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The aim of this work is twofold. Firstly, to verify a theoretical model which is
capable of predicting temperature fields appearing in soft tissues during their ultra-
sound treatment. Secondly, to analyze some aspects of the dynamics of Heat Shock
Response induced by the heating process in the context of therapeutic treatment.
The theoretical investigations and quantitive analysis of temperature increments at
any field point versus time of heating process, depending on the heat source power,
spatial distribution and duration as well as on the tissue thermal properties, has been
carried out by Finite Element Method (FEM). The validation of the numerical model
has been performed by comparison of the calculation results with the experimental
data obtained by measuring in vitro of the 3D temperature increments induced in
samples of the turkey and veal liver by the circular focused transducer with the di-
ameter of 15 mm, focal length of 25 mm and resonance frequency of 2 MHz. Various
ultrasonic regimes were considered. They were controlled by adjusting ultrasound
power and exposure time. The heat shock proteins (HSP) and misfolded proteins
(MFP) levels during the proposed cyclic sonification are presented.
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1. Introduction

1.1. Motivation. Heat-responsive gene therapy

The heat shock response (HSR) is a highly evolutionarily conserved defense
mechanism, allowing the cell to promptly react to elevated temperature and other
forms of environmental, chemical or physical stress. Exposure to shock conditions
leads to misfolding of proteins, which in turn accumulate and form aggregates
with disastrous effect for the cell. However, damage to cells can initiate one of
two opposite responses: either apoptosis, the process of programmed cell death
which prevents inflammation in multicellular organisms, or heat shock response
which enables recovery and survival of the cell. Thus, these two pathways and
the interplay between them have the decisive influence on the biological con-
sequences of the stress. The key part of the heat shock response is an abrupt
upregulation of the heat shock proteins (HSPs) which prevent the accumulation
and aggregation of misfolded proteins. Two groups of heat shock proteins can
be distinguished. Some heat shock proteins are constitutively and ubiquitously
expressed in all eukaryotic cells. These proteins are called heat-shock cognates
and are involved in house-keeping roles, e.g. assist nascent proteins in the es-
tablishment of proper conformation, transport (shuttle) other proteins between
different compartments inside the cell and participate in signal transduction. The
second group contains those, the expression of which is induced by stress. They
act as chaperones, i.e. help proteins to maintain their structural integrity or assist
the damaged proteins in re-establishment of the functional structure. Moreover,
some of them can act as negative regulators of the apoptotic cascade [4] or aid
the apoptotic machinery through their chaperone functions, see [15] for the re-
view of this issue. These two functions fulfilled by the heat shock proteins, i.e.
protein chaperoning and modulation of survival and death-signalling pathways,
make them an attractive therapeutic target, for example in the case of neurode-
generative diseases |2, 7, 11] or cancer. Furthermore, the heat-induced expression
of HSP genes is itself a mechanism of particular interest as it enables the design
of heat-responsive gene therapy vectors, cf. [17].

In this study we consider hyperthermia, procedure of raising the temperature
above 37°C, as a treatment modality both on the tissue and cellular level. Theo-
retically, a properly tuned tempo-spatial temperature distribution in tissue would
lead to a desired heat shock response in the cells and, in consequence, enhanced
expression of heat shock proteins which are important from the therapeutic point
of view. One of the most relevant problems which arise in this context is related
to the question whether an effective and controlled application of hyperthermia
in the considered type of tissue is practically feasible. At the same time it is
also important to assure that the increased temperature does not stimulate the
ion activity within the cells and that the temperature itself is kept within the
therapeutic range, i.e. up to 45°C. Also the tissue area and time of exposure to
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heating must be precisely defined in order to activate the finely tuned heat shock
response.

