vertical sprays produced by nozzles at 908 with respect to
the horizontal plane. However, in clinical practice nozzles
are angled approximately 100–1208with respect to the skin
surface. A recent study showed that a 158 angle difference
(1058 as opposed to 908) led to negligible differences in heat
transfer during CSC [9]; however, the heat flux measure-
ments were only taken at the center of the sprayed surface,
and differences in heat flux as large as 250 kW/m2 with
respect to the periphery have been reported [9]. This issue
becomes particularly relevant in light of a report of patients
with ring and crescent-shaped skin burns after CSC-
assisted laser procedures [10], highlighting the significance
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of investigating the thermal response of the epidermis over
the entire area exposed to laser irradiation.

MATERIALS AND METHODS

Experimental Methods

Spray system. The spray system [9] uses a valve from a
commercial handpiece (GentleLase, Candela, Wayland,
MA), which has an angled tube-nozzle at 1208, to deliver a
single 60 milliseconds cryogen spurt 30 mm away from the
phantom surface.

Thermal sensors. The thermal sensor consists of four
type-K thermocouples (CHAL-005, Omega, Stamford, CT)
soldered to a linear array of four silver discs (1 mm
diameter, 0.09 mm thickness with 1 mm separation
between discs) embedded in an epoxy resin, as described
in [11]. The diameter of the thermocouple wires is 125 mm
and the bead diameter is approximately 300 mm. According
to the manufacturer, the thermal response of a similar type-
J thermocouple in still water is 40 milliseconds. Since the
thermocouple response is a function of the immersion
medium, alloy type and temperature, a much faster
response is expected with liquid cryogen. The sensor is
displaced laterally to measure temperature variations
along the largest diameter (or long axis of an irregular
ellipse) of the sprayed surface. A flexible heater attached to
the bottom of the phantom provides a continuous heat flux
such that the steady state temperature at the top surface is
�318C.

Numerical Methods

Surface heat flux computation. Temperatures
recorded by the thermal sensor are assumed to be surface
temperatures because the silver disc Biot number (hL/k)
for a heat transfer coefficient h¼ 20,000 W/m2K [12],
characteristic length L¼ 0.09�10�3 m and thermal con-
ductivity k¼ 429 W/m K is �0.004; that is, the disc
temperature is spatially uniform, hL/k<< 1. The following
analytical expression based on Fourier’s law and Duha-
mel’s theorem is used to compute the surface heat flux qc

from temperature measurements y:
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where t is the time and I the total number of measure-
ments. A detailed derivation of Eq. (1) can be found in
[8,13]. The total heat extraction H is the time integral of qc.

Modeling light distribution. The Monte Carlo
method of steady-state light transport in multi-layered
tissue MCML [14] and its corresponding convolution
program CONV [15] are used to model photon distribution

and calculate the radiant energy deposition QL,i. It is
assumed that the epidermis has a melanosome absorption
coefficient of 17,000 m�1 at 755 nm [16], a baseline
absorption coefficient of 25 m�1 and a melanin volume
fraction of 10%, which corresponds to a moderately
pigmented skin phototype. It is also assumed that the
dermis has a 1% blood volume fraction and that the blood
absorption coefficient is 303 m�1 [17]. Absorption (ma) and
scattering (ms) coefficients of the epidermis and dermis are
computed following [18], and the anisotropy factor (g) is
computed following [19]. Thermal [8] and optical properties
of human skin [16–19] are shown in Table 1; scattering
coefficients and anisotropy factors of the epidermis and
dermis are assumed to be the same. Energy deposition is
computed for three different flat top laser beams of 10, 14,
and 18 mm diameters and 16, 31, and 51 W powers,
respectively, such that the radiant exposure of each beam
is maintained constant at approximately 20 J/cm2 for a
3 milliseconds pulse.

