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PAPER INFO ABSTRACT
Paper history: In thermal protection of healthy tissues during hyperthermia withptiesechange micro/naro
Received25 August 2020 materialsthe impossibility of performing a similar experiment with the tregioal parameters is

Received in revised form25 September 2020 jnevitable because of different errors such as modeling, measuring, particle deposition area, etc. These

Accepted 30 October 2020 errors may affect the practical thermal protection from damaging the healthy tissue or not destroying the

tumor tissue. T o perfan a numerical procedure, the electrical potential is obtained solving the Laplace

equation and the Pennes Biothermal equation is used to find the temperature distribution in the tissue

ggm%?;eﬁc Field _using the finite difference methodrl he_ Pennes equatipn is t_ransierréysolved by consider_ing
Hyperthermia intracellular conductance, blood perfusion, and metabolic heating. Consequently, the deviation and the
PhaseChangeMicro/ Nano Martials uncertainty of each parameters in the thermal protection including the concentration of the phase change
SuperparamagneticMicro/Nano Particles material, the radius ahicrocapsules, the latent heat, the melting point, the temperature range of phase
Uncertainty Analysis change of micro/hanoparticles, and the concentration and the radius of the superparamagnetic materials

are investigated. According to the results of the uncertainty analysigdius of the superparamagnetic

materials is the most important parameter so that a 20% deviation from the numerical value changes the

temperature of the tissue up to 4 °C.

doi: 10.5829/ije.2®1.34.01a.29

1. INTRODUCTION advantage of selective heat deposition to the tumor cells
[6]. This technique is made by the injection of Super
Based on the statistioeleased by the Intemational ~Paramagnetic Materials (SPMs) into the tumesue and
Agency for Research on Cancer (IARC), about 110,000 then applylng an extgrnal magnetic field which leads to
cases of canceroccurred in Iran and abo@0B6pf them heat generation. Delivery of the treatment agent to the
have passed away [1These statistics demonstrate the (@rget area is the key points to effective treatment [7].
importance ofesearch on cancer and fitsatment [24]. Despite the advantage of seiwe heat deposition,
Hyperthermia that is known as thermotherapy is a overheatig of_ healthy tissues are possible that C(_)uld
technique for cancer treatmentn this treatment,  C&WBe€bum,biister, and pain [6,. 8The electromagnetic
cancerous tissue or the whole body through the use of field can itself, causes cancerdepengd_)n how theyre
electromagnetic energy arexposed to temperatures Produced [9] or improve body behavior [10]. Also, the
between 443 °C to damage or kil the cancer cells. nanopaitles should not have a toxc effect on the body
Higher than this temperature range, the heat would Kkill (11, 12]._Cobalt ferrite (Col_:e204) IS one of these
tumor and healthy cells, and this known as thermal Nanoparticlahat can be used in hyperthermia [13].
ablation. Nowadays, hyperthermia is always used PhaseChange Materials (PCMs) store energy at a
together with other forms of cancer treatment methods constant temper_ature so thatn increase in tissue
which allows more synergy with different proctiegs of temperature  during the hyperthermia  will be ~low.
conventional treatments [5] Additionally, because of the low thermal conductivity of

Thetreatmentof cancer, based on nanotechnology is the PCMS’, they prevent heat. conducuon.from the
a specific form of interstitial thermotherapy with the Cancerous tisues to the healthy tissues [9gzginet &
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[15] investigated hyperthermia in combinatiowith highly affects the effective thermal conductiviespite
chemotherapy mediated by gold nanoparticles. They the thermal protection of PCMs, the incompatibility of
concluded that the presence of nanopatrticles increasesthe practial parameters with the numerical estimations
the tleatment efficacyLv et al. [14] injected the PCM could make it problematic for the treatment procedure.
around the tumor by the goal of protecting healthy tissues Therefore, for designing a decent therapeutic pattern in

during the hyperthermia. Theesultsshowed that the
PCM can significantly reduce the temperatueuad the
tumor tissuelv et al. [16] also proposed a new model
for utilizing of the micro/nanomaterials in the living
tissue
investigated uncertainty analysis during induction
hyperthermia using SPM. They concluded that
uncertainty analysis should be applied when designing
the treament plan. Majchrzak et al. [18]studied
induction hyperthermia with choosing atwo dimensional
model and appipg the electromagnetic fieldusing
Boundary Element Method (BEM). They examined

laboratory conditions, the possible deviations from the
numerical values should be examined.

