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ABSTRACT

In treatment of tumor by hyperthermia, the temperature
profile around the heat source is the major factor influencing
the effect of hyperthermia. In this study, a mathematical model
of the transient temperature profiles around a cylindrical heat
source inside an in vitro tissue has been developed.
Experiments with an in vitro pork liver have been conducted to
study the change of liver temperature around a nickel-
chromium alloy wire heated by direct current at fixed power.
Computer simulation of the mathematical model can be used to
help doctors to predict the change of temperature profiles in the
tissue during thermal therapy

The results show that liver temperature near the heating
source can be controlled in a desired range for hyperthermia,
say, 45~70 °C, by a simple on-off control of the power of heat
source. For example, heating power is switched on for 300
seconds firstly, then off and on each for 50 seconds repeatedly.
The results also show that as the distance from the heat source
increases, the tissue temperature decreases, and the magnitude
of temperature oscillation due to power off and on decreases
too.

There are two parameters, thermal conductivity (k) and heat
transfer coefficient (h), in the mathematical model. It has been
found that there exists a zone, in the range of 0.66=k=0.74
W/m-K and 130=h=155 W/m’K, where the average error
between mathematical model and experimental model is less
than 2.40°C. When temperature dependency of thermal
conductivity, k=0.4981+0.0008T, is considered, there exists a
minimum of average error of 2.59°C at h=210 W/m’-K.
However, for a wide range of heat transfer coefficient between
150 and 280 W/m-K, the average error is less than 3°C.

INTRODUCTION

Thermal therapy is currently implemented as a minimally
invasive alternative to traditional surgery in the treatment of
benign disease and cancer, as well as repair of sport injuries
and tissue reshaping or modification [1]. Thermal therapy is

widely known and electromagnetic (EM) energy, ultrasonic
waves, and other thermal-conduction-based devices have been
used as heating sources [2]. Habash et al. made an excellent
review on several topics of thermal therapy, including
introduction to thermal therapy [2], hyperthermia techniques
[3], ablation techniques [4] and electromagnetic and thermal
dosimetry [5].

In general, thermal therapy is categorized into the following
three different modalities according to the temperature level
and time duration [2]:

1. Diathermia. Heating up to 41°C, with applications in
physiotherapy for the treatment of theumatic diseases;

2. Hyperthermia. The temperature of a part of the body or of
the whole body can be raised to a higher-than-normal level
(41-45°C), which may allow other types of cancer treatments
(radiation therapy or chemotherapy) to work better; and

3. Thermal ablation. Very high temperatures (above 45°C) can
be used to destroy cells within a localized section of a tumor.

Classical hyperthermia relies on a temperature of 42°C to
45°C for periods of 30 to 60 min to cause irreversible cellular
damage [6]. As the tissue temperature rises to 50°C, the time
required to achieve irreversible cellular damage decreases
exponentially. Protein denaturation occurs and leads to
immediate cell death. Vaporization of tissue water is
superimposed on this process between 100°C and 300°C. In
addition, carbonization, charring, and smoke generation occurs
at 300°C to 1000°C [7-9].

Thermal therapy techniques are becoming more acceptable
as a minimally invasive alternative for the treatment of some
cancers and other forms of benign diseases [1]. However,
evaluation of human exposure risk to EM sources or the
corresponding heat, especially patients and personnel working
in this field, is a difficult task because it involves many
physical, biological, and chemical variables. In clinical settings,
the major objective of thermal therapy is to achieve an
efficacious treatment outcome without damaging normal tissues.
Dewhirst et al. [10] summarized the basic principles that
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govern the relationships between thermal exposure
(temperature and time of exposure) and thermal damage, with
an emphasis on normal tissue effects. Habash et al. [2] claimed
that much more work needs to be done to clarify what the
thresholds for thermal damage are in humans. They also stated
that the challenges to the development of thermal therapy
includes defining a biologically effective thermal dose,
equipment to deliver accurate thermal dose, accurate
measurement of thermal dose, and clinical trials to test the
efficiency of thermal dose.

One of the important factors influencing the success of
thermal therapy is the prediction and control of temperature
distribution in the tissue. Pennes [11] established a
mathematical model to solve the heat transfer problem in the
tissue. His model suggests the net heat transfer from blood to
tissue was proportional to the temperature difference between
the arterial blood entering the tissue and the venous blood
leaving the tissue. Many investigators [12-18] have followed or
modified Pennes model to study the temperature profiles inside
the tissue. It is the purpose of this research to establish a
mathematical model, which is another modification of Pennes
model, in order to simulate the transient temperature profiles
around a cylindrical heat source inside an in vitro tissue. The
heating power will be time-dependent and temperature
dependency of thermal conductivity will be considered in the
model. Finally, in vitro experiments with pork liver will be
conducted to prove the feasibility of the mathematical model.

