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ABSTRACT

Basel cell carcinoma (BCC) is the most common human
skin malignancy. Its incidence has increased smaitly in
Australia, Europe and North America over the pastade. A
number of modalities are currently used for treatined BCC,
including cryosurgery which offers a potential foigh cure
rate, low cost, minimal bleeding and good cosmefifect.
However, cryosurgery is not used frequently for Be&tause
no current method exists to design adequate tred@tme
parameters. We present a numerical analysis orthienal
history of the target tissue during cryosurgeraafodular BCC
using liquid nitrogen (LB spray. The model uses Pennes
equation to describe the heat transfer within &nget tissue. A
convective thermal boundary is used to describe hbat
interaction between the tissue and,lLldnd the apparent heat
capacity method is applied to address the tissaselchange
process. A parametric study is conducted on theemdive heat
transfer coefficient s 10°C10° W/n?-K), cooling site area
(rd/Ro: 0.5911.0) and spray time:(0CBO0 sec.), with the objective
to understand the thermal history during tissueeZimg,
including lethal temperature (-5%C) and cooling rate (CR).
Results demonstrate that propagation of the ladwherm is
sensitive to the convective heat transfer coefiiGibs, with a
range of 1605x10* W/n?-K. Increasing the cooling site area
can significantly enhance cooling efficiency, proihg
dramatic increase in the amount of tissue encorepabyg the
lethal isotherm. The cooling rate (CR) shows a lgiglynamic
distribution during the cooling process: the high€f drops
guickly from 140°C/sec. {=0.5 sec.) to 20C/sec. =5 sec.).

" Corresponding author: gwang@uakron.edu

The highest CR is initially located close to thelarg site but
moves toward the inside of the tissue as treatmerteeds.

The model presented herein provides a simulatioh fay
treatment planning of cryosurgery usingJd$pray, in which the
protocol parameters, e.g. cooling site area andystime, can
be determined for an optimal outcome. The quaiuéat
predictions on the propagation of lethal isothermd ahe
distribution of CR should help to optimize cryosengefficacy.

INTRODUCTION

Basal cell carcinoma (BCC), arising from the bdagér of
epidermis, is the most common human skin malignaB&C
appears predominantly in sun-exposed areas of kime and
primarily affects the light-skinned population [R]. The
incidence of BCC has dramatically increased in G&nada,
Europe and Australia, over recent decades, possibly to
increased sun-exposure associated with travelingbathing
and other leisure activities [3]. In the United t8#& the annual
incidence of BCC is 146 per 100,000. Australia t@shighest
annual incidence, 726 per 100,000 [4]. A numbethefapies
are available for BCC, including Mohs surgery, muynamic
therapy, topical imiquimod, radiation therapy, amglosurgery
[3]. Cryosurgery utilizes low temperatures anduisfreezing to
destroy the tumor and has several merits, includitigh cure
rate, low cost, relative ease of implementatiomimal or no
blood loss and good cosmetic outcome.

Cryosurgery has been utilized in dermatologicalcfica
since the late 19 century [5]. Liquid air was used as the first
cryogen but was later replaced by solid Cligjuid oxygen and
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liquid nitrogen (LN). LN, is to date the most commonly used
cryogen because of high cooling efficiency, lowtcaisd wide
availability. There are two main LNtreatment techniques:
cryosurgical probe (cryorpobe) and cryosurgical agpr
(cryospray). Cryoprobe is a closed heat exchargmled by
the inner flow of LN. The continuous circulation of LN
within the probe relies on a complex instrumenteyswhich
provides storage, super-cooling, pumping, and d&livery [6].
The cryospray technique uses a simple handheld sfaéce,
composed of a Dewar tank, delivery pipe, triggerd an
changeable nozzles. Cryospray is superior to ofimple
delivery methods, e.g. the swab method (applying bNto
target tissue by a LNsoaked cotton swab), which can produce
a freezing depth of no more than 2 mm under the skiface
[7]. Simplicity of implementation and the strong otiog
capacity associated with the cryospray techniqu&ema a
useful therapeutic modality for a variety of skiesibns
including BCC [1, 3].

