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ABSTRACT

CHARACTERISATION OF ULTRASONIC TRANSDUCERS USED IN
MEDICAL APPLICATIONS AND INVESTIGATION OF THEIR
EFFECTS IN PHANTOM TISSUE

The overall goal of this thesis is to characterize the high intensity focused ultrasound
(HIFU) transducers used in medical applications and to investigate the effect in phantom
tissue. Two types of HIFU transducers have been characterized by electrical, acoustical
and thermal methods. A new method has been presented for measurement of instantaneous
input electrical power of HIFU transducers. The aim is to establish a relationship between
ultrasonic powers produced due to applied electrical power and measure the effectiveness
of HIFU transducers. New ultrasound pressure measurement system has been designed and
constructed at TUBITAK UME Ultrasound Laboratory. System consists of a water tank,
positioning system, measurement devices and a controlling program. The ultrasound field
radiated by HIFU has been investigated by measuring its pressure field and mapping in 2-
D and 3-D. A temperature measurement set up in a phantom tissue has been constructed.
Two temperature sensors that were produced at TUBITAK UME Temperature laboratories
were used. Platinum resistance (Pt100) temperature sensors and thin wire thermocouples
are embedded into a phantom tissue. Temperature change and temperature distribution
have been investigated. Correlations between ultrasonic power, electrical power, ultrasonic
pressure and temperature rise have been presented. Theoretical model found in literature
and experimental results were compared and an agreement was shown. Theoretical model
for ultrasound pressure field was realized by using a KZK (Khokhlov, Zabolotskaya and
Kuznetsov) nonlinear parabolic equation and temperature rise in phantom tissue caused by

absorption of HIFU energy is often described using Pennes’ bioheat transfer equation.



OZET

MEDIKAL UYGULAMALARDA KULLANILAN ULTRASONIK
DONUSTURUCULERIN KARAKTERIZASYONU VE ETKILERININ
FANTOM DOKUDA ARASTIRILMASI

Bu tezin genel amaci yliksek yogunluklu tibbi uygulamalarda kullanilan odaklanmis
ultrason (HIFU) dontstiriiciileri karakterize etmek ve fantom dokudaki etkisini
arastirmaktir. HIFU donistiirticiilerin iki tiirdi, elektrik akustik ve termal yontemlerle
karakterize edilmistir. HIFU donistiiriictilerin anlik giris elektrik giicliniin 6lgiilmesi igin
yeni bir yontem kullanilmistir. Amag uygulanan elektrik enerjisine karsi iiretilen ultrasonik
giicler arasinda bir iliski kurmak ve HIFU doniistiiriiciilerin etkinligini 6lgmektir.
Ultrasonik basing 6l¢iim sistemi, TUBITAK UME Ultrasonik Laboratuvari'nda tasarlanmis
ve dretilmistir. Sistem, su deposu, konumlandirma sistemi, Ol¢lim cihazlart ve
kontrol/yazilim boliimlerinden olusur. Basing alaninin 6l¢iilmesi ve 2-eksen ve 3-eksen
haritalama incelenerek HIFU tarafindan yayilan alan arastirtlmistir. Fantom dokuda
sicaklik dl¢iim diizenegi kurulmustur. TUBITAK UME Sicaklik Laboratuari’nda iiretilen
iki sicaklik sensorii kullanilmistir. Pt100 (Platin direngli termometre) sicaklik sensorleri ve
isilgiftler fantom doku icine yerlestirilmistir. Sicaklik degisimi ve sicaklik dagilimi
arastirilmistir. Ultrasonik giig, elektrik giicti, ultrasonik basing ve sicaklik artis1 arasindaki
iliskiler sunulmustur. Literatiirde mevcut teorik model ile deneysel sonuglar karsilastiriimis
ve uyum gozlenmistir. Ultrason basing alani igin teorik model, KZK (Khokhlov,
Zabolotskaya and Kuznetsov) dogrusal olmayan parabolik denklemi ve fantom dokudaki
sicaklik artisina sebep olan genellikle Pennes' bioheat transfer denklemi ile agiklanan

HIFU enerji emilimi kullanilarak gergeklestirilmistir.
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1. INTRODUCTION

Cancer remains an important health problem all over the world. An important approach of
fight against cancer is the discovery of novel techniques for diagnosis and treatment
[1,2,3]. Accurate diagnosis and treatment methods will empower the therapy for the
patient. Therapeutic ultrasound techniques in especially cancer treatment need to be
supported by metrological tools in order to establish the safe use of ultrasound. HIFU
transducer that produces up to few hundreds of Watts power in MHz frequencies is used as
novel technique in cancer therapy in medicine. In order to characterize the ultrasound field
radiated by an ultrasound transducer (i.e.HIFU), many scientists and researchers are
realizing new studies [4-8]. During HIFU treatment, the temperature and ultrasound field
distribution play an important key role. In order to ensure safe and efficient treatment, the
temperature and ultrasound field distribution should ideally be known. Ultrasound field,
temperature rises and temperature distributions must be measured with sufficiently high
accuracy, so as to warrant a safe medical application. Mapping temperature distribution in

tissue when ultrasound applied will ensure to use it safely and effectively.

Ultrasound is used for a wide range of different treatments: high intensity focused
ultrasound, lithotripsy (kidney stones removal and including similar devices for tendon
repair at bone surfaces), physiotherapy (e.g. sports injuries), enhanced bone repair and
wound healing, fat removal, and various cosmetic purposes [9-13].

Field structure of such transducers, which is the most critical criterion for image quality of
medical devices, mainly depends on geometrical configuration of transducers and their
focal point. For these reasons careful metrological characterization of HIFU transducers,

including field mapping is a matter of great importance.

Despite the fact that basic characterization of the acoustical output parameter for
therapeutic ultrasound devices made progress and first international standard are under
development [14]. The metrological basis —meaning reliable measuring procedures and

models- for the determination of these parameters in tissue is under investigation.



It is widely described in scientific literature, that ultrasound waves generate heating effects
in human body [15-17]. The amount of ultrasound power radiated by the transducers as a
consequence the heating effect on tissues is proportional to the magnitude of driving
electrical signal. Records related to the heating of specific regions in human body up to
85°C depending on the exposed ultrasonic power and focusing conditions are available in
many publications [18,19]. Therefore in order to make correct treatment, exact knowledge
about exposure of relevant region and proper penetration of ultrasonic radiation is required.
This information has to be accompanied by the absolute value of ultrasonic power radiated

by HIFU transducer determined during measurements traceable to national standards.

It is well known, that maximum ultrasonic power from HIFU transducers could be
obtained on their focal point. Significant deviation from this maximum value can be found
out of the focal point and on the axis different from the axis of maximum radiation.
Therefore, exact determination of the focal distance and results of field characterization of
HIFU transducers enable indispensable information for engineers engaged in design of

medical devices with HIFU transducers.

The main objective of this thesis is metrological characterization of HIFU transducers,
which includes determination of a resonance frequency, range dependent power
measurements, radiation transfer rate measurements and 3D scanning of the ultrasonic field
generated by a HIFU transducer, while near (Frensel) and far (Fraunhofer) field regions of
transducers, and their focal points have been identified after modeling.

Measurement systems constructed at TUBITAK Ulusal Metroloji Enstitiisii (UME).
Acoustic powers were measured in strong focusing fields up to 100 W in the frequency
range 0,5 MHz to 3,0 MHz and the spatial distribution of pressure in these fields were
quantified. Also the temperature rise in the focal region has been investigated by means of

thin wire thermocouples and resistance thermometers.

In the first method, the total acoustic power produced by the HIFU transducer will be
measured in the primary Radiation Force Balance (RFB) system. In the same system

instantaneous input electrical power was also be measured.



Ultrasound power produced by the HIFU transducer was measured in the primary radiation
force balance (RFB) system. The ultrasound power is radiated to an absorbing or conical
reflecting target that is suspended to a balance. A change in apparent mass of target is

measured and the ultrasound power is calculated by the formula shown in Equation 1.1.

Pult=F.c=mgc (1.2)

F is force, m is mass, g is acceleration of gravity and c is speed of sound (depend on the
water temperature) in water in Equation 1.1. Instantaneous input electrical power is
measured by using voltage and current probes. The electrical power is calculated by means

of formula shown in Equation 1.2.

Pel=V.1.cos6 (1.2)

@ is the phase angle between voltage and current in Equation 1.2.

In the second method, pressure field produced by the HIFU transducer have been
determined by needle and LiNbO3; (Lithium Niobate) transducers in the automated
scanning system. The experimental results have been compared with theoretical

approximations depending on the KZK equation [20,21].

In the third method, the temperature distribution produced by a HIFU (High Intensity
Focused Ultrasound) transducer have been investigated by different set ups using different
type temperature sensors (thermocouple and PT100) in the automated scanning system.
The maximum temperature, the temperature change and the temperature distribution due to
applied ultrasound power have been characterized. The temperature measurements were
carried out in water and in a phantom gel (tissue mimicking material) that has very similar
human tissue/body characteristics. Automated scanning system with the water tank (200
cm x 100 cm x 100 cm dimensions) can move 150 cm, 70 cm and 70 cm with accuracy of
100 pm.

