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Abstract. The numerical analysis of thermal process procegiti biological tissue during
a laser irradiation controlled by surface tempemanf tissue is presented. Heat transfer in
the tissue is assumed to be transient and one-dioreal. The internal heat sources result-
ing from laser irradiation based on the Beer law taken into account. Perfusion rate and
effective scattering coefficient are treated asedeent on tissue injury. At the stage of
numerical computations the boundary element mettaslbeen used. In the final part of
paper the results obtained are shown.

Introduction

Laser irradiation on biological tissue often leadshe temperature elevation
that can cause irreversible damage by the alteratidhermophysical and optical
properties of tissue. In some medical applicatianaser can affect both targeted
tissue and surrounding healthy tissue what mayrbeagritical in the certain irra-
diation procedures in tissues such as heart, vesdlsl and brain [1].

One of the possible ways to minimize and contrahermal damage during
photocoagulation is the use of temperature feedbaskd on surface temperature.
In this concept the constant surface temperaturgésefie is maintained within
a prescribed tolerance below the threshold for kiaption, desiccation and char-
ring and this temperature controls laser delivery.

In this paper the tissue is regarded as a homogsngoamain with perfusion
rate coefficient and effective scattering coefiitielependent on tissue damage
expressed by the Arrhenius injury integral, white remaining parameters are
assumed to be constant [2, 3].

1. Governing equations

A transient heat transfer in biological tissue ésatibed by the Pennes equation
in the form [1-6]
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O<X<L: CT :)\T,ii +Qperf +Qn‘a +Qas (1)

whereX [Wm™K™] is the thermal conductivity; [Jm>K™] is the volumetric spe-
cific heat, Qpert, Qmet aNAQ)as [Wm‘3] are the heat sources connected with the per-
fusion, metabolism and laser radiation, respegtjvElis the temperaturd,is the
time andx denotes the spatial co-ordinate. In equation (1):

=0T T, =0T 2
ot ’

In the current work the metabolic heat source eassumed as a constant val-
ue while the parameters appearing in the perfuséat source (perfusion rate) and
in the laser heat source (effective scatteringfiment) are treated as dependent
on tissue injury expressed by the Arrhenius intel@eb, 6]

B(x) = ! Aexp{ - RTA(')E(JJ o 3)

whereA is the pre-exponential factor f§ AE is the activation energy of the reac-
tion [J mole] andR is universal gas constant [J mol&™].
The accepted criterion for complete tissue neclisqi3, 5, 6]

B(x) 21 (4)

The relation between effective scattering coeffitiand the tissue injury inte-
gral is as follows [1]

H5(8) = o €XP(=0) + Higer [1 - €XP(=0)] ®)

where's i and s en [M '] denote the effective scattering coefficient fatine
and destructed (denaturated) tissue, respectively.
The definition of laser heat source is based orBéwr’s law [1]

Qs (X 1) = i1, eXpEHx)p ¢) (6)

wherel, [Wm™] is the surface irradiance of laser gn) is the function equal to
1 when the laser is on and equal to 0 when the laseff while p'; [m™] is the
attenuation coefficient defined as

Mo = M, + 1 (7)

wherep, [m™] is the absorption coefficient.
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The perfusion heat source is as follows
Qperf (xt)= CsGs [TB -T (th)] (8)

where Gg [(M® biood S )/(Misse)] iS the blood perfusion rates [Jm K™ is the
volumetric specific heat of blood whiles denotes the artery temperature [4-6].

According to the necrotic changes in tissue, tlmdlperfusion coefficient is
defined as

Gg =G5 (0) =GgW(0) 9

whereGg is the initial perfusion rate and, while the fupatof 6 is assumed as
a polynomial one [2, 5]

w(0) = 23: m e (10)

wherem are the coefficients.
Equation (1) is supplemented by the boundary candibn tissue surface sub-
jected to a laser irradiation (an external surface)

x=0: qxt)=a-T,,) (11)

wherea [Wm™K™] is the convective heat transfer coefficient dig, is the tem-
perature of surrounding, while on the internaluessurfaceX = L) the adiabatic
condition is assumed.

The initial distribution of temperature is also ko

t=0: T=T, (12)

2. Boundary element method

The problem has been solved using tfiesdheme of the BEM for 1D transient
heat diffusion [7]. This method for the equatiol &hd transitiort”™ - t'leads to
the formula

T(&,tf){% j TOE,x A" ,t)q(x,t)dt} =

f1
t x=0

:EIqD(E,X,tf,t)T(x,t)dt} +TTD(E,x,tf PTGt (13)

+2[[Quur +Qua +Qu] | THE X' D dt0X
CO

lffl
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whereT is the fundamental solution:

TIE x.t' )= (x—&) } (14)

1
2/mt’ -t) exl{ da(t’ -t)

whereg is the point in which the concentrated heat soigegplied ané = A/c.
The heat flux resulting from the fundamental santis equal to

0 f v AT~ A(X=8) _ (x=¥)?
TEXE=ATN admat’ )2 ex{ 4a(t’ —t)} (19)

while g (x, t) = =AT;n;.
Assuming that fot O[t"™ t: T(x, ) =T(x,t") andq (x,t) =q(x,t ") one has
the following form of equation (13)

