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ABSTRACT: In this paper, the thermal behavior of living biological tissue during electromagnetic ~ Review History:

radiation thermal therapy is investigated. While a large number of studies devoted to the Fourier and  Received: 21 Oct. 2018
non-Fourier heat transfer in living tissue are available for different boundary conditions, less analytical ~ Revised: 11 Feb. 2019

and semi-analytical works exist on the heat transfer in the multilayers tissue. In the present study, semi-  Accepted: 11 Mar. 2019
analytical Galerkin weighted residuals method is used to solve the dual-phase lag non-Fourier heat Available Online: 20 Mar. 2019
transfer equation in the multilayer tissue with a tumor placed in. The results show that considering a
multilayer tissue with distinct thermophysical properties for each layer has a remarkable effect on the  Keywords:
temperature distribution in the tissue, so that 2°C difference in tumor temperature after 1800 s is observed.
The effect of the Vernot number on the temperature distribution shows that increasing the flux relaxation ) ) .
. . . . . . . Galerkin weighted residuals
time results in reducing the temperature signal velocity and the tumor temperature. Lowering the skin
surface temperature, decreases the high values of temperature and forces the maximum temperature
region deeper into the tissue. Moreover, the reduction in the blood perfusion rate that occurs in the Thermal therapy
hypoxic tumors results in the increase of the tumors temperatures during the thermal therapy.

Non-Fourier heat transfer

Multilayer tissue

1- Introduction each layer of tissue are investigated.

The therapeutic treatments based on the transfer of thermal
energy into or out of the body, using nonionizing radiation
have been called thermal therapy. One of the main concerns
in thermal therapy is to control the tissue temperature in order
to prevent the burn and damage of the healthy tissue. Many
numerical and analytical studies on the bioheat equation
models have been presented by researchers for various
boundary conditions to find the temperature distribution
in the tissue during the heat treatment process. Xu et al. [1]
derived exact solutions for different bioheat equations for the
single-layer skin tissue. In multilayer case they used finite
difference method. Gupta et al. [2] used the Galerkin method
taking Brenstein polynomials as basis function to solve one-
dimensional Pennes bioheat equation. Kundu and Dewanjee

2- Methodologyg

The one-dimensional multilayer tissue is considered with
thickness L=0.05m. The tissue which is initially at the body
temperature is heated by an electromagnetic radiation with a 432
MHz antenna. The surface temperature of the skin is controlled
by a cooling pad and therefore, the surface temperature of the skin
remains constant during the treatment process. To investigate
the effect of the cooling pad, the case without a cooling pad is
also considered in this study. In the latter case, the convection
boundary condition is considered on the surface of the skin. The
dual-phase lag bioheat equation in the living tissues is:

[3] investigated the heat transfer in the single-layer skin ( ‘T )_+ 52_T _

tissue under different boundary conditions using the Laplace PE T T0 L6 ot T,PC o

transform method. Askarizadeh and Ahmadikia [4] presented

exact analytical solution of two-dimensional Pennes, thermal \Vs ( KT +kr ovr j ‘7 (% n aQext) (1)
wave and Dual-Phase-Lag (DPL) bioheat transfer model. ) ! A" ot

Verma et al. [5] studied two-dimensional heat transfer in a
three-layered skin tissue. In the present study, the Galerkin +0,+0,., +o,p.c, (Ta =T )
weighted residuals method is employed to obtain a semi-
analytical solution for the dual-phase lag bioheat equation in a
multilayer tissue during moderate hyperthermia and the results
are compared with the one-layer tissue modeling results. The
effects of the temperature of the skin surface, the relaxation
times, and the blood perfusion rate on the thermal response of

The initial conditions for Eq. (1) are:

T(x,0)=T,, @ =0, @)
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Fig. 1. Temperature variation with time in multilayer tissue

The boundary conditions for the case of constant temperatures
are:

T(0,t)=T, 3)