Studies indicate that target tissue thermal hisfays a
critical role in cryosurgical injury outcome. Seaknumerical
studies have addressed cryosurgical tissue thehisabry;
however, they have only evaluated the cryoprobkniece [8-
12].

The present paper studies cutaneous cryosurgera on
nodular BCC using LM spray and emphasizes thermal history
of the BCC during cryosurgical freezing. A matheiggtmodel
was established describing heat transfer withirtdhget tissue,
taking into account the anatomic structure of sKime apparent
heat capacity method was used to address the tissase
change process. The problem was solved by FLUENA thie
assumption of geometrical axisymmetry. Resulthefanclosed
work can be used to optimize cryospay protocol mpetars
which should allow improved treatment efficacy.

NOMENCLATURE

heat capacity, J/KH;

height of BCC, mm;

convective heat transfer coefficient, WKy
thermal conductivity, W/HiK;

latent heat, J/Kg;

normal direction of skin surface;

heat generation rate, W¥m

radius of BCC, mm;

radial coordinate, mm;

radius of spray cooling area, mm;
temperature, K;

time, second;

volume of tissue, Tn

volume of BCC,

z axial coordinate, mm;

S<THSF TP oS ITIO

Greek

a thermal diffusivity, n/s;

o mass density, Kg/fn

£ mass percentage of tissue components;

& variable controlling thermal effect of blopdrfusion;
n  variable controlling thermal effect of metéibm;
T dimensionless time;

¢ blood perfusion rate, sét.

Subscript

a air

b  blood;
epi epidermis;
f  frozen;

le lethal,

LN2 liquid nitrogen;
m metabolic;

S spray;

suf skin surface;

MATHEMATICAL MODEL

Once the cryospray gun is triggered, L&an be delivered
directly onto the surface of the target tumor, elsematically
shown in Fig. 1. A cone shield (not shown in Figcan be used
to protect surrounding healthy tissue by limitiny,Lspray to
the area of the tumor with a determined marginth&t tumor
surface, a heat sink forms due toJ&Vaporation. As a result,
target tumor tissue experiences a quick coolingcegss,
followed by tissue freezing. It is well acceptedtthryosurgical
freezing of human tissue occurs not at a singleé&ature, but
rather over a tissue-dependent temperature rangel3®
implying that a phase change zone (i.e. mushy zemwets
between unfrozen and fully frozen tissues.

Fig. 1. Schematic of the cutaneous cryosurgerygusht, spray.

Human skin tissue is composed of three main layers,
epidermis, dermis and subcutaneous fat, each witnct
components and physiological functions. Epidernss the
superficial, thin, avascular layer. Dermis, lyingiderneath
epidermis, hosts abundant cutaneous capillariesjeseand
lymphatic vessels. Below dermis lies the subcutasdat layer,
dominated by fat cells and traversed by arterialives pairs
bifurcating from muscular vessels toward cutanexasllaries.
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Taking into account the anatomic structure desdribe
above, the present study aims to address the théistary of
skin tumor during LN spray cooling. To make this
qguantification feasible, a series of assumptionsehaeen
implemented.

1. The studied BCC is assumed to have the geometey of
spherical cap, and the LNcooling site covers a concentric
circular area over the spherical cap.

2. At cooling site, sprayed cryogen and tissue haveptex
heat interaction, which may present the radial atemn [14].
However, the quantitative information for LNs to date not
available. The present study therefore assumes stitay
cooling is uniform over the cooling site and cardescribed by

a convective thermal interaction with LN

3. Thermal/physical properties are assumed
homogeneous for each of the skin layers [15].

4. Thermal effects of blood perfusion and metabolis®m a
considered in the dermis but neglected for the auas
epidermis [15].

5. In subcutaneous fat, blood perfusion effects are
considered, while metabolism is
metabolism of fat occurs only in the situations fakting,
starvation and exercise [16].

6. BCC tissue is assumed to share identical therrhgkipal
and physiological properties with dermal tissue.

to be

7. The freezing process of skin tissue occurs over the

temperature range of —0.5 ~ -AD[8, 12].
8. Blood perfusion and cell metabolism cease oncaidiss
freezing occurs [17].