1.2. Advantages of the focused ultrasound

In order to meet requirements mentioned above, ultrasonic technique may be
applied, cf. [6, 8, 16]|. Technical improvements of the focused ultrasound ensure
the non-invasive and strictly controlled heating of the target tissue volumes. Ul-
trasonic regimes can be controlled by adjusting the ultrasound beam’s intensity,
frequency, pulse duration, duty-cycle and exposure time. The control of spatial
temperature distribution is of essential importance for correlation between the
level of temperature and the level of the gene expression. Furthermore, it is crucial
to establish safe protocols for heat-responsive gene therapy in a clinic. Besides,
optimization of hyperthermia efficiency requires a precise and non-invasive es-
timation of internal temperature distribution. While there are several research
trends for ultrasonic temperature estimation, the precise equipments for this pur-
pose are still not available in clinical practice, cf. [1, 3, 5].

2. Experiments and numerical model

2.1. Experiments

The experimental set-up used for measurements is shown in Fig. 1a.

The acoustic pressure tone bursts were generated at the surface of a circular
focused piezoceramic (Ferroperm Pz26, Norwey) transducer with the 2 MHz res-
onance frequency, 15 mm diameter and 25 mm focal length. The transducer was
air-backed, had not a quarter wavelength matching layer and was driven at its
resonance frequency by tone bursts of various numbers of cycles (20, 50, 100, 500)
with the same duty-factor equal to 0.2. The amplitude of tone bursts generated by
the arbitrary function generator (Agilent 33250A, Colorado Springs, USA) was
varied from 105 mVy, to 314 mV,,, and amplified by the power amplifier (ENI
3100LA, Rochester, USA). Then the voltage applied to the transducer was varied
from 31.6 Vp, to 90 Vy,, producing the acoustic power on the transducer surface
varied from 0.8 W to 6 W depending on the requirements imposed by the ap-
plication. The tone burst waveforms were recorded using the digital oscilloscope
(Tektronix TDS3012B, Beaverton, USA). The transducer was positioned in a tank
filled with temperature-controlled distilled water. The source pressures used were
determined with the calibrated bilaminar PVDF membrane hydrophone (Sonora
Medical Systems Inc. SN S5-153, preamplifier P-159, Longmont, CO, USA), hav-
ing an effective diameter of the sensitive element of 0.414 mm as well as with
the power balance (Ohmic Instruments UPMDTI1E, Easton, USA). The source
pressure measurements with the hydrophone were made at the distance of 5 mm
from the transducer centre and gave the average pressures varied from 0.24 MPa
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to 0.654 MPa. The agreement between the both source pressure determination
methods was within 10%.
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Fig. 1. a) Block-diagram of the experimental set-up; b) Schematic illustration of experiment
with marked positions of thermocouples.
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The soft tissue being studied (turkey or veal liver) was placed in a cylindrical
container with the 3 cm internal diameter and 2 cm height. The axis of both the
container and transducer were overlapped. The container with the transparent
for sound, 20 wm-thick polyethylene foil stretched over each end, was immersed
in water tank. The distance between the transducer centre and the front foil
plane of the sample was specific for the transducer chosen for measurements and
equal to z = 17 mm. It was the distance at which sudden growth of the self-
generated second and higher harmonics of the finite-amplitude wave generated
from this transducer in water appears. The rectangular window at the top of the
container was milled to enable the thermocouples to be inserted inside of the
tissue sample. The thermocouples were introduced inside of the tissue through
thin hypodermic needles fixed on the tank cover, in order to ensure the ther-
mocouples parallelism and precise position along or across the acoustic beam
axis.

The 8-thermocouples unit (USB-TEMP, Measurement Computing, Norton,
USA) was used to detect the temperature induced by ultrasound in various field
points along or across the acoustic axis. The measurements along the acoustic
axis were carried out using seven thermocouples. Five of them were positioned
along the acoustic axis at the distances from the transducer centre equal to
z = 18 mm, 21 mm, 26 mm, 31 mm, 36 mm, respectively. The sixth thermocouple
was located on the acoustic axis very close to the transducer radiating surface and
the seventh one measured the reference temperature in the water tank which was
controlled and stabilized using the temperature control unit. All measurements
were performed at 37°C in temperature-controlled degassed distilled water. The
temperatures measured versus exposure time were recorded by the USB-TEMP
unit and transferred to the PC via USB slot. For processing and visualizing the
data obtained the software program TracerDAQ was used.