The most important character of HIFU transducer is its temperature rise effect in tissue

since it burns out the cancer cells in tissue. Ultrasound field was characterized by two types



of sensors. A HNA sensor manufactured by ONDA Corp-USA is a thin (400 pm active
element in diameter and 1,2 mm case in diameter) sensor for high power field
measurements [22]. This transducer was mounted at one end of the water tank and
hydrophone was mounted at the other side of the moving translation stage. Ultrasonic field
was measured with the controlling computer LabVIEW program (Laboratory Virtual

Instrument Engineering Workbench).

The temperature measurements have been carried out by different types of sensors. Thin
thermocouple and Pt100 sensors were used and the results were compared. Thermocouple
temperature sensors have been produced at UME Temperature Laboratory. In order to use
multisensors at the same time, a rigid frame was produced at UME workshop. The
temperature measurements will be traceable to ITS-90 scale (International Temperature
Scale of 1990) that facilitates the comparability and compatibility of temperature
measurements between -272,5 °C and 1085 °C. The temperature distribution in the tissue

can be calculated by the Pennes’ bioheat transfer equation [23].

1.1 ULTRASOUND

The frequency of sound waves that a healthy human can hear is between 20 Hz and 20
kHz. Ultrasound has a higher frequency than normal hearing. Ultrasound used for medical

purposes is from 1 MHz to 20 MHz frequency range.

Sound waves are generation of high pressure and low pressure pulses traveling through a
medium. The high pressure areas (compression) are where the particles have been
squeezed together; the low pressure areas (rarefaction) are where the particles have been

spread apart as seen in Figure 1.1.
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Figure 1.1. High pressure (compression) and low pressure (rarefaction) areas in sinusoidal

form

Ultrasound pressure like sound pressure is the pressure deviation from the local ambient
pressure caused by a high frequency sound wave. The International System of Units
(abbreviated SI from French: Le Systéme international d'unités) unit for sound pressure is

the Pascal and symbolized as Pa.

Ultrasound waves are produced by ultrasonic transducers which are made of PZT (Lead-
Zirconate-Titanate) or crystal. Ultrasonic transducers are reciprocal sensors which converts

mechanical vibrations to electrical signals and vice versa as seen in Figure 1.2.

Sound and pressure waves play an important role in a number of medical diagnostic and
treatment technologies and many of them exploit the piezoelectric effect in one way or
another. When materials such as ceramics, bone and DNA are mechanically stressed, they
accumulate an electrical charge. Conversely, by applying an external electric field these
materials, we can induce a change in their static dimensions. This inverse piezoelectric

effect is used in the production of ultrasonic sound waves.
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Figure 1.2. PZT scheme

Geometrical structure determines the properties of acoustic field including near, focal and
far field regions. This geometrical structure with boundary conditions satisfies the solution

of acoustic wave equation in these boundary conditions.

1.2 ULTRASOUND IN MEDICINE

Ultrasonography is a medical imaging technique that uses high frequency sound waves and
their echoes. It is generally known as a safe application, since it does not use ionizing
radiation, which can pose hazards such as chromosome breakage and cancer development.
Ultrasonic energy has two potential physiological effects, which are the one is heating and
the other is cavitation. Ultrasound energy produces a mechanical pressure wave through
soft tissue. This pressure wave may cause microscopic bubbles in living tissues and
distortion of the cell membrane. When ultrasound energy transmitted through the body, it
heats the tissue. Heating effect is typically negligible as the normal tissue dissipates most

of the heat for lower pressures that is radiated by diagnostic devices, but with high
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intensity and focusing, it can cause small pockets of gas in body fluids or tissues to expand

and contract/collapse in a phenomenon called cavitations [24, 25].

Focused high-energy ultrasound pulses can be used to destroy calculi such as kidney stones
and gallstones into fragments small enough to be passed from the body without undue

difficulty, a process known as lithotripsy [25].

Treating the cancer tumors and other disorders by means of a process known as high
intensity focused ultrasound, also called "focused ultrasound surgery" (FUS) [26].
Generally lower frequencies than medical diagnostic ultrasound is used between 250 Hz
and 2 MHz, but at the significantly higher time-averaged intensities as seen in Figure 1.3.
The treatment process is generally visualized and guided by magnetic resonance imaging

(MRI) and ultrasonography.
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Figure 1.3. Medical ultrasound spectrum

Ultrasound pressure waves between 2 MHz and 18 MHz ranges are routinely used in

diagnostic medical imaging and easily penetrate tissue to provide real-time images.
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Ultrasound travels about five times as fast in water (around 1500 m/s) than it does in air

(around 300 m/s) and brain tissue behaves pretty much like water.

Typical diagnostic ultrasonic applications operate in the frequency range of 2 MHz to 18
MHz. Higher frequency sound waves have a smaller wavelength and thus are capable of
reflecting or scattering from smaller structures. Higher frequency sound waves also have a
larger frequency dependent attenuation coefficient and thus are more readily absorbed in

tissue, limiting the depth of penetration of the sound wave into the body [27].

Ultrasonography is effective for imaging soft tissues of the body. Superficial structures
such as muscles, tendons, testes, breast, thyroid and parathyroid glands, and the neonatal
brain are imaged at a higher frequency (7 MHz to 18 MHz), which provides better axial
and lateral resolution. Deeper structures such as liver and kidney are imaged at a lower
frequency 1 MHz to 6 MHz with lower axial and lateral resolution but greater penetration
There are many applications of ultrasound in medicine for diagnostic and treatment in
literature [27-36] as listed below.

e Ultrasound imaging

e Physiotherapy

e Ultrasound treatment

e Tissue burning

e Bone healing

e Cleaning teeth in dental hygiene.

e Drug delivery

1.3 HIFU TRANSDUCERS AND TECHNOLOGY

Generally HIFU transducers are made of a piezoceramic (PZT) or piezocomposite material
and have the shape of a spherical shell. Figure 1.4 shows a schematic of geometrically
focused spherical concave shell transducer as first suggested by Lynn et al. in 1942 [37].
The Existing focal point is located close to the geometrical center of curvature and the
increase in the intensity at the focal spot can easily be a factor of thousands as compared to

non-focused plane waves. Commonly used spatial maximum intensity levels for HIFU
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ablation are around 1000 W/cm? to 3000 W/cm?, whereas the intensity levels used for
diagnostic ultrasound are around 0,1 W/cm?to 0,5 W/cm? [38, 39].
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Figure 1.4. Schematic of a spherical shell transducer
(The ellipsoid focal spot (in black) is in scale with the radius of curvature and aperture.)

Diagnostic ultrasound is furthermore applied in short bursts of a few microseconds,
whereas HIFU is applied continuously for several tens of seconds. The size of the ellipsoid
focal spot is determined by the ratio of the transducer radius of curvature and the diameter
of the aperture, and is also linearly dependent on the wavelength. The wavelength A is in
turn determined by the chosen frequency f according to A=c/f, where c is the speed of
sound in the target tissue, which is typically close to that of water in human soft tissues i.e.

approximately 1540 m/s.

For a typical HIFU transducer with a 12 cm radius of curvature and 13 cm aperture
diameter, the ellipsoid focal spot had a width and length of approximately 1 mm and 7 mm,
respectively, when the transducer was operated at 1,2 MHz. In general, the ultrasound
frequency used for HIFU therapy depends on the target and the required penetration depth,
with transducers typically using frequencies in the range of 0,8 MHz and 1,6 MHz,



10

whereas intracavitary transducers for such applications as prostate ablation use higher
frequencies in the range of 2 MHz to 4 MHz [39-41].

The focused beam causes localized high temperatures of between 40°C and 90°C (or even
higher) in an elliptical region as small as 1 mm to 2 mm (in diameter) and 5 mm to 10 mm
(in length) visualized as reddish ellipse in Figure 1.5. The high temperature, maintained for
a few seconds, produces a well-defined region of necrosis. This procedure is referred to as

ultrasound ablation. [42].

:L"C‘_i'? po:u'f'f

1.0l

Transducer

Figure 1.5. HIFU transducer focused by concave shape PZT

High intensity pressure field can be produced mainly by three ways. In most cases PZT’s
are used for transmitting sound waves. Technically, the acoustic waves are focused by a
spherical arrangement of the ultrasound transducers or by adapting the relative phases of a
transducer array (phased array). In general, an acoustic lens is placed in front of the

transducer to increase the small volume of the focus.

In first technique for producing a high intensity field, a disk shape PZT is used with an
acoustic lens (a polystyrene lens) to collimate the beam in a focus as shown in Figure 1.6

and Figure 1.7.
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Figure 1.6. HIFU transducer focused by concave shape PZT
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However it is an easier way for producing focused field, some amount of energy is lost

since acoustic lens acts as an absorber in the region away from the center points.