The classical Pennes bioheat equation has beerlywide
applied in the thermal modeling of biological tisswith dense
capillary vasculature [10, 18]. Based on the alassmptions,
Pennes equation can be utilized to describe crgazirheat
transfer in dermal and sub-cutaneous fat tissutsllasvs:

OO0 = Ok mT) + Caap,CylT, ~T) et

where the subscripts andm represent blood and metabolism;
M, Co,, and T, respectively represent mass density (1060
Kg/m®), specific heat (3840 J/Kg-K) and temperature ()0

of blood [19]; §,,, stands for the metabolic heat generation rate.

Variables& and 7 serve to control the thermal effects of blood
perfusion and metabolism heat generation during tibsue
freezing process. The valuesénd s are selected to take into
account the layered structure of skin, as shovirabie 1.

Table 1. Values of variableSand 77 for three layers during t
tissue freezing process.

Region Epidermis Dermis Fat
Tooge | €00 | E=Ln=L | Lo,
(-1024'2?8?'/5%) ¢=00; | ¢=0i=0; | $=0:770;
(etory | €=0:7=0; | E=0i7=0; | £=0:7=0;

z

4 15 (LN2 cooling site): k‘;l =h,(T -Ty,)
n
oT
= ko =h(r-T.)
N o
N =— Epidermis
Ro Dermis
>

T=37°C

Subcutaneous fat
or

_ I

/

T=37°C
Fig. 2. lllustration of computational domain andubdary
conditions.

The computational domain is established in an

ignored because the axisymmetric 2D space as schematically shown in Eigvhere

the epidermis, dermis and subcutaneous fat ares ¥, 1.5
mm and 3.425 mm thick, respectively [15]. The radai the
BCC, Ry, is determined to be 5 mm, and the heightis 2 mm.
The whole domain is initially at the normal humandip
temperature, 37C. Once the spray starts, the cooling site is
subject to a convective thermal boundary with ganm heat
transfer coefficienths, while skin surface uncovered by LN
spray experiences convection heat interaction witbhm air,
represented by a lower heat transfer coefficient,

ar| I"gT(r,z,thuf—TL 2] 0<r<R;;0<t<t, @)
kepi%suf_ h, (r,z,t)suf—TJ r>R; O<tst,

wheren represents the normal direction of the surfacks, the
duration of the spray, selected to be 30 secondsnanonly
utilized spray duration for treatment of BCC [20]x, and T,
represent the LN temperature, -196°C, and the room
temperature, 28C, respectively. The central axis is subject to
the axisymmetric boundary condition. The constant
temperature, 37C, is applied for the boundary underneath the
subcutaneous fat and the one distant and paralliglet central
axis, assuming spray cooling does not produce thlerm
perturbation on the boundaries.

The above mathematical problem was solved by a
commercial software package, FLUENT (Fluent Co.,wNe
Hampshire), relying on the finite volume technigughe
apparent heat capacity method was used to accouratént
heat release during tissue freezing process, wherapparent
heat capacity is assumed to be a linear functioremperature
within the mushy zone. Grid-independent solutioms de
obtained from a structured non-uniform grid with icku
convergence. The grid distributes finely in BCC &imel central
parts of the epidermis and dermis layers, in otdeobserve
detailed information from areas of prime concerm anake
computation efficient. All results reported in thgaper are
obtained from the grid.
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THERMAL PROPERTIES IN THE STUDY

It has been noted that predicted thermal historyacdet
tissue is greatly affected by temperature-dependieatmal
properties [11]. The present study utilizes therarad physical
properties of unfrozen tissues obtained from Bowetaal. [21]
and Duck [19]. Thermal conductivity and heat capadf
frozen dermal tissue are estimated based on thecijple
proposed by Duck [19]:

Y= ZSLYia )
i=1

whereY represents thermal conductivity or heat capadhtg;
index, i , represents water, protein and lipid, which aoctdar

approximately 99% of skin tissue mass [19] ands the mass
percentage of each component. A further assumptassmade
that only the properties of water are temperat@geddent
referring to Alexiades and Solomon [22]. Table &tdithe
thermal and physical properties used in the stidiyte the heat
capacity of frozen subcutaneous fat is borrowednfdata on
pork fat at low temperatures [19].