T(L1)=T,. )

and for the case of convection on the surface of the skin are
as follows:

or(0,7)
ot

w

=h(T(0.0)-T,), T(Lt)=T,. )

where T, is the skin surface temperature and 7 referred to
the body temperature that is normally equal to 37 oC,

In this study, the Galerkin weighted residuals method is
employed to obtain a semi-analytic, closed-form solution for this
equation. In this method, the following approximate temperature
profile is selected for the case of constant surface temperature:

T(x,t):Ts(L_xj+Tw(zj o
+x(L-x)§c,,(t)N x

The approximate temperature profile for convection boundary
condition is considered as:

T(x.t) =Tw+(L—x) Y C,(£) N, (). @

i=0

where the Ni (x) is given by:
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Fig. 2. Effect of the blood perfusion rate on tissue temperature
distribution

N.(x):xi,OSiSn &

1

and Ci(t), i=0-n are the unknown coefficients. Substituting
the appropriate temperature profile (Eq. (8) and (9)) into Eq.
(1) results in a residual R. The unknown coefficients Ci (t) are
obtained by equating the weighted integral of the residual to
Zero.

L
[RW, (x)dx = 0. )

0

The weighting functions are Wi(x)=x(L-x)Ni(x), for the
constant boundary conditions and Wi(x)=(L-x)Ni(x), for the
convection boundary conditions. As it is observed from Eq.
(8), the selected temperature profile satisfies the boundary
conditions at the surface and the end of the tissue for all values of
the unknown coefficients. In the case of convection on the skin
surface, the weak form of the resulting integration of the Eq. (11)
should be derived to apply boundary conditions (6). Applying
the Galerkin weighted residuals methods and simplifying the
results, yields a system of ordinary differential equations for
the unknown coefficients Ci (t), i=0-n. The initial conditions for
these equations are obtained by applying the Galerkin weighted
residuals method to the initial conditions (2) and (3). The system
of ordinary differential equations is solved using the fourth-
order Runge-Kutta method.

3- Results and Discussion
Fig. 1 shows the temperature distribution along with the
tissue at different times for multilayer tissue.

As it is observed from this figure, after 30 minutes of
applying the electromagnetic radiation, the temperature of
the tumor reaches 46°C for multilayer tissue. For one-layer
tissue, the temperature of the analogous position reaches
44°C. This difference arises due to different thermophysical
properties of the different layers of the tissue. The effect of
multilayer modeling of the tissue is more prominent in the
dermis, subcutaneous and tumor layers. The high blood
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perfusion rate of the muscle layer causes lower temperatures
in this region. The low thermal conductivity of the fat layer
prevents heat diffusion and leads to higher temperatures in
tumor region. Fig. 2 shows that the higher blood perfusion
rate of the tumor predicts the lower temperature because the
faster blood flow leads to the stronger convection heat loss
through the blood.

4- Conclusions

The Galerkin weighted residuals method is used to obtain
semi-analytical solutions for dual-phase lag equation in a
multilayer living tissue during moderate hyperthermia. Two
different boundary conditions, the constant temperature, and
convection are considered. The results show that multilayer
modeling of the tissue has a remarkable effect on the
temperature of the different layers of the tissue, whereas 2°C
difference is observed in the temperature of the tumor after
1800 s of applying the electromagnetic radiation. The skin
temperature can reach as high as 62°C. Increasing the flux
relaxation time leads to decrease the thermal signal through
the tissue. Increasing the blood perfusion rate decreases
the temperature of the tumor. Increasing the flux relaxation
time leads to decrease the thermal signal through the tissue.