Disk PZT Absorptive
region

Acoustic
lens

Figure 1.7. HIFU transducer focused by using acoustic lens

Second technique to produce a high intensity field, is constructing the transmitter in

concave (bowl) shape. Concave shape accumulates the sound field in a point where is

called focus point as it is seen in Figure 1.8.
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Figure 1.8. HIFU transducer focused by concave (bowl) shape PZT

Third technique to produce a high intensity field, is constructing multi-element transmitters
in a disk or partially concave shape as it is seen in Figure 1.9. In this model focal point can
be adjusted. High-intensity focused ultrasound developed for medical applications
employ phased-array transducers in which an array of small size piezoelectric transducers
are used to produce multiple pressure waves whose phase is adjusted electronically by
introducing delays in the electrical pulses that generate the pressure waves. By
coordinating these delays, the focal point -point of highest pressure and thus highest

temperature in the tissue- can precisely be controlled [40].

This design may consist of few hundreds of mini transmitters. The driving, controlling and

matching the transmitters need for high technology and tricky business [40].
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array

Figure 1.9. HIFU transducer focused by phase shifting for multiple PZTs

Focused ultrasound is a highly precise medical procedure that applies high-intensity
focused sonic energy to locally heat and destroy damaged tissue through ablation. HIFU is
a hyperthermia therapy, a class of clinical therapies that use temperature to treat damaged
tissue. HIFU is also one modality of therapeutic ultrasound, involving minimally invasive
or non-invasive methods to direct acoustic energy into the body. In addition to HIFU, other
modalities include ultrasound-assisted drug delivery, ultrasound hemostasis, ultrasound

lithotripsy, and ultrasound-assisted thrombolysis.

Clinical HIFU procedures are typically performed in conjunction with an imaging
procedure to enable treatment planning and targeting before applying a therapeutic or
ablative levels of ultrasound energy. HIFU is an approved therapeutic procedure for the

treatment of cancers of the brain, breast, liver, bone, and prostate [41].

HIFU transducer that has been used for measurements in this thesis is shown in Figure
1.10. On the left hand side is the Sonic Concepts HIFU transducer with a hole for
diagnostic purposes. It has a separate matching unit that acts for fundamental frequency

and third harmonic generation as it is seen in right hand side of Figure 1.10. Sonic
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Concepts HIFU transducer is a made of concave shape PZT and more details about this

type HIFU taransducers can be found in reference [43].

Figure 1.10. HIFU transducers used in measurements covered by this thesis

In Figure 1.11, Precision Acoustics HIFU transducer is shown. It is made of a disc shape
PZT with an acoustic lens in front. The matching network was embedded just behind the
transducer backing [44].

Figure 1.11. HIFU transducers used in measurements covered by this thesis
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Some other types of HIFU transducer pictures can also be seen in Figure 1.12. Two similar
transducers with and without a hole in the center that were used in this thesis study are
shown in (a) and (b) in Figure 1.12. Measurement and clinical purpose HIFU transducers

(smaller ones) can be seen in (c) of the same figure.

V.

a-HIFU transducer without | b- HIFU transducer witha c- HIFU transducers for
a hole for diagnostic hole for diagnostic clinical applications
purposes purposes

Figure 1.12. Single element HIFU transducers

Phased array HIFU transducer pictures can be seen in Figure 1.13. [43,45]. Upper one
named as (a) in the figure is a rectangular PZT elements fabricated together and formed as
a concave shape to produce a focal point. Lower ones named as (b) and (c) in the same
figure are 256 circular PZT elements fabricated together and formed as a concave shape to

produce a focal point.
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shape

b- Circular PZT elements fabricated
together and formed as a concave
shape (prototype)

c- Circular PZT elements fabricated
together and formed as a concave shape

Figure 1.13. Phased array HIFU transducers
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Application of HIFU can also be seen in Figure 1.14 and Figure 1.15 [46-47]. In Figure
1.14, two MR guided HIFU treatment system can be seen. Tumor is diagnosed by using
MRI scanning. On the left hand side, HIFU transducer is located inside the bed for internal
tissue treatments in the body. On the right hand side, HIFU transducer is used for

applications for the head. Brain tumors inside the head are treated by HIFU.

Figure 1.14. Treatment with HIFU systems

In Figure 1.15, Ultrasound guided HIFU treatment system can be seen. This system is used
for prostate cancer treatments [48]. Patient lies on the table (blue pad) in fetal positon.
HIFU transducer penetrates through the rectum to come as close as possible to prostate
region. Diagnostic imaging ultrasound probe, first visualize the cancer tissue, and then
HIFU transducer burn the cancer tissue by moving in three dimension. Treatment takes 1
or 2 hours depending on the size of the lesion and patient goes back home just after the

treatment.
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Figure 1.15. Prostate treatment with HIFU systems

The biophysical effects of high-intensity ultrasound were first studied extensively in 1927
by Wood and Loomis [49]. They observed that planar ultrasound waves, propagating in
parallel towards the target, could rupture biological cell membranes provided the intensity
was sufficiently high. This observation triggered a lot of interest and the first recorded
mention of the possibility of using ultrasound for cancer treatment was made in 1933. In
1942, Lynn et al. suggested that a geometrically concave transducer could be used to
increase the local intensity by focusing the ultrasound waves, while keeping the intensity
low in surrounding areas [37]. This allowed for inflicting tissue damage to a well-defined
deep-seated focal spot while sparing surrounding tissue. Although a substantial amount of
research was performed toward clinical applications (mainly ablation of the central
nervous system) during the following decades, HIFU did not gain widespread clinical
acceptance as a technique for local hyperthermia or tissue ablation mainly due to a lack of

suitable guidance.

The generation of HIFU and the interaction of HIFU with biological tissue are also briefly
described as they constitute the foundation for any HIFU therapy and are furthermore
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necessary background in the discussion of the different sonication strategies and methods
of feedback control. The book Physical principles of medical Ultrasonics compiled by Hill,
Bamber, and ter Haar, can be recommended for more information on therapeutic

ultrasound and the interaction of ultrasound with biological tissue [40].
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2. ELECTRICAL AND ULTRASONIC POWER MEASUREMENTS

Important parameters to measure are the total power from HIFU transducer and
instantaneous input electrical power. It is critical to measure the voltage and the current (to
calculate the power) at MHz frequencies. A new measurement system at TUBITAK UME
Ultrasound Laboratory has been built and improved for this purpose. Instantaneous input
electrical power was measured by using voltage and current probes. The electrical power is

calculated by using below equatoion (2.1).
P=V.l.cosé@ (2.1)

In the equation (2.1), 6 is the phase angle between voltage and current. An efficiency value
that is the ratio of ultrasound power and input electrical power was given so that the end
user will apply correct ultrasound power. All measurements at different systems and
manufacturing of some sensors and set ups have been realized at TUBITAK UME
laboratories. As a result, the high power ultrasound field radiated by HIFU transducer that
is used for cancer therapy, has been investigated experimentally and compared with
available theoretical models in literature by thermal and ultrasound methods, in order to
characterize the HIFU transducer and establish the safe and effective use of it. All
measurements are traceable to national standards. The goal of this thesis is to investigate
temperature and ultrasound field effects of ultrasonic transducers used in human body for
cancer therapy. It is also very important measure the voltage and the current (to calculate

the power) for ultrasonic transducers used in cancer therapy at MHz frequencies.

Instantaneous input electrical power has been measured by using voltage and current
probes in the new system constructed at at TUBITAK UME Ultrasound Laboratory. The
electrical power was calculated with three methods. Measurements were realized for two
HIFU transducers whose resonance frequencies are 0,93 MHz and 1,10 MHz
correspondingly. Details of measurement system, measurement results and uncertainty of

measurements have been given in this study.

Parameters of the electrical power measurements had been well defined in low frequency

applications. When the interested frequency level is higher than 100 kHz voltage, current
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and impedance measurement results are easily affected input impedance of the
measurement equipments. Input impedance of the measurement equipment and impedance
of the transducer are contained resistive, capacitive and inductive components and these

components are changed with frequency significantly.

Voltage across the ultrasonic transducer generally can be measured with oscilloscopes or
RF voltmeter at the interested frequency region. Input impedance of the measurement
equipment can be 50 Q or 1 MQ. If the transducer has got purely resistive component in
this case only numerical corrections are necessary for between the input impedance of the
measurement device and output impedance of the transducer. This correction term is
negligible at 1 MHz frequency level. When the input impedance of the measurement
equipment contained capacitive component, therefore it should be calculated and whether

it should be taken account or not in the phase calculation.

2.1 ELECTRICAL POWER MEASUREMENT SYSTEM

Power measurement set-up of the ultrasonic transducer is shown in Figure 2.1. The
connections on power amplifier were depicted in Figure 2.2. The output of the power
amplifier was directly connected to a magnetic coupled current probe. It was coupled to the
terminal of the power amplifier as shown in Figure 2 and current values are determined
from its transformer current ratio and output voltage across its resistor. Magnetically
coupled current probes generally have differential input features without creating any
phase error between the voltage, V and current, I. Ultrasonic transducer was connected to
the one port of Tee BNC (Bayonet Neill-Concelman) which is definition point for all
electrical measurements. The other port of the Tee BNC was used for the voltage
measurements. Voltage and current measurements are done by employing oscilloscope into

the measurement system.

