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Three Phase Lag Bioheat Transfer Model for
Evaluating Heat Transfer by Hyperthermia
Treatment in Tissue

Neha Sharma, Surjan Singh and Dinesh Kumar

Abstract— Hyperthermia occurs when the body takes in
or out more heat than it can normally release. When treating
hyperthermia, it's critical to determine the
biological tissue's temperature profile. This article examines the
simulation and mathematical modeling of the three-phase-lag
bioheat transfer (TPLBHT) model underneath periodic boundary
conditions. The central difference approach, which transforms the
problem into ODEs of the initial value problem, and the Runge-
Kutta (4, 5) scheme methodology to explain the initial value
problem have been employed to conclude the mathematical study of
the current TPLBHT problem. We took into consideration the
metabolic heat source and blood circulation, both of which had
experimental validation. The whole document is written in a non-
dimensional form and is analyzed. The effects of various
dimensionless parameters are explained thoroughly, like blood
perfusion source, heat source, relaxation time, thermalization time,
and other TPL parameters on dimensionless temperature.

Index Terms— Bioheat transfer, Blood Perfusion, Hyperthermia,
Modelling, Runge-Kutta (4, 5).

ABBREVIATIONS

PBHT Pennes bioheat transfer model
SPL Single phase lag
DPL Dual phase lag
DPLBHT  Dual phase lag bioheat transfer
TPL Three phase lag
TPLBHT  Three phase lag bioheat transfer
FDM Finite difference method
RKM Runge Kutta method

DIMENSIONAL PARAMETERS
q heat flux, W /m?
x space coordinate, m
t time, s
k thermal conductivity of tissue, W /m°C
k* rate of thermal conductivity of living tissue
T temperature of tissue, °C
Tq phase lag because of heat flux, s
Tr phase lag because of temperature gradient, s
T, phase lag because of thermal displacement, s
p density of tissue, kg/m3
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c specific heat of tissue, J/kg°C

w, rate of blood circulation, s™*

pp  density of blood, kg/m™3

¢,  specific heat of blood, J/kg°C

arterial blood temperature, °C
periodicity, s™1

reference intensity of metabolism, w/m?
range of tissue, m

wall thermal of outermost boundary, °C

h
Sree s
[«]

NON-DIMENSIONAL PARAMETERS

y  Non-dimensional space coordinate

&  Non-dimensional time

F,q Non-dimensional phase lag because of heat flux

F,r Phase lag because of temperature gradient

F,, Phase lag because of thermal displacement

6 Temperature of local tissue

6, Temperature of arterial blood

y Non-dimensional associated metabolic constant

a  Non-dimensional associated blood perfusion constant

o Non-dimensional periodicity

6, Non-dimensional wall temperature at boundary

Hy  Non-dimensional blood perfusion coefficient

H,, Non-dimensional metabolic heat.source coefficient
K; Non-dimensional thermal conductivity

I.  INTRODUCTION

Hyperthermia, which is a process that elevates temperature on
a specific part of the body or whole body for a definite period of
time. It can be performed in three categories: localized, regional,
and whole-body hyperthermia.

Due to several problems related to different types of cancer
therapy, heating methods have been developed. The word
hyperthermia usually refers to either an abnormally high fever or
the therapeutics of the condition by the induction of fever.
Hyperthermia has a different effect determined by the
temperature and duration of exposure. The first research
publication on hyperthermia was in 1886. The article discussed
the challenges and possibilities of hyperthermia, which will
happen in the future. The mathematical modelling of bioheat
transfer is given by the PBHT model [1]. This model is derived
from the heat conduction Fourier law, presumes that the thermal
signal has an infinite velocity as

q(x,t) = —kVT(x,t), @)
where q(x,t), k, T stands for the heat flux, thermal conductivity,
and thermal tissue, respectively. When the heat moves
throughout tissue and blood, then it takes a finite gap, i.e. the
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lagging behaviour exists. Cattaneco [2] and Vernotte [3]
individually suggested a relaxation time 7, that is because of
heat flux to solve the inconsistency caused by the infinite gap
velocity of the thermal signal, referred to as SPL constitutive
relation as:
q(x, t+ ‘L'q) = —kVT(x,t), 2

