From the Department of Surgical Sciences, Section of Urology and
the Department of Laboratory Medicine, Division of Medical
Engineering, Karolinska Institutet, Stockholm, Sweden

THERAPEUTIC APPLICATIONS
OF ACOUSTIC AND
ELECTROMAGNETIC ENERGY

Vilhelm Ekstrand, MSc, Lic

Stockholm 2005



All previously published papers were reproduced with permission from the publisher.

Published and printed by Karolinska University Press
Box 200, SE-171 77 Stockholm, Sweden

© Vilhelm Ekstrand, 2005

ISBN [91-7140-126-1]



ABSTRACT

This thesis focuses on techniques based on electromagnetic and acoustic energy for
treatment of a variety of diseases, including development of new techniques as well
as improvement and evaluation of existing techniques. The subjects treated are:

Provocation of heat generated thrombi in pigs. A bipolar RF-catheter was
introduced in the vessel of interest where 6 W of RF-energy was applied through
the catheter for 30 seconds. Subsequently the vessel was occluded for 15 minutes.
With this protocol, 100 % (n = 11) of the vessels were occluded with an associating
thrombotic mass completely filling the entire lumen. Using a static dose may cause
severe or insufficient damage to the vessel wall because of varying blood flow in
the in-vivo situation. The behaviour of the electrical impedance during exposure in
different tissues was therefore studied to create a more standardised injury to the
vessel wall independent of blood flow.

Trans Urethral Microwave Thermotherapy (TUMT), with the ECP-system.
Between 1991 and 1999, 371 patients were treated with TUMT at Karolinska
Hospital, Sweden. Seventy-six percent of the patients subjectively benefited from
the TUMT treatment and 22 % judged they were fully cured. IPSS and Quality of
Life score decreased approximately 40 % and 30 % respectively. Forty-one percent
of the patients with CAD (cathéter a demeure) before the treatment became
permanently or temporarily catheter free after the treatment. Furthermore, the
cross-correlation between output power and rectal temperature was studied during
15 in-vivo treatments to assess if catheter dislocations could be automatically
detected as a change in the cross-correlation. The sampled in-vivo data showed no
detectable cross correlation, preventing the realisation of this automatic technique.

Variation in electrical tissue admittivity after exposure to acoustic energy. The
effects of three modes of acoustic energy on in-vitro electrical admittivity were
studied. Thirty-four muscle tissue samples were irradiated with either extra
corporeal shock wave lithotripsy (ESWL) or high intensity focused ultrasound
(HIFU) in pulsed or continuous wave. Significant changes in magnitude of
admittivity were detected only during continuous HIFU when temperatures over
44°C were generated. The admittivity decreased by 35 % during these protocols.
The phase angle of impedivity increased during all our protocols. The increase was
approximately 50-70 % depending on the temperature elevation and the mode of
delivery. We conclude that both thermal and non-thermal effects have an impact on
the phase angle of the target tissue.

Treatment of breast cancer with a cooled monopolar RF-system. Initially, a
complete RFA-system was developed on which the power distribution around the
needle was mapped. Subsequently, treatment on in-vitro breast tissue with tumour
was performed, showing that ductal breast cancer was well suited for RF-ablation.
Interestingly, thin tumour strips extending from the core tumour were also killed.
The surrounding fat was however unaffected. Hence, the heat pattern appears to be
drawn to the tumour. The origin of this focusing effect was studied using Finite
Element Method (FEM) analysis. The dissimilarity of mainly the electrical
properties in tumour and fat is capable of focusing the heating to the tumour. The
degree of this differentiating effect depends on tumour shape and placement
relative to the electrode. However, the observed differentiating effect between
tumour and fat in the in-vitro studies were more pronounced, indicating that
additional effects might be involved in the tumour targeting.
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1 INTRODUCTION

Electromagnetic and acoustic energy is extensively used in modern health
care, both for therapeutic and diagnostic purposes [1]. This thesis discusses
some of the therapeutic applications. The therapeutic effect of the discussed
applications originates from absorption of energy, resulting in thermal or
micro-mechanical injury.

The trend in modern therapy is the development of less invasive methods.
These techniques have many financial as well as medical advantages such as
reduced mortality and morbidity rates, reduced treatment duration, ability to
perform therapy even when patients are in poor medical condition and keep
the procedure on an outpatient basis with minimal convalescence needs.

The discussed energy forms are described with well-known physical
equations. However when transmitted through tissue, complicated non-
linear and time-variant phenomena often occur. The nature of these
phenomena is often not fully known and can thus not be fully described in
fundamental equations. Therefore, a combination of basic theoretical studies
with empirical studies is necessary to successfully avoid or even use the
non-linearities to our own advantage. Many methods not fully applicable
today will in the future become possible when advanced feed forward and
feed back regimes etc. are developed.

This thesis focuses on five different applications of acoustic and
electromagnetic energy. Improvements and evaluation of older methods as
well as development of new techniques were undertaken in the studies. The
applications discussed are:

1. Transurethral Microwave Thermotherapy, TUMT
Treatment of benign prostatic hyperplasia, BPH, by inducing a thermal
lesion in the prostate through an intra-urethral catheter system.

2. Provocation of heat-generated thrombi
An intra-arterial bipolar RF catheter initiates the coagulation cascades.

3. Treatment of breast cancer with a cooled monopolar RFA-system
A treatment needle electrode is inserted into the tumour. The current from
the needle induces heat lesions which kill the tumour.

4. Extra Corporeal Shock Wave Lithotripsy (ESWL)
Externally applied focused acoustic shockwaves fragment kidney stones.

5. High Intensity Focused Ultrasound (HIFU)
A non-invasive technique to heat tissues or disrupt biological structures by
cavitation phenomena.



2 ACOUSTIC ENERGY

The behaviour of acoustic energy is described by wave theory. Important
wave characteristics are superposition, reflection and absorption. The wave
energy is transported by motion of particles within the medium from their
steady state position, i.e. no net transport of material. The propagation of the
wave causes compressions and rarefactions of the medium. This, in turn
generates a pressure wave propagating with the mechanical wave. The
propagating waves can be transversal and/or longitudinal depending on
whether the particles vibrate perpendicularly to or along the direction of the
wave propagation respectively. Transversal waves are created for example
at tissue interfaces but are of minor importance for this work. Consequently,
only longitudinal waves will be discussed henceforth. The behaviour of the
wave is similar to the behaviour of mass particles connected to each other by
springs, figure 1, i.e. the forces between the particles are represented by
springs for a better intuitive understanding. The physical form of the wave is
dependent on the initial disturbance of particles, seen in the upper left corner
of figure 1, and the acoustic properties of the medium, represented by the
mass of the particles and the spring constants.
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Figure 1. Shows the particles and their corresponding interacting forces here represented by

springs. The initial positions of the dislocated particles are shown as dotted circles. ¢ is the
dislocation of the particles from their steady state position (m).

2.1 WAVE EQUATION

The propagation of acoustic energy can be described by wave theory since
the equilibrium equation of forces acting on the medium results in a wave
equation. Mainly two types of forces are acting on the volume element in
figure 2, described by Hooke’s law and Newton’s second law.
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Figure 2. A planar wave is propagating in the tube where we look at the forces acting on a
volume element with cross section area A and thickness dx.

Hooke’s law corresponds to the spring forces in figurel:

F =—AK£=—AK§' equation 1)
! dx

where F is the force acting on the cross section A in figure 2, K is the bulk

modulus of the medium, ¢ is the dislocation of the medium and x is the

spatial coordinate along the propagation. The resulting force on the thin

volume element is:

! ! 2
dF, =F (x+dx)—F (x) = AR(E e+ )= (x))a’x = —AK% - dx
} dx Ox
equation 2)
Newton’s second law corresponds to the forces acting on accelerated or
retarded mass particles that for the volume element results in:

2 .
' dt
where m is the mass of the volume element, py is the density of the medium
before sonication and t is the time coordinate. The sum of all forces on any
mass element is always zero, resulting in equation 4:

_825 +&.d2§ :_625 +L.d2§ -0 equation 4)
ox* K dt? ox*  v: odr?

where po/K is substituted for v. The solution to the wave equation is:

E(x,0) = F(t £ x/v) =&, - Sin(a(t £ x/v)) equation 5)

max

where F is any derivable function travelling in both directions along the x
coordinate. Hence, v is the propagation speed of the wave which is a
material constant that differs from the particle speed, i.e. the first time
derivative of the dislocation. Therefore, quite beautifully, the solution to the
wave equation is a dislocation function F travelling in both directions, with
speed v, to account for any reflections along the propagation path. The
excitation of the first particle layer is often sinusoidal due to resonances in
the transducer, which produces a sinusoidal wave, equation 5.



The dislocation wave must create a corresponding pressure wave, as
discussed above. What is the relationship between these two wave
properties? If we take a look at Hooke’s law again and divide both sides
with A, we have the definition of pressure on the left side, equation 6. By
calculating the derivative of the dislocation with respect to x and t, using the
wave function in equation 5, the relation between the derivatives is obtained.
In equation 6 the spatial derivative is substituted by the time derivative,
using this relation.

P=- %:—po-vz-%zpow-ﬁ:po-v-u:Z-u
ox X

dt
equation 6)

A relation between the pressure and the particle speed in the wave is now
established. The constant Z is called acoustic impedance and describes the
relation between pressure and particle speed u, exactly as Ohm’s law
describes the relation between voltage and current. Furthermore, the energy
flow through a unit area is defined as the acoustic intensity of the wave,
equation 7.

I P’ 7 equation 7)
Z

2.2 REFLECTION AND TRANSMISSION AT INTERFACES

At the interface between tissues with dissimilar acoustic impedance part of
the energy is reflected. The remaining wave energy is of course
transmitted into the new medium. The part of the incident energy that is
reflected is described by the reflection coefficient R, equation 8. The value
of R is dependent on the relative difference in acoustic impedance.

2
R= Z,-2, equation 8)
Z,+7Z,

Hence, the intensity of the reflected part is determined by the reflection
coefficient R and the incident intensity. In diagnostic ultrasound the
reflected energy from the tissue interfaces are used to produce the visual
representation the body. For more complicated cases where the incident
wave is not perpendicular to the reflecting interface, the angle of the
incident and reflected wave are equal whereas the angle of the transmitted
wave is dependent on the quota of the medium velocities and the incident
angle, described by Snell’s law.