Agilent 4294A is used for the two terminal impedance measurements. Reference point for
the two terminal impedance measurement is one port of the Tee BNC. The calibration of
the impedance analyzer was realized at this point. List of devices used in the set up in
Figure 2.1 are tabulated in Table 2.1.



Table 2.1. Devices used in electrical and ultrasonic power measurement set up

Name of device

Manufacturer and type

Generator

Agilent 33250A

Power Amplifier

ENI-150 W (Watts) and E&I-500 W

Oscilloscope

Agilent 500 MHz, 2GSa/s

Current Probe

Agilent 1147A compatible with Agilent oscilloscope

Impedance Analyzer

Agilent 4294A

HIFU transducers

Sonic Concepts and Precision Acoustics

Balance

Mettler Toledo PR2004

Balance

e—

G

_—

E! Voltage probe
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e

Current probe

S
. 4
-
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Labview
programming

Figure 2.1. Electrical and ultrasonic power measurement set-up
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Figure 2.2. Connections on power amplifier output to current and voltage probes.

An equivalent electrical network is seen in Figure 2.3. In the circuit diagram, C is the
HIFU transducer main capacitance which produces ultrasonic energy, Ls is the self
inductance of the two electrodes of the C capacitor, Rs is the resistivity of the two
electrodes of C capacitor. R, represents dielectric isolation resistance of capacitor that
causes leakage current and it resulted in loss in the ultrasonic energy. By employing
matching network, efficiency of the transmitted ultrasonic energy could be increased and

harmonic components of the input electrical signal could be decreased.

— T — AW

VMWW

R-

Matching
Network

Figure 2.3. An equivalent electrical circuit diagram of HIFU transducer
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Measurements have been carried out in the measurement system at TUBITAK UME
Ultrasound Laboratory. All measurements were performed in controlled laboratory
conditions with temperature and humidity stability of 23 °C + 1,0°C and 50 % + 10%
respectively. Ultrasonic power measurement system has been located on a heavy granite
marble in order to diminish the effect of vibration during measurements. Ultrasonic power
measurements were realized in radiation force balance system according to IEC 61161
standard [50].
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3. PRESSURE FIELD CHARACTERIZATION

The scattering of ultrasound due to tissue inhomogeneities will affect the energy of the
propagating wave, since the scattering will redirect and disperse the ultrasound waves out
of the main beam. For linear mediums, the attenuation of the propagating pressure caused

by both absorption and scattering can be written as ashown in equation (3.1).

P(X)=po exp(-ax) (3.1)

In equation (3.1), po is the initial pressure profile directly outside of the transducer surface,
and x is the distance travelled by the ultrasound in the tissue with an attenuation coefficient
o = o, + og that contains both an absorbing (a,) and scattering (as) component. Higher
ultrasound frequencies cause an increase in attenuation, with the relationship being
approximately linear for most biological soft tissues within the frequency range of interest
for therapeutic HIFU.

When the literature survey was carried out, many studies, researches and thesis on the
subject of HIFU transducer characterization can be found. Radiation force balance and
hydrophone techniques are very popular techniques to characterize the HIFU field in a
liquid medium. In these techniques, the ultrasonic power and intensity distribution have
been determined, respectively [51]. A non-invasive method for characterizing HIFU fields
in a liquid medium was recently developed by Hariharan et al (2008) [52]. The technique
involved measuring the velocity induced in the liquid by transfer of momentum from the
ultrasound beam to the absorbing liquid. An iterative numerical algorithm was used to

calculate the acoustic intensity field giving rise to the measured streaming field [53].

One must be taken into account with the method is its ability to measure pressure
components at power levels where acoustic non-linearity is significant. At low acoustic
pressures, e.g. those mainly used in ultrasound imaging, propagation of acoustic waves is
assumed to be a linear process [53]. But at high pressures, like those used in HIFU
applications, linear approximations become useless and the non-linear terms should be

accounted for in the propagation model.
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At high pressures, ultrasonic waves traveling in the medium (i.e. water), change its shape
(form) due to differences in the velocities of different portions of the wave spectrum. The
positive (upper) portion of the sound wave which represents the compression phase travels
much faster than the negative (lower) portion which corresponds to low density rarefaction
phase. This causes the sinusoidal waves to steepen resulting in the formation of distorted
wave forms. The amount of distortion depends mainly on the pressure of the wave and the
nonlinearity of the medium. If the intensity is high enough, the sine waves can be

completely distorted to form saw tooth waves.

For higher intensities of ultrasound waves, nonlinear propagation effects increase and
result not only in waveform distortion and generation of higher harmonics, but also at
sufficient levels, in the formation of shock waves [54,55]. In nonlinear acoustic theory,
amplitude-dependent propagation effects are well described [56].

Although shock wave formation was not explicitly considered, nonlinear acoustic
propagation has previously been studied and shown to have negligible effects on HIFU
treatments. [57-58]

Ultrasonic pressure field models were investigated for finite amplitude ultrasonic waves in
water propagation of focused structures [59]. Similar study were conducted by Sahin for
circular and rectangular structures [60]. These studies had significant improvements in the
field of acoustics. In these studies, theoretical and experimental results are compared and
the results have been confirmed as compatible. Baker and Sahin (1994) have developed a
new model for the rectangular focused transducers and some experimental data is
presented [61,62]. Baker et al. (1995) A new theoretical model and experimental data were
published in compliance with the published results [63]. Theoretical and experimental
studies in two and three dimensions of the ultrasonic fields were studied [64-66].

Howard S.M and Zanelli C. | [66] have used a needle type hydrophone for measurements
of HIFU field. Design and development of HIFU transducers were published by Schafer

M.E. and others [67]. In this study, reflective target was used in the ultrasonic power
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measurements and Pulse-Echo method was used for the characterization of PVDF

hydrophone.

In the early 1970s, Khokhlov-Zabolotskaya and Kuznetsov have produced a famous
equation known by their names abbrevations KZK for the non-linear wave equation
including non-linear effects of acoustic waves, diffraction and dissipation [1,2]. Many

researchers study to solve this KZK equation analytically [18,68].

3.1 THEORETICAL ASSUMPTIONS

Theoretical model has been used for circular source geometry [62]. All sources were
assumed to be centered at the origin of the Cartesian coordinates and lie in the =0 plane.
The initial boundary condition at ¢=0 is that the particle velocity had constant unit
amplitude ug over piston faces and vanished beyond the boundary of both sources.
Similarly, the initial condition has unit amplitude and zero phases for the fundamental and
the magnitudes of the all harmonics retained in the calculation were set to zero. It was also
considered that the nonlinear propagation occurs in a thermo viscous medium, such as
water. Under these considerations, the KZK equation that consistently accounts for

nonlinearity, attenuation and diffraction was used.

2 2
0o Ot ot 2, or

In above equation (3.2);
W=ul/uo is the normalized particle velocity,
u is the fluid velocity in the direction of propagation,
Up is the characteristic velocity amplitude,
o=1/ry is the normalized axial distance on the acoustic axis,
a is the absorption coefficient,
=(wt-kz) is the retarded time,
l4=1/pek is the acoustic shock distance,

B is the nonlinearity parameter,
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¢ is the acoustic mach number,
k is the acoustics wave number.

ro is the axial distance

V2 = (3.3)

ooy
In above equation (3.3), the transverse Laplace operator defined in Cartesian coordinates.

Available theoretical models for the solution of the KZK equation can only be achieved by
numerical methods [59, 60, 62]. It assumes a solution in the form of a Fourier series with
amplitudes and phases that are functions of the spatial coordinates x, y and o.

W y.07) = S W,(x y,0)Sin[nc +y,(x,y,0)] }

: | (3.4
= >{9,(x,y,0)Sin(nz) +h, (x,y,5)Cos(nz) |

n=1

In above equation (3.4), n is the harmonic number,
W, is the velocity amplitude in the Fourier expansion of W,
gn and h,, are Fourier coefficients for the n™ harmonics,

v is the phase of the n™ harmonics.

Numerical modeling of experimental conditions was performed using a KZK-type
nonlinear parabolic equation, generalized for the frequency-dependent absorption

properties of the propagation medium:

o | op S op Co
|2 __F gL —0A
61{82 pocg P or abS(p)} 2 P (3.5)

In above equation (3.5), p is the acoustic pressure,
z is the propagation coordinate along the axis of the beam,

Co is the ambient sound speed .
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Focused transducers can be modeled by knowing the source parameters, such as the main
working frequency, the radius of curvature and the effective operational aperture of the
source. The radius of curvature and the diameter of the transducer were nominally stated
by the manufacturer as 62,6 mm and 64,0 mm, respectively. However, knowledge of these
parameters still does not allow modeling the source as a uniform piston: the transducer
housing, surface waves and inhomogeneity of the piezoceramic might limit and distort the

exact uniform vibration of the source.

Therefore, it is necessary to first obtain the effective operational aperture and the radius of
curvature of the source. To simplify the problem, the source was modeled as a curved
uniform piston using nominal measures of curvature and aperture, and the axial and
transverse pressure plots were calculated in the linear regime and compared with the
measurements. The exact source geometry to be used in the model was then determined by

adjusting the curvature and aperture to best fit the measured focal region.