The combination of SPL relation and energy balance equation
shows a bioheat model of thermal wave.
The SPL model was further studied by Tzou [4] and gives a
phase lag time that occurs because of the temperature gradient
T and is called DPL constitutive relation as:

q(xt+ ‘L'q) =—kVT(x,t+1p), 3)
When the DPL model is integrate with energy balance equation,
then it becomes the DPLBHT model. Several researchers [5-13]
explained the third phase lag 7, and combined with the DPL
constitutive relation with temperature displacement, known as
the TPL constitutive relation, i.e.
q(x, t+ ‘rq) =—[kVT(x,t+ 1)+ k*Vvixt+1,),
4)

. ov(x,
where v(x,t) is Lh

and o

thermal displacement

T(x,t),k* stands for thermal conductivity rate of tissue.

We used the expansion of Taylor's series of the TPL model up to
first order at time t in the present problem as:

(1 +14 %) q(x,t) = — [T,*;V T(x,t) + k‘[T%V T(x,t) +

KV v(x, 0)], (5)
Where 7, = (k+ k't,)

Moroz [14] reviewed the four sub-classes, which are arterial
blockage, direct injection, intracellular, and interstitial insert
hyperthermia, in terms of clinical results, advantages,
disadvantages, and current status in hyperthermia treatment.

Askarizadeh [15] used the DPLBHT model for the treatment of
the transient transfer of heat problems in epidermis tissues
through periodic heat flux. Comparisons of previous studies
results and analytical results by taking Jacobi elliptic functions
are shown. The results of thermal conductivity, metabolic heat,
perfusion of blood, and the coefficient of transfer of heat in
biological tissues on the temperature profile are numerically
shown by Kengnea [16]. Ahmadikia [17] gave solutions of
hyperbolic and parabolic bioheat transfer models under pulse
heat flux, periodic, and constant BCs. Using the Laplace
transform approach, the problem is analytically described by
taking into consideration finite and semi-infinite domains.

Yuan [18] investigated the porous model on hyperthermia
therapy of the heat transformation coefficient in tissue and blood
and applied the FDM for solving the PBHT equation. Salloum
[19] determined the highest heating patterns in the instigated
tumour model with nanoparticle injections of irregular
geometries in hyperthermia. Ghazanfarian [20] discretized the
non-linear PBHT equation and DPL model by using a procedure
of mesh-free smoothed particle hydrodynamics method.

Gupta [21] described the method of transfer of heat with
blood perfusion having different BCs and coordinate systems by
radiations of electromagnet using the Adomian decomposition
method. Khanafer [22] mathematically studied the flow of
pulsatile laminar and rising temperature protocol on thermal
profile in hyperthermia treatment. They validated their
numerical results by comparing them with previous studies. The
response of heating and thermal dose of tissue underneath non-
equilibrium conditions for hyperthermia therapy has been

investigated by Yuan [23]. Jalali [24] introduced the method to
control the temperature profile across the tissue, which can be
derived by proper handling of functional variables in
hyperthermia. A finite volume scheme is used to evaluate the
problem. Jiwari [25] offered a numerical method that depends
on the polynomial of the differential quadrature example for
finding the solutions of the 2D Sine-Gordon equation under
second-kind BCs. Song [26] studied the responses of
hyperthermia on the blood flow. Choudhuri [27] obtained a TPL
model by an extension of models of thermoelastic explained by
Tzou, Green-Naghdi, and Lord-Shulman.