Table 2. Thermal physical properties used in thystfrom
[19] if not otherwise indicated).

Properties| Epidermis Dermis Fat
ku (a)
(W/mK) 0.209 0.498 0.268
kf (273_1-)1.156
(W/mIK) 0209 | ,.0039+1.553" 0.268
Cy
(J/KgK) 3530 3150 2400
C piece-wise
(J/IKgK) 3530 521.4 + 4.6b liner function
p (Kg/nr) 1150 1116 916
L (J/Kg) 0 217100 70808
A 0 1240© 0
(W/m°)
@, (1s) 0 0.002387° 0.002387%
@ from[18]; ™ calculated fron[22]; © calculated fron[20].

RESULTS AND DISCUSSIONS

The success of cryosurgery relies greatly on cohgeive
and in-depth understanding of cryosurgical tissugury
mechanisms. Review of the literature reveals tvimanry injury
mechanisms: direct cell injury and vascular injygg, 25],
which are closely related to treatment tissue tlaédmstory. It
is well accepted that four parameters of thermatony are
critical: lethal temperature, cooling rate (CR),ch¢éime and
thawing rate [25, 26]. The present work focuseshenstudy of
lethal temperature and cooling rate during the suygical
treatment of BCC.

Lethal temperature is a highly tissue-dependentiejaht
which tissue can be completely destroyed. Witlingls free-
thaw cycle, diverse lethal temperatures have beported,

—— h=10* WimK
—— h=10° W/im’K
—— h_=2x10" Wim’K

r/R,=0.5 |

Epidermis

z (mm)

Sub-Fat

3 T T T T T
0 1 2 3 4 5 6

r (mm)
Fig. 3. The propagation of the lethal isotherm, 260 wher

the gray cooling site covers one quarter of the prabhg
pathologic area of the BCC/R,=0.5).

7.5
7.0 1 Epidermis
6.5 1
= 6.0
E
N 55 =
5.0 1 —
4511 R=05 rJ/R=0.6 r/R=07  T/R;=08
4.0 T T T T T
0 1 2 3 4 5 6
r (mm)

Fig. 4. Effect of cooling site area on the disttibn of the
lethal isothermt(= 5 sec.h=10° W/m?-K).

ranging from -2 ~ -7GC, for different animal tissues [24]. For
skin tumors, -50°C has been widely accepted as the lethal
temperature [24, 26]. Successful treatment of BCZ b
cryosurgical freezing therefore requires achieveamein the
lethal temperature for all tumor cells.

Figure 3 shows the propagation of the isothermgshef
lethal temperature when radius of spray-cooling, sif equals

half of Ry, radius of BCC. As one can see, once spray cooling

initiates, the lethal isotherm immediately formslameath the
cooling site, followed by propagation in the cehtand lateral
directions. Comparison of lethal isotherms at 1 3@dseconds
reveals that the lethal isotherm penetrates mustierfalong the
central as compared to the lateral axis, resultimg
transformation of the lethal isotherm from the ialitconvex
curve to a concave one.
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30 N=10°Wm’K o 1/R,=0.8
2.5 - r/R,=0.7
. 2.0
4 r/R,=0.6
15 4
1.0 1 —
..... rJ/R,=0.5
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Fig. 5. \Wolumetric growth of tissue enclosed byhé#
isotherms under different cooling site areas10° W/n?-K).

Vle:VO
h,=10° W/m?K

z (mm)
(6]

r/R,=0.9, t=3.5 sec.
r/R,=0.7, t=11 sec.

r/R,=0.5, t=30 sec.

r (mm)
Fig. 6. Lethal isotherms enclosing the identicsduie volume :
the BCC b=10° W/n?-K).

A parametric study was conducted for the convedbieat
transfer coefficient,h, from 10 to 1F W/n?-K. Results
indicate that propagation of the lethal isothésreensitive td,
ranging from 16 to 5x10* W/m?-K, and little difference can be
observed whe; increases from»8L0* to 16 W/m*K. At 30
seconds, the lethal isothermhf10° W/n?-K) penetrates
through the BCC and dermal layer into the subcutasdat,
presenting an evident inflection point at the bamdof the
dermal and fatty layers, which can be understoodelownlling
that the two layers have distinct thermal and plajgiroperties,
as shown in Table 2.