Waveforms simulations in axial and transversal (radial) directions were performed with the
HIFU-Simulator, which is a freely distributed MATLAB-based software package [69].
Material parameters of the measurement environment (water in this case) were adjusted in
the software as the following: speed of sound cs=1482 m/s, (in water), density p=10°
kg/m?®, ultrasound absorption at 1 MHz a1 mi,=0,217 dB/m, exponent of absorption versus

frequency #1=2 and nonlinearity parameter 5=3,5.

Transducer parameters also adjusted like; radius a,., focusing depth zz., fundamental
frequency fo, acoustical power P,.;; Computational parameters also adjusted like; radius of
the computational domain R=a, length of the computational domain Z=2-z¢., number of

considered harmonics K=100 are needed.

Besides data considering thermal aspects, the peak compressional pressure values p+, the
peak rarefractional pressure values p-, the intensity I, as well as the pressure waveform p(t)
at the focus are available as output data. Due to the parabolic approximation of the KZK
equation, the validity of the simulation software is limited to transducers with an f-number
bigger than 1,37.
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This code determines many important characteristics of continuous wave, high-intensity
focused ultrasound (HIFU) beams and their heating effects [70]. This is done by
integrating the axisymmetric KZK equation from the frequency-domain perspective. This
results in a spatial distribution of pressure of each harmonic, taking into account beam
diffraction, interference effects, power law frequency-dependence of absorption and the
corresponding phase velocity dispersion, and the nonlinear effects of higher harmonic
generation/wavefront steepening. From these pressure fields the temporal average intensity
and heating rate are calculated. The heating rate distribution may then be used as a source
for the bioheat transfer (BHT) equation, which may be integrated to determine the

temperature and thermal dose distributions. [70].

The features of the simulator are as the following;

o use in MATLAB environment (The MathWorks, Inc., Natick, MA).

o Frequency-domain representation is suited for continuous wave simulations
and roughly square-envelope pulses for which the pulse duration is much
longer than the acoustical cycle.

o Accommodates arbitrary power-law frequency vs. absorption relationship. The
corresponding phase velocity dispersion necessary to maintain causality is
determined using an approximation of the Kramers-Kronig relations.

o Accommodates any axisymmetric transducer pressure distribution.

o Perfectly matched layer absorbing boundary conditions prevent spurious results
caused by artificial boundaries.

o Includes bioheat transfer equation solver to determine temperature and thermal
dose information.

o Automatically produces plots of many important quantities (pressure, intensity,
heating rate, temperature rise, and thermal dose).

o Spatial distribution of positive pressure, negative pressure, intensity, heating
rate, temperature rise, and thermal dose are accessible so the user may post

process or further analyze the output.

The code comes pre-configured to perform an example run which may facilitate the user's
familiarity with the software. The two main parts are the propagation code and the heating
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code. To run the example simulation, command is typed at the MATLAB prompt as shown

below.

[z,r,H,1,Ppos,Pneg]=axisymmetricKZK(); (3.6)

This starts the HIFU beam simulation with the parameters indicated in the following Table
3.1[70].

Table 3.1. Parameters used in the model

Item Parameter Symbol | Value | Unit
small-signal sound speed C1 1482 m/s
mass density p1 1000 | kg/m®
absorption at 1IMHz o 0,217 | dB/m

Material 1 exponent of absorption vs. frequency 5 ]
curve n
nonlinear parameter B1 3,5 -
material transition distance z 5 cm
small-signal sound speed C2 1629 m/s
mass density P2 1000 | kg/m®

Material 2 absorption at 1IMHz o 58 dB/m
exponent of absorption vs. frequency 1 i
curve N2
nonlinear parameter B2 4,5 -
Radius a 2,5 cm
focusing depth d 8 cm

Transducer
Frequency f 1,1e6 Hz
Power P 100 W

_ max radius R A cm
((;omp_utatlonal max axial distance VA 2d cm
omain
number of harmonics K 128 -

Figure 3.1 shows the waveform at the focal point. Sinusoidal waveform has been distorted

at the focal since the nonlinear propagation and diffraction in water (or in tissue).
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Waveform at z = 6.03 cm
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Figure 3.1. Time waveform (on axis) at distance where peak pressure occurs

Besides it generates an asymmetric distortion of pressure waveforms, higher harmonics
and narrow harmonic beam widths also occurs as it is seen in Figure 3.2 for radial

propagation and in Figure 3.3 for axial propagation.

2 3

r (cm)

Figure 3.2. Radial pressure amplitude of the first five harmonics at focus
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z (cm)

Figure 3.3. Axial pressure amplitude of the first five harmonics

Figure 3.4 shows the peak compressional pressure and peak rarefactional pressure as a

function of axial distance, z from the surface of HIFU transducer.

z (cm)

Figure 3.4. Axial peak compressional and rarefactional pressures
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3.2 MEASUREMENT SYSTEM SPECIFICATIONS

3.2.1 HIFU Transducer

The H-102 transducer by Sonic Concepts is a highly efficient transducer intended for
HIFU field investigations. Its fundamental frequency is 1,10 MHz, active radius is 70 mm,
focal point is 62,6 mm and has a 15 mm central opening for imaging as it is seen in Figure
3.5. The transducer is used with a matching box terminated to 50 Q. The acoustic output is
stable over the radiating surface. The measured efficiency of the transducer with the

matching network is typically over 80% across the fundamental frequency.

Figure 3.5. The H-102 transducer with impedance matching unit

3.2.2 HIFU Hydrophone

HNA-0400 hydrophone from ONDA Corp. (Sunnyvale, CA, USA) as seen in Figure 3.6 is
designed to be used in high pressure ultrasound fields like HIFU transducers produce. It is
a commercially available HIFU hydrophone, consisting of a sensing PZT (Lead Zirconate
Titanate — namely called Piezo-electric ceramic) element with a diameter of 400 pm,
which is protected by a metallic coating with a thickness of 30 um [23]. It is a needle type
of hydrophone that eliminates errors arising from reflections from measurement

environment. It has a nominal sensitivity of 70 nV/Pa.
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Figure 3.6 The HIFU hydrophone

Frequency characteristics of the hydrophone are given in manufacturer data sheet between
1 MHz and 20 MHz as seen in Figure 3.7.

dBre 1VoeruPa
=4
a

L4 4 “ (1] n 10 72 " L AL 20

trequency (Mi2)

Figure 3.7 Frequency response curve for HNA-0400 hydrophone

3.2.3 Measurement Tank

HIFU transducer and receiver hydrophone were mounted inside the water tank whose
dimensions are 200 cm (length), 100 cm (height) and 100 cm (depth). A scanning system
that have a two arm, one of which has motion capability in three direction x (horizontal) ,y
(horizontal) and z1 (vertical) and the other has motion capability in turning along itself (w)
and vertical (z2) were used to scan the field. HIFU transducer were mounted on the arm-11
of the scanning system and receiver transducer were mounted on the arm-l. Scanning

measurement results were analyzed by a Labview programme.



36

Measurement tank has been designed and produced for mounting the transducers and
hydrophones in different arms which are controlled individually, as seen in Figure 3.8.
Water tank and positioning system have no mechanical contact to each other so that
preventing any vibration through out the movent in water. Positionning system has been
produced by steel and joint by steel soldering technique. Water tank was made of three
layer of laminated glass and mounted and isolated by using special silicon joint material.
Water tank is seen in white color, frame of the positioning system is seen in black in Figure
3.8.

Figure 3.8. Sketch of the water tank for HIFU pressure measurements

HIFU pressure measurements have been realized in the system shown in Figure 3.9. All
measurements were realized inside the degassed, deionised and distilled water since the
water environment simulates the human body characteristics (as the human body contains
2/3 of water).
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Figure 3.9. Photograph of the home-made water tank and measurement system for HIFU

pressure measurements

Positionning system that is seen in Figure 3.9 have two arms as it was stated before. Arm1
is numbered as 1 and 2. HIFU transducer labelled as 4 in the picture was mounted in Arm-
2 (labelled as 2 in the picture) and hydrophone labelled as 5 in the picture was mounted in
Arm-1.HIFU transducer and hydrophone were located inside the water. Drivers, amplifiers
and automatic control of the positioning system were located in a rack labeled as 6 in the
picture. Signal generator, oscilloscope, power amplifier and other measurement devices
were also located in same rack. Positioning system and measurements were controlled by a

software in a Labview programme labelled as 7 in the same Figure 3.9.

HIFU transducer at the working frequency was mounted on specially designed holders and
placed, horizontally inside the water. Receiver hydrophone was placed through the axial
distance corresponding to the focal plane. Separate holders were used to mount for
transducers and hydrophones. Special care was taken in making sure that no air bubbles
were present inside water and at the surface of the source or the receiver. Residual bubbles

were removed with a thin wire by manually.
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HIFU transducer was fed via signal generator and power amplifier in the resonance
(working) frequency. The pressure transmitted by HIFU transducer was measured by

receiver hydrophone.