The thermal behaviour of the DPL model of transfer of

bioheat in living tissue during thermal therapy is reviewed by
Kumar [28-33]. The FEWG, FDM, and R-K (4, 5) methods are
used to evaluate the non-linear model, and the outcomes are
compared to the exact answer found by Laplace and its inversion
approach. In hyperthermia treatment, Kumar [34] explained by
studying the DPL model of transfer of bioheat by using a
Gaussian distribution source underneath generalized BC by
using the finite element wavelet Galerkin scheme. Liu [35]
analyzed the behaviour of temperature during hyperthermia
treatment in biological tissues within the DPL model.
Reis [36] adopted the PBHT equation for the thermal tumour
ablation of magnetic nanoparticles, to get the good hyperthermia
condition by using the explicit finite difference method. Sharma
[37] calculated the mathematical- based modelling and its
simulation of bioheat transfer underneath the Dirichlet BC with
complex nonlinear DPLBHT for the temperature profile in
tissues of infected cells during treatment of hyperthermia.
Bagaria [38] considered the tissue model taking a spherical
region for magnetic fluid hyperthermia treatment.

In this article, we explained the mathematical
modelling and simulation of the TPLBHT model for
hyperthermia treatment. Temperature-dependent terms that have
been verified through experimental are the metabolic heat and
blood perfusion terms. The whole work has been resolved and
composed in a non-dimensional format. The hybrid approach is
used to address the present problem. Using central FDM, the
third order partial differential equation problem is transformed
into ODEs. Again converting third order ODEs into first order
differential equations and solving with the R-K (4, 5) method.
The parameters impact used in the TPLBHT model are shown in
Figures. The formulation of the hybrid method is shown in the
following sections.

II. FORMATION OF THE PROBLEM
In this research paper, we considered a 1-D inner structure of
length L with introductory temperature T, in skin tissue. The
inner boundary of skin tissue (x = 0) and exterior surface of

skin tissue (x = L) are insulated is presented by Figurel
T,1) =T,

3 X
Skin Tissue
. e A

: © Ty is lag time which is
AAMINRIRRRRNNRRNNY taken mg lthcrn'lal heat
P displaced internally in a cell

—kw = in each direction.

av
Fig 1. Schematic representation of skin tissue in one dimension.
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The 1-D energy balance equation is generally conducted by
PBHT equation [1] is

TED = Vg0, ) + Gy + G (6)
where p is the density of tissue; c is the specific heat of tissue;
t is time q(x, t) is the heat flux; q, and q,, are the heat of blood
perfusion and metabolic source respectively.
Metabolic heat source is the temperature depended which is the

source of local tissue temperature, given as: [6, 39]
T— TO)

G = Gmo X 200" ()
where q,,, is the heat source reference term and f is the
associated metabolic constant.

The blood perfusion source is given as: [32, 40]

qp = wp(T)ppcp(Tp, — T) (®)

where
a(ﬂ)

wp(T) = wp, X e+ To ©)]
where p;,, ¢, w,(T) stands for the density, specific heat of
blood and blood perfusion rate coefficient respectively. T, is
blood temperature and a is the associated blood perfusion
constant.
By using (5) - (9), eliminating q(x, t) which gives:

3T (x,t) 2T(xt)  _ 9%qy  _ %*qm _ _ 8qp
TaPC 53 +pe at2 a g2 4 gtz q ot
an _ * * i 2
T2 = [k + 1y 2+ ko | V2T, ). (10)
Where 1, = (k + k*t,)
Subject to initial conditions
_ 8T (x,0) 82T (x,0)
T(x,0)=T,, “2>=0, —Z2=0. (11)

Considering the periodic boundary condition as fluctuating
temperature specified by Kumar [30] and Singh [41] as:

T(L,t)=T, +Acos(wt), (12)
Inner boundary is insulated, therefore the heat flux at boundary
is zero, i.e.,

aT(0t)
— =0 (13)
1L CONCLUSION OF THE PROBLEM
To convert the equation into dimensionless form and reduce
some parameters in the equation so that it is easy to solve, we
deﬁne the dimensionless variables, which are as follows:

_ ke ktq P ktp P kt,
P 8= pcl?’ Foq = chZ' T ™ pcl2’ " pcl?
T-T [wc ,k* c
9= TO‘Hm_qmo bbprKT_ p Ly
0
=0.1xT, xp.

