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Some aspects of FEM modeling of hyperthermia, the procedure of tissue temperature rise
above 37 °C inside the living organism, as a treatment modality, are studied. Low intensity
focused ultrasound (LIFU) beam has been used as a source of temperature rise in the liver tissue
during performed experiments in vitro. The comparison of the FEM model of the corresponding
heating process and the experimental results has been presented in [1]. In the paper, the FEM
model of heating scheme of the rat liver tissue in vivo irradiated by the same ultrasound
transducer is formulated. At first, the existence of blood perfusion is taken into account in the
model equation. Secondly, the thermal and acoustical properties, which are the input parameters
of the numerical model, are taken from the published data in literature. Here, the size and the
intensity of heat sources are modeled in two ways on the basis of acoustic nonlinear equation
solutions in 3 layers attenuating medium. We demonstrate how the results of FEM model in the
case of invitro and in vivo heating, depend on the assumed power density of heat sources, as
well as on the size of the heated area. The results are compared and discussed. The influence of
different models on temperature rise profiles are demonstrated.

INTRODUCTION

The process of temperature elevation in tissugsert#ing on the degree of tissue heating is
widely used in medicine in various therapeutic phaes, namely:
» physiotherapy — temperature rise of 1-2 °C;
» therapeutic hyperthermia — heating up to 43 °C;
» thermal ablation — heating of tissue above the 33l
External heat sources inside soft tissues can rbduped e.g. by electromagnetic or
ultrasound irradiation or by application of electvioltage. The most important advantage of the



usage of ultrasound in medical therapy is a therapeffect on the localized area inside the
body without damaging surrounding tissue. In thpegpave deal with the ultrasounds beam
generating heat when it is applied to a tissue.

Besides the traditional use of ultrasound in maditagnostics in case when the effect on
living tissue is negligible there is increasingem@st to use ultrasound as the activation of
processes in different bio-structures (separdtetssue, organs) and to obtain the changes in
their physical or functional properties.

The focused ultrasound beam of high power (HIRUerapy) or low power (therapeutic
hyperthermia) is used for the heating of livingstis. The mechanism of tissue heating in
hyperthermia, physiotherapy, HIFU-therapy is thensathe ultrasonic beam irradiation in the
tissue produces the heat as the effect of absarpgoconversion of acoustic energy into optical
molecular vibrations, which are measured by tentpegaincrease. This oldest and the most
widely method is used in the physiotherapy, inttkatment of human diseases of the locomotive
apparatus, rheumatic diseases, osteoarthritis.

For physiotherapy ultrasound transducers produtitegintensity of 1 W/cf acoustic
power are used to heat the tissue no more then, ine@nwhile the exposure time is about 10
minutes.

Therapies using the focused acoustic beam of intgisity (HIFU-High Intensity Focused
Ultrasound) are currently the fastest growing ameaedical acoustics. With HIFU the field near
the transmitter is low and it does not damage igsié¢. However, the intensity in the acoustic
focus is rather high, i.e. the value of c/a 100@W/is enough to get the significant heating of a
tissue. For example, the tissue increases tempesabove 70 °C in a few seconds. The
temperature increase above 43 °C initiates a psoafeisitracellular protein denaturation, and it is
used in the surgical treatment, which often isechlan acoustic ablation or acoustic surgery.
Radiofrequency ablation allows an accurate nonsiweaultrasonic damage or destruction of
tissue, for example, tumor tissue from cancer.i®dars, HIFU can be used to stop the internal
bleeding without damaging surrounding tissue, f@meple, after the strokes.

In the hyperthermia the ultrasonic beam of loveisity of the order 1-10 WAT(LIFU)
irradiating tissue during the 10 - 60 minutes igdisThis provide that the local warming is
preserved in the range 40 °C - 43 °C. The temperatcrease up to 43 °C starts the heat shock-
controlled mechanism, which is the complex bioclwmniprocess called HSR (Heat Shock
Reaction). The proteins (Heat Shock Proteins, H&airs" not only such proteins, which are
damaged by heat, but also proteins changed inreliffedisease processes. This is the role of
HSP’s in gene therapy. If the temperature exce&d8C} then irreversible process of protein
denaturation appears. So, during the therapy tin@deature should be maintained in the same
narrow range of growth and it must be concentratatie well defined area of tissue. Therefore
it iIs necessary to increase the precision of thediption of the size of thermal action on
biological tissue by defining the parameters ofasibund beam and duration of its action. It was
noted that the effectiveness of both, radiotherapy chemotherapy, using the hyperthermia in
the treatment of cancer, is increasing. Difficitie monitoring temperature rise in the tissue and
its preserving in a fairly narrow range (42 - 43 %iill does not manage using the hyperthermia
as a standard medical procedure.