Signal from the power amplifier of various power levels was fed directly to the
oscilloscope by using a probe (1:10 attenuator) in order to test the harmonics produced by
the power amplifier and verify that the harmonics generated only represent the nonlinear
acoustic field. Probe was connected directly to the 1 MQ termination of the oscilloscope.
Then the signal output of the power amplifier was applied to the HIFU transducer. The
high intensity and focused ultrasound field generated by the HIFU source was determined
by the needle hydrophone at transducer surface and focal plane, respectively.

Receiver hydrophone was aligned on the acoustic axis, in order to make sure that the
measurements were taken at a point around the focus. A voltage of 100 V RMS (root mean
square) was applied to the 1,10 MHz HIFU transducer electrical terminals from the power
amplifier. A matching box was used to match the acoustical and electrical gain curves. No
preamplifier was used behind the HIFU receiver hydrophone. Only original cable delivered
by the manufacturer (Onda Corporation, Sunyvale, USA) and a 50 Q cable (75 cm long)

provided by the NI was used with analyzer card.

The signal was captured and analyzed by the commercially available LabVIEW 8.1
software (National Instruments). LabVIEW is a system-design platform and development
environment for a visual programming language from National Instruments. It is originally
released for the Apple Macintoshin 1986. LabVIEW is commonly used for data
acquisition, instrument control, and industrial automationon a variety of platforms

including Microsoft Windows, various versions of UNIX, Linux etc.

Firstly, user interfaces (called front panels) were created into the development cycle. VI
(virtual instruments) was organized by using block diagram, front panel and connector
panel as it is seen in Figure 3.10. The front panel was built by using controls and
indicators. Controls were used as inputs and indicators were as outputs. All measurement
block diagram containing the graphical source code were organized in the back panel. All

of the objects (signal generator, analyzer etc.) were placed on the front panel. The back
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panel also contains structures and functions which perform operations on controls and
supply data to indicators. The structures and functions are found on the Functions palette
and can be placed on the back panel. Both time and frequency domain information were
recorded using LabVIEW software. The pressure-time signal was then processed to obtain
the amplitude by LabVIEW.

[ Min. Sample Rate  Vertical Range  Digitizer Spectrum [ Digital Wavetorm Graph

Filter Filter Type
FFT Function Cutoff Frog
Bandpass Width Bandpass Freq

FIR Window FIR Tops

= [Hannng

(802.113¢ Spectral Mask

Figure 3.10. LabVIEW software

LabVIEW program specifications was detailed in Apendix A.

Ultrasound field scanning system specifications are listed below;

o Tank Dimensions; 200 cm (length ) x 100 cm (width) x 100 cm (depth)

o Scanning region: 150 cm x 70 cm x 70 cm

o There are two arms; one has X, y, z (depth) direction motion and the other has z
(depth) and turning motion

o Positioning accuracy is 100 um and 0,01 °

o Fully automated system synchronized with measurement system

o The translation stage was controlled by a Labview based program which also
allowed a joystick control. The driving signal was generated a signal

generation card (-National Instruments, NI PCI-5412) [71] and output from the
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hydrophone was fed directly into a DSO (digitizing signal oscilloscope card,
(NI PCI-5105) [72]. The controlling program executed a “capturec-analyze-
move” cycle, allowing a large number of measurements to be made.
Measurement parameters:

Ultrasound pressure field measurements,

pl, (and harmonics, p2, p3, p4, p5), p+, p-

2D and 3D mapping is possible
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The HIFU transducer used is a single element spherically focusing piezoceramic
transducer with a hole in the center for imaging (H-102, Sonic Concepts) and have

parameters is given as it follows;

o the source radius is r0 = 32 mm,
o the focal length is F = 62,6 mm, and
o the main frequency is fO = 1,10 MHz

The transducer was driven in a “burst” mode; to avoid signal disturbances due to the
acoustic reflections from the walls of the water tank and surface of water. Because the
ultrasonic transducers have a very high gain in air, they are heated quickly and can easily

be broken.

Short pulses series (30-cycle excitation) was fed in the transducer by a function generator
card (NI-National Instruments) through a linear RF amplifier (ENI-Electronics and

Navigation Industry).

° ton= 10 cycles = 9,1 ps for f=1,10 MHz
o pulse repetition period: T =5 ms,

o pulse repetition frequency: PRF = 200 Hz,
e  dutyratio: D=1,8-10"for f= 1,10 MHz

An ideal tone burst signal is shown in Figure 3.11 and a snhap shot picture taken from
oscilloscope display is shown in Figure 3.12. It is a tone burst signal terrain of 20 pulses in
ls.
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Figure 3.11. An ideal tone burst signal
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Figure 3.12. A tone burst signal taken from oscilloscope

The measurements of the ultrasound field were carried out with a needle hydrophone
(Onda Corparation). The hydrophone was attached to a 3-axis, computer-controlled

positioning system for alignment with the ultrasound source. The hydrophone signals were



43

recorded by NI signal analyzer card with a sample rate of 500 MS/s and a data length of

25000 points per waveform.

For each waveform, the following parameters have been calculated:

o p+= peak-compressional acoustic pressure max(p(t))
o p-= peak-rarefactional acoustic pressure —min(p(t))

d p (pp) = peak-to-peak pressure pc+pr

All of the experiments were performed in a large water tank at room temperature (23 °C).
The water was deionized and degassed prior to measurements to limit the development of

cavitations.

3.2.4 Alignment of the System

There are a number of important factors that can influence the measurement results as

follows;

o Alignment of the transducers

o Environmental conditions (i.e. water)
o Stability of the measurement system
o Vibration of the tank

o Low signal from receiving transducer

° Electrical noise from motors

Alignment of the transducers:

One of these factors is the method by which the hydrophone is mounted. Poor alignment
will affect the response of a hydrophone, the degree of influence depending on its
directional response at the measurement frequency. Misalignment may be caused by the
use of a mounting pole that is not straight, leading to an error in hydrophone position and
potentially an error in hydrophone orientation. The accurate alignment of needle
hydrophones is essential for accurate acoustic measurements. The transducer was scanned

along the axis to locate the focal distance as seen in Figure 3.13 and Figure 3.14. The focal
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distance was estimated by a scan along the acoustic axis of the transducer with a step size

of 0,5mm and is identified as 62,6 mm for Sonic Concepts

HIFU transducer. Alignment has been explained step by step as follows;.

o HIFU transducer face was mounted perpendicular to the positioning system rod
with a perpendicular fixture.

o Receiver hydrophone (Onda Corporation) was mounted perpendicular to HIFU
transducer face with a perpendicular fixture.

o Zeroing between the HIFU transducer and receiver hydrophone was adjusted
by getting the both transducers as close as possible (slightly touching)

o Receiver hydrophone was adjusted manually (with a joystick) to be in the
center of the HIFU transducer. This adjustment as can be seen in Figure 3.13
was checked by eye.

o Positioning system was set to zero automatically by software, in this position.

o Receiver hydrophone was positioned at 20 mm, 40 mm, 60 mm, 80 mm and
100 mm away from the HIFU transducer face (x-axis).

o HIFU transducer was fed by a signal generator and power amplifier assembly
at around 100 Watts electrical power. Electrical power was measured
simultaneously by current and voltage probes and an oscilloscope.

o Y-axis (z-axis is constant) was scanned between -10 mm and 10 mm in 1 mm
steps at each x distance between HIFU transducer and receiver hydrophone.
The acoustical pressure was measured and recorded automatically at each
position.

o After all measurements were finished, y-axis values were drawn at each x- axis
position in order to see the maximum peaks.

o Measurements were repeated for z-axis while y-axis was constant at x-axis
positions.

o Positioning system were aligned (moved —y and +y and —z and) to see the
maximum in the center.

o Then positioning system was set to zero again automatically by software, in

this new position.
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Figure 3.13. Alignment of the transducer and hydrophone

Figure 3.14. Mounting of the carbon-fiber rods in two arms
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In case of misalignment, it is most probable to have unexpected results as it can be seen in
Figure 3.15, Figure 3.16 and Figure 3.17. In Figure 3.15, the fundamental peak hasn’t got a
sharper shape and the maximum is not clear. Also second and third harmonic don’t have a

single peak, around the focal plane.
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Figure 3.15. Ultrasound peak pressure variations on acoustic axis

In Figure 3.16, peak compressional pressure P+ and peak rarefactional pressure P- haven’t

got single peaks.
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Figure 3.16. Ultrasound peak compressional and rarefactional pressure variations on

acoustic axis
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In Figure 3.17, the maximum pressure field is not clearly resolved in the expected focus.

0 10 20 30 40 5 60 70 8 9 100

x[mm]

Figure 3.17. HIFU pressure field- preliminary measurement results

Environmental conditions:

Distilled, Deionised and degassed water were used inside the tank. Water used in
ultrasound measurements must have some specifications published in [73]. 5 micron and 1
micron filters, UV lamp were used for distillation. So inorganic compounds such as metals
(iron and lead) and nitrate and hardness (calcium and magnesium) were removed out of

water. Water temperature was monitored during the measurements.