By using dimensionless parameters in (10) — (13), the
equations become
3%6(y, 9 _
Foq PR
2? 9(3/ i)
-0}

—{1 = F,qvH,, 10g(2)2"? — F, H} e (a(6), —

(Hf2 ae(a(eb —8) — 1) + yHy, log(2)2"%) M -

& 2
FoqHmy?(log(2))* 2% + ("";y'@)) + KT 5 +

9 « 030(y9) *0(v.)
FyqHfe®a(a(6, — 6) — 2) + Fy, 2t0y? + Fyr PR (14)
Where Fy, = 1 + KZF,,
Subject to initial conditions
2
0(y,0) =0, 22— 029099 _ (15)

ot ae?

Boundary condition

0(1,&) =6, + Acos (®f), (16)
and symmetric condition
96(08) _
STk 0. 17

Iv. HYBRID.NUMERICAL.METHOD

The hybrid method is implemented to resolve the problem
numerically. This method is a combination of two different
methods. The first method in which (14) is discretized by FDM
by using the central difference method, given by many
researchers [32, 42, 43]. After discretization, our problem is
turned into a third order non-linear ODEs with initial conditions.
Again converting third order ODEs into first-order non-linear
ordinary differential equations [44]. For the results of the
problem, the second method, which is the R-K (4, 5) [25, 45, 46]
scheme, is applied. The whole procedure of the hybrid scheme is
explained in the next sub-section.

SPATIAL DISCRETIZATION SCHEME
The domain of space coordinate [0,1] is discretized into [ + 1
sub intervals of equivalent length # by taking y;,, =y; +1
e, 0=y <y1 <y, <y3 <y <y <Y1 =1 By
applying central finite difference formula, the second order
derivative is written as,

020(08) _ 0141(D)-26;(D+0;_1 () .
= He— e, 1sis (18)

Then the (14) - (17) converted by the above equation as

d*6, 0
Foq rEl = —{1 - F,qyHnlog(2)27%
d?e
— FygHZ e (a(8, — 6,) — 1)} N
H(H2e“ (6, — 6,) — 1) + VHiy log(2)219) & d—é

—{FoqHmy?(log(2))? 2% — F, H}e“®1a(a(6, — 6,) — 2)}

a61\% | 5d%01 | p. 46 a*e,
(d&) +KTd2+F0Vddz+Fon§2d_2; (19)
oHFe®%i(a(6, —

F,q dg {1 F,qyHnlog(2)2"% — F,

(HZewi (0, — 0)) = 1) + v Hy, log(2)277) %2 -

{FqumyZ(log(Z))Z 2v0i — F H}eaexa(a(ab

A2 49.
2)}(%) PR gy, A0
0q d {1

1)}(1 9n
(Hf2 “"n(a(eb 6,) — 1) + yH,, 1og(2)2y9n)
{Foq myz(log(Z))2 2v0n — F HE e na(a (6, — n) -

GL) -
(20)

ov dc";dy

FoqvHp log(2)2V% — F,qH} e (a(6), —

aen

dbn da2e. . d3e d*e
2) }(52 ) +KF R By g5+ For s @1
Subject to initial conditions 0(y,0) =0, %};é) =
d*0(yg _
gz =0. 2)

RUNGE - KUTTA (4, 5) SCHEME
Lets suppose that [44]
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ay dZB L2

d d?e do Y A8 _ ¢
E(F"‘? dgz) e’ gt F,,q’ dg( ) Foq’ d&  Foq
(23)

By using (23), then (19) - (22) can be reduced in
Y1 = =1+ FoqyHp log(2)27% + Fy Hf e®®1 (a (6, — 6,) —
1) ;f— + (Hpe ™ (a(6y — 6;) — 1) + y Hpy l0g(2)27%2) 22 —
oq oq
{Fqumyz(log(Z))z 29 — | Hfze“ela(a(ﬁb -6, -
2
2)}“’—: 21hz( 2991 + 386, — 96;) + 52 ]2( 29¢; +