In the process of ultrasound therapeutic apptinat the validation of numerical prediction
must be made in animal experiments perfornmedvo. Such experiments are planned in the
Department of Ultrasound IFTR PAS. Independentlyisitnecessary to proceed numerical



modeling which allows to calculate the distributiontime and of the space temperature field.
Some elements of such a modeling of the tissuertgeate presented in this paper.

1. NUMERICAL MODEL

The bio-heat transfer equation (Pennes equation,1f[2], [3]) for an inhomogeneous
medium, occupying an aréa in 3 dimensional Euclidean space, has the follgvitrm

AT (x,1)

pP(X)C (X)T =0K) MT(X,t)+Q, (x,t)+Q,, (X,t)+Q,, (x,t), for x0OV, Q)

whereT, t, p,C,K are temperature, time variable, density, spetifiat, thermal conductivity
of a medium (in general second order tensor), cs@dy. Herell denotes the gradient operator
and the dot t denotes the contraction operator. The te@y(x,t) describes the process of

blood perfusion, i.e. cooling or heating causedh®yblood flow. The internal heat is produced
by chemical processes in tissues (metabolism) angsponding heat sources are denoted here

by Q. (x,t). The termQ,, (x,t) describes external heat sources introduced ttigbees. In the
present modeQ,, (x,t) is produced by the focused ultrasonic beam withifdensity. The tissue
heating modeln vitro was used in [1] with neglected perfusion andrimdéheat sources, so that

Q,(xt)=0, Q,Kxt)=0. (2)
In the model for tissue heatingvivo we put
Qp (x,t) = Wbe (Tb -T), )

wherew,,C, are the blood perfusion coefficient and specifatof blood,T, denotes the blood
temperature in vessels. It is assumed that theigierf ratew, is equal 0.9 kg/(fis), cf. [4, 5].
The heat generation teri® ,(x,t) due to thermal effects of metabolism, we take like[4],
Q,, (x,t) =1085 [W/n? 1. The geometry in the numerical model is shownig1F cf. [1, 6].

2. MODELING SOURCE HEAT

Two special numerical approximations of heat sesirare considered in this paper. The
first case concerns the homogeneous distributiothef heat power density in the area of 3
concentrated cylinders mimicking the real sizetbe acoustic beam (Fig.1). Power density of
heat sources throughout the heating area is unifmmnequal 10[W/m°], see Fig.4a. The second
case concerns the non-homogeneous distributiorowkpdensity. The numerical data used in
what follows, have been obtained by courtesy ofgjdi from Department of Ultrasounds as a
solution of non-linear acoustic wave equatiorhireé layer lossy medium.



| | ) 60 mm

60 mm
Fig. 1. The form of homogeneous distribution oftlsgaurces assumed in the Model 1, z is the beasn axi

Nonlinear acoustic wave propagation in three-ldgesy medium proposed is numerically
solved in [7, 8] and the heat sources distributakes the form:

Qoa (%, 1) = Qy Qg (4)
where Q,; is 100x50 numerical matrixQ,; is shown in Fig. 2, where z is the beam axigh&
case, the dimensional coefficient is assum@as 4,713 [W/ni .
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Fig. 2. Heterogeneous distribution of power dgrfsit heat sources in cylindrical coordinates (z,r)



We use the above results in the Model 2. We apprate Q_.(zr) two dimensionless
continuous functions as follows

Q, @ =™ [F (2) [ W/m*®]. (5)

The f (z) is approximated by Padé approximant of the or@gf][(rational function). We

point out that the heat source power decreasemexpally in the direction of the radius, and so
we establish that the width of the beam is consdadtis equal c/a 0.006 m.

In Fig. 3 the a graph of is depicted. By usinghmetof least squares the

f(2) =(0,3295057927 24,8648000F% 201,5311886 %064437° ),
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Fig. 3. Graph of the functiori (z) given by formula (6)

The distribution of heat source density in Modés given by formula (5) and depicted in
Fig. 4b. In the numerical example, Fig.4b, theltptaver of the heat source has been assumed to
be equal 0.16 W.

In the next section we compare the calculated in tmodels distribution of temperature
field after 20 minutes of heating with the expeent data, cf.[1].