TE)+g@E L)a(L,t’)-g€ om0t )=

f f (16)
=h(g,L)T(L,t")-h(,0T (0Ot )+ p€)+z€)
where
_sgnk-¢&) [ [x—§
h(g,x) = ) erfc{2 @J a7
and
_ At _(x=82]_|x=g [ [x-{
9= e A ™ ane } 2\ erf{z@ (18)
while
_ 1§ _(X_E)Z f1
(&) = T ! L e }T Xt ™)dx (19)
at the same time
2(8) = [[Quer + Qu + Quel A& X (20)

Foré — 0" and¢ — L one obtains the system of equations
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f f
{gu gﬂq(o,tf)th hlz}r(o,tf)Hp(O)Hz(O)} (21)
G921 9] q(L,t") hy ho || T(LtY) p(L) Z(L)
The solution of (21) determines the boundary tewupees for time' (for x = 0

andx = L) and next the boundary heat flux for= 0 is calculated (c.f. equation
(112). Finally, the temperatures at the internahpotan be found using the formula

T(Et")=h@EL)T(L,t")-hE, 0 (0f" )

f f (22)
-g(&L)q(L,t")+g(,0q0t" )+ p€)+z€)

3. Results of computations

In computations the following values of tissue paegers have been assumed:
A =0.609 W' K™, ¢ = 4.18 MIM® K™, Que = 245 WM®, Ggo = 0.00125 (Moo
S N(M3ssue)s Ha = 40 MY, W g = 1000 M, W' gen = 4000 M* andL = 35 mm
while for the bloodts = 3.9962 MJrit K™ andTg = 37°C [1, 5, 6]. The parameters
of Arrhenius injury integral areA = 3.1 16® s, AE = 6.2710° J molé* and
R = 8.314 J molé K™ and the coefficients appearing in tw) function are as
follows [2, 5]

0<0<0.1: m =1, m, =25 m, =- 26!

(23)
0.1<6<1: m=1 m=-1, m =0

The values of these coefficients for the intervahf 0 to 0.1 correspond to the
increase of perfusion rate caused by vasodilatatitiile for interval from 0.1 to 1
they reflect blood decrease as the vasculaturebegishut down (thrombosis).

Tissue domain has been divided into 100 elemendstla@ time step equals
At=0.1s.

For the boundary condition (11) the following inml#ata have been introduced:
a =8 Wm?2K™ andT,y = 20°C while the initial distribution of temperature has
been assumed as the constantfyre 37°C.

In order to provide the “constant” surface tempa&tequal to 8T within
a prescribed tolerance3°C, the functionp(t) has been used (c.f. equation (6)).
That's mean the value of function is going to G¢laoff) when the temperature at
x = 0 is greater than 88 and 1 when the surface temperature is lower T7a@.

The laser irradiatiohy has been assumed as equal to 3 W.cm

In Figure 1 the course of controlled surface terapge and the increase of
damage depth are presented, while in Figures Zahd changes of tissue injury
integral, effective scattering coefficient, and blood perfusion ratég at selected
points from the domain considered are shown.
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Final remarks

The process of tissue destruction begins after $8c®nds and after 300 se-
conds the damage depth was determined to be emGa& thm (c.f. Figure 1). The
process of tissue coagulation causes changes tgiariusion rate and effective
scattering coefficient. In particular (c.f. Figus® the initial increase of perfusion
rate caused by vasodilation and the drop of pesfud zero at the points= 0,
2.1 and 4.2 mm are clearly visible. It should benfeal out that the value of effec-
tive scattering coefficient corresponding to thenaterated tissuepls ¢en) Was
reached only at the poirts= 0 andx = 2.1 (c.f. Figure 2).

Changes in parameters values during coagulatioa akso visible effect on the
tissue cooling (c.f. Figure 1). At the beginningtbé process the temperature of
the tissue drops from over &3 to below 77C within 1 second, while at the end of
the process in more than 6 seconds. Time of heétomg 77 to 83C is the same
(about 0.5 second) throughout the process.

The proposed model is closer to the real conditafres coagulation process in
living tissue than the classical Pennes equatidh @anstant values of thermal and
optical parameters. Constant surface temperaturagdlaser irradiation which
may be preferred in some medical applications alowe to control thermal dam-
age of tissue.

Acknowledgement

This paper is part of project No N N501 3667 34.

References

[1] Glenn T.N., Rastegar S., Jacques S.L., Finite elea@lysis of temperature controlled coagula-
tion in laser irradiated tissue, IEEE TransactionBiomedical Engineering 1996, 43, 79-87

[2] Abraham J.P., Sparrow E.M., A thermal-ablation k&thmodel including liquid-to-vapor phase
change, pressure- and necrosis-dependent perfuaiah,moisture-dependent properties, Int.
Journal of Heat and Mass Transfer 2007, 50, 253425

[3] Welch A.J., The thermal response of laser irradisigsue, IEEE Journal of Quantum Electronics
1984, 20, 12, 1471-1481.

[4] Jashski M., Modelling of tissue heating process, Phlbesis, Silesian University of Technolo-
gy, Gliwice 2001 (in Polish).

[5] Jashski M., Sensitivity analysis of transient bioheednisfer with perfusion rate dependent on
tissue injury, Computer Assisted Mechanics and Eegging Science 2009, 16, 267-277.

[6] Jashski M., Modelling of 1D bioheat transfer with pesfan coefficient dependent on tissue
necrosis, Scientific Research of the Institute ofiManatics and Computer Science, Czestochowa
University of Technology 2008, 7, 57-62.

[7] Majchrzak E., Boundary element method in heat ten$?fubl. of Czestochowa University of
Technology, Czestochowa 2001 (in Polish).