38¢p, —9¢3) + 21F, hz( 299, + 38y, — 9P3), (24)

P, =—1+ FoqVHp, log(2)2v% + Fyq 2 e“i(a(6, - 6,) —
1 ;p_q + (HZe®i(a (6, — 6;) — 1) + yH log(2)27%) 2t

{Fqumyz(log(Z))z 2v9i — F, HFe“ia(a(, — 6;,) — 2)} of +

21h2 (01+1+01 +91 1)+ ,2((pl+1+(pl +§DL 1)+

21};0Th2 Wis1 + i + i 1) 1<i<l|, (25)

Yn = =1+ FqyH,, 10g(2)2Y% + F, HE e®On (a(6), — 6,,) —
Yn v

1) a + (H}Zeaen(a(ﬁb —-6,)—1)+yH, log(2)21’9n) a _

{Fqum}/Z(log(Z))z 2Y6n _ E, HZ ae”(l(a’(gb _ gn) _

2
2)}“;—2 iz (B + A cos(WE) + 6 + 6, 1) +
hz (_A(‘) Sin(wé) + Pn + (pn—l) +
s (—ARcos(wE) + Wy + ), (26)
Subject to initial conditions
6(y,00=0, ¢(,0=0, (0 =0. 27)

V. RESULT AND DISCUSSIONS

When the outermost region was kept at a temperature which is
constant, the thermal distribution in the body was identified
using the non-linear TPLBHT model in the present mathematical
technique. The perfusion term and metabolic term in the model
are  temperature-dependent and have been  verified
experimentally. We explained the parameters, which are distinct
from reference values. Graphical representations of results are
shown in Figures (2 - 11). For the computation of a non-
dimensional temperature profile in a finite domain in biological
skin tissue, the particular reference value of non-dimensional
terms is as follows:

Table 1. Physical properties of biological tissue.

Specifications Dimensions | Numeric | Reference
Quantities S
Thermal W /m°C 0.5 [34]
Conductivity

Wall temperature °C 39.5 [34]
Initial temperature °C 37 [34]
Specific heat J/kg°C 4000 [34]
Density kg/m3 1000 [47]
Thickness m 0.05 [47]
Blood’s density kg/m3 1060 [47]
Specific heat J/kg°C 3860 [47]

Blood temperature °C 37 [47]
Lag time because S 600 [28]
of heat flux
Lag time because s 300 [28]
of temperature
gradient
Lag time because S 100 [6]
of thermal
displacement
Associated oct 2.15 [32]
metabolic
constant
Initial blood - 2.15 [32]
perfusion
coefficient
Blood perfusion w/m3 2.14x [40]
rate 1072
Metabolic w/m3 50.65 [39]
generation of heat
Thermal W /m°C/s 6.25% [6]
conductivity rate 103

Hyperthermia is used for the treatment depending on the
different duration and temperature level, such as 41 — 45°C for
15 — 60 min. The arithmetic model of heating the skin tissues is
obtained from the standard Fourier hypothesis of heat
conduction. When the non-linear TPLBHT model is identified
with verified metabolic processes and human blood perfusion,
computational results give an accurate temperature profile in
tissue. For the calculation of the temperature in tissue, this
research will be beneficial for the therapist for precise treatment.

The hybrid numeric method, which is depends on the FDM
and the R-K (4, 5) method which refers to the FERK (4, 5)
scheme, is employed for the numerical solution of the non-linear
the TPLBHT model for the tissue.

The result of dimensionless lagging time because of heat flux

F,, is observed in Figure 2 with respect to non-dimensional

oq
temperature and time. In which we notice that as the rate of Fq
increases, the thermal profile increases. In Figure 3, the impact
of non-dimensional lagging time because of temperature
gradient F,r is shown. It has been concluded that thermal wave
of temperature profile rises as value of F,; decreases. From
Figure 4, it has been noticed that as increasing the values of
phase lag time, which is because of thermal displacement F,,,
the temperature distribution wave increases.