Modeling temperature response. The heat transfer
equation for in vivo human skin can be expressed as

rici
@

@t
Tiðx; z; tÞ � rðkirTiðx; z; tÞÞ ¼ rbcboi

ðTb � Tiðx; z; tÞÞ þQm;i þQL;i;
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where subindices i and b denote, respectively, tissue type
(e for epidermis and d for dermis) and blood, r is density
(rb¼ 1,100 kg/m3 and cb¼ 3,600 J/kg/K), c is specific heat,
T is temperature, k is thermal conductivity, o is average
volumetric blood perfusion rate per unit tissue volume
(3�10�3 per second for the epidermis and 6�10�3 per
second for the dermis), Tb (378C) is the blood (core-body)
temperature of untreated blood vessels, and Qm (400 W/
m3) and QL are, respectively, heat sources from metabo-
lism and radiant energy deposition. The first term on the
right side of Eq. (2) accounts for the effect of blood
perfusion and the last term accounts for photon absorption
by chromophores in the tissue, which is zero before and
after laser exposure. The initial temperature of the
epidermis and dermis is 378C. The computational domain
is 0�x�50�10�3 and 0�z�1.505�10�3 m; the epidermis is
within 0�z�0.05�10�3 m. At the skin surface, the thermal
boundary condition is

�n � krTeðx; 0; tÞ ¼
qcðx; tÞ if t � tc;
hðy� T1Þ if t > tc;

�
ð3Þ

where n is the unit vector normal to the surface, tc is the
cooling time, and h is the heat transfer coefficient.
Assuming that similar temperature dynamics can be
imposed on human skin during CSC as those observed in
the skin phantom, qc is computed from Eq. (1). During

TABLE 1. Thermal [8] and Optical Properties of Human Skin16–19

c (J/kg K) r (kg/m3) k (W/m K) ma (1/m) ms (1/m) g n

Epidermis 3,600 1,200 0.21 1,800 15,800 0.79 1.37

Dermis 3,800 1,200 0.53 310 15,800 0.79 1.37
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laser irradiation and thereafter, t> tc, air flows over the
skin surface, for which the free convection boundary
condition is modeled using h¼ 150 W/m/K of air flowing
over a hot plate [20]. At the other boundaries, the zero-flux
boundary condition is

n � rTiðx; z; tÞ ¼ 0: ð4Þ

The finite element method (Comsol, Burlington, MA) is
used to solve Eqs. (2–4).

Modeling thermal injury. The Arrhenius rate process
model of thermal injury is used to evaluate the depth and
lateral extent of epidermal injury, and as a criterion for
comparison between exposures using different laser beam
diameters. Thermal injury within the epidermisO (x, z) can
be expressed as

O ¼ A

Z t

0

exp � Ea

RTeðx; z; tÞ

� �
dt; ð5Þ

where A (1.8�1051 1/second) is the frequency factor, Ea

(327�103 J/mole) is the activation energy threshold and R
(8.32 J/mole/K) is the universal time constant [21]. Since
the dermis has a low absorption coefficient at 755 nm,
deposition of radiant energy therein is very small in
comparison to that in the epidermis; thus, if the epidermis
is not injured, neither is the dermis. Irreversible damage
to the epidermis is assumed to occur when 63% or more of
the tissue is injured; that is, O¼ 1 [22]. Even though the
computational domain is larger, computations of T and O
are only shown for the epidermis wet by the spray:
0� x’� 22� 10�3 m and 0� z� 0.05� 10�3 m, where a
linear transformation, x’¼ x�18, is introduced to facilitate
presentation and discussion; however, for brevity the
prime is dropped. qc before and after the wet surface is
assumed to decrease down to zero toward the edges of the
lateral domain, such that Eq. (4) is satisfied.

RESULTS

Temporal and Spatial Variations in Liquid Cryo-
gen Deposition and Surface Heat Transfer During
CSC. A series of images of a 60 milliseconds cryogen spurt
on the skin phantom is shown in Figure 1. Image
acquisition is simultaneous with temperature measure-
ments, such that the spatial distribution of the liquid can be
correlated with surface heat extraction from the phantom.
Measured valve opening and closing delays were 9 and
18 milliseconds, respectively—frames not shown. Figure 1a
shows the initial in-flight droplets reaching the substrate;
Figure 1b shows a fully developed spray cone of 6 mm
diameter at the phantom surface; Figure 1c–h shows
the uneven radial displacement of liquid cryogen on the
phantom surface by the incoming spray. The longest length
(or major axis of an irregular ellipse) sprayed surface is
22 mm along the direction of the sensor array (see Fig. 1a).
The angled nozzle produces asymmetric deposition
and spreading of liquid cryogen with respect to the x axis.
As a result, the shape of the sprayed liquid cryogen is an
irregular ellipse. In modeling, we consider temperature

variations along x; that is, the major axis of the irregular
ellipse.
y, qc, and H’ (normalized total heat extraction) along the

long axis (x) of the sprayed surface are shown in Figure 2. y
distributions are shown from 10 to 90 milliseconds in
increments of 10 milliseconds in Figure 2a. qc distributions