In this study, the deviation and the uncertainty
analysis of each effective parameters in thermal

u s i n gnetivbd.nDereg ai@aliv [19] 6 s protection including the concentration, the radius of

microcapsules, the latent heat, the melting point, the
temperature range of phase change of
micro/nanopartids, and also the effect of the

concentration and the radius of superparamagnetic
materials are investigated. For this purpose, the
distribution of electrical potential within the tissue is first

obtained using Laplace equation. As the potential

different voltages and frequencies and showed that the distribution is determined, the heat production in the
optimum value for these parameters must be determined different regions of the tissue will be obtained. This heat,

to achieve the optimal treatment.
Majchrzak and Paruch[19, 20] applied the Finite
Element Method (FEM) to examine the effect of location

togetherwith the metabolic heat of the body, enters into
the biothermal equation of Pennes. This equation
provides atransient temperature distribaotio the tissue,

and size of the external electrodes on the temperature taking into accountthe conductivity of the tissue as well

distribution in the twor tissue. Zhao et al. [21]

as blood perfusion. After determining the temperature

conducted a study about hyperthermia using magnetic distribution, the uncertainties of each of the important

nanoparticles on the labatory mice. BExperimental
results showed that within the first1® minutes the
temperature of the tumor center reached wabt® °C.
Taheri and Talati [22] obtained the temperature
distribution in the tissue by injecting electromagnetic
micro/nanomaterials and then applying the

parameters with a 20% toleranitave been investigated.
The rest othe paper has been compiled in this way.
Section 2 expresses the problem geometry with details of
the governing equations. Uncertainty analysis is defined
in section 3 and numerical procedure with mesh
independency and verification tests are provided in

electromagnetic field. The results showed that inserting section 4. Numerical results are presented in section 5

the nanopatrticles into the tumor significantly increases

the temperature in this tissue and transmits the maximu m

temperature to the twn centerTaheri and Talat[23]
also investigated the uncertainty of the effective

and general conclusions are given in section 6.

2. THEORETICAL MODEL

parameters during hyperthermia with SPM nanoparticles.
They concluded that uncertainties in the measurement of Here, three regions with different properties including
some parameters, such as strength of electromagnetic healthy tissue without PCM, tumor with SPMs, and
field, radius, and area of the micro/nanopaatiseverely ~ healthy tissue with PCMare consideredrigure 1 shows
affect the temperature distribution in the tissue. lneot ~ theseregions by ,Y ,andY ,respectively.

work, Taheri and Talati [24gxamined the hyperthermia To preventdamage caused by overheatibhgo pads
cancer treatment by considering the #dimensional cool downthe surface ofthe skin. Alsoapaffin wax with
transient model of biological tissue with SPM and PCM. a melting temperature of 32 °C is assumed as the PCM
Results showed that these of the PCM reduces the and injected around the tumor with high concentnatio
temperatues up to 3°C. Nemati etal. [2Showedthatby  (see Figure YL Details of geometric information and
deforming the spherical SPMs into the cubes (octopods) thermophysical properties of three regions are reported in
ones, their specific rate of absorption could be increased section 5.If the permittivity of the dielectric is constant,
by 70%. Wang et al. [26] obtained an optimal  the potential within the tissud could be determirg
temperaturedistribution for a 3D tripldayered skin using the Laplace equatid16}].

structure that is embedded with midtvel blood vessels

considering electromagnetic radiation heat source. The DY (x,y) =0 @
effects of geometric structures ofvasculartrees and blood j(x.y)= U &y) i
flow are investigated by Li et al. [27]They derived a ' ’ ’ "
fractal model for the effective thermal conductivity ofthe Wx.y)_q Ky)iy @

living biological tissue and found that the blood flow Hq
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whereU is the voltage of the electrodegis the direction @ Electrode 1 Colling Pad
normal t o t he b ounwdis aeaedss the and
electrodes. The strength ofthe e¢tecfield is determined

as [16] SPM nanoparticels
Ex,y)= - Ax,y) ©)
Heat generationin the tissuesvithout SPM particles =
depends on the electrical conductivity and strength ofthe Healy Thsue O,
electic field E. Thus, volumetric heat generation in these
regions could be determined for electric fidld roughly @ Electrode 2 Colling Pad
[16]: Figure 1.The regions of healdt
N 2 2 tumor wi4 ha8d@Mhgalt hy & i s
By S EEFIE [
Q =5, 2 2 4)
(Xry)i W3'