Schematic illustration of the thermocouples positions geometry in relation to
the transducer is shown in Fig. 1b.

In order to meet the requirements for thermal gene therapy applications, the
temperature induced by the transducer in tissues in the focal area can not exceed
43°C. Preliminary measurements have shown that the temperature field in soft
tissues considered does not depend on the tone burst duration but depends on
the duty factor, average acoustic power on the transducer face and the exposure
duration. The results of measurements have shown that in order to avoid the
tissue heating over 43°C, the average acoustic power used for experiments should
not be higher than 1 W. All experiments in this study have been done for the
transducer acoustic power of 0.8 W.

The most important conclusion from Fig. 2 is a following: the maximal safe
duration of irradiation has to be less than 2.5 min. For irradiation by a continuous
wave, the temperature increases up to 43°C in the neighborhood of the position
of the physical focus (21 mm) of the transducer. Then, the defense mechanism
of the HSR does no longer protect against protein denaturation.
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Fig. 2. Temperature variation in time measured by thermocouples along the acoustic axis at
various distances from transducer.

2.2. Description of the model

Bioheat transfer equation in an inhomogeneous thermally anisotropic medium,
occupying domain V in the 3D real space, may be written as:

oT'(x,t)

PERICE) T = V- K (x) - VT, 1) + Qplx. 1)

+ Qint (X, 1) + Qext (x,t),  for  x eV, (1)

where T', t, V, p, K, Qp, Qint, Qext denotes temperature, time variable, gradient
vector, density, specific heat, thermal conductivity of a medium, in the case of
2nd order tensor, perfusion, internal heat generation and external heating, e.g.
by irradiation processes, respectively, see [12]. The bioheat equations in many
different forms are given in literature, see e.g. [18] . On the basis of the experiment
described above, the initial boundary value problem of the bioheat Eq. (1) can
be stated. It is evident that for the tissue, in vitro perfusion and internal heat
generation disappear, so equalities

Qp(xa t) = 0: Qint(X; t) =0 (2)

are substituted in Eq. (1). The medium under consideration consists of two mate-
rials occupying the domain V = V,, UV,, V,, — water and V; — tissue, respectively,
cf. Fig. 3.
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Fig. 3. Two domains occupied by water and tissue used in numerical calculations.

The properties of two homogeneous and isotropic materials are listed below
in Table 1.

Table 1. Material properties of water and tissue used in numerical calculations.

Material Water Soft tissue
Density [kg/m?| pw = 1000 pt = 1060
Specific heat [J/(kg K)] Ch = 4200 C; = 3800
Conductivity [W/(m K)] K, =06 K:; =05

Then, in Eq. (1) the coefficients take the form

(x) = pw for x eV,
P N pr for xeV; '’

Cyp for xeV,
C(X)_{Ct for xeV, '’

K, for xeV,
K= f
{Kt for xeV; '’ or xeV,

where I denotes unit second order tensor.

The temperature on the boundary 9V of the domain V is assumed to be
constant, namely

T(x,t) =37°C, x € V. (4)
The external heat Qext is modeled by uniformly distributed heat sources of
the fixed power, namely 0.16 W and 0.8 W, in the domain depicted in Fig. 4.
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Fig. 4. The heat sources form assumed in numerical calculations.

The heat sources are assumed to be produced by the focused acoustic beam
inside the tissue and their geometrical distribution are chosen in a way to min-
imize, as far as possible, the difference between numerical results and experi-
mental data. The Eqgs. (1)—(4) together with fixed heat sources distribution (in
the performed calculations the distribution depicted on Fig. 4 was used) provide
the well-defined boundary-value problem for the Pennes Eq. (1). The solution is
obtained numerically with using the standard Finite Element Method (FEM).