Therefore, F,q, F,r, F,, affects on temperature profile
concluded from Figures 2-4. The behavior of periodicity on
temperature profile and time is shown in Figure 5. It shows that
the amplitude of temperature is highest on w = 0 and falls as the
value of w rises. Blood perfusion and metabolic heat have
important impact on heat transfer in tissue. Blood perfusion
manages to transfer the oxygen, nutrients, and waste products.

In Figure 6, the effect of dimensionless blood perfusion
source Hy is shown with respect to non-dimensional temperature
and time. We determined that the temperature distribution
decreases as increasing the blood perfusion Hy term. Similarly,
metabolic heat generation is the heat released by physical
activities. ~ Figure 7 shows the effect of a dimensionless
metabolic heat source H,, with temperature and time.
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It has been concluded that temperature is approximately same
for H,, = 2.2973e — 00 and H,, = 2.2973e — 01, and it rises
for value of H,,, = 2.2973e — 05.

In Figure 8, the impact of amplitude A is obtained with
respect to non-dimensional temperature and time. It described
that thermal wave rises as the value of A increases. In Figure 9,
the wave of temperature profile rises while increasing the value
of the dimensionless associated metabolic constant y. The
results of blood perfusion constant @ with respect to non-
dimensional temperature and time are presented in Figure 10. It
has been concluded that as increasing the value of a the
temperature profile decreases. Figure 11 introduces the effect of
Ky with respect to non-dimensional temperature and time, which
shows that the wave of temperature profile increases as
increasing the value of Ky.

VI. CONCLUSION

The mathematical modelling and simulation of the non-linear
TPLBHT model is solved by using periodic boundary
conditions. The observations from the present problem are
concluded as follows:

e The hybrid methodology was used for the results of the
non-linear TPLBHT model, which gives high accuracy
with lesser computation.

e  For the hyperthermia, the effect of temperature profiles
is shown on the various values of the parameters.

e When the value of F,, increases with respect to non-
dimensional temperature and time, then the temperature
profile decreases, while as F,; and F,, increases, the
temperature distribution decreases.

e As increasing the value of H,, the temperature wave
decreases while reduces the value of Hp, the thermal
wave of the temperature profile decreases.

e It is achieved that as increasing the value of y and «,
the thermal wave of temperature profile increases and
decreases, respectively.

e The value of K and A increases with respect to non-
dimensional time, then thermal distribution increases
while the value of w decreases, the temperature profile
increases.

Based on all these observations, we observed that the
presented non-linear TPLBHT model played an important role in
the hyperthermia treatment of malignant cells.
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Fig 2. Comparison of the dimensionless thermal profile with time for the dimensionless phase lag time because of heat

flux parameter.
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Fig 3. Comparison of the dimensionless thermal profile distribution with time for dimensionless phase lag because of

thermal gradient.
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Dimensionless temperature [ (y,¢)]
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Fig 4. Comparison of the dimensionless thermal profile distribution with time for different values of the phase lag because of
thermal displacement.
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Fig 5. Impact of w on dimensionless thermal distribution in tissue with respect to dimensionless time.
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Fig 6. Representation of the dimensionless thermal profile distribution with time for different values of the blood
perfusion source.
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Fig 7. Shows the comparison of dimensionless thermal distribution with time for various values of the dimensionless

metabolic heat source.
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Fig 8. Impact of A on dimensionless thermal profile in tissue with respect to dimensionless time.
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Fig 9. Comparison of the dimensionless thermal profile with time for various values of the dimensionless blood perfusion
constant.
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Fig 10. Representation of the dimensionless thermal profile with time for various values of the blood perfusion constant.
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Fig 11. Impact of K; on dimensionless temperature profile in tissue with respect to dimensionless time.
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