2.3 SUPERPOSITION

Another important wave characteristic is superposition which states that the
resulting wave is the sum of all waves propagating in the same volume. Due
to reflection the wave can interact with itself creating standing waves. This
is the case in for example an organ pipe or an ultrasound aspiration hand
piece, which are half wave resonators.



2.4 ABSORPTION

Absorption of energy along the wave path is inevitable due to the friction
forces acting on the oscillating particles. The change in intensity along the
propagation path, i.e. the absorption, is proportional to the intensity,
equation 9.

ar _
dx
I(x) = 1(0)-e™* =1(0)-e * /™

e equation 9)

where  is the absorption coefficient (1/m). The solution to the differential
equation is an exponential function. p increases with the oscillation
frequency. Consequently, the intensity rapidly decreases with both
increasing penetration depth x and oscillation frequency f. Often a trade off
between penetration depth and other frequency dependent parameters, such
as resolution in the imaging applications or appropriate focusing in the
therapeutic applications, is necessary.

2.5 BIOLOGICAL EFFECTS

The discussed therapeutic effects of acoustic energy in this thesis are
thermal and mechanical phenomena [2-3]. Thermotherapy is the most
straight forward therapeutic mechanism. Due to viscous friction between
particles temperature elevation occurs along the propagation path as energy
is absorbed from the wave. Cavitation on the other hand is a very aggressive
mechanical phenomenon occurring at high intensities [4]. Cavities are
created around irregularities in the medium because the medium fails to
withstand the created high under pressure. These bubbles start to oscillate
with the sound field, absorb energy and increase in size due to rectified
diffusion up to its resonance frequency where they begin to oscillate more
violently and cause micro streaming of the fluid around the bubbles. The
resonance diameter at 1IMHz is 3.5um [5]. At even higher intensities
transient cavitation starts to occur. These oscillations are highly non-linear
and expand and collapse during one oscillation cycle. The collapse of these
bubbles emit shockwaves of acoustic energy that are capable of creating free
radicals and putting immense mechanical stress on the target region. Our
group have found that such phenomena can destroy blood clots from human
blood [6] and cell structures as we will see later in this thesis. The cavitation
thresholds and thus also the therapeutic effects are highly dependent on the
pressure, gas balance, inhomogenities, temperature and the density of the
target. The stresses caused by particle movements without cavitation
phenomena are considered insignificant. For a beam in tissue with frequency
IMHz and intensity 100W/cm? the displacement is 0.18pm over a length of
0.75mm (half wave length) [5].



2.6 HIFU

High Intensity Focused Ultrasound (HIFU) is mainly used for therapeutic
purposes. Researchers have studied this promising non-invasive technique
since the mid 1940’s without any major break through [7-13]. Two of the
major drawbacks are varying target alteration due to non-linearities and high
attenuation partly due to shielding [14]. Thus, proper feed back parameters
are needed to assess the target alteration. The shielding effect is created by
the cavitation bubbles which reflect subsequently incoming sound from the
target. This effect increases with exposure time and intensity and is time
variant i.e. able to deposit a bubble memory. Thus, the attenuation might
stay high for long periods even if the ultrasound has been completely turned
off. In the in-vivo situation the relaxation time for this process is highly
dependent on the perfusion. Another factor that seems to be of importance is
the frequency spectra of the acoustic excitation. Wiksell [15] has shown that
a broad band frequency spectrum significantly decreases the attenuation
created by the cavitation bubbles.

Both mechanical and thermal effects can be produced depending on the
wave form created by the power source. Our test equipment uses a
piezoelectric technique to create the high intensity ultrasound. Piezoelectric
ceramic materials change dimensions when a voltage is applied over it. A
piezoelectric transducer is thus capable of transforming electric energy into
acoustic energy.

Our experimental transducer is made of fifteen spherically curved
piezoelectric ceramic plates glued to spherically shaped hard neoprene foam
resting on an aluminium body. The theoretical gain G due to the focusing of
the transducer is 7000. The —6 db focus volume is approximately 10 mm®.
The true acoustic power at the focus can be calculated by measuring the
radiation pressure force, caused by the momentum change occurring at
interfaces where acoustic energy is absorbed or reflected. The radiation
force in our studies was measured with a precision digital balance, mounted
on a flat circular reflector immersed in water at the focal point. The
electrical acoustic conversion efficiency to the focus of this system at 10W
and 70W sine wave was approximately 50 % in degassed water.

2.7 ESWL

Extra corporeal Shock Wave Lithotripsy (ESWL) has since the 1980’s been
used as the standard treatment for patients with kidney stones. The method
is fully non-invasive. A highly non-linear acoustic wave is created by an
electro-hydraulic or a piezoelectric method. Our equipment uses the electro-

hydraulic method, Lithocut C 3000, Comair AB, SWEDEN [16-21].

A pulse-forming network (PFN) consisting of distributed capacitances and
inductances is charged with a high dc-voltage of 12 to 30 kV. The PFN is
then rapidly discharged by a trigger-event into an electrode gap placed in
saline water at the primary focus of an ellipsoidal reflector, figure 3. The
saline water in the plasma-gap is consequently explosively vaporised, giving
rise to an isotropically radiating positive high-pressure pulse with very short
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temporal duration (half magnitude time width 250-300 ns) and an extremely
fast rise time (approx. 20 ns). The pulse is reflected, non-inverted, via the
truncated rotational symmetric ellipsoidal aperture (diameter 230 mm, focal-
focal distance 230 mm), that focuses the acoustic energy into the secondary
target focus. The focus is hourglass shaped with a - 6dB intensity or half
pressure volume of 16 x 7mm. The frequency spectrum displays a
characteristic broadband behaviour because of the very fast rise time.
Hence, there are significant differences between the piezoelectric and the
electro hydraulic techniques regarding both wave duration and frequency
spectrum. This might be the explanation for the excellent transmission
properties during the latter ESWL technique. However the short sonication
time is likely to abate most of the effect from the ultrasound itself on its own
attenuation.

The fragmenting mechanism is thought to originate from cavitation
phenomena inside the cavities of the spongy stone and mechanical wearing
at the stone water interface due to the positive interference between
incoming and reflected waves. The therapeutic results are also highly
dependent on both the concentration of dissolved gases [22] and aperture
size [23]. The latter, probably due to the better focusing effect for lager
aperture diameters.

«— Secondary focus

Ellipsodal .
Primary focus

Figure 3. Describes the function of the used focusing ellipsoidal. The diameter and the
focal-focal distance are 230 mm.
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3 ELECTROMAGNETIC ENERGY

The postulated governing equations for electromagnetic energy are called
Maxwell’s equations, equations 10-13. These four equations, presented by
Maxwell himself in 1864, describe almost all of the existing electromagnetic
effects in one powerful set. The work was based on discoveries by Faraday
and others and is based on the presumption that charges are always
conserved. The equations can be applied to any inertial reference frame and
are linear. They are functional also for non-homogenous, non-linear and
anisotropic materials (dependent on direction).

=_ P
LV-E = g Gauss’ law, equation 10)
_ 0B Faraday’s | ion 11
IV E =-——= araday’s law, equation 11)
ot
3V-B=0 equation 12)

AV X B = L{G_E + L} Ampere’s circuital law, equation 13)

E is the electric field (V/m), p is the total charge density i.e. both free and
bound charges, g is the dielectric permittivity for free space (F/m), B is the
magnetic flux density (Wb/m” or Tesla), ¢ is the speed of light (m/s*) and j is
the total current density of both bound and free charges (A/m”). Vector
variables have both a magnitude and a direction property and are presented
with an over-bar. One remarkable feature of these equations is that fields
created by accelerating charges can leave the source and travel alone
through empty space. In the near field where the distance to the source is
<<, the E and B field are independent of each other, meaning it is possible
that only electrical fields exist. In the far field, the fields are entangled
(interdependent) and the energy is explained by wave and radiation theory.
The wave properties of for example the E field can be identified by using
the vector identity in equation 14 on equation 11.

VxVxE=V(V-E)-V’E equation 14)
_ — d_ = 1d(dE |
V(V-E)-V’E =——VxB=———| —+% -
( ) r o2 a’t[ r 50] equation 15)
= 1 d’E
v E_c_z e =0 equation 16)

In equation 15 the curl and time derivative are interchanged, which is
correct if the spatial and time dependence are separable. Subsequently, the
curl of B in equation 13 is inserted on the right hand side of equation 15. If
we look at a “medium” with j=0 and p=0, as in empty space, equation 16 is
obtained. Interestingly enough, this is almost the same equation as the wave
equation for acoustic energy, equation 4. Hence the fields in Maxwell’s
equations can be described by wave theory, where the waves propagate with
speed c. Important wave theory concepts such as reflection and standing
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waves can therefore also be applied to electromagnetic waves. Due to the
fact that the divergence of a curl always is zero, the divergence of the right
hand side of equation 13 is zero, resulting in equation 17.

—r__v. L

E _ equation 17
V.a_E:i(v,E): 1 dp: J q )
ot dt g, dt &

Hence, we can see that the equations predict the conservation of charge, i.e.
the current through a closed surface is the same as the change of charges
inside said surface.

31 RF

RF-energy is widely used in modern health care, in for example
electrosurgical applications. One promising upcoming technique is tumour
ablation that up to date mainly has been used for research purposes. Due to
the operating frequency of our RF-equipment the wavelength is several
times larger than the target region. For example, a frequency of 1.5 MHz
results in a propagation velocity in muscle and fat tissue of 9.4 x10° m/s and
6.0x10" m/s respectively [24]. Consequently, the corresponding
wavelengths at the same frequency will be 6.3 m and 40.4 m respectively.
Hence, we are clearly in the near region where a quasi static assumption can
be made, i.e. the electrical potential is approximately in phase over the
whole target region.

The energy is predominantly dissipated through resistive heating due to the
relatively high ion mobility at these frequencies. Further, the magnetic field
is considered to be negligible. For spherical current density the two terms on
the right hand side in equation 13 cancel out. The operating frequency of
RFA devises is sufficiently high not to cause any nerve stimulation and pain
[25], because 10 kHz is thought of as the upper limit for stimulation. The
stimulation threshold increases drastically with frequency. Nevertheless,
electro surgery is sometimes accompanied with stimulation of nerves and
muscles, despite the high frequency [26]. This is thought to originate from
local low frequency currents generated by demodulation or rectification
processes in the tissue [27].