3. Results

The Abaqus 6.9 software (DS Simulia Corp.) was used to solve the problem
formulated above. The numerical calculation results were fitted to the exper-
imental data by adjusting the input parameters of the numerical model: the
shape and power of the heat sources. The calculated temperature increase along
the beam axis is depicted in Fig. 5. and the numerical values in the points
of thermocouples locations together with measurements are given in Table 2.
The rate of temperature rise predicted by the model is overestimated with re-
spect to the measured one. In accordance with the numerical simulation, the
safe time of irradiation is less than 1 min. The reason for that is the assumed
shape of heat sources distribution, which is unrealistic and it is considered only
as a first approximation. More realistic, continuous distribution of heat sources
directly connected with the acoustic field converted into heat should be stud-
ied.
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Fig. 5. Temperature variation in time predicted by numerical calculations.

Table 2. Comparison of the temperature elevation measured by the thermocouples in the
chosen points with the numerical calculation results.

Axial distance from transducer

. 18 21 26 31 36
in [mm)]

Measured temperature incre-

ment in [°C] 2.1 8.76 8.64 6.1 4.65

Numerical results

~ heat sources power 0.16 [W] 2.8-1.8 7.6-8.3 7.8-8.1 3.6-4.0 1.0-1.2

Numerical results

~ heat sources power 0.2 [W] 6.7-7.2 8.5-9.0 8.1-8.6 5.4-5.9 2.2-2.7

[lustrations of the tissue heating patterns (along and across the beam axis)
are shown in Fig. 6 and Fig. 7. The temperature elevation profiles versus axial
and radial distances from the transducer are shown in Fig. 8. The temperature
elevation profiles as well as the temperature pattern in the tissue, were obtained
recently by the authors of presentation [9] without using the MES calculations
and with using solutions to a different boundary value problem. However, there
are qualitative similarities between the results.

Preliminary sensitivity analysis of the temperature distribution with respect
to the boundary conditions and, independently, to material properties values,
leads to the following conclusions. If the temperature is fixed on the boundary
of the water tank, the temperature elevation is several degrees higher than in
the case of the boundary condition stated in (4). It suggests that the process
of heat transfer in the water is mainly due to the convection phenomena rather
than to the conductivity assumed in our model. The change of specific heat of
tissue by 10% implies changes of temperature increment of several per mille,



454

B. Gambin et al.

10 mm

water

Fig. 6. Temperature pattern in the tissue along the acoustic beam axis.

TEMP

+9.439e+00
+B.683e+00
+7 9388400
- +7.188e+00

00

+1.1 00
+4.327e-01

10 mm

Fig.

b)

7. Temperature pattern in the tissue across the acoustic beam axis at the axial distance
26 mm from the transducer.

{IH

60s

300 5
600 5
1200 5

Temperature elevation piafile
10
2
S8
T 7
£s
R
s 4
=
E 3
E
5 1
':U-
o
qlo s 10 45 o0 25 30 35 40 45 30
Axial distance [mm]

increase [ °C]

o

2 4 6 B 10 12 14 165 18 20
Radial distance | mm]

——i0 5
—8—300 5
=500 5
——1200 s

Fig. 8. Temperature elevation profiles versus axial and radial distance from the transducer.
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cf. Table 3. In contrast, a change in tissue thermal conductivity by 10% implies
a proportionate increase in temperature, compare Table 4. It means that in the
model one can control the level of temperature increment not only by changes of
heat sources but also by changing the conductivity coefficient. The problem how
to define properly the conductivity coefficient of soft tissue is still open, cf. [19].
The assumed in calculations material properties may significantly differ from
the properties of tissue used in the experiment. This asks for a more thorough
sensitivity analysis.

Table 3. Sensitivity of temperature rise for various specific heat of tissue.

Axial distance from

(change in %)

transducer in [mm] 18 21 26 31 36
Specific heat 3800 6.96 289 " i )

in [J/kg K] : : . . )
Specific heat 3520

in [J/kg K| 6.88 (0.29%) | 8.84 (0.23%) | 8.48 (0.24%) | 5.46 (0.18%) | 2.37 (0.42%)

Specific heat 4180

in [J/kg K] 6.84 8.80 8.44 5.42 2.36
Table 4. Sensitivity of temperature rise for various conductivity of tissue.