Vs

+3.177e+0s
+2,933e+06
—— +2.68%:+04
+2.444e+06
+2.200e+06
+1.955e+06
=t +1l.71le+0c

+— +1l.467e+0c
+1.222e+06
+3.777e+05
=— +7.333e+05
+4.828%:+03
+2.445e+05
+3.700e+01
+4,221e-03

3
Wi

10 mm

b
Fig. 4. Distribution of power of heat sources dgnsi) Model 1, b) Model 2

3. MODELING OF TISSUE HEATINGN VITRO

The Abaqus 6.9 software (DS Simulia Corp.) was usetimerical calculations performed
with the general model, described in [1]. The alittemperature 37?C has been assumed,
material parameters for animal liver, water anctlare given in Tab. 1.

Tab. 1. Material properties of water, tissue arwbbl

Material Water Tissue Blood
Density[kg/(m?’ )] 1000 1060 1000
Specific heat[J/(kg K)| 4200 3600 3800
Conductivity [W/(m K)] 0.6 0.5 0.6

Firstly, numerical experiments were performed orthbonodels for tissuen vitro.
lllustrations of the distribution of temperaturelfis after 20 minutes heating tissnevitro along
the beam axis for each model heated area, disdrstigbution in Model 1 and continuous in
Model 2, are shown in Fig. 5.

Comparing this two models we specify the areassefie where the temperature exceeded
43°C. The length of the area along the z axis, whHezge¢mperature is above 43 ° C for Model 1
is 13.1 mm, for Model 2 is 10.5 mm, the widths asrthe axis z are 4.5 mm and 3.87 mm
respectively.
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Fig. 5. Comparison of temperature in tissuesitro model along the acoustic beam axis after 20 min

irradiation for different models

Temperature rise at the time at various distafroes the transducer: 18, 21, 26, 31, 36 mm
in Model 1 and Model 2 shown in Fig. 6. We notatttine distance of 21mm along the axis from
the transducer is the focal point, the temperateseeched at this point is the highest in both
models and is nearly identical: in Model 1 - 45778 in Model 2 - 45.79C. The differences in

other points are of approximately 0.1 - @, as it is shown in the Fig. 6.
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Fig. 6. Comparison of the temperature variatiotirire predicted by numerical

calculation, for Models 1 and 2, at different distas from the transducer




Now, we compare the results of temperature caioms in the Models 1, 2 with the
experimental results, cf. [1]. The mail differenbetween the temperature measured in the
experiment and the calculated in Model 1 is locatethe distance of 18 mm from the transducer
and is equal 5.59 °C. The difference in the tentpeeameasured and calculated in Model 2 at the
same location is equal 4.6€. Probably, it is connected with the fact, that meglected the
effect of convection in the water near the tissoeralary. Using the heating of living tissues for
therapeutic purposes it is important to presereectiitical temperature value of 43 ° C. For this
reason the comparison the time necessary to rédgtiemperature after 20 min heating in two
models, see Tab. 2. is done. In the case, Modehiore close to experiment results.

Tab. 2 Comparison of reaching a critical tempemafr43C

experiment Model 1 Model 2

Time in [s] to reach of

temperature £& 149 120 90

Tab. 3 shows the comparison of the temperatulileded in the Model 1 and 2 with
experimental results, presented in [1], at differinatances from the transmitter after 20 minutes
of heating.

Tab. 3. Comparison of the temperature elevaticer 2@ minutes heating

Axial distance from transducer in [mm] 18 21 26 31 36
Measure temperature increment
in [°C] 39.10 4576 45.64 43.15 4161

Numerical result: temperature itC],
in Model 1

Numerical result: temperature itd],
in Model 2 43.74 4579 43.78 4154 39.18

4469 4578 4501 4222 3931

4. MODELING OF TISSUE HEATINGN VIVO

Blood perfusion in tissue was modeled as negatoleametric heat sources in the tissue,
proportional to the actual temperature increasés €fiect is taken into account in the model by
including subroutines which is written in Intel B@an Compiler 11 to the basic program. The
temperature rise within 20 minutes is shown fosuesn vitro andin vivo at different distances
from the transducer for Models 1 and 2, respectivel Fig. 7, 8. The differences in tissue
temperature increases vitro andin vivo are shown in Tab. 4 and 5 for Models 1 and 2
respectively.
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Fig.7. Comparison of temperature increase duringn@ heating at different distances from the
transmitter for the tissua vitro andin vivo (including perfusion) for Model 1