The heat capacitys and the thermal conductiviks

wh e rids thé electrical conductivity of the region  are estimated by [14]
Properties in each subdomain are conskantdifferent

<
from other subdomainSubscripts of 1, 2, 3 and 4 are }ec“é . +e Tet
used to showthe features of the healthy tissue, cancerous ¢ =i _'T) e T T @)
tissue, SPMs, and PCMs, respeely. Also, subscripts 5 1IC b o1
and 6 are used to show the effective properties of the a *
cancerous tissue filed with SPM particles and the )
effective properties of healthy tissue filled with PCM fk4s' T<T,
particles. The heat generated in the tumor tissue with g, =| Kas + Ky T, @ T ©)
SPM could be gined using [186] T2
K T>T,
:§3n3r33ci i-(l h)ﬁ E ‘2 ‘B_‘Z
T Eamr? 372 % * Y (5) where cas, Ca1, kas, andka are the heat capacity of liquid
o, y)i W. andsolid PCM, the thermal conductivity of liquid and

) B solid PCM, respectively, an@ indicates the latent heat
where is the permeabilty of the free space f the pcM [14] Also, the effective electrical and
(m=4pa0” T HAY, fis the frequency of the  thermal properties of the tissues witPMs and PCMs
electromagnetic field R is the radius of the magnetic  are estimated asllows [9]:

‘

induction  loop, ¢jis the susceptibility of ¢, =@ A, *o oy
2 5774 57 ’ 2
electromagnetic nanoparticles(ls is the effective ¢, = A1), Ao,  .y) I, ©)
electrical conductivity in the tumor tissue,
h, =4 m,r2 /3isthe SPM ratio in a volume of tissue, son b
rsis the radius of the SPM micro/nanoparticles, agis kT g o &) T
the concentration of the SPM micro/nanopatrticles in the a-h h b ) (10)
tumor tisse. kfgrkls PR
Pennes equation determines the temperature
distribution within the tissue [14] . 1
so=m s G w0y
T (X,V,t N 2 s o , s
My B(R(x,y) TOX v, ) ¢Si 3 N (11)
’ . A TIRE
- (X Y)GT(X Y, ) +w(x Vg T (6) s, g Y TV

+ X, y,t X, Y, t X, |

by QLawd oy Theboundarconditions forEquation (6) are defined as
where L] is the solution domain¢ andcy are the heat follows [14]:
capacity of the tissue and blood respectivélyjs the T
temperature of the supplier artery which is assumedtobe -k = # (T ©. vy 0my 084m
constantT is the temperature of tissuejs the thermal T
conductivity,¥p is the blood erfusion,Qm is the heat BT x =0m 008t
generation and resulted from the body metabolism, and

Q is the heat source comes from the electromagnetic Wherehi is the heat conwation coefficient between the
field. surface of the skin and water afids the temperature of

(12
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the water. The details of discretization of equations and The calculations stop, if the average of the absolute error

temperature distribution in the tissuse given in
literature[22, 23] and the uncertainty analysis of thrait
protection using PCM is studied here.

3. UNCERTAINTY ANALYSIS

falls below the concurrency criterion of -#0The mesh
independency is investigated for the temperature
difference between two cases, tissue with PCM and tissue
without PCM. For the same conditiofigure2a displays

the temperature difference on the vertical lines passing
through thex=0.02 m and=0.04 m andFigure 2b plots

the temperature differences on the horizontal lines

The errors occur in the measurement of parameters are passing through the=0.01 m andy=0.02 m for
one of the important reasons that cause the difference dx=0.0008 {01x51), dx=0.0005 (61x81), dx=0.0004
between the results of the numerical results and the (201x101), and=500 seconds.As can be seen, with the

laboratory ones. Genemall the temperature could be
defined by [17]

T =f W, W, W, ) (13

where 0 ,0 ,
problem. Accordingly, the total
temperature of the tissue can be obtainsihg the
following equation [17]

DT =
2, 2 2
a o 6 fLa (149
LUV S T S A S
chw, + W + Wihe

where yf andDw are the sensitivity coefficient and the

w
uncertainty of the parameter, respectively.