Fig. 1. CSC of a multiple-sensor skin phantom: 60 milliseconds

spurt, 30 mm phantom-nozzle distance. Cryogen deposition (a)

10, (b) 20, (c) 30, (d) 40, (e) 50, (f) 60, (g) 70 and (h) 80 ms after

valve is enersized.
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are shown in increments of 3 milliseconds from 10 to
22 milliseconds, the latter being the time when the
maximum heat flux occurs in Figure 2b. H’ distributions
at 90 and 200 milliseconds are shown in Figure 2c.
Distributions are normalized with respect to the maximum
H at the time, which occurs at x¼ 6 mm. Further details of
the temporal and radial evolutions of heat transfer during
CSC can be found in Reference [8].

Thermal Variations Across the Epidermis
During Laser Irradiation

When modeling laser therapy, it is intended that the
laser beam irradiates the skin where the heat extraction is
highest. Therefore, the centers of the 10, 14, and 18 mm
diameter beams are, respectively, at x¼ 7, 9, and 11 mm
because cooling is high at x> 2 mm in Figure 3a,b (i.e., laser
beam centers at 2þ5, 2þ7, and 2þ9 mm). The time sequence
of modeling is a 60 milliseconds cryogen spurt, 30 milli-
seconds delay, 3 milliseconds laser pulse, and 80 milli-
seconds post-laser relaxation time.

Maps of temperature T within the epidermis after CSC-
laser irradiation are shown in Figure 3. These cross-
sectional maps correspond to the time (t¼ 96 milliseconds)
when maximumT occurs. In Figure 3a (Tmax¼ 468C), there
is a certain symmetry of heating with respect to the beam

Fig. 3. Temperatures within epidermis after CSC-laser irra-

diation using laser beams of (a) 10, (b) 14 and (c) 18 mm

diameters: 60 milliseconds cryogen spurt, 30 milliseconds

delay, 3 milliseconds laser pulse, 20 J/cm2 radiant exposure,

755 nm wavelength. Vertical dashed lines illustrate irradia-

tion diameter. [Figure can be viewed in color online via

www.interscience.wiley.com.]

Fig. 2. Distributions of surface (a) temperature and (b) heat

flux along the long axis of the sprayed surface at specific

times during CSC: 60 milliseconds spurt, 30 mm phantom-

nozzle distance. Vertical solid lines indicate location,

x¼ 6 mm, of minimum y and maximum qc. (c) Normalized

total heat extraction at two different times: H’¼H/Hx¼ 6 and

Hx¼ 6¼ 17.7 J/m2 and 25.5 J/m2 at t¼ 90 and 200 milliseconds,

respectively. [Figure can be viewed in color online via

www.interscience.wiley.com.]
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central axis, x¼ 7 mm. In Figure 3b (Tmax¼ 618C), heating
is asymmetric and regions of higher temperatures exist
towards the beam periphery at x¼ 16 mm. In Figure 3c
(Tmax¼ 768C), heating is also asymmetric and even
larger regions of higher temperatures exists towards the
periphery at x¼ 20 mm.

Figure 4 shows contour maps of thermal injury O within
the epidermis at t¼ 170 milliseconds, when accumulation
of thermal injury has ceased to occur. Figure 4a,b
shows that the 10 and 14 mm diameter beams irradiate
from x¼ 2–12 and x¼ 2–16 mm without damaging the
epidermis (O<< 1). Figure 4c shows that the 18 mm
diameter beam, which irradiates within x¼ 2–20 mm,
induces excessive injury at the periphery from x� 13–
19 mm and that O > > 1 from the surface to z� 30 mm.