In clinical practice, the fractional cooling techné has
been developed and applied for treatment of lar@C® &
10mm in diameter) in order to minimize scarring autieve
the best cosmetic outcome. In this techniquectizding site of

the first freezing process only covers a partiafasie area of
the BCC [24]. Thus, the effect of cooling site aogathe lethal
isotherm distribution also deserves study. Figurshdws the
distribution of lethal isotherms with varied codirsite radii,
while other parameters are identical= 5 secondshs=10°

W/m?K. It can be seen that at 5 seconds, the letbtddsm for
r4/R,=0.5 has already progressed to a concave curvde ahi
r4/R,=0.8 convex geometry is still present. One can s¢sothat
increased cooling site area results in accelegatepagation of
the lethal isotherm along the central axis. Rotataf the

isotherms around the central axis will produce edrisotherm
surfaces, which, within the epidermis, encloseedéft volumes
of tissue. The comparison of volumes under differ@oling

site areas is shown in Fig. 5.

Figure 5 uses the dimensionless parameyV,, to
represent tissue volume, whevg is the volume enclosed by
the lethal isotherm surface aNgis the volume of BCC, i.e. the
protruding spherical cap in Fig. 2. Dimensionlessetr, is
defined as follows:

(4)

where Ry is the radius of the BCC (5 mm) and is the
temperature averaged thermal diffusivity of derntisksue,
which can be calculated according to:

g=K )
oC

In Equation (5), k and C are temperature averaged thermal
conductivity and heat capacity, which can be oletaiby:

310
[ k(t)dt
R= (6)
31C- 222
“e(ydt
and C = J;237 ©)
31(- 222

The temperature dependent functiok@) and C(t) are defined
in Table 2.

In Fig. 5, it is evident that there exists an ioflen point
on each curve (connected by the dash line in thardj.
Careful study of the temperature field reveals th#iection of
the curve occurs when the frozen zone propagaties tive
subcutaneous fat. In other words, the dash linéhénfigure
outlines thers dependent threshold value of the freezing time,
which marks the instant when the ice ball extenus ithe
subcutaneous fat. From Fig. 5 one can also sedrtr&asing
the cooling site can significantly enhance thecédficy of the
cooling process. At any instant, the tissue volenelosed by
the lethal isotherm surface witk=0.6R, almost doubles that of
r<0.5R,. The same value may be even tripled usigg.8R,.
Therefore, in order to achieve lethal temperatoreaf certain
volume of tissue, a spray with a smaller cooling sequires
more time.

Figure 6 shows three lethal isotherms, which erctzsue
volume identical with our proposed BCC, N\/V, equals 1.0,
with the heat transfer coefficientt,, equal t01® W/m*.K. In
order to achieve/,/Vy=1.0, the spray ofJR,=0.9 needs 3.5
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z (mm)

20 °Clsec.

T T

50 80 °C/sec. 60°C/sec. 40 °Clsec.
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r (mm)

Fig. 7. Contours of the CR in the BC&/R,=0.7, h=1Cf
W/m?-K, t=1 sec.

seconds while that af/Ry=0.5 requires 30 seconds. The three

isotherms have distinct geometries: the one witR,=0.9 is
convex, flat and wide, compared with the one wigfR,=0.5,

which has a relatively narrow lateral span and despetration
along the central axis. Ideally, freezing shouldmptetely
destroy malignant tissue while sparing healthyusg=or the
BCC currently under study, a spray with=0.9R, has
reasonable cooling efficiency but will incorporapeater non-
tumor tissue generating a larger final scar. Ircfica, Figures 3
— 6 can be used to determine spray with optimalingasite

area and cooling time to achieve tumor destructiaith

minimal injury to non-involved tissue.