The absorption and penetration of the energy are mostly dependent on the
geometry of the conducting electrode. Therefore, the electrode size and
shape may be chosen independently of frequency for optimised absorption
distribution. Assuming a quasi static situation, the force and consequently
also the acceleration acting on a charge is parallel to the E-field, due to the
negligible magnetic field. The direction of the current density should
therefore be parallel to the E-field, equation 18.

13



pe 0 0]
E={0 p, 0]J
0 0 p.
2 equation 18
o, 0 0 1 )
J=|0 o, 0|E
0 0 o]

where o is the admittivity (S/m) and p the impedivity ((2m) of the medium.
The impedivity and admittivity of a homogenous material are constant and
independent of sample volume. The tensor representation of the admittivity
and impedivity in equation 18 is due to the fact that the properties can be
dissimilar in different directions. For example muscle tissue properties differ
along and orthogonal to the muscle fibres. However, admittivity and
impedivity are often considered to be the same in all directions (isotropic).
Both o; and p; are complex properties that represent both the phase
difference and the quota between the current density and the electric field.
The phase angle of impedivity and admittivity has the same magnitude, but
has opposite signs. The real part of the admittivity is called conductivity.
The power density absorbed at each point is the electric field multiplied with
the current density.

2

p:E-j:i]—|cosa:|0'|-E2 cosq  equation 19)

o
where p is the power density (W/m®), o is the phase angle of o (°, rad) and
sidebars represent the magnitude of the complex properties. The phase-shift
during RFA treatment is approximately zero. Hence only the real part of the
admittivity, called conductivity is henceforth used. The electric potential in a
volume can be solved using Laplace’s equation:

V. [c-VV]=V:[c-E]=V-J=0 equation 20)

where V is the electrical potential (V) and o is the conductivity (S/m). This
equation is similar to equation 1 but relates to the current density instead of
the electric field. It specifies that the current flow into a closed surface must
always be zero. Since the change of charge inside a closed surface is
assumed to be zero without a current source, the current into said surface
must also always be zero, equation 17. The solution to equation 20 is used to
calculate the power density.

RF devises cause thermal elevation in the target region by ion agitation,
which is converted by means of friction into heat. The current is induced by
an applied voltage between two electrodes. The current paths between the
electrodes are distributed in a manner that minimises the total resistance,
which is a property of equation 20. The RF-energy can be applied using a
monopolar or a bipolar regime. The bipolar regime uses two active
electrodes where temperature elevation occurs at both electrodes. The
monopolar regime uses one treatment electrode (active) and one indifferent
(passive) electrode. Therapeutic temperature elevation occurs only at the
treatment electrode due to the relatively higher current density caused by the
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much smaller electrode area. The total current through each closed surface
enclosing one of the electrodes always equals the total current from the
generator, independent of surface size. Hence, the heating will be
demarcated to the region close to the active electrode where this surface is
small and the current density is high. For a postulated point source the
absorbed power at each point at distance r from the source is:

2 2
g ;.%:%[szj equation 21)

where I is the current (A), A is the spherical area enclosing the active
electrode (m?) and r is the radius of the spherical area (m). Consequently,
the absorbed power density decreases rapidly with increasing distance to
the electrode. During the initial phase of all tissue protocols, the electrical
impedance between the electrodes decrease as temperature increases over
time. This is explained by the temperature dependent conductivity of the
tissue. However, when the tissue temperature reaches 100°C the formation
of small gas bubbles occur, due to tissue phase transformation, at the
needle interface. The created gas bubbles function as electrical insulation
which alters the effective electrode area and further increases the current
density and temperature. This avalanche-like phenomenon ultimately
insulates the electrode from the tissue and the heating often ceases non-
reversibly. This electrode insulation phenomenon limits the ablation
volume to approximately 16 mm in diameter in muscle or liver [28], due to
the limited output power. Several techniques have been used to increase
the necrotic region; for example multiprobe needles [29], saline injected
needles [30] and internally cooled needles [31]. These techniques change
the electrode area, increase the tissue conductivity or cool the warmest
region respectively to avoid insulation and be able to increase the output
power and lesion volume.

3.2 MEASURING ELECTRICAL PROPERTIES IN TISSUE

The use of electrical tissue parameters in clinical practice has so far been
fairly sparse, with a few exceptions such as total body composition analysis
[32]. Other potential techniques are electrical impedance tomography (EIT)
[33] and detection of skin cancer [34-36], which to date are mainly used for
research purposes. We have monitored changes in electrical parameters after
thermotherapy, HIFU and ESWL to assess if these can serve as indicators of
the therapeutic result. Jossinet et al have demonstrated an intra-operative
impedance method to evaluate the lesion produced by HIFU using endo-
tomography [37].

Macroscopically, tissue impedance depends on numerous parameters such
as temperature, composition (membrane capacitance, quantity of intra- and
extra-cellular fluids), structure etc. The spectral variation of tissue
impedance shows frequency windows with decreasing impedance and
regions with almost constant impedance. The windows where the
impedance decreases with frequency are called dispersion regions. The
dispersion regions are linked with defined frequency ranges and are
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associated with defined relaxation mechanisms. The complicated behaviour
of tissue impedance in the B-dispersion region is mainly caused by the semi-
permeable cell membranes, acting as a complicated leaky capacitor. The
current distribution between the intra and extra-cellular electrolytes are
highly dependent on the frequency of the current injection. Thus, at low
frequencies mainly the extra-cellular properties are measured, whereas the
intra-cellular properties become increasingly important with frequency.

During pathological changes of the cell (oedema, ischema, cancer cell
proliferation) and during external influence (heating, pharmacological
medication) the electrical parameters change. It is therefore possible to
detect these changes as a variation of the complex admittivity. The
impedance of a volume can be calculated from the impedivity, using
equation 22 where the sample material is considered homogenous, p =
constant.

p ¢J(r)-A(r)-dr
z:7=—jE( r)- dr——-jJ(r)-dr:TjT:
jA(r)
equation 22)

Z is the impedance (Q2), U is the voltage (V), r is the length along the
current path (m), A(r) is the current area at the iso-potential surfaces (m?)
and K is a geometry constant (1/m). Hence if the medium is considered
homogenous in the measured region the admittivity or impedivity in the
same region can be calculated by measuring the impedance for any probe
with a known geometry constant. The geometry constant can be found by
measuring the impedance in a medium with known admittivity or
impedivity.

3.3 MICROWAVES, TUMT

TUMT is a minimally invasive method for treatment of benign prostatic
hyperplasia, BPH. Briefly, TUMT causes coagulation necrosis in the
prostate by absorption of microwave energy. Microwave applicators are of
comparable size as the wavelength, due to the much higher operating
frequency compared to RFA equipment. The operating frequency of our
TUMT microwave generator is 915 MHz, resulting in wavelengths of 44
mm and 139 mm in muscle and fat respectively [24]. This device has a
special permit to work in this frequency range, which is used for mobile
phone communication. The frequency reserved for microwave equipment
such as microwave ovens is 2450 MHz. However, the attenuation in the
transmission line for these frequencies is too high. The wave length is
comparable to the target and it is meaningful to apply wave theory including
standing waves and reflection phenomena etc. The energy is transferred to
the tissue mostly by capacitive coupling (field heating) or radiation.
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All TUMT studies in this thesis were performed on the ECP-system, Comair
AB, Sweden. The ECP was developed at Karolinska Hospital during the
1990’s. Before applying power to the applicator, a treatment catheter is
inserted in the urethra and a sensor probe is inserted in the rectum, figure 4.
The urethral catheter contains the microwave applicator, cooling lumina,
inflation lumina and an optical fibre for temperature measurements without
any electromagnetic interference. The half wavelength applicator is thought
to mainly work through capacitive coupling rather than radiation. The rectal
probe contains three optical fibre lumina. In order to locate the applicator at
the desired anatomical level in the urethra, the catheter is equipped with an
inflatable balloon.

The ECP-system records most treatment parameters every second. The
mean value of the temperatures is fed back to the regulator to control
temperature levels. The treatment reverts to stand by mode if the
temperature in the urethra or in the rectum reach pre-set alarm values. Under
normal conditions the feed-back loop prevents this. Automatic
compensation is made for temperature deviation incurred by the closeness to
the cooling lumina. During treatment, the operator can choose a urethral
temperature set value of up to 46 °C. During normal treatments when the
system is stationary or near stationary, the actual-values are close to the set-
values. The net power needed to keep this situation might tend to increase or
decrease. This is displayed as a calculated parameter "heating resistance”,
chapter 4. The reflected and transmitted power is also continuously
monitored with a double inverted directional coupler to determine the net
power transmitted to the applicator.

Bladdw //
Inflatable balloon @
Microwave applicator Temperature
registration
Proztate
Rectal probe
Urethra

Treatment catheter

Figure 4. Probe and catheter setup in the patient for the used TUMT system, ECP, Comair
AB, Sweden.

Without cooling of the catheter and the near nerve-rich tissue would reach
very high temperatures even at relatively modest treatment power levels.
Urethra related pain would therefore limit the treatment dose. The efficient
cooling shifts the heat maximum deeper into the tissue, which enables
higher output power.
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The power density decreases rapidly with the distance from the applicator.
The conductivity can be tenfold compared to RFA [38]. This is due to the
changed absorption mechanism. The current is represented by alignment of
permanent dipoles and/or dielectric polarisation (displacement of charges in
the molecule) rather than movement of charged particles. Movement of
magnetic dipoles is considered insignificant in tissues. The dipole
absorption mechanisms are most pronounced in water resulting in selectivity
due to the water content in the tissues at these high frequencies. Due to
superposition and reflection, standing waves can occur in the tissue. This
indicates a possibility to selectively choose a volume to be ablated.
However, in practice it is difficult to predict reflection surfaces and the final
standing wave pattern due to varying anatomy of the patients.
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4 THERMOTHERAPY

Almost all of the discussed therapeutic methods in this thesis use
temperature elevation to induce the beneficial therapeutic effects. Heating
was recognised as a potential tumour therapy technique as early as 30
years before Roentgen discovered the x-rays. However, the technique has
experienced relatively few clinical breakthroughs. This might be caused by
the use of different heating protocols. There has been a limited use of a
technique called hyperthermia [39-40]. Hyperthermia is characterised by
relatively long exposure times at modest temperature elevation. These
protocols often result in poor success rate without additional therapy such
as radiation, giving the technique a surprisingly bad reputation. However,
hyperthermia has been used with good results at a few centres over the
world. Recently, a new heating protocol called thermotherapy has come
into focus. In contrast to hyperthermia substantially higher temperatures
and shorter exposure times are used. This also changes the mechanism of
tumour cells damage.
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Figure 5. Survival curves for mammalian cells in culture (Chinese hamster CHO line)
heated at different temperatures for varying lengths of time (redrawn from Dewey WC,
Hopwood LE, Sapareto SA, Gerweck LE: Radiology 123:463-474, 1977).
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The survival curves for mammalian cells exposed to temperatures under
43°C show a complicated behaviour, due to development of a resistance or
tolerance that flattens the curve [41], figure 5. Thus at 41.5°C,
approximately 70 percent of the cells are killed after 500 minutes. Over
43°C the resistance disappears and the survival curves steep considerably
with increasing temperature. Under 60°C the cell damage is thought to
originate from denaturation of proteins. The hyperthermia technique uses
temperatures around 43°C, which makes it highly dependent on small
temperature changes, requiring a very sophisticated temperature control.