Stability of the measurement system:
Some designs were made to mount the transducers to obtain stability and suitable for
needle hydrophone. Carbon-fiber tubes (cylindrical) were used to mount the transducers to

positioning system’s post. Carbon-fiber is a lightweight fiber used in advanced composites.

Also, L shaped mount is used to fix the needle hydrophones so that it is positioned in

exactly the same place within the acoustic field.

Vibration of the tank:
Vibration of the water during the measurements imposes some instability problems. In
order to avoid this problem, water tank and precise positioning system were built
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separately without any mechanical contact between them except floor. Water tank was
maintained on one ton of a heavy (~ 4000 kg) marble block its steel legs were standing on
the isolation material as it is seen red rectangle in Figure 3.18. Therefore, the vertical
movement of the system was minimized. Water tank was stabilized also with supporting
adjustable steel rods in both sides in order to minimize lateral motions as it is seen in blue

rectangle in Figure 3.18.

Figure 3.18. Water tank and positioning system stability

Low signal from receiving transducer:

The cable between receiving hydrophone and analyzer where is mounted on the computer
case, was very long (3 m), because of the physical distance. Computer was brought nearer
to the hydrophone so that shortest cables without extra connector are used. Only transducer
cable whose length is 50 cm and original cable (NI, IREX 0749) of NI oscilloscope card
whose length is 80 cm were used. In this way, lost in the signal through cable is diminished
and signal-to-noise ratio was increased. Amplification of the signal was observed and

compared by using longer and shorter cables.

Electrical noise:
Positioning system has 5 servo motors for 5 axes. They have high frequency electrical
white noise that affects the reading values on oscilloscope. Effect of electrical noise from
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DC motors can be seen in yellow sinusoidal signal in Figure 3.19. In order to avoid this

noise, positioning system was switched off before each measurement.

Figure 3.19. Measurement signal with and without electrical noise

Cleaning of the transducers:
Before puttin the HIFU transducer and hydrophone were in to the water, they are cleaned
with an oil solving detergent in order to remove oil and dusts. Because oil and dust

increase the cavitations inside the water that affects the measurement results.
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4. TEMPERATURE DISTRIBUTION CHARACTERIZATION

As ultrasound propagates through biological tissue it loses energy, or becomes attenuated,
partially through absorption and partially through scattering and due to nonlinearity. The
fluctuations in pressure induce vibrational and rotational motion of the tissue molecules
that in turn causes a rise in temperature depending on the frequency and absorption
coeffficient of the medium (such as water or tissue). This phenomenon can also be

interpreted as absorption and conversion of mechanical ultrasound energy into heat energy.

Very fast energy transmission during HIFU procedure affects a drastic rise in local tissue
temperature of the order of 60 °C. For such high pressures, one can be thought a burning if
a care would not be taken. High pressure and high dosage may cause an unexpected
damage to healthy tissues. On the other hand, lower dosage of energy results in inadequate
destruction of the tumor in the tissue. For effective treatment and patient safety during
HIFU application, energy should be delivered at the exact target with the correct dosage
level. In order to determine the accurate thermal effects generated by the HIFU radiation
within the propagation medium, it is highly necessary to conduct accurate temperature
measurements. Therefore, analytical methods of characterization of the HIFU thermal
distribution in a solid medium (such as in a tissue phantom) are required. Characterization
involves determination of the thermal distribution with respect to its distribution in space
(spatial measurement) as well as its variation with time (temporal measurement) and also

assessment of the lesion size.

In this part of the thesis, improved and accurate methods to assess the HIFU thermal
effects in tissue mimicking materials have been studied. An important tool for the
characterization of a HIFU transducer is the determination of the temperature effect in the
tissue phantom. Although the tissue media have significantly different properties than
liquids especially the acoustic absorptive, the similar tissue mimicking materials are on the
market [23].

When the literature is searched for HIFU transducer characterization by means of thermal

ways, a number of studies can be found. In this study accurate and convenient techniques
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for characterizing the thermal field distribution generated by the HIFU transducer in solid
tissue media are studied. Characterization of the HIFU thermal field distribution involves a
number of investigations performed in a tissue-mimicking material. These include
quantification of temperature rise (in spatial and temporal coordinates) and lesion volume
in a tissue-mimicking material. Method for assessing the HIFU induced thermal effect in

tissues has been discussed in this study.

Thin wire thermocouples embedded in tissue mimicking materials have been popularly
used for measuring the HIFU induced transient temperature rise by focusing the beam on
the thermocouple junctions at selected power levels. Thomas et al studied acoustic
cavitation activity in polyacrylamide and agar-graphite phantoms [28]. Temperature rise
was measured using embedded E type thermocouples of diameter 0,13 mm. Similarly, Wu
et al (2004, 2007) used a tissue mimicking phantom with embedded thermocouples, to
study acoustic cavitation, in HIFU ablation [74,75].

In a study, temperature rise in a tissue mimicking material modified to include an artificial
blood vessel, is measured with thermocouples embedded in the material close to the vessel
[76]. The purpose in that study was to investigate the effect of blood flow on HIFU

procedures.

The insertion of thermocouples in real tissues is an invasive process and hence
inconvenient in in-vivo studies involving anaesthetized animal specimens. Besides,
technical difficulties associated with the use of thermocouples, limit their use. For HIFU
studies, thin wire thermocouples (of diameter 20 um to75 pum) are used. These are fragile
thermocouples and vulnerable to breakage due to mishandling.

HIFU is being used in clinical treatments to coagulate benign or malignant tissue by
thermal procedures [77,78].

41 TEMPERATURE DISTRIBUTION MODEL

The temperature rise caused by absorption of HIFU energy is often described by using
Pennes’ bioheat transfer equation that takes into account the heat diffusion as well as heat

loss through perfusion [23].
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The temperature distribution in the tissue can be calculated by the Pennes’ bioheat transfer

equation.

T
pscs % = stzT _Wbe (T _Too)+ Qm + Qv (41)

In equation (4.1), ps : the tissue density,

t : time,
Cs : the specific heat of tissue,
Ks : the tissue thermal conductivity,

W,  :the blood perfusion rate,
Cb  :the specific heat of blood,
: the temperature of tissue,
T.  :the temperature of blood,
Qm :the rate of heat generation per tissue unit volume,

Qv :the rate of heat generation by external heat source.

A focused transducer was used in the study so that the sound beam may be considered
perpendicularly incident on to the water-phantom tissue interface along z-direction. The

boundary condition on the front face parallel to the x-y plane is:

O\ _ 2p,C
C,(xv.z/)=C,(xy.2; )X—plcl s 4.2)

In equation (4.2), p1 =993 kg/m?, ¢, = 1520 m/s, are density and sound velocity of water,
respectively and p, = 1775 kg/m®, c, = 3380 mi/s, are density and sound velocity of
phantom tissue, respectively; z1 is distance from the transducer to the interface between

water and phantom tissues.

In Pennes’ model [23], it is assumed that the temperature of water is constant and the
temperature distribution is continuous through the phantom tissue-water interface. Using
Pennes’ bioheat equation, the temperature distribution inside the phantom tissue as well as
in the tissue can be determined [70].



53

Because the experiment was performed on biological tissues in vitro, the heat flow from
blood circulation does not exist so that W, can be neglected, Qn, can also be neglected in

dead tissues. Therefore, the Pennes bioheat equation can be simplified to

oT —
psCs—r = K,V?T +Q, (4.3)

In equation (4.3), T=T — Ty, Ty is the temperature before heating.
4.2 TEMPERATURE MEASUREMENTS

Under the effect of ultrasound radiation, the temperature in the tissue rapidly elevates to
values high enough to cause cell death or necrosis within the tumor [79]. The main
advantage of HIFU application is its ability to penetrate deep into the body and deliver
thermal energy to a specific target with sub millimeter accuracy [80]. Studies showed that
HIFU ablation is an effective treatment way for uterine fibroids, a procedure that has been
approved by the US Food and Drugs Administration (FDA) [81]

Huang et al (2004) have proposed a ‘standard’ method. They describe correction of the
viscous heating artifact in tissue phantoms in HIFU fields [82]. Temperature rise versus
time was measured in tissue with an absorption coefficient similar to that of soft human
tissue. In order to apply it to measurements made in biological tissue, a phantom material
with acoustic and thermal properties which closely match those of the tissue would be

required.

HIFU sonications are targeted at selected locations within a 3D array of 8 thermocouples
embedded in a solid medium [83]. The temperature rise is measured by an invasive
method, using thermocouples embedded in a tissue mimicking phantom when an
ultrasound was directed. Knowledge of the beam location enables removal of positioning

error from the raw data as our TMM is opaque.
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A variety of HIFU ablation procedures are performed for the fixed transducer position. The
HIFU source is a 1,10 MHz HIFU transducer (Onda Corp, Sunnyvale CA) of focal length
62,6 mm and radius 70 mm. Tissue temperature rise is recorded during and after
sonication, by using a multi channel Black Stack (Hartman Scientific model) and a
computer program which is done in Hyper terminal [84].