DISCUSSION

Cryogen Liquid Deposition and
Surface Heat Extraction

An angled nozzle produces uneven radial surface deposi-
tion and spreading of liquid cryogen, Figure 1a–h, which in
turn induce a skewed thermal field with significant
differences along the long axis of the sprayed surface,
Figure 2. The liquid distribution corresponding to
t¼ 90 milliseconds is shown in Figure 5a, where three
zones (A–C) can be identified based on temperatures and
the appearance of the liquid cryogen on the surface: a
clearly defined inner region (�10 mm) called the high
heat extraction zone A for which drops in y are> 408C
(r¼ 2–12 mm in Fig. 2a); the region covered homoge-

neously by the liquid film (�18 mm) called the wet zone B,
which corresponds to small drops in y beyond A (�108C at
r¼ 0 and 18 mm in Fig. 2a); and, the region covered
inconsistently by liquid cryogen columns (�22 mm) called
the crown-shaped zone C, where drops in y beyond B are
insignificant (�48C at r¼ 20 and 22 mm in Fig. 2a). These
zones are better appreciated in Figure 5b, which displays
dispersion of liquid cryogen at t¼ 90 milliseconds on a
Plexiglas1 surface imaged from below.

Extent of Lateral Epidermal Protection
by CSC Against Laser Heating

The 10 mm diameter laser beam irradiates zone A within
the sprayed surface without excessive epidermal heating,
Figures 3a and 4a. The 14 and 18 mm diameter beams

Fig. 4. Contour maps of thermal damage O within the

epidermis after CSC-laser irradiation using laser beams of

(a) 10, (b) 14, and (c) 18 mm diameters: 60 milliseconds cryogen

spurt, 30 milliseconds delay, 3 milliseconds laser pulse, 20 J/

cm2 radiant exposure, 755 nm wavelength. Vertical dashed

lines illustrate irradiation diameter. [Figure can be viewed in

color online via www.interscience.wiley.com.]

Fig. 5. Liquid cryogen spread at t¼ 90 milliseconds on (a) the

skin phantom and (b) a Plexiglas1 substrate; the high heat

extraction, wet and crown-shaped zones are labeled: A, -�-; B, --;

–C, � � �; respectively. [Figure can be viewed in color online via

www.interscience.wiley.com.]
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irradiate the sprayed surface outside zone A, which leads to
significantly higher temperatures and two and three orders
of magnitude increase in O, respectively, Figures 3b,c and
4b,c. Weisberg and Greenbaum [10] reported rings and
crescent-shaped marks of hyperpigmented skin after CSC-
assisted laser hair removal on patients with different skin
phototypes. Although the laser radiant exposure was
individually adjusted, these authors used a 50 milliseconds
spurt/50 milliseconds delay and an 18 mm laser beam
diameter on all patients. Dyspigmentation by cooling is
unlikely because the drop in temperature at the sprayed
zone periphery is insignificant, Figure 2a. Kelly et al.
[23,24] demonstrated experimentally that there is risk of
thermal injury if the spurt duration is too short, the
handpiece is not held perpendicular to the skin surface, or
the cryogen nozzle is misaligned. Furthermore, even if
these situations could be avoided, the results of the latter
investigation showed that there is also a risk of skin injury
by excessive heating if there is a mismatch between the skin
surface protected by CSC and that exposed to laser
irradiation. Figure 5a suggests that if the laser beam
diameter matches the area covered by the wet zone B
(beyond the highest heat extraction zone A) then there is
risk of skin injury manifested as crescent-shaped burns due
to excessive heating. There is little or no risk of skin injury
by cooling within the wet zone and beyond since the
heat extraction therein is low (H’�0.31 for x> 12 mm,
Fig. 2c) and the minimum temperatures reached are high
(y> 08C for x> 12 mm at t¼ 90 milliseconds, Fig. 2a). It
is important to note that the heat transfer and fluid
mechanics of CSC are highly dynamic; hence, the extent of
the protected skin surface is also time and space-dependent.
Figure 2c shows that H’� 0.3 at x¼ 14 mm and
t¼ 90 milliseconds, and that H’� 0.5 at the same location
and t¼ 200 milliseconds.