Thermotherapy exposes the tissue to temperatures over 60 °C. At these
temperatures the tissue coagulates because collagen is converted to glucose.
The time frame of cell killing is considered almost instantaneous. When the
tissue temperature reaches 100°C phase transformation of the intra- and
extra-cellular liquid occurs. The glucose develops an adhesive effect after
dehydration. Furthermore the cell membranes are likely to be disrupted by
the increased pressure. The created vapour bubbles have a negative effect on
both ultrasound and RF applications. In ultrasound applications the
vaporised liquid shields the incoming ultrasound by reflection and
consequently limits the target intensity. In RF applications the gas bubbles
insulate the electrode electrically from the tissue, as discussed in chapter 3.1.

The temperature distribution and the thermal behaviour of tissues are
governed by the bio-heat equation:

p.c.il_T =V-(kVT)+ o-.|VV|2 -p,C,0(T-T,,)+Q, equation23)
t

where p is the tissue density (kg/m>), ¢ is the heat capacity (J/kg °C), k is
the thermal conductivity (W/°C m), o] VV|? is the electrical absorption
(W/m’), py is the density of blood (kg/m’), Cy is the heat capacity of blood
(J/kg °C), o is the blood perfusion (m’/s), Tamp is the ambient temperature
(°C) and Q,, is the metabolic heat source (W/m®). This model states that
the rate of temperature increase at a point is equal to heat transfer by
thermal conduction, absorbed electromagnetic or acoustic power density,
heat dissipation by blood perfusion and metabolic heating. Metabolic
heating is often small compared to the other terms in the equation and is
therefore often neglected.

The steady-state bio-heat equation for RFA in a homogenous material with
a spherical electrode, equation 21 and 23, disregarding the perfusion and
metabolic heat becomes:

kd( ,dT\ I’ 1Y
V-(kVT) = —(7”2 j=——(' j equation 24)

r_zdr E o\ 4r-r?

where 1 is the radius in the spherical coordinate system (m). The analytical
solution to the coupled problem in equation 24 becomes:

I’ C, ‘
k-o-32-7% 12 _7+C2 equation 25)

T(r)y=-
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We see that the electrical energy absorption add a quadratic component to
the solution. The maximum temperature is always located at:

ﬂ—():}r =— I tion 26
dr max ko327 C, equation 26)

Thus, the location of the maximum is determined by the current, the
thermal conductivity, the electrical conductivity and the boundary
conditions. To obtain the same electrode surface area as our developed
RFA electrode the spherical electrode radius should be 0.0028 m. At the
electrode the temperature is set to 20°C, which is the same as the cooling
media in the electrode. The outer boundary of the spherical tissue mass is
also set to 20°C. With these boundary conditions the solution becomes:

I 1 1 ,
T(I") :m(—r—z+18357;—178571j+20 equation 27)

If C, is inserted into equation 26 the location of the temperature maximum
will be located at ry,,x=0.00545 (m), i.e. 2.65 mm from the electrode.
Interestingly enough, rm.x is independent of the tissue properties. By
choosing the input power so that the maximum temperature obtained is
100°C, T(rmax)=100, the temperature distribution can be calculated, figure
6. The radius of the lesion volume is predicted to be approximately 18.8
mm (50°C margin). The temperature distribution is independent of the
tissue properties because all discrepancies in tissue parameters are
compensated for by adjusting the current. Additionally, the resulting
temperature distribution from treatments without electrode cooling and
with a cooling media temperature of 0 °C were calculated by setting the
thermal flux and the temperature at the electrode boundary to zero
respectively. The 50°C margin increased 1 mm when the cooling media
was decreased to 0°C. Hence, active cooling of the cooling medium seems
to be a relatively expensive measure, with only a small increase in lesion
volume. This was also concluded by Haemmerich and co-authors [42],
with both FEM simulation and in-vitro lesioning. If the cooling media is
omitted during the treatment the maximum temperature occurs at the
electrode surface and the radius of the lesion volume (50°C margin)
decreases to approximately 9 mm due to the decreased input power. The
accepted power with cooling media is four times that of the accepted
power with no cooling.
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Figure 6. Shows the resulting temperature distribution from calculated steady state
treatments using spherical current distribution. The solid and dotted curves correspond to
treatments with a cooling media temperature of 20 °C and 0 °C respectively. Omitted
electrode cooling is represented by line segments.

As tissue temperature increases more power is required to sustain the
temperature due to increased thermal conduction and blood perfusion. It is
known that blood vessels can increase their flow of up to 30 %. However,
at sufficiently high temperatures the blood perfusion collapses and the net
power to keep the temperature level tends to decrease. We suggest that the
power to sustain a constant temperature, called “heating resistance”,
should be plotted over time to serve as an indicator of micro perfusion
(vessel) status in the treated volume. The heating resistance might be a
powerful tool to measure the therapeutic result during thermotherapy.
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5 FINITE ELEMENT ANALYSIS (FEM)

Except for extremely idealised models, solutions to the governing equations
in chapter 3 and 4 can not be found analytically, requiring a numerical
approach. FEM simulation is a powerful tool to transform differential
equations over a volume to algebraic equations at points, called nodes [43-
44]. These represent the solution to the governing equations and the
boundary conditions in an average sense by piece-wise simple functions.
The volume to be solved is divided into elements where for example the
unknown electrical potential V is piecewise continuous. If sufficient
continuity conditions are met, the solution converges to the exact solution as
the number of elements increases. By an exact solution we mean the
solution to the mathematical model which in turn often is an idealisation of
reality. The nodes are often used as corners in the elements but they may
also be on the edges and/or in the centre. The solution of a variable V is
approximately represented within an element as:

VeV = Z Vi N, equation 28)
b=1

where n is the number of nodes of the elements, V is the potential and Vy, is
the potential at the corresponding node b. The n shape functions Ny are
polynomials, which values are unity at the corresponding node and zero at
all other element nodes. The degree of the polynomials depends on the
number of nodes in each element, and must be related to the defining
equation. Increased polynomial degree improves the accuracy of the
solution up to the actual degree of the governing equations, but requires
more computational work.

In our studies a quadratic mesh consisting of quadratic (Lagrange)
triangular elements were used for both the thermal and the electrical
problem. The quadratic property indicates that the polynomial shape
functions include quadratic terms, resulting in a quadratic dependence for
the temperature or voltage and a linear dependence for the thermal flux or
electric field within each element. For a triangular element these quadratic
characteristics require six nodes, figure 7. The influence of each nodal value
on the result within the element is also seen by examining the shape of the
shape functions. If the quadratic elements are isoparametric the edges can be
bent by transforming the nodal points with the same shape functions. This
permits a more correct representation of bent boundaries in the model.
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Figure 7. Shows the shape functions and the node placement for the used triangular
quadratic Lagrange elements. a) represents the shape function for the three corner nodes and
b) the edge nodes. The numbers indicate the placement of the nodes.

The amount by which the governing equations are not satisfied when
approximating V is called the residual R

R=V.5-VV equation 29)

Vector variables have both magnitude and direction and are presented with
an over-bar. To find an optimal V we apply the method of weighted
residuals to force the residual to equal zero in an average sense.

jwa ‘R-dQ=0, a=12,.....n equation 30)

Q

where w, is the one of the weight functions and ( is the considered region.
When using the Galerkin residual method, the weight functions w, are

chosen to be the shape functions N,. Substituting equation 29 for 30,
applying the chain rule and Gauss theorem provide:

[VN,-5-V7da=§N, [n-5-Vv]dT equation 31)
Q r

where I is the region boundary integral. Using the definition from equation
28, equation 31 becomes:

n 3
ZZ{J’&)\Z“ O';’aNb dQ:l'Vb=§Na"]n'dF equation 32)
Q r

>/
b=11i,j=1 0. i axj

where J,, is the normal current out of the surface. The equation represents a
set of n linear equations for the coefficients V. The matrix representation of
equation 32 is:
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[K]-V=F
where

[K]= I[B]T[a][B]dQ n x n stiffness matrix

[B]= {ON“ } 3xn equation 33)
Oox,

[c] = electrical conductivity matrix 3*3
[F]= &NaJndF n x 1 force vector
r

The key point of the finite element method is the local definition of shape
functions, being defined only in one sub-region, and zero elsewhere. This
significantly reduces the work needed to perform the above integrations, and
also allows matrices, where large parts are zero, representing non-connected
nodes in the region. The calculation of the K and F matrices involves
numerical integration which also affects the accuracy of the results. The
potential Vy, at the nodes, approximately representing the true solution V is
subsequently solved at the nodes with linear algebra. By using equation 28
the potential at every point inside the elements can then be obtained. To
solve for example the bio-heat equation the same methodology is performed
except the fact that the time derivative must somehow be estimated.

If the electrical conductivity is not dependent on the temperature the thermal
and electrical equations can be solved independently of each other. Hence,
the SAR value over the volume is obtained first by solving Laplace’s
equation, equation 20. Subsequently, the temperature can be found by
solving the bio-heat equation, equation 23. However, when temperature
dependent conductivity is used the equations must be solved simultaneously
with increased computation as a consequence.