Increasing the blood perfusion rate decreases the temperature
of the tumor.
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Fig. 3. Comparison of the present solution with exact solution, [37]
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Fig. 2. 2 Polynomial degree effect on the temperature distribution
curve for live tissue at 1800 seconds.
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Table 1. Thermophysical properties of the tissue layers [3]
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Fig. 4. Temperature variation with time in multilayer tissue
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Fig. 7. Surface tempeature for the convection boundary condition

a7
% 1=1800s
=X
i — . =900
as [ SN
.-;,\ N — - —1=8005
aa [ //,—\\\\\.\\ — —=700s
. VAN R
R B PN \\\*\‘\ 1=600s
< s MONAN — — —1=5005s
& { NN \\§'~
5 N : U
S omf e NN Q 1=400s
g , S RN
2 ’ N AR - = =1=300s
g

0.05

<ol led (550

Fig. 9. Tempeature distribution with position in different times for

constant temperature boundary condition

Gl palie slp by @i Cuwl Gasuie gl &5 wSlen
Py plp & e ol 4 b (Sl ol a6 L 7, =7,
ol Jo 2l e 498 doleo (58 (e 4y Log) bl (slale;

Sdbe 9 Giedy sloyS

Ve = k7, Lol 468 300 ) Gogiyg s Slyis 36 VY S

LZ

LA N ¢ 1l .
S Lgsolan wd oo L5 1) Slaple)s anld Jobo )3 Lod @5 »

62
t=1800s
—_— - =000s
57
—_— =1=800s
—_— —t=700s
& o5 - = =600s
™
=
S ====1t=500s
N
EoooNaNavwew N e =400
T 47
& - = = 1=300s
----- =200s
42 | - 1=100s
=105
37
0 0.01 0.02 0.03 0.04 0.05 0.06
x (m)

Fig. 6. Tempeature distribution in the tissue for surface convection

boundary condition

2500

2000

1500

Damage

1000 [

500

0 . . . | I 1 1
0 200 400 600 800 1000 1200 1400 1600 1800

Time (s)

g 3 2l 5p0 byd sl Cungy o 53 ()l el TA JSUS

Fig. 8. Thermal damage in skin surface for the convection boundary

condition

ol 48,8 )48y D90 dllie cpl ol > o j> ol

obts clizes slaglej 3 e o L 3 led @595 4 S 5
Ao ¢yloj CubdS b Conl (asuine JS6 1 &S 6oSlad sl oai 00l
Ve U aads VO Sloj alold 5l 4 gy 39y o iy b Sl Cows &
aS s )3 23)5 o0 bl jaegr Bl jd a3 ) Igis (glod yiol58l aads
Iy o3 ol a0 A bgas (glod (iul;8l 4d 33 VA U yaw Jloj alold ]
o Al 8l )

Lol ply slod g 5L Liolal claclo) ,o bod mje (omie Ve JSG5

Y&



VEVE B Y5 A doxio VYRR Jlo A 0)loud DY 093 ¢S pool SilSo uodio 4y

11
40.5
40
—
@] T g=1 t=0
S 395
§ - = =1 g=Tt=12
E 39 L F N\ T_q:'[_tzzo
=
£ 385
S
38
375
37
0 0.01 0.02 0.03 0.04 0.05

x (m)

dilisee ply bl (claglo; )5 Lad mje8 jlaged 1Y+ JSWS

Fig. 10. Tempeature distribution in different equal relaxation times
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Fig. 11. Plot of temperature with different vernotte numbers
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Fig. 12. Comparison of Fourier and non-Fourier results in different times
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Fig. 14. Effect of blood perfusion rate on the temperature distribution of the tissue
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6.8217107'C (1 )+1.7268107C (¢ ) +4.993310*C, (¢ ) +1.576610°C, (¢)

+5.3107C, (1) +1.867110° C, (1 )+6.8229107"°C (¢ ) +0.0354C, (1)

+9.0388107'C, (1) +2.639110°C, () +8.4068107C, (1 ) +2.8453107°C, (¢)

+1.0071107°C () +3.6916107"'C, (¢ ) +6.548110°C, (¢ ) +2.023310°C, (¢ ) Ab
+7.1226 10°C, (t ) +2.616710°C, (t ) +9.763710""'C,, () +3.679310 °C(¢)

+1.4011107°C,(¢)—0.5408 =0

YY)
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1.7268107C, (1) +4.9933107*C, (¢)+1.576610° C, (1) +5.3107 C, (1) +1.867110° C, (1) +
6.8229107°C;(1)+2.5677107" C, (¢)+9.0171107* C, (1) +2.6389107°C, (1) +