4. NUMERICAL SOLUTION

Pennes Biothermal equation can be discretiagdthe
finite difference methodwvith a seconebrder accuracy
consideringpx =.py
Ti?j+1:F0(—|—ii1j -Fll—s-lj _'F'Js ¥ |]"S 1)

1
+(1 -4F0 W)T?, %Q (13

wheresdenotes the time incremerb =k B/c B is the

Fourier number andW =wq D/c. Also, the
discretized form of the boundary conditions are written
as follows:
Toma T gy Bt XE
c Kk 27¢ Kk M
s _ah DxT, s 0. ah Ix
T = s, b X (16)
¢ K R
TI,SI :TZS.I'
T, =T, -

The average of absolute error in each iteratriqr the
potential equatioffi28] is computed by

e ana”- vi| )

€ , indicate m parameters in the
uncertainty for

change in the mesh resolution, theuis do not change
significantly, which results in mesh independency of the
numerical resultdNumerical validation has already been
performed by the authors [19] fdR =4.2 310®m and

n=4.8 3Gm [15]. Figure 3 showshe flowchart for
implementation of the numerical process.

5. RESULTS AND DISCUSS

The solution domain is rectangular with a dimension of
0.08x0.04 rh The heailimteg te0032@ q
xO. 0 8=0 and 0.032x0O 0 . M, 4y80.04 m, and
t umor dsrlimitad tgq 0.0320x0. O#8 0. 16
yO. 4 8 The P Gidspecifieda Tatle 1.

It is recognized thahepresence of malignant tumor
in thetissue changes the blood perfusion, heat capacity
and heat of metabolism in the region of the tumor. For
thehealthytissue and tissue with the tumor the magnetic
and thermal properties are reported in Table 2. Also, the
blood temperature i§2=37 °C andthe heat capacity of
blood isc,=4200k J/m?.K. The boundary condition on the
surface of the skin is the thikind with hy =45 W/n?.K
andT{=20 °C, and otherboundary conditioage assumed
to be insulated [18] The radius of the magnitude
induction loop $ R=0.01 m, voltage of the electrodes is
U=8 V, and frequency of the electromagnetic domain is
f=1 MHz The thermophysical and electrical properties of
the SPM and PCM are reported Table 3. The
susceptibility of electromagnetic nanoparticleg’is 18.

BExperimental results show that the nanopatrticle size for
cancer treatment should ideally be in the range of 10 to
100 nm[29].

The difference of temperatumistribution between
two cases, tissue with PCM and tissue without PSM
shownin Figure4. According to this figure, it is observed
that the injection of the PCM reduces the tissue
temperature by more than 2 degrees, which justifies the
use of PCM to control the temperature of the tissue
during the hyperthermia.

To investigate theuncertainty analysis, a 20%
tolerance has been assumed for each parameter. The
positive or negative value of the uncertainty is so chosen
to have the worst effect on thermal protection. Therefore



A. A. Taheri andM. Taghilou/ IJE TRANSACTIONS Basics Vo4, No.1, January2021) 263-271 267

Grid Independency
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Temperature differencét)
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(b)
Figure 2. Investigation of the mesh indepdency at t=500 for a) sections along theaxis and bsections along thgaxis
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Gain new potential
distribution
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Solve the Pennes
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Convergence
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Calculate the potential distribution in the tissue

Uncertainty

. End
analysis

Figure 3.Flowchart of the numerical process foaching the uncertainty analysis

TABLE 1. The area in which the PCM is injected intettissue

W, =ANB
A={(x y)[0.022 ¢x 0.058m, 0.011y¢ (0321
B ={(x y)[0.03 ¢x ©.05m,0.015 y¢ 00032 r
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TABLE 2. Magnetic and thermal properties of healthy tissue and tissue with {ljor
k (W/m .K) ¢ (I/mM3.K) G (S/m) ¥b (1/s) Qm (W/m?)
Healthy tissue 0.5 4.2x10° 0.4 0.0005 4200
Tissue with tumor 0.6 4.2x10° 0.48 0.002 42000
TABLE 3. Thermophysical and electrical properties of SPM and PCM [14]
k (W/m.K) ¢ (J/m3.K) G ( S/ Ts(°C) Ti (°C) Qi (I/m? r (nm) n (m?
SPM 40 2.072x10 25000 10 1x10'°
ks=0.35 ¢=2.56x16
PCM ’ ° 101 38 42 1x10° 10 X1
k=0.1 c=2.2x1@

all uncertainty values for the PCM are selected negative
except the melting temperature, and uncertainty values
for the SPM are selected positive. The uncertainty
analysis of the concentration of micro/nanoparticles is
shown in Figure 5. It is seen that the maxmum
temperature change in this caseis only 0.22 °C, which is
negligible.