NOMENCLATURE

a [W/m-K] constant in temperature dependency of thermal
conductivity.

b [W/m-K*] constant in temperature dependency of thermal
conductivity.

C, [J/kg-K] heat capacity of tissue.

h [Wm?-K] heat transfer coefficient.

k [W/m-K] thermal conductivity.

L [m] length of the cylindrical heat source

n [-] number of temperature data obtained from each
thermocouple.

P [W] power of the heat source.

r [m] radial coordinate.

ry [m] radius of the cylindrical heat source.

Tu [m] radius of the tissue.

t [s] time.

T ['C] temperature of the tissue.

. [C]

ambient temperature.

Special characters

« [m*/s] thermal diffusivity defined in Eq. (5)
V3 [1/s] defined in Eq. (6)

y [m/s] defined in Eq. (7)

P [kg/m®] density of tissue

Subscripts

i temperature data at various time.

j temperature data at various position.
Superscripts

M model calculation.
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MATHEMATICAL MODEL

Consider a cylindrical heat source inside an in vitro tissue
as shown in Figure 1. The unsteady-state energy balance in the
control volume can be written as
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where T is the temperature of the tissue, t is time, r is radial
coordinate, p and C, are the density and heat capacity of tissue,
respectively, k is the thermal conductivity, h is the heat transfer
coefficient, L is the length of the cylindrical heat source, as
well as the thickness of the tissue, and T, is the ambient
temperature. The last term on the right-hand-side of Eq. (1)
stands for the heat loss from the top and bottom of the tissue to
the surroundings. Since in vitro tissue is considered in this
study, the heat loss by blood perfusion and heat generated by
the normal process in the body are neglected.
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Figure 1 Control volume in an in vitro tissue with cylindrical heat
source.

Dividing Eq. (1) with 2arLAr and limiting Ar to zero gives
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It has been reported by several researches that thermal
conductivity is a linear function of temperature [19,20], i.e.,

k=a+bT 3)

where a and b are constants. Substituting Eq. (3) into (2) and
rearranging gives
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The initial condition for Eq. (4) is

T=T,

where 1y is the radius of the cylindrical heat source, and r,, is the
radius of the tissue. The boundary conditions for Eq. (4) can be
written as

a__Pr_
ot 2L

att=0,rp =r=r, (8)

att>0,r=r1, O]

where P is the power of the heat source, and

—ka—Tzh(T—Tw) att>0,r=r, (10)
ot
NUMERICAL METHOD

The partial differential equation, Eq. (4), had been
transformed to a system of ordinary differential equations by
fourth-order finite difference method before the ODE’s were
solved by fourth-order Predictor-Corrector method. The details
of the transformation and the Fortran program are listed
elsewhere [21].

EXPERIMENTAL

The experiments were conducted by heating an in vitro pork
liver with a Ni-Cr alloy wire and direct current, as shown in
Figure 2. The power supply provided direct current at a fixed
voltage or fixed current. The temperatures of the pork liver at 3,
5 and 7 mm from the central line of heating source were
measured by K-type thermocouples. A device made of 80 mm
by 80 mm plexiglass with holes of 1.2 mm diameter that were
drilled precisely by laser beam, as shown in Figure 2, was used
to ensure the thermocouples to be in the desired positions. The
thermocouples were connected to a data acquisition module and
then to a personal computer. LabVIEW 8.6 software by
National Instrument, U.S.A., was used to integrate the hardware
of the entire system and to design user-friendly interfaces for
the experiment. The experiments were conducted at a fixed
voltage of 0.90V, corresponding to a current of 1.70A and a
power of 1.53W. The length of Ni-Cr alloy wire, which is the
thickness of the pork liver, is 24 mm. It was programmed to
switch the heating power on for 300 seconds firstly, then off
and on each for 50 seconds for a total of three iterations.
Temperature data at the positions of 3, 5 and 7 mm from the
heating source were recorded in the computer every second.
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Figure 2 Experimental set-up

RESULTS AND DISCUSSION

The parameters used in computer simulation are adopted
from Button et al. [21] as follows:

k=0.508 W/m-K,
pC, = 3.81x10° J/m’-K

Figure 3 shows a comparison of temperature of in vitro pork
liver between experimental data and model calculations. The
value of heat transfer coefficient, h=204 W/m*-K is obtained by
single-variable data regression. The average error, the average
difference between model calculations and experimental data as
defined below, is 2.54C.

n
Average error = \/1 ( L —Tif‘f.)z
3nTi 55 ‘
20
—Madel, 3mm ¢ Ezp, mm
6 4 — Mlodsd, St *  Exp, Smim
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Figure 3 Comparison of tissue temperatures between
experimental data and model calculations by single-variable
search (k=0.508 W/m-K, h'=204 W/m’*-K, Err=2.54°C)
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where Tj; is experimental data, TM,-J- is model calculations, and n
is number of temperature data from cach thermocouple.