25



6 MICROWAVE ENERGY, EVALUATION AND
IMPROVEMENT OF THE TUMT TECHNIQUE

Trans Urethral electro Resection of the Prostate (TUR-P) is the golden
standard treatment for BPH. Since the middle of the 1980’s new minimally
invasive methods have been developed. TUMT is one of those relatively
new techniques which are associated with significantly decreased morbidity
and mortality rates [45]. Despite this advantage the technique is still
controversial, probably due to the diverging clinical results. One suggested
explanation to this discrepancy is the use of equipment with completely
different heat patterns [46]. Earlier clinical studies have shown that the
success rate is highly correlated with the power transmitted to the tissue
[47]. However, numerous sham studies have shown a beneficial reduction of
symptoms [48-52], supporting further use of TUMT. It is suggested that
patients with mainly irritative symptoms experience a more beneficial
reduction of symptoms. The therapeutic result originates from urethral
denervation combined with volume reduction [53]. Due to the overall better
reduction of symptoms associated with TUR-P the task at hand is to find the
potential responders for the more lenient TUMT.

After a TUMT session in 1996, a transvesical enucleation of the prostate
was performed one day after the treatment because of urinary retention and
great difficulty in inserting a catheter [54]. The histological examination of
the prostate showed a very marked and totally necrotic area in a circular
shape having a diameter of approximately 20 mm, figure 8. The urethral
mucosa was undamaged.

T
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Figure 8. Whole mounted section . hlasi prostatic gland. Note the sharply delimited
necrotic area (arrows) measuring approximately 10x25 mm. The urethral border is located
at U. The bar represents 10 mm.
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6.1 LONG-TERM CLINICAL OUTCOME OF TUMT USING THE
ECP-SYSTEM

This TUMT evaluation was based on the ECP-system used at the Urology
unit, Karolinska Hospital, Stockholm, Sweden. Between November 1991
and August 1999, TUMT was performed for BPH on 371 patients (45 - 94
years of age, mean age 76 years) during 427 sessions. At follow-up 69 were
deceased. Since urodynamical and patient data in many cases was sparse, a
questionnaire was designed and mailed to the treated patients. The
questionnaire contained dedicated questions about BPH symptoms, the
treatment, additional procedures etc. The patients were also asked to grade
their BPH, at follow up compared to the situation before treatment.

206

Received questionnaires

— —

No Pharmaco- Surgery
additional logical
treatment treatment

135 30 41

Figure 9. Additional treatment after the TUMT treatment.

One hundred and thirty five of the 206 patients who answered the
questionnaire did not receive any additional BPH treatment, figure 9. Thirty
underwent pharmacological treatment after TUMT in the form of finasteride
or a-receptor-blockers. The remaining 41 patients received additional
surgical treatment, mainly in the form of TUR-P. Four patients in the
surgery group also received pharmacological treatment before surgery.
Before TUMT 29 of the patients (14 %) had catheter a demeure (CAD). The
mean micturition frequency during the night was 2.9 times, 58 %
experienced urgency and 60 % low micturition flow.

The patients were asked to grade their improvement of BPH symptoms after
TUMT. Seventy percent answered that the symptoms were reduced and 22
% judged that they had been fully cured. Initially all patients received 60
minutes of TUMT. However after a study by Bergman and Wiksell [55] it
was concluded that 30 minutes was sufficiently beneficial and it henceforth
became the standard treatment time. After the 30-minute-treatment, the IPSS
and the QL decreased 37 % and 27 % respectively, for the no-additional
treatment protocol. The 60-minute-treatment decreased the same IPSS and
QL scores by 53 % and 38 % respectively. Hence, this study indicates that
TUMT for 60 minutes provides better results than 30 minutes, which is the
opposite of what was concluded in the earlier studies [52, 55]. Nonetheless,
careful balancing between effective treatment and discomfort, where the
patient is experiencing severe urge during treatment, is necessary. The
beneficial reduction of symptoms was registered after one to a few weeks

27



subsequent to the treatment. In the patient group given pharmacological
treatment in addition to TUMT, the IPSS and QL decreased 25 % and 28 %
respectively after the 30-minute-treatment. In the surgery group, the
decrease was 63 % and 50 % respectively (30-minute-treatment). Only a
few patients experienced additional protocols after the 60-minute-treatment.
Therefore, no significant data was obtained for these protocols.

In this study, we documented another very important quality of the TUMT
treatment. Of the 29 patients who had CAD before TUMT, 8 (27 %) were
permanently catheter free at follow-up, table 1. Six (21 %) patients still
had CAD and 6 (21 %) used self-catheterisation (RIK). Nine (31 %)
patients had experienced a supplementary TUR-P. Additionally, 4 patients
(14 %) were catheter free at least 1 year after TUMT, but underwent TUR-
P or re-received CAD. Consequently 12 (41 %) patients became temporary
or permanently catheter free after the TUMT treatment.

Before TUMT | One year after TUMT At follow-up

CAD CAD |RIK |TUR-P| ST | cap |RIK | TUR.p | Catheter
free free

29 4 Je |7 12 6 |6 |9 g

Table 1. Description of catheter users before TUMT, one year after TUMT and at follow-
up.

At follow-up 96 patients had not answered the questionnaire and 69 were
diseased. One hundred and sixty-five TUMT-treated men were thus not
followed-up. By phoning or reviewing case records, some data was
available for 130 of these patients. Thirty-eight of these patients had CAD
before TUMT. Ten of these 38 became permanently catheter free after
TUMT. The outcome of 8 is unknown, 7 underwent TUR-P and 13 still
had a catheter at follow-up. Hence, overall 18 of the 59 catheter patients
(31%) with known outcome became permanently catheter free after the
treatment.

Maximum micturition flow (Qma.x) Was available for 29 patients before and
1, 3 and 6 months after the treatment. One month after the treatment, Qyax
had increased 21 %. At 3 and 6 months after the treatment, the increase was
14 % and 11 % respectively. This is surprisingly low compared to previous
studies done on this equipment [52, 56]. The difference might be explained
by our high baseline flow, which was not representative for our patient
group (>10 ml/s is considered almost healthy). The behaviour over time,
however, agrees with other studies [57], which include a rapid increase
shortly after the treatment, followed by a slowly decreasing Qpax.

To improve the success-rate of the treatment several studies have been made
to find baseline clinical parameters which can predict treatment outcome.
However, no consistent results are reported. In this study we defined
potential responders as patients with Qu.x > 10 ml/s. In this patient group,
19 % considered themselves fully cured. In the group with Qpax < 10 ml/s,
11.8 % considered themselves fully cured after the treatment. If the limit is
changed to 14 ml/s, 23.5 % of the predicted responders and 13.6 % of the
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predicted failures considered themselves fully cured. Hence, in the
responding groups almost twice as many consider themselves fully cured
than in the failure groups. This suggests that patients with low flow
obstruction before TUMT experience more beneficial reduction of
symptoms.

Patients surgically treated with TUR-P, when TUMT proved unsuccessful,
reduced their IPSS score more than other categories. TUMT has presumably
failed because of the inclusion of non-suitable patients, for example with
severe flow obstruction. TUMT has documented poor success-rate for these
patients. TUR-P on the other hand, gives good relief from obstruction. We
should also bear in mind that many patients in this study were chosen for
TUMT because of their poor medical condition. Before the TUMT
treatment 36 (17 %) patients had heart problems, 6 (3 %) had cancer in the
urinary bladder or the prostate and 10 (5 %) had thrombi-embolic related
diseases.

6.2 AUTOMATIC DETECTION OF CATHETER DISLOCATION

TUMT is associated with a very low risk. However, when accidents do
occur it is often due to dislocation of the catheter, which might be caused by
a ruptured balloon in combination with poor supervision. We have observed
that bladder stone situations might mean a higher risk of balloon rupture. If
the catheter is dislocated, dangerous heating of tissues other than the
prostate might result, for instance the penis root. Dislocation of the rectal
probe on the other hand might increase the power during rectally regulated
periods. Hence, the rectal temperature will not be safely limited, resulting in
the risk of rectal tissue damage. These serious complication risks might be
prevented if an automatic detection of dislocations could be incorporated.

Our hypothesis was that there existed a correlation between transmitted
power and monitored temperatures in the rectum. This correlation quality
might also have a typical time delay due to the heat transport distances. If
the correlation quality R is continuously measured at different delay times T,
both the value and the location of the maximum might change if relocation
occurs. However, a too high false alarm frequency cannot be tolerated,
which in turn puts demands on the signal to noise ratio for the involved
signals. In some modes the output microwave power is almost constant
during long periods, which might mean that the signal to noise ratio is too
low. The basic function used to measure cross-correlation is:

1 T
Ry (2)=limy..., — [+t equation 34)

0

This function will return a qualitative indication of the signal-resemblance
between x and y dislocated t seconds. In real life T must be finite and an
approximation is therefore needed. T must be set to a value that provides a
sufficient signal to noise ratio and at the same time terminates the treatment
a few seconds after the catheter is dislocated. Therefore, a trade-off between
fast response and sufficient signal to noise ratio is necessary. Actual data
received from the ECP equipment is time discrete 8-bit samples. The
discrete version of equation 34 becomes:
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A N .
Rxy[7]= %ZP[”] T[n+1] equation 35)
Jj=1

where P is the power (W) and T is the temperature (°C). During fifteen in-
vivo sessions the ECP software was temporarily changed to include three
additional file recording sequences, where the rectal temperature and output
power data was saved each second in special files. This enabled us to
develop a software environment where we could simulate the treatment and
display the cross-correlation function. It further made it possible to
manipulate parameters and data to optimise the program. Before calculating
the cross correlation, the data was subtracted with a value equal to the mean
of X previous samples, equation 36.

1 & .
X=x—-——) X equation 36)
1 1 X ; 1 q

This will reduce the effects of the dc component and slow changes in the
temperature and power curve. Initially, some model studies were carried out
to document correlation. In one study the catheter and the rectal probe were
placed 20 mm apart in 500 ml isotone saline-water solution and the urethral
fibre was thermally uncoupled relative to the simulation water tank. Data
acquisition from 60 minutes of treatment using this setup can be seen in
figure 10a. Initially, the treatment was not actively regulated because the
rectal temperature and the urethral temperature were below the proportional
regulator band. Consequently, the output power was maximised to a set
value of 80 W, figure 10b. After 8 minutes, 42.5 °C was reached and rectal
proportional regulation was initiated figure 10c.