8.4243107C, (¢)+2.7589107°C, (1) +1.0141107C, (1) +3.716210™" C, (¢) + AD
1.40811072C, (¢)+1.914410°C, (1) +7.1165107°C, (1) +2.7042 107°C, (1) +
1.0393107°C; (1) +4.026610™°C, (1) +1.5736107°C; (¢) +6.2148107°C, (¢) -

6.5355107 =0

4.9933107C, (1) +1.5766107° C, (¢)+5.3107 C, (1) +1.867110°° C; (¢ ) +
6.8229107°C, (1)+2.5677107" C; (1) +9.9014107 C; (¢) +2.6232107° C, (
8.3982107C, (1)+2.8566107°C, ()+1.0163107°C, (1) +3.7439107" C, (1)
1.41821072C; (¢)+5.498910*C, (1) +6.330610°C, () +2.574110°C, (¢) +
1.0332 10°C, (¢)+4.138110 2 C, (¢) +1.662110™°C, (¢)+6.7210"°C; (¢) +
2.7409107°C, (¢)-1.1583107* =0

1)+

n (A3)

1.576610° C, (1)+5.3107 C, (¢)+1.867110° C, (¢)+6.8229107°C, (¢) +

2.5677107""C, (¢)+9.9014107°C; (1) +3.8969107C, (r) +8.3287107 C, (¢)+

2.841610°C, (1)+1.0138107°C, (¢)+3.7447107" C, (1) +1.422210 % C, (¢) +

5.5270107C; () +2.1902107° C, (¢)+2.2264107°C, (¢)+9.5799107"'C, () + AD
4.0138 107°C, (¢)+1.666610"°C, (¢)+6.9161107°C, (¢)+2.8818107°C, (¢) +
1.2089107"7C, (¢)—2.642510° =0

5.3107 C, (¢)+1.8671107° C, (¢)+6.822910°C, (¢)+2.5677107" C; (1) +

9.9014107°C, (¢)+3.896910™* C; (¢)+1.5607107" C; () +2.812710° C, (¢) +

1.006610C, (¢)+3.7288107"C, (£) +1.41991072C, (1) +5.5319107 C, (r) + A3
2.197110"°C; (¢)+8.87311077 C, (1) +8.1361107" C, (¢) +3.65371072C, (¢) +

1.587010°C, (¢)+6.802910"°C, (¢)+2.906010°C, (¢) +1.243610™7 C, () +
5.3468107°C,(1)-7.178010" =0

1.867110° C, (1) +6.8229107"°C, (¢)+2.5677107" C, (¢)+9.9014107° C, (1) +
3.8969107C, (¢)+1.5607107" C () +6.3461107"7 C, (1) +9.9473107° C, (1) +
3.6961107"C, (1) +1.4114107C, (¢)+5.5134107* C; (1) +2.1951107°C, (1)
8.8846107"7C,(1)+3.647810"° C, (¢)+3.05781077C, (¢)+1.423310°C, (¢)
6.3807107°C, (¢)+2.8138107°C, (¢)+1.23341077C, (1) +5.4040107"° C; (1) +
2.3737107°C,(¢)-2.205410” =0

4 (A6)

+

YeYY
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6.8229107'°C, (1) +2.5677107" C, (¢)+9.9014107°C, (1) +3.8969107* C, (¢) +
1.5607107" C, (¢)+6.3461107"" C; (¢) +2.6147107"° C, (¢) +3.6465107" C, (¢) +

1.39681077C, (1)+5.4717107C, (1) +2.1841107° C; (¢) +8.86091077 C, (1) +
1)+1.1756107°C, (1) +5.6492107°C, (¢)+
1)+5.285610"C, (1)+2.364510°C, (¢) +

3.6460107°C;(1)+1.5190107" C, (
2.6050107'°C, (1) +1.1784107" C, (
1.0583107'C; (1)—7.4032107"" =0
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