Figure 6 shows dermatoscope images of a volunteer with
skin phototype III 24 hours after exposure to 10 and 18 mm
diameter laser beams; 50 milliseconds cryogen spurt/
50 milliseconds delay, 20 J/cm2 laser radiant exposure
(GentleLase, Candela; wavelength 755 nm; pulse duration
3 milliseconds). Figure 6a shows few, scattered crusts on
the skin surface within the 10 mm diameter irradiated
area. These crusts, which eventually exfoliate, result from
blood within the dermis leaking to the skin surface due to an
injured epidermis. Figure 6b shows several crusts on the
skin surface that are larger in size and clustered at the
periphery of the 18 mm diameter irradiated area. Figure 7
shows images 24 hours after exposure to 50/30 and 60/
30 milliseconds cooling sequences; 18 mm laser beam
diameter, 20 J/cm2 laser radiant exposure. Figure 7a shows
a similar distribution of crusts on the skin surface as in
Figure 6b but the crusts are not as numerous. Figure 7b
shows a significant reduction in crusts on the skin respect to
Figures 6b and 7a. The location of the nozzle valve in
Figures 6 and 7 corresponds to the left of the image; that is,
the largest axis of the sprayed surface runs from left to
right, as in Figure 1.

A 10 mm diameter laser beam is a better suited for a 50/
50 milliseconds cooling sequence than an 18 mm diameter

beam, Figure 6a,b. For the subject’s skin phototype and the
CSC and laser parameters considered herein, there is a
ring/crescent-shaped mismatch between cooling and heat-
ing irradiating over an 18 mm diameter area, Figures 6b
and 7a. As proposed previously [24], increasing the spurt
duration can enhance the extent of lateral epidermal
protection afforded by CSC: Figure 7b shows that a 60/
30 milliseconds cooling sequence provides for more skin
protection than 50/50 and 50/30 milliseconds sequences.
Adjusting the time delay between CSC and irradiation can
also enhance protection [8]: Figures 6b and 7a show that a
50 milliseconds delay resulted in more crusting as opposed
to using a shorter 30 milliseconds delay. It is reasonable to

Fig. 6. Skin phototype III 24 hours after 755 nm, 3 milli-

seconds, 20 J/cm2 laser exposure to (a) 10 and (b) 18 mm

diameter laser beams. CSC: 50 milliseconds spurt/50 milli-

seconds delay before laser exposure. [Figure can be viewed in

color online via www.interscience.wiley.com.]

Fig. 7. Skin phototype III 24 hours after 755 nm, 3 milli-

seconds, 20 J/cm2 laser exposure to 18 mm diameter laser

beams. CSC: (a) 50 milliseconds spurt/30 milliseconds delay

before laser exposure; (b) 60 milliseconds spurt/30 milliseconds

delay before laser exposure. [Figure can be viewed in color

online via www.interscience.wiley.com.]
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expect lower CSC protection at the periphery of the
irradiated area in Figure 6b; however, there is crusting
on the skin surface at the center of the beam. Light from the
periphery of the incident beam partly scatters inwards
towards the beam axis increasing the deposition rate at
the middle of the beam [25]; that is, even though the
radiant exposure of the 10 and 18 mm beams is the same,
there are more photons deposited in the middle of the
18 mm beam.

To extend the epidermal protection provided by CSC, the
use of an array of nozzles may be explored. Alternatively,
modifying the fluid structure of the spray itself may
produce a more uniform thermal field and higher epidermal
protection; for example, swirling sprays to induce different
impinging patterns, or sprays released in controlled
environments at reduced humidity and pressure [26–28]
to reduce ice formation and obtain a finer spray (smaller
cryogen droplet size). Finally, a quite simple implementa-
tion for future handpiece designs is to aim the spray tube-
nozzle directly perpendicular to the skin surface.

CONCLUSIONS

Experiments with CSC on skin phantoms were used to
correlate cryogen liquid distribution with surface heat
transfer, and obtain space and time-dependent boundary
conditions to model the thermal response of the epidermis
to CSC-assisted laser procedures using laser beams of
different diameters. In vivo experiments were carried out to
compare the skin response to laser beams of different
diameters. Angled spray nozzles induce asymmetric heat
extraction along the major axis of an (irregular) elliptical
sprayed surface and, consequently, asymmetric epidermal
protection; there is a high heat extraction zone within
the sprayed surface where epidermal protection is
maximal, this zone is not evident and its size is time and
space-dependent. There is risk of injury when there is a
mismatch between the skin protected by CSC and that
exposed to laser irradiation. Because of the time and space-
evolution of cooling imposed by the spray, accumulation of
heat within the epidermis is always greater at the laser
beam periphery where heat extraction by CSC is
lowest. The use of a 10 mm diameter laser beam with CSC
reduces the risk of epidermal injury, and longer spray
durations should be used with 18 mm diameter laser beams
to reduce the risk of epidermal injury at the periphery of the
beam.
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