1l

|

|

|

\

WA

N0

42

50 [

Power (W)

|
s }
10 34

70 | “,

Rectal temperature (degrees Celsius)

Time (s)

a)

90 -] 415 0 7 43.0
1 429
70 428
42.7
42.6
] 425
q 424
1 423

1 422

50

Power (W)
Power (

10
7 4241

Rectal temperature (degrees Celsius)
Rectal temperature (degrees Celsius)

40.0 42.0

Time (s) Time (s)

b) °)

Figure 10. a) illustrates the whole treatment 0 - 1800 seconds. b) and c) show 50 seconds of
non-regulated and rectally regulated periods respectively.
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The non-regulated part of the curve showed no significant correlation. On
the other hand a significant negative extreme point of the correlation existed
for small negative T values during the rectally regulated part. Furthermore,
the correlation showed a damped oscillating behaviour with increasing t.
The negative correlation value and time delay at the extreme point originate
from the rectal regulation of the ECP-equipment, i.e. the power is controlled
by the rectal temperature, figure 10c. This is for obvious reasons not an
evidence of correlation between power and temperature in the tissue, where
both the correlation and the time delay should be positive, equation 35.

However, the periodicity in the correlation and the signals during the
rectally regulated part suggest that such correlation exists, since no
periodicity exists during the non-regulated part when the power is constant,
figure 10. The existing correlation might originate from circulation of the
medium near the catheter and thus show periodical fluctuations in the
temperature not present in an in-vivo situation. Further, when the treatment
is urethrally regulated, which most of the treatments are, the variation in
power over time is much smaller. Moreover, the level of rapid variation in
both the non-regulated and the rectal regulated part of the rectal temperature
has the same amplitude, figure 10b-c. Conclusively, it seems hard to obtain
a correlation in the in-vivo situation, especially during the urethrally
regulated treatments.

Finally, fifteen in-vivo treatments were performed with the changed
software at Karolinska Hospital. No cross correlation was found in either
rectally or urethrally controlled treatments. If most of the absorbed energy in
the rectum originates from thermal conduction rather than direct
electromagnetic absorption the body will average any time variation.

6.3 CONCLUSION AND FUTURE WORK

The results from this study justify continued use of the ECP, which provides
an effective, meaningful and lenient alternative to classical TUR-P. TUMT
is performed on an outpatient basis and requires one skilled nurse operator.
This makes the method extremely cost effective. The ability to perform the
treatment on patients in bad general condition is extremely important
considering the relatively aged patients. As a result, the patient foundation is
often rather poor, for example 25 % of the patients had cancer or heart
problems. It’s important to remember that these facts negatively bias clinical
evaluations.

The sixty-minute-treatment generates a more beneficial reduction of IPSS
and QL-scores than the 30-minute-treatment. The IPSS score decreased 53%
for the longer treatment. Combined TUR-P and TUMT treatment decreased
the score by 63 %. The number of fully cured patients increased if Qpax >10
ml/s before the treatment. This indicates that patients with relatively
moderate flow obstruction and mainly irritative symptoms experience a
more beneficial reduction of symptoms.
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Patients with CAD are usually suggested for TUR-P in our department. But
because of the poor general condition of some patients or at the patient’s
own request, TUMT was carried out. Several of the patients had been
through heart surgery and could be kept under anticoagulant treatment
throughout the TUMT-treatment. Nevertheless 41 % of the patients with
CAD were still catheter free one year after the treatment. If we also include
the 30 catheter patients with known history, followed-up by phone or case-
records, 18/59 (31 %) became permanently catheter free. The possibility to
remove the catheter significantly decreases the infection risk associated with
catheter use and increases the quality of life. This catheter-removal effect
has been investigated in relatively few reports and is an important finding
that should be further explored on every TUMT system.

The study is limited due to the poor answering frequency. However, the
larger number of patients and the longer follow up period compared to other
studies justify investigation of the data. The patients that did not answer the
questionnaire were in many cases not capable of a subjective judgement due
to for example Alzheimer. The relatively aged patients make good
subjective retrospective studies hard to perform. However, the catheter
status was followed-up on 91 % of the patients, which is the most important
finding in this study.

Furthermore, attempts to improve the safety of the treatment by detecting
dislocations of the probes, using the cross correlation between the output
power and the rectal temperature, were performed. Unfortunately, this does
not seem to be feasible due to the suggested averaging effect of the thermal
behaviour. Another simpler but probably more unreliable method could be
to halt treatment when the temperatures or the input power show transient
behaviour.
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7 DEVELOPMENT OF RF-TECHNIQUES
7.1 RFA TREATMENT OF BREAST TUMOURS

At least one in ten women in the western world faces the prospect of
developing breast cancer. The tendency in modern treatment of these
tumours is towards less invasive local treatment. Today breast conserving
surgery has become more common than mastectomy in many countries. The
goal is to remove all of the cancer together with a sufficient margin of
healthy tissue, to prevent local recurrence. Another objective in modern
therapy is to minimise the alternation of the breast configuration. Recently
other approaches than traditional surgery have been explored to satisfy these
demands [58-59]. These techniques are minimally or non-invasive and
include, cryosurgery, stereotactic excision, laser ablation, focused
ultrasound and radio frequency ablation (RFA). Potential benefits with these
techniques are reduced morbidity rates, reduced treatment duration, ability
to perform therapy even when patients are in bad medical condition and to
keep the procedure on an outpatient basis. Furthermore, many breast cancers
are today detected at an early stage by mammography screening, increasing
the effectiveness of the minimally and non-invasive techniques such as
RFA. The cosmetic and oncologic results of these new methods are yet to be
evaluated. The RFA technique is well tested for use in organs such as liver,
prostate, bone, brain and kidney [28].

The objectives for this study were to develop a RFA system with internally
cooled electrode needles and to perform in—vitro RF protocols on excised
breasts with tumour. The developed equipment consists of a specially
designed RF-generator with floating low impedance output (0-950 W,
approximately 1.5 MHz) and a dedicated autoclavable lesion electrode with
integrated temperature monitoring and water cooling system. The needle is
composed of two cannula tubes with diameters sufficient to permit a
predetermined flow. The external cannula is 2.1 mm in diameter and surface
insulated except for 20 mm at the tip, figure 11. A teflon insulated
constantan wire is laser welded to the outer cannula, not shown.
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Figure 11. Shows the dimensions and the cooling media paths for the cooled RF
electrode.

We have chosen thermocouples to measure temperature because they can be
easily miniaturised to ensure minimal cooling water obstruction in the thin
design plus an adequate short time constant. The very low signal level
obtained from the thermocouples (53 pV/°C) suffers interference from the
applied RF-power field, approximately 100 V,ns. This demands that the low-
pass filtering before amplification has very high damping. The RF signal
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was damped approx. 70 dB with a tuned low-pass filter. The RF-power
feeding and low-level feed-back circuits must further be cardiac floating
(CF) according to EN 60 601-1 international specifications (patient leakage
current, PLC, less than or equal to 10 pA, frequency weighted). The whole
temperature circuit has been built using a Faraday cage design. The
temperature measurements are also compensated for cold junction
temperature variations by a feed-back method.

In order to attain the SAR distribution surrounding the needle, the potential
difference between a specially designed measuring probe and the needle
V(x) was measured at different distances x, figure 12. Protocols were carried
out in saline solution and in muscle tissue. An aluminium cauldron, radius
160 mm and height 265 mm, served as the indifferent electrode.
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Figure 12. Shows the experimental set-up to measure the SAR around the RF-electrode

The power distributed inside the iso-potential surface with the radius 16-x is
V(x) xIi,, where Ij, is the total current from the generator. The power P(x)
divided by the total power distributed in the buffer P(0) provides us with a
measurement of how much of the power that is absorbed inside the iso-
potential surface compared to the total absorbed energy in the cauldron,
equation 37.

P(x) _V(x)-1, V(x)
P(0) V(0)-1, V,

in

equation 37

The measured quota in equation 37 is plotted with respect to x in figure 13.
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Figure 13. Shows how much of the power that is absorbed inside an iso-potential surface
with radius x-16 compared to the total absorbed energy in the cauldron for saline solution
and muscle tissue. The two plots showing the lowest absorption near the electrode are
measured in 0.9 % saline solution. The highest absorption was obtained in muscle tissue.

Eighty and eighty-seven percent of the total power is absorbed in a small
volume with a radius of 20 mm in saline solution and muscle tissue
respectively. Hence, almost all of the energy is absorbed in the near region
of the needle. This is a geometrical effect, discussed in chapter 3.1 equation
21, which to a great extent determines the lesion volume.

Our group have an accepted ethical approval to perform RFA treatments on
excised human breast material with tumour. After obtaining informed
consent four patients underwent modified radical mastectomy because of
breast cancer, verified by preoperative fine needle biopsy [60]. After the
surgical procedure the specimen was sent to the pathologist. From the fresh
breast specimen a slice of the tumour was removed to ensure material for
diagnostic purpose of the viable tumour and to establish resection margins.
Subsequently, the tumours were RF-ablated. The maximum tissue
temperature was maintained at approximately 100 °C during 15 min. It is
difficult to measure the true maximum temperature due to the circulating
cooling media, i.e. the true maximum point is located in the tissue. We have
developed an algorithm that compensates for the deviation between the
maximum temperature and the measured value at the tip. The electrical
impedance was measured to ensure that no phase transformation of the
tissue occurred. The temperature and the flow of the cooling media were set
to 20 °C and 12 ml/s, respectively. An electrode current of 0.35 — 0.71 A
was applied during the procedure. The impedance decreased up to 50 %
during the treatment.

All treated tumours were 30 mm or more. Three were ductal carcinomas and
one lobular carcinoma. The cellular changes were evident in the tumour
structures as well as in the surrounding connective tissue but were also seen
in tumour strands extending far from the main tumour. The adjacent fat
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tissue showed only a very slight degeneration, but was otherwise
surprisingly unaffected. The ductal carcinomas showed no areas with viable
tumour. In contrast the lobular carcinoma with its irregular outline and
diffuse growth showed tumour cells with preserved viable appearance in the
surrounding fat at a short distance from the coagulated area around the
electrode canal, suggesting an insulating effect of the fat tissue.
Interestingly, the heat pattern appears to be drawn to the tumour in the
tumour strands extending from the core tumour. The origin of this effect
might be the dissimilar physical parameters in the tumour and in the fatty
tissue. Adipose tissue has substantially different electrical properties
compared to the tumour [61].