It can be seen from the figure that, at =3mm, the tissue
temperature increases from 37°C to 59°C, due to power-on for
300s, then drops down to 51°C, due to power-off for 50s. The
temperature increases again up to 57°C, due to power-on again
for 50s, then drops again down to 50°C, due to power-off again
for 50s.The figure also shows that as the distance (r) increases,
the tissue temperature decreases, and the magnitude of
temperature oscillation due to power off and on decreases too.

If both thermal conductivity and heat transfer cocfficient are
used for data regression, the results will be k*=0.722 W/m-K
and h*=133 W/m™K, with the average error reducing slightly
to 2.39°C . Figure 4 shows a comparison between model
calculations and experimental data for this case. The results of
two-parameter data regression show that many sets of (k,h)
provide relatively good fit between mathematical model and
experimental data. Figure 5 shows the distribution of thermal

conductivity and heat transfer coefficient for an average error

less than 2.4°C . It can be seen from the figure that there exists a
zone in the range of 0.66 =k=0.74 W/m-K and 130=h=155

Wim”-K, where the average error is less than 2.4°C. In other
words, the average error is not very sensitive to the variation of

thermal conductivity and heat transfer coefficient.
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Figure 4 Comparison of tissue temperatures between model

calculations and experimental data by two-variable search

(k'=0.722 W/m-K, h"=133 W/m*K, Err=2.39C)

If the temperature dependency of thermal conductivity
reported by Valvano et al. [20] is considered, the average error
can be calculated as function of heat transfer coefficient only.
Figure 6 shows the effect of heat transfer coefficient (h) on
average error when k=0.4981+0.0008T. It can be seen that
there exists a minimum at h=210 W/m’-K, however, for a wide
range of h between 150 and 280 W/m-K, the average error is
less than 3°C . It is concluded that when the temperature
dependency of thermal conductivity is considered, the average
error is not very sensitive to the variation of heat transfer
coefficient.
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Figure 5 Distribution of thermal conductivity and heat transter
coefficient for average error less than 2.4 °C.
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Figure 6 Effect of heat transfer coefficient (h) on average error
when k=0.4981+0.0008T W/m-K.

Table 1 summarizes the results of this research where Case
1 and 3 are single-variable search and Case 2 is two-variable
search. It can be found from the table that Case 2 has slightly
lower value of average error. Since the experimental error in
temperature measurement for in vitro pork liver is about 3~5
‘C, due that the pork liver is not homogeneous, it is concluded
that single-variable searches, Case 1 and 3, are good enough for
the mathematical model. Furthermore, the temperature
dependency of thermal conductivity adopted from Valvano et al.
[20] is valid between 3°C and 45°C. It is cxtended to usc at 80
‘Cin Case 3 of this study due that the temperature coefficient is
small. If temperature dependency of thermal conductivity at
higher temperature is available, the average error for Case 3
might decrease.



Table 1 Average error and the optimal values of thermal
conductivity (k) and heat transfer coefficient (h)

Parameters Case 1 Case 2 Case 3
k (W/m-K) 0.508 0.722" 0.4981+0.0008T
h(W/m?K) | 204" 133 210
Average | gur | 3gr 259"
error (C)

* optimal value by data regression.
+ result of single-variable search.
++ result of two-variable search.

CONCLUSION

A mathematical model of the transient temperature profiles
around a cylindrical heat source inside an in vitro tissue has
been developed with time-dependent heating power and
temperature-dependent thermal conductivity. Experiments with
pork liver have been conducted to study the transient behavior
of liver temperature and to prove the feasibility of the
mathematical model that can help doctors to estimate the
variation of temperature profiles in the tissue during thermal
therapy

The results show that liver temperature near the heating
source can be controlled in a desired range for hyperthermia,
say, 45~70 ‘C, by a simple on-off control of the power of heat
source. For example, heating power is switched on for 300
seconds firstly, then off and on each for 50 seconds repeatedly
for additional 300 seconds. The results also show that as the
distance from the heating source increases, the tissue
temperature decreases, and the magnitude of temperature
oscillation due to power off and on decreases too.

There are two parameters, thermal conductivity (k) and heat
transfer coefficient (h), in the mathematical model. It has been
found that there exists a zone where the average error between
mathematical model and experimental model is less than 2.40
‘C. When temperature dependency of thermal conductivity is
considered, there exists a minimum of average error of 2.59 C
at h=210 W/m’-K, however, for a wide range of h between 150
and 280 W/m-K, the average error is less than 3°C. It is
concluded that when the temperature-dependent thermal
conductivity is used, the simulation result is not very sensitive
to the heat transfer coefficient and single-variable search is
good enough for the mathematical model.
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