In the literature by Parker K, J. and Friets E. M., during each of the experiments, the
transducer is operated for 30 seconds and then switched off. The duration is typical of
HIFU procedures. In the first set of experiments, the HIFU beam is focused on the
thermocouple located 2 mm away from the vessel. Transducer acoustic powers of 10,3 W,
17,3 W and 24,8 W were generated. These powers yield focal intensities in the range of
495 W/cm?, 832 W/cm? and 1192,8 W/cm? respectively [89].

4.2.1 Phantom Specifications

The primary objective of a thermal therapy is to increase the temperature of tissue beyond
a threshold (usually 50 °C - 90 °C) to induce permanent tissue damage to achieve
therapeutic benefit. Much effort has been made in developing tissue equivalent phantom
materials to accurately predict and capture the extent of heat evolution and thermal
damage. In order for any heat sensitive gel to be feasible and clinically acceptable, it must

meet the following requirements;

e Tissue equivalency in thermal and optical properties,
o thermal stability at high temperatures, and
e capability of capturing the heat damage three dimensionally to allow for

comparison between thermal therapy devices.

Further, an ideal thermal phantom material must be reproducible, inexpensive, and easily
fabricated. Finally, the most ideal thermal phantom would satisfy all of the previously
mentioned requirements and use relatively nontoxic substances so that phantom creation
can be carried out in clinical setting without elaborate laboratory setup and safety

precautions.
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A gel-based tissue-mimicking material was used that simulates the thermal and acoustic
properties of human soft tissue as seen in Figure 4.1. On the left side of the figure,
thermocouple is positioned in the center on the plastic cube-vessel. On the right side of the
figure thermocouple is inside the gel phantom. They show the placement of the
thermocouples relative to the vessel, as well as the HIFU transducer described

subsequently.

Figure 4.1. Picture of the thermocouple and tissue phantom

Thermocouple sensors were tightened with a thin wood pieces (teeth stick) and slowly
inserted thorough the gel that is a soft material. The process is acted as slow as possible in

order not to leave an air between thermocouple and the gel.

A test tank was designed with a 6 mm glass rod positioned horizontally, so that when the
rod was eventually removed from the solidified tissue-mimicking material, a vessel in the

form of a rectangular void resulted.

The phantom specifications were tabulated in Table 4.1. Tissue phantom must satisfy the
real human tissue specifications like sound attenuation coefficient, density and thermal

conductivity.
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Table 4.1. Phantom specifications

Item Value
Density 1060 kg/m®
Phase velocity 1600 m/s
Attenuation Coefficient 0,6 dB/(cm-MHz)
Specific Heat 3850 J/(kg-°K)
Thermal Conductivity 0,55 W/(m-°K)
Ontical Turns permanently opaque when temperature
P reaches a threshold of 70 °C
Size 101 mm x 101 mm x 51 mm polystyrene box and
58 mm x 58 mm x 79 mm polystyrene box

Temperature reading system:

Black Stack (Hartman Scientific model) is a unique modular design that consists of a base
controller, thermocouple and resistance sensor connection modules as named “temperature
reading” in Figure 4.2 [84]. Additional 8 moduls can also be attached. Temperature is
calculated according to the standard tables for type B, E, J, K, N, R, S, T, and gold-
platinum thermocouples Adjustments to the standard curve can be made for improved
accuracy. The Black Stack has a built-in clock and the base controller includes one built-in
serial RS-232 port. It has short term resistance accuracy is 0,00025 Q between 0 Q and 25
Q with the temperature coefficient of 0,5 ppm/°C.

4.2.2 Temperature Measurement System

A system has been constructed for temperature field distribution characterization

measurements as seen in, Figure 4.2, Figure 4.3, Figure 4.4 and Figure 4.5.

HIFU transducer was placed at the bottom of the water tank. Then the phantom gel with
temperature sensor was located on the top of the HIFU transducer as it is seen in Figure
4.2. All assembly was inside the water, in order to simulate the real human body
conditions. Then the phantom gel was arranged so that the temperature sensor is matching
to the focal point produced by the HIFU transducer. A 1,10 MHz concave focused

transducer with a focal length of 69,2 mm, diameter of 60 cm and a central aperture of 5
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cm, was used as the HIFU source in all cases. The drive voltage and current were
monitored using a digitizing 1 GHz oscilloscope. Exposures were made in degassed water
at room temperature. All wire thermocouples were inserted into tissue phantom

perpendicular to the beam axis.

At the same input power condition for HIFU transducer, phantom gel was re-oriented in
three dimensions by means of a 3-D manual arm in order to measure the highest
temperature. In this condition, absolute temperature was measured from the applied

ultrasonic power of 50 Watts.

3-D manual
ositionning system -
P &3 Iemperature
reading
Tissue  Temperature
phantom .  sensdr
, HIFU .
Water A - : Data
processing
Electrical power

Figure 4.2. Arrangement of phantom gel with a single thermocouple
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Figure 4.3. HIFU temperature measurement system in the tissue phantom

Figure 4.4. HIFU temperature measurement system in the tissue phantom

58
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Figure 4.5. HIFU temperature measurement system in the tissue phantom

Platinum temperature sensors were inserted into the phantom tissue for HIFU temperature
effect measurements. Temperature sensor elements are used successfully as components in
resistance thermometers. The construction process of the elements ensures a high degree of
reliability in many applications. Even in very small sizes short response times and long
term stability are maintained. The temperature sensor elements produced are thin film
sensors on which the temperature dependant resistant has been applied in form of a thin,

layer structured platinum layer on an Al,Oj3 carrier substrate as seen in Figure 4.6.

Figure 4.6. Construction of PT100 temperature sensors
(1: passivating layer, 2: locking layer, 3: connection wires, 4: structured platinum layer,
5: Al,Os-carrier substrate
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Ultra Fine IT-Series Flexible Microprobe 1T-24P is a tiny, polyurethane coated wire with
polyester insulated thermocouple bead. It is designed for research applications to measure
temperature in animal brains and other tissue. Ultra Fine thermocouple is fairly fragile, but
very fast responding. It has a wire cross section of 0,13 mm x 0,07 mm with insulated tip

maximum outside diameter of 0,23 mm.

Thermocouple was inserted into the phantom tissue for HIFU temperature effect
measurements as seen in Figure 4.7. Even in very small sizes short response times and long
term stability are maintained. The temperature sensor elements produced are ultra thin

sensors on which the thermo viscous effect is diminished.

Figure 4.7. Ultra thin thermocouple sensor
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5. RESULTS & DISCUSSIONS

Measurement results have been presented in three parts namely; electrical and ultrasonic

measurements, pressure measrements and thermal measurements.

5.1 ELECTRICAL AND ULTRASONIC POWER MEASUREMENTS

HIFU transducers have been characterized in order to present a correlation between

electrical and ultrasonic measurements.

5.1.1 Measurement results

In a purely resistive AC circuits, voltage and current waveforms are in phase. These
waveforms could have sinusoidal, triangular or pulse repetition shapes. Voltage and
current change their polarities at the same time in each cycle. In this condition, all the
power which is applied to the load is consumed. In a purely reactive AC circuits, loads
could be capacitive or inductive. Energy storage in the loads results in time difference
between voltage and current waveforms. During each cycle of the AC voltage, energy is
temporarily stored and later returned to its AC source. Purely resistive or purely reactive
AC circuits are ideal electrical impedance conditions. But in the real case, AC circuits have
resistive and reactive impedance parts. During each cycle of the AC voltage, extra energy
in addition to any energy consumed is temporarily stored in the load in the forms of
electric or magnetic fields. Then this extra energy is returned to the AC source later in the

cycle.

HIFU impedance, Z consists of resistive, capacitive and reactive impedance parts. In this
study, input electrical power of the HIFU transducer which is mainly converted into the
ultrasonic energy was determined. Input electrical power of HIFU transducer was
calculated with three ways. Calculated powers were denoted as P1, P2 and P3.

respectively.
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In the first calculation method, electrical power P1, was calculated by multiplying

instantaneous electrical input voltage, current and phase between them as;
P1=V -1-cosf (5.1)

In equation (5.1), the cosine of the phase angle could be represented by impedance terms,
as CosO=R/Z.

In the second method, electrical power P2 was calculated by multiplying the square of

instantaneous electrical input current and resistance measured with Impedance Analyzer;
P2=1%-R (5.2)

In the third calculation method, electrical power P3 was calculated by multiplying square
of instantaneous electrical input voltage and cosine of phase angle and dividing by

impedance measured with Impedance Analyzer;

2

V V
P3=V.-—cosf =— -cosé
7 7 (5.3)

Measurement results are shown in Table 5.1 for Precison Acoustics HIFU transducer that
has a 0,93 MHz mechanical resonance frequency. It has an internal electrical matching
network and produces the highest ultrasonic output at this frequency. Figure 5.1 shows a
frequency scan between 0,8 MHz and 1,10 MHz in 20 kHz steps. Ultrasonic power and
electrical power were measured simultaneously and drawn in this graph. Input ultrasonic
and electrical power measurement results can be seen similarly in Table 5.2 for Sonic
Concepts HIFU transducer with resonance frequency of 1,10 MHz. Figure 5.2 shows a

frequency scan between 1,0 MHz and 1,2 MHz in 20 kHz steps.



Table 5.