A theoretical study was carried out to study if the discrepancy in electrical
or thermal parameters could cause the discussed tumour targeting effect.
FEM analysis was used to solve the governing electrical and thermal
differential equations, chapter 5. To correctly mimic the SAR-situation
during RF ablation a 3-D model must be used, i.e., the iso-potential surface
must increase with the squared distance from the needle. This is for obvious
reasons not the case in 2-D or 1-D Cartesian models. However, if the
situation demonstrates rotational symmetry a two dimensional axially
symmetric model can be used instead, to decrease calculation time and the
needed computer resources. In our case non-linear solving and the use of
different tissues made rotational symmetry essential.

Tumour properties|Const/  [Time
(mm) Temp dep/

Description of cases
P Thickness [Length [dep o Steady

|22}
=
5}
=+
(¢}

1 1/Homogenous fat model - _

1 |Homogenous fat model - - C S
2 [Homogenous fat model - - T S
3 [Homogenous tumour model _ _ C S
4 |Homogenous tumour model - - T S
5 |Fat with an incorporated cigar shaped tumour  |4.7 52 C S
6 [Fat with an incorporated cigar shaped tumour  |4.7 52 T S
77 |Fat with an incorporated cigar shaped tumour |47 104 T S
8 |Fat with an incorporated cigar shaped tumour 4.7 26 T S
O [Fat with an incorporated cigar shaped tumour (9 4 52 T S
10[Fat with an incorporated cigar shaped tumour |2 35 52 T S

T T

T T

12|Fat with an incorporated cigar shaped tumour |47 52

Table 2. Shows the properties of the 12 cases in this study.

The FEM model consisted of an electrode with the same dimensions as in
figure 11, which was placed in a spherical tissue mass, with a radius of 0.1
m. Initially, models with a homogenous tissue mass consisting of tumour or
fat were modelled, table 2. Subsequently, the fat tissue model was modified
to also include tumour. The tumour was cigar shaped with varying length
and thickness, figure 14. Both constant and temperature dependent
conductivity was used to assess if this had any effect on the lesion volume.
All the above models were computed using steady state solving. To better
mimic a real treatment, the power should be continuously controlled to hold
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the maximum temperature at 100 °C during the whole treatment. Further, to
prevent the effects of thermal conduction to be overestimated, the duration
of the treatment should be approximately 15 min. Hence, to attain the same
time frame as in the in-vitro experiment and include controlling, we
performed two time dependent controlled treatments, table 2. One
simulation was carried out on homogenous fat as in the steady state case 2.
Subsequently, a cigar shaped tumour was placed in the fat model with the
same size as in steady state case 6.

Figure14. The spherical model volume (d = 200 mm) with the electrode and the cancerous
tissue. The tumour dimensions in this situation are 52mmx4.7mm.

The cooling of the needle was incorporated in the model by setting the
boundary to the cooling media temperature. The outer spherical boundary of
the tissue mass was electrically grounded and set to maintain the initial
tissue temperature during the whole treatment. In case 1-10 the voltage of
the active part of the needle was adjusted to a constant value, due to the
steady state solving, which resulted in a final maximum temperature of
100°C. In case 11 and 12 the input voltage was continuously changed to
keep the maximum temperature at 100°C during the whole treatment.
Lesion size was determined using the 50°C margin. Even though the lesion
volume is dependent on both temperature and time of elevated temperature,
similar lesion dimensions have been obtained using both thermal dose and
threshold temperature [62].

The 50 °C lesion margin moved approximately 1-2 mm further from the
electrode when temperature dependent conductivity was used in the
simulation. Thus, only temperature dependent electrical conductivity was
used to document the effect of tumour spatial shape and the influence of
time dependence. The resulting temperature distribution, using temperature
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dependent conductivity, from simulations with only fat tissue (case 2) and
fat with embedded cancer (case 6) are shown in figure 15.
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Figure 15. Temperature distribution from simulation with only fat tissue 15a (case 2) and
from simulation with cancer embedded in fat 15b (case 6) using temperature dependent
conductivity. The horizontal axis is denoted r and the vertical axis z. The coordinates are
cylindrical and the symmetry axis is located at r = 0. The length scale of the axes is meter.
Isothermal lines from 20 to 95 °C in steps of 5°C are also shown. The needle tip is located at
Z = 0.09. The rough shape of the tumour is misleading because the Bezier curves are
represented by a finite number of line segments.
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Figure 16. The distribution of absorbed power density for the same situation as in figure 15.
16a corresponds to case 2 and 16b to case 6.

In the homogenous fat model the maximum temperature is pushed away
from the electrode by the cooling media in the electrode. Due to the non-
uniform SAR distribution along the electrode shaft the maximum
temperature occurs at the needle tip, figure 16a. The difference in
temperature distribution between cases with and without tumour is primarily
explained by the shift in electrical power density, figure 16. In the models
with tumour, the power density in the tumour is higher than in the fat. The
tumour increased the lesion (50 °C margin) by 4.7 mm along the tumour
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length and decreased it by 1.5 mm perpendicular to the tumour. However,
the relatively higher temperature in the tumour compared to the fat seems to
decline with distance from the electrode. This is due to the geometrical
effect of the power density, discussed in chapter 3.1. The temperature profile
does not substantially change when altering the length of the tumour, figure
17. The width of the tumour on the other hand has a considerable effect on
the temperature along the tumour. Both the lesion margin and the location of
the temperature maximum were pushed from the electrode with increasing
tumour width. Altering of the tumour length only changes the tumour in the
region where the contribution to the total impedance is small. Thus, almost
no effect on tumour length is detected.
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Figure 17. Temperature distribution along the symmetry axis r=0 for different tumour sizes
compared to homogenous models 2 and 4. The two controlled time dependent simulations
are also shown, case 11 and 12. All shown cases used temperature dependent conductivity.
The needle tip is located at Z = 0.09.

During the major part of the treatment the increase in lesion volume is
caused by thermal conduction in the distant regions. Hence, the electrical
parameters are governing the heating process near the electrode during the
initial phase whereas further away the thermal parameters become
increasingly important during the last phase. The similarity in cases 2 and 4
is explained by the steady state solving and the temperature normalisation at
100°C, chapter 4. That is, all the time derivatives are zero and the voltage is
set to obtain the same final maximum temperature and thus compensates for
the difference in the thermal and electrical conductivity.
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The controlled time dependent solutions in cases 11 and 12 create smaller
lesions than their steady state counterpart, figure 17. The lesion volume
decreased because of the shorter treatment time, i.e. less energy is
transmitted by thermal conduction to heat the distant regions. However, the
difference between tumour and non-tumour cases is larger during the
controlled time dependent cases. During steady state simulation thermal
conduction has progressed further and thus also smoothed out the
temperature differences. Additionally, the difference in electrical parameters
between fat and tumour is much greater than in the thermal parameters,
which consequently increases the differences between tumour and non-
tumour cases for smaller lesions where electrical parameters are more
dominant.

7.2 PROVOCATION OF BLOOD CLOTS

In an ongoing project, we have used pulsed HIFU to dissolve thrombus
formations in-vitro [6]. To document this effect in-vivo, thrombus
obstructions must be induced in relevant vessels such as the coronary
arteries. The aim of this study was to develop a fast and reliable provoking
method in a laboratory animal model similar to humans. The animal vessels
must therefore be of comparable size and match the flow conditions and
pressure dynamic forces of the human vessels of interest.

We have developed a method to induce thrombi in the carotid and femoral
arteries in a pig model using RF energy. Virtually all thrombus-provoking
methods induce an endothelium damage to initiate the coagulation cascade
and facilitate the adhesion between the vessel wall and the thrombus
material [63-69]. Human coronary thrombi consist of both platelet rich and
erythrocyte rich zones [70]. Authors have reported erythrocyte, fibrin and
pallet rich thrombi independent of the techniques that were used to induce
the endothelium damage [63-69]. The used techniques are associated with
drawbacks such as low reproducibility, long procedure duration and the use
of too small animal models to match the conditions of the human
counterpart.

In our technique, RF energy at 140 kHz is used to generate the endothelium
damage. The energy is applied to the body through a bi-polar catheter that is
introduced in the vessel of interest, figure 18. After exposure to
approximately 6 W during 30 seconds, the arteries were manually occluded
for 15 minutes with ligatures.
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Figure 18. The tip of the used bipolar Cordis catheter.
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Subsequently, the obstruction was removed and the blood flow was
measured with a monodynic ultrasound Doppler unit. The arteries were later
removed and visually examined, figure 19. All 11 of our protocols resulted
in a complete occlusion of the artery, i.e. no Doppler velocity reading and a
visual thrombus mass filled the whole lumen.

Figure 19. Thrombus formation resulting from an artery exposed to 6 W. 30 seconds of
exposure followed by obstruction of blood flow for 15 minutes resulted in totally occlusive
thrombus in 11 of 11 arteries.

Using a static dose may cause severe or insufficient damage to the vessel
wall because of for example varying blood flow in the in-vivo situation.
Additional in-vivo protocols in muscle and artery were made to investigate
the electrical properties and the temperature characteristics during exposure.
During the initial phase of all tissue exposure protocols the electrical
impedance decreased as the temperature increased over time. This is simply
an effect of the temperature dependent conductivity. Suddenly the
impedance abruptly increased, coinciding with a decrease in the temperature
curve accompanied by a cracking sound, figure 20a-b. This avalanche
phenomenon is further explained in chapter 3.1. The time interval from the
application of power to the impedance increase varied for different tissue
protocols. For protocols with less or no tissue blood perfusion the increase
occurred earlier than protocol with blood perfusion.

The sound associated with the breakpoint between the slow decrease and the
sudden increase was further studied. In order to analyse the audible sound
components of the signal we developed an amplitude demodulator, mainly
consisting of a screened unit with diodes and low pass filter. The
demodulated signal was fed to a low frequency power amplifier connected
to a loudspeaker and in some cases also to a digital signal analyser. During
the initial heating phase the amplitude modulation was low and no sound
was heard from the speaker. During the final non-linear phase, associated
with the impedance increase, the amplitude modulation increased
significantly and contained noise-like components of up to approximately 8
kHz. A hissing sound could be heard from the speaker.
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Figure 20. a) average impedance curves for all tissue protocols. Initially the impedance has
a moderate negative slope but is suddenly increased in all protocols. b) temperature and
impedance curves from an intra-arterial protocol showing that the abrupt impedance
increase and the maximum temperature coincide in time.