Another critical parameter of cryosurgical tisstrertnal
history is cooling rate (CR), the primary deternmingor tissue
injury. Studies of cryosurgical tissue injury indie that target
tissue can be destroyed primarily by two mechaniswoisition-
effect and intracellular ice formation (lIF) [245]2 Solution-
effect happens when tissue freezes with a slow Witle a
sufficiently high CR can lead to IIF. During tissfreezing, ice
formation occurs extracellularly first, leading ftacreased
concentration of the extracellular solution. Thelue to the
concentration difference, intracellular water tgaorss through
the cell membrane. Slow cooling provides enougle fion mass
transfer of intracellular water, resulting in cdéhydration and
concentration of intracellular electrolytes, the -cadled
solution-effect. Solution-effect injures the cell several ways,
e.g. damage to the enzymatic machinery and cell breeme
destabilization [25]. On the other hand, if tis§teezes with a
sufficiently high CR, there is inadequate time fomter
transport and IIF results. |IF is lethal to livimglls because
intracellular ice crystals disrupt cell membranesd a
intracellular organelles [24].

Figure 7 shows the contours of CR under the camttiof
rdR=0.7, h=10° W/m?-K and t=1 sec. Each point on the
contour has the identical CR, as indicated in ifperé. It can be
seen that at 1 second, tissue with high CR (e.gz @R°C/sec.)
is close to the spray cooling site, while the migjasf the tissue

180

160 \ BCC \ Dermis \
1401 t=0.5 sec.
—~ 120 A
® IR,=0.7
$ 100 | /R.
%) t=1.0 sec. h,=10° Wim’K
L 80
5
60 1 t=2.0 sec.
40 4
t=5.0 sec.
20 1
0 T T T

7.0 6.5 6.0 55 5.0 45 40 35 30
z (mm)

Fig. 8. Variation of CR along the central axis whgR,=0.7
andh=10° W/nv-K.

(below the blue curve in the figure) experienceslatively low
CR. Examination of CR contours at consecutive mdsen
reveals that the CR presents a highly dynamic idigion
during the cooling process, which can be exploredetail by
studying the variation of the CR along the cerdsas (Fig. 8).

The abscissa of Fig. 8, from left to right, repréasethe
central axis £ axis in Fig. 2) going through the epidermis, BCC,
dermis and subcutaneous fat. As one can see, e&th C
distribution curve presents a maximum value, whidelareases
guickly from 140°C/s ¢=0.5 sec.) to 20C/s (=5 sec.). The
position of the peak value also changes with tifoe. example,
at t=1 sec., the highest CR occurs a6A5 mm, while 4
seconds later, the position of the peak value moves4.44
mm. Since a high CR is necessary for IIF, Fig. Blies that IIF
will happen in tissue close to the skin surface #madlIF zone
will grow only at the early stage of the coolingpess. In later
stages, tissue will be subject to a low CR, preodIF. The
temporal distributions of CR and temperature caruged to
determine the IIF zone, but will not be discussedehdue to
space limitations.

CONCLUSIONS

A mathematical model, using Pennes equation toritesc
heat transfer within tissue, is provided for cutamse
cryosurgery of a nodular BCC using kNspray. The
computation domain composes epidermis, BCC, deani
subcutaneous fat, accommodating the effects of gagnand
anatomic tissue structure. Thermal interaction betwLN and
underlying tissue is simplified by a convective rthal
boundary, represented by a constant heat transtfigient.
Analysis concentrates on variation of lethal isottee and CR
in target issue, and a parametric study has bezseptred on the
heat transfer coefficienty, the cooling site area and the spray
time. Calculation results indicate that the lethsbtherm
penetrates much faster along the central as comhpareéhe
lateral axis. Lethal isotherm propagation is séresito hg in the
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range of 16(5x10* W/m?K. Further, volume enclosed by the

lethal isotherm is increased by increasing theingddite area,
resulting in improved cooling efficiency. Tissue @Rdynamic

during the cryospray procedure, maximum CR deceease 15.

quickly as treatment proceeds, and the high CR zooees
from near the skin surface to deeper tissue. Thidaihcan be

used as a tool for LNspray cryosurgery planning. Effect of
alternative protocol parameters, e.g. cooling aitsa and spray
time, can be evaluated and values can be chosathieve
optimal outcome.
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