R e

/// | | 1 | |
a0l ] ‘ : —

| | |
| | |
o4, __ _ O O e e O Qe e e O e O O O Qe O ?
| |
| |

T
| I | | | I | | L o o o 000000
| | | | | 0—0—0—80—80—90—0—9—" v I
| I | | [ | I |
45 - —q- - TTTI T e T TT T T T [ e e
I I I I I I I I I
I I I I | | | | |
M +--—---- I T T T T o — T T B B pr——— ]
e | | | | 1 I S A A w
O I | I I & A—A—K o I I I
© 434 I I I I I | | |
| I - I I I I I | |
(O] —_— |
- - | u T I
42 A ) . y
2 = T | I I | PN
@®© | | I I | 0—0—0—0—0—0—0—0—0—0—0—¢ ——¢
o 41 - I I | i
o I
|
£ i
()
—

|
| |
38 == -t 4= |- ——— === :***ﬂ 777777 H-— ===
| | |
| | |

37

0 60 120 180 240 300 360 420 480 540 600 660 720 780 840 900 960 1020 1080 1140 1200
Time [s]

—=— jnvitro, 18 mm  —e—invitro, 21 mm —— in vitro, 26 mm —&o—in vitro, 31 mm =0==in vitro, 36 mm

= in vivo, 18 mm = N Vivo, 21 mm = in vivo, 26 mm = N Vivo, 31 mm = in Vivo, 36 mm

Fig.8 Comparison of temperature increase duringn0 heating at different distances from the
transmitter to the tissua vitro andin vivo (including perfusion) for Model 2

The maximum temperature in liver tisswevivo is lower than the 2 ° C faviodel 1, and
1.7 °C forModel 2 are compared with the calculated temperdrdhe tissuen vitro (see



Tab. 4, 5). This result corresponds the preliminexperimental data, received from living rat
liver.

Tab. 4. The temperature increase after 20 minwgasriy for tissuén vivo andin vitro for Model 1

Axial distance from transducer in [mm] 18 21 26 31 36
Numerical result: temperature itd],
in Model 1 for tissuén vitro 4469 4578 4501 4222 3931

Numerical result: temperature itd],
in Model 1 for tissuén vivo 43.01 43.79 43.03 40.75 38.43

Tab. 5. The temperature increase after 20 minwgatny for tissuén vivo andin vitro for Model 2

Axial distance from transducer in [mm] 18 21 26 31 36
Numerical result: temperature itd],
in Model 2 for tissuén vitro 43,74 4579 43.78 4155 39.18

Numerical result: temperature itC],
in Model 2 for tissuén vivo 4246 44.09 42.09 40.27 38.49

This difference in the results is due to the daacof the shape of the area heating in both
models and the selection of the power density @t Beurce. As a result the temperature rise
depends on the shape of the beam of acoustic mgdéModel 2 simulates a more precise
phenomenon of further processing of the sound gnerg heat. But the computing time for
Model 1 is 2 times smaller which may be importamtmore difficult cases. However such
modeling is a complex problem because of the slofpbe liver. In this cas&lodel 2 can be
more suitable, see Fig.9

sl e 3
Fig.9. The rat liver and the shape of rat liverged by in numerical modelling

lllustration of the rat liver heating of Model 2rass the beam axis are shown in Fig.10.
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Fig. 10 Temperature pattern in the rat liver actbssacoustic beam axis at the axial distance 21from
transducer

5. FINAL REMARKS

In the presented models is calculated with the béFEM. The temperature distribution in
the tissue during the irradiation with focused agound beam. The differences between the
Model 1 and 2 are due by the shapes of the heatieay iaside the tissue, as well as, the
distribution of intensity of heat sources powethe irradiated region. Comparing Models 1 and
2, we conclude that both models can be used to thiedtemperature field distribution in the
tissue subjected to the heating. Maximum tempegaiturboth models was achieved at a point
which lies 21 mm from the transducer. It corresgotml the position of physical focus of the
circular transducer and is the same for both mod¢lsther points lying along the beam axis the
temperature rise faviodels 1 and 2 exhibit differences from 0.1 to °C2 The time necessary of
reaching the temperature of 43 °C kvodel 1, is closer to the experimental time. By castt in
Model 2, we have the value time of the two timesléen than the time in the experiment. Model
1 is much simpler, less time-consuming and lessistpated. However, Model 2 is more
appropriate to the actual shape of the beam andeful for the calculation of the tissue heating
of any shape. Both models can be used to calcthatéemperature field in the tissuevivo,
accompanied by the appropriate subroutine. Bothrttodels are also useful to compare a variety
of soft-tissue heating process with different phgbkproperties. To make the shape of the rat liver
more realistic, we suggest to use the geometryadd2. The presented results will be also used
to further developing of the fully coupled thermmeastical model. The next problem is to take
account the changes of properties of the tissumglthe irradiation time, and the temperature
changes effects on the nonlinearity coefficientwadl as, other acoustic characteristics of the
tissue, what in turn will affect the intensity aédt sources and the heating process itself.
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