7.3 CONCLUSION AND FUTURE WORK

We have developed a cooled monopolar RFA-system for treatment of breast
tumours. Conclusively, ductal carcinomas seem to be well suited for
thermotherapy with RF-energy, partly due to the thermal targeting effect of
the tumour. A FEM study was performed to assess if the differences in
physical parameters could invoke this effect. The presented tumour shapes
in the FEM model do not claim to be a perfect representation of the real life
situation. A better model would include a core tumour from which thin
tumour strands extend. However, this is impossible to achieve with
rotational symmetry, and with present limitations in computational
resources. Additionally, such model would have too many variables to
easily assess any conclusions.
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The tumour targeting effect observed in the in-vitro studies was more
pronounced than in the FEM models, especially in the long tumour strands
extending from the core tumour, indicating that additional effects might be
involved. Perhaps the membranes between the tumour and the surrounding
tissue could have an additional electrical or thermal insulating effect.
Thermally insulated membranes would increase the targeting effect further
away from the electrode where the thermal parameters dominate.
Subsequent studies should study what effect such membranes could have on
the temperature distribution.

Our research group have an accepted ethical approval to perform in-vivo
RF-treatment on 5 patients in the same anaesthesia-session as standard full
mastectomy is performed. The results will subsequently be assessed by
examining the removed specimen. If the tumours are completely killed by
the RF-energy the next step is to file a new ethical application to use RFA as
the only treatment method. The demarcation zone in the in-vivo situation
will probably become more defined due to the collapse of the blood
perfusion.

We have also used RF-energy to develop an efficient method to provoke
arterial thrombosis. The study was performed in a relevant porcine model
which is suitable for thrombus research taking size and the similarity of the
clotting properties with humans into account [71-74]. The behaviour of the
temperature and the electrical properties, along with their influence on the
heating process will serve as tools to monitor and refine the control of the
procedure. We suggest that the impedance minimum or the onset of
modulation on the RF signal will serve as potential indicators to reduce the
power allowing more standardised damage to the endothelium. The time for
the whole obstruction procedure is less then 20 minutes. This method will
later be used to document re-perfusion with our non-invasive ultrasound
technique in the in-vivo situation.
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8 ACOUSTIC TECHNIQUES

Acoustic energy or ultrasound is extensively used in medical applications
in modern health care. Most often, the image producing diagnostic
application comes in mind when ultrasound is mentioned. However,
acoustic energy is also widely used in therapeutic applications such as
ultrasound aspiration, ESWL, muscle therapy and cell lysis. High intensity
ultrasound applications have been studied since the beginning of the sixties
without any major breakthrough, mainly due to the unpredictable and
inhomogeneous target alteration. Our research group have primarily
focused on two applications, dissolving of blood clots and tumour ablation,
using both heat and mechanical phenomena.

8.1 HIFU TREATMENT OF TUMOURS

It is our intention to evaluate the possibility of using high-energy focused
ultrasound as a non-invasive modality to generate lesions in small breast
tumours. Both the thermal effects and the micro-mechanical effects from
cavitation bubbles will be investigated. HIFU therapy is associated with
serious drawbacks preventing it from reaching clinical use. The focus
volume is often limited in order to reach therapeutic intensities in the focus
without damaging surrounding tissue. The focus is consequently swept over
the target region making it difficult to create homogenous lesions. This also
increases the treatment time substantially. Moreover, the treated regions
influence the following ultrasound sweeps by for example shielding. This
effect along with other non-linearities makes it extremely difficult to predict
the target alteration. In an ongoing collaborative study by Jernberg, Hedlof,
Heiden, Ekstrand, Wiksell, Brahme, Lewensohn and Edgren [75] the non-
thermal effects of ultrasound alone and in combination with y radiation on
human lung carcinoma cells are studied. The preliminary results show that
non-thermal HIFU alone is capable of inducing immediate cell death. At
intensities up to approximately 6 W/cm® only a small reduction in cell
survival was identified. However, over this threshold intensity the cell
survival followed a negative linear slope with increasing intensity. At 10
W/em® the cell surviving fraction was approximately 15 %. The cell killing
was not induced by an apoptotic pathway but resulted in cell lysis, loss of
membrane integrity and reduced clonogenic cell survival. Synergistic effects
between HIFU and y radiation existed, independent of the order of delivery
even after long delay times such as 2 hours.

8.2 THE EFFECTS OF ACOUSTIC ENERGY ON ELECTRICAL
ADMITTIVITY

High intensity ultrasound is often highly non-linear. Many applications not
fully applicable today will in the future become possible when advanced
feed forward and feed back regimes etc. are developed. Consequently,
there exists a demand for relevant methods to monitor the target alteration.
Our group have previously studied the secondary emission of acoustic
energy from the target region to monitor the mechanical effect in the target
region [1].
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This study investigated the variation in in-vitro tissue admittivity after
exposure to different kinds of acoustic radiation, namely extra corporeal
shock wave lithotripsy (ESWL) and high intensity focused ultrasound
(HIFU). The latter is carried out in both pulsed and continuous modes of
delivery. A variation in tissue admittivity after acoustic irradiation may
serve as a tool to monitor the degree of tissue alteration.

The electrical properties of tissue have been studied extensively since the
middle of the 19th century with pioneer work by du Bois-Reymond,
Fricke, Cole and others [76]. The early work was aimed at explaining,
modelling and parameterising the complicated behaviour of tissue complex
impedance. This work made it possible to use impedance measurements to
characterise different tissues [77], detect pathological changes (both
malignant and non-malignant) [78-83], and detect temperature changes
[84]. Hence, it seems reasonable that also mechanical and thermal
interaction with the tissue would induce permanent detectable changes in
the electrical admittivity.

Before sonication of the samples the temperature and the admittivity of the
specimens were measured. The admittivity was measured at 1 MHz with a
specially made measuring probe, figure 21. This frequency is in the B-
dispersion region where structural and capacitive changes of the cell
membrane can be detected, chapter 3.2. The sample tissue was prime rib
(beef) from animals sacrificed 1 day prior to the protocols. The size of the
specimen was 1.3 g, (approx.1 cm’). The sample admittivity was measured
15-20 times and averaged to minimise the variation within each tissue
sample.

Figure 21. Overview of the used admittivity probe. The spherically shaped (d = 1.3 mm)
contact electrodes are placed 2.3 mm apart and mounted close to two ferrite-core
transformers with included voltage and current measuring circuits.

During sonication each tissue sample was placed in a thin condom filled
with isotone saline solution. Following sonication, identical temperature
and admittivity measurements were carried out on the specimen. Care was
taken to ensure that all measurements before and after the treatment were
performed at the same temperature £ 0.5°C (17-22 °C). The influence of
the saline solution on the sample tissue was compensated for.

During the ESWL protocol 600 shock wave pulses were given at
approximately 82 MPa. This protocol did not affect the temperature of the
target tissue. The pulsed HIFU protocol consisted of 60 us pulses
containing sine bursts at 1.1 MHz. The passive period time was 100 ms,
resulting in a duty-cycle factor of 6x10. The Spatial Peak Temporal Peak
(SPTP) intensity is assumed to be 31 kW/cm® giving a Spatial Peak

46



Temporal Average (SPTA) intensity of 19 W/ecm®. The pulsed exposure
was sustained for 10 minutes. Temperature elevation was less than 1°C.
The continuous protocol consisted of 1.1 MHz sine wave with an intensity
adjusted to maintain a constant focal temperature of 44°C (Spatial peak
intensity 72 W/cm2) and 80 °C (Spatial peak intensity 504 W/cm2) during

10 minutes.

Protocol | Before After Change %
Modulus | Phase Modulus Phase Modulus | Phase
ESWL 0,567+ -7,540+ | 0,603+ -2,928+ |- 61.2
0,053 2,798 0,067 1,401
(n=11) (n=11) |(t=0,152) |[(t=0,0002)
HIFU 0,595+ -6,230+ | 0,611+ -2,463+ | ------—--- 60.5
pulsed 0,050 1,827 0,048 0,914
(n=11) (n=11) | (t=0,055) |[(t=0,0002)
HIFU 0,581+ -6,645+ | 0,579+ -3,289+ | ------—---- 50.5
cont. 0,041 2,198 0,050 2,311
(n=6) (n=6) (t=0,946) |(t=0,004)
44°C
HIFU 0,623+ -5,761+ | 0,408+ -1,715+ -34.5 70.2
cont. 0,071 0,765 0,057 0,391
80°C (n=6) (n=6) (t=0,0007) | (t=0,0002)

Table 3. Magnitude of admittivity and phase angle of impedivity at IMHz before and
after sonication of the tissue samples. All data are presented as mean with standard
deviation including compensation for the saline deviation. Two sided paired student t-
tests were performed to establish statistical significance. t<0.05 is considered significant.

The negative phase angle of impedivity significantly increased during all
the protocols, table 3. We believe that this increase is caused by cell
membrane disruption. Hober [85] showed that a red blood cell suspension
lost its capacitance after disruption of the cell membranes. Furthermore,
in-vitro measurements exclude the effects of wvascularisation, i.e.
temperature regulation, active changes in intra and extra- cellular fluids,
and therefore primarily measure changes in the structure of the cell. The
phase angle is thus an indicator of cell membrane status. The secondary
emission from the cavitation bubbles during the HIFU and ESWL seems to
disintegrate the cell membrane and increase the phase angle. During the
continuous 80°C HIFU the cell membranes are also destroyed because of
the elevated pressure associated with temperature rise and phase
transformation. Our pulsed HIFU protocol can disrupt fibrin-fibrils of
blood clots [6], indicating that the delivered energy with this HIFU regime
is highly capable of destroying biological structures. The magnitude of
admittivity decreased significantly only during continuous HIFU at 80 °C.
This effect is caused by the elevated temperature and appears mainly due
to coagulation, which decreases the ion mobility.
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8.3 CONCLUSION AND FUTURE WORK

In conclusion both non-thermal and thermal effects seem to influence the
phase angle of admittivity due to rupture of the cell membranes. Thermo
therapy also influences the magnitude of admittivity, due to coagulation and
protein denaturation. Hence, it seems feasible to use the electrical
admittivity to monitor target alteration for both thermal and non-thermal
acoustic protocols.
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