The uncertainty analysis for the radiusf the
microcapsules is shown inFigure 6. The microe
capsulation of phasehange micro/nanoparticles shoud
be in such a way that their radius not to be lower than the
numerical value. It is seen that thalifference from the

Temperature('C)

0.04
X (m)

Figure 4. The differece of temperature distributio
between two cases, tissue with PCM and tissue without |

Temperature ('C)

x (m)

Figure 5. Temperature changes in the tissue due to a .
change in the PCM concentration

numerical values is not perceptible so that a change of
20% of this peameter can affect the temperature
distribution by about O’&.

Figure 7 shows the uncertainty analysis of the latent
heat estimation. It is seen thata small deviation from the
numerical values would not affect the results, and its
impact can be ignored.

Uncertainty analysis of the melting temperature of
micro/nanoparticles is shown iRigure 8. According to
this figure, an imprecise estimation of the melting
temperature affects the thermal protection over 1.1 °C.
Hence to gain a similar results betweea tlumerical and
experimental data, the melting temperature should be
estimated more accurately.

Temperature ('C)

0.04
X (m)

Figure 6. Temperature changes in the tissue due to a .
change in the microapsulation radius of the PCM

Temperature('C)

0.04

x(m)

Figure 7. Temperature changes in the tisslue to a 20%
change in the latent heat of the PCM



A. A. Taheri andM. Taghilou/ IJE TRANSACTIONS Basics Vo4, No.1, January2021) 263-271 269

Temperature ('C) Temperature ('C)

0 0.02 0.04 0.06 0.08
X (m) X (m)
Figure 8. Temperature changes in the tissue due to a Figure 10. Temperatureftanges in the tissue due toa 2(
change in the melting temperature of the PCM change in the concentration of the SPM

Figure9 shows théemperaturechanges in the tissue  thjs figure, any small deviation from numerical values is

due to a 20% changes in the, solidus dididus negligible because the temperature change in the healthy
temperatures of the phashange micro/nanoparticles  tissues around the tumor is not significant.

(the range of phasehange). Based on this figure, the Uncertainty of the adius of the SPM

deviation from the numerical values for the solidus and mjcro/nanoparticles has increased the temperature in the
liquidus temperatures is so smal, and there is NnO t ymor tissue and also in the
sensitivity to determine it présely in the laboratory. As 3ecC, respectively. This shows
was shown in the previous study [23he concentration  mjcro/nanoparticles should be estimated accurately. The
andradiusof SPM caralso affecthethermal protection uncertainy of the radius of SPM micro/nanoparticles is

of the healthy tissue during the hyperthermia, thus the gphown inFigure11. A summary of uncertainty analyzes

uncertainty analysis for these parameters are presented. jg given in Table 4. These results are also graphically
Figure 10 shows the temperature changes after 20% pjotted inFigure 12.

changeof the concentration of the SPMAccording to

Temperature ('C)
0.04
0.025
0.03 0.015
0.005
- -0.005
E o002 -0015
> -0.025
-0.035
-0.045
001 -005
-0.065
0
0 002 0.04 0.06 0.08
x (m)
Figure 9. Temperature changes in the tissue due to a . Figure 11. Temperature changes in the tissue due toa .
change in the solidus and liquidus temperatures of the F change in theadius of the SPM

TABLE 4. Temperature variations in the tissue due to 20% changes in effective parareténat(s)

Maximum Temperature variation °C

Region Concentration  Micro -capsulation Latent Meltin g Ran_ge ofsolidus and Concentration Radius of
ofthe PCM  radiusofthepcm  '€atof — temperature liquidustemperatures ¢4 o'Spvs  the SPM
the PCM  of the PCM of the PCM
Healthy
tissue 0.22 0.47 0.17 1.15 0.065 0.6 3.2
Tumor 0.17 0.57 0.14 0.98 0.025 1.12 4.1

tissue