Axial distance from

. 18 21 26 31 36
transducer in [mm]|
Conductivity 0.5 6.86 8.82 8.46 5.45 2.36
in [W/mK] ) ) ) ’ )
Conductivity 0.45
in [W/mK] 7.46 (8.7%) | 9.69 (9,8%) | 9.32 (10,1%) | 5.99 (9,9%) | 2.56 (8,4%)
(change in %)
Conductivity 0.55 6.36 8.11 7 75 5.00 9.91
in [W/mK] ‘ i ‘ : ‘

4. Dynamics of HSR

In order to utilize hyperthermia for therapeutic purposes, a tissue heating
scheme which would satisfy certain conditions needs to be designed. The most
basic requirements are the following. First, the temperature at any place at any
time of the heating process should not exceed 45°C. Second, the level of HSP
should be higher than the level of HSP under physiological conditions, i.e. at
the temperature of 37°C. At the same time, the level of the misfolded proteins
(MFP) should be kept as low as possible due to the damaging effects it has on
cell functioning.
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In this presentation we propose a heating scheme which meets these require-
ments. It was obtained by performing numerical simulations of the model dis-
cussed in Subsec. 2.2. The temperature at the focal point was considered. First,
the heat sources were turned on at the initial temperature of 37°C. The heat-
ing was turned off when the temperature reached 45°C. The cooling process was
interrupted by turning on the heating again when the temperature decreased to
38°C. The last two phases, i.e. cooling and heating, where repeated periodically
26 times and the temperature time-course profile depicted in Fig. 9 was obtained.
In Fig. 10 the temperature changes at different distances from the transducer in
the first cycle are depicted. Further, the heating scheme was validated by per-
forming numerical simulations of the basic heat shock response model presented
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Fig. 9. Temperature profile at the focal point (26 cycles of sonification).
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Fig. 10. Temperature profile at different distances from the transducer (the first 1200 second
of sonification).
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Fig. 11. HSP level caused by the applied cyclic heating scheme and the HSP level (dashed
line) in reaction to constant temperature value (42°C).
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Fig. 12. MFP level caused by the applied cyclic heating scheme and the MFP level (dashed
line) in reaction to constant temperature value (43°C).

recently in [13, 14]. Instead of a fixed temperature value, the obtained profile was
used. The resulting behavior of the basic HSR model is shown in Figs. 11 and 12.

From the above results it is evident that the HSR caused by the cyclic soni-
fication leads to the mean level of HSP not lower than in the reaction to a fixed
temperature. At the same time the average MFP level shows a tendency toward
decrease. Hence, the requirements stated above are met.
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5. Concluding remarks

Based on the results of the performed experiment (Subsec. 2.1), for the physi-
cal process of the soft tissue heating by the focused ultrasound, the mathematical
model of the linear heat transport has been formulated (Subsec. 2.2). Numerical
solutions to this problem are given together with a preliminary sensitivity analy-
sis (Sec. 3). The obtained results are used to illustrate the dynamics of HSR
(Sec. 4) based on the recently elaborated model of HSR by the fourth author
of this work ([10, 13, 14]). Furthermore, a cyclic sonification fulfilling certain
therapeutic requirements is proposed.

In the blood supplied tissue, the perfusion itself could possibly stabilize the
temperature level, but this has not been experimentally proved in wvitro in the
case of the focused ultrasound heating. However, in cases where the perfusion
is inefficient or the heating tissue area is thermally isolated (fatty tissue), the
model results presented in Sec. 4 may contribute to the planning of thermally
induced gene therapy. Unfortunately, biological experiments which would confirm
the presented results are still missing.

Additionally, the main objective of further engineering research is the con-
struction of an integrated ultrasound device, which could be used not only for
controlled heating in the desired tissue, but also for temperature determination
(as an “acoustic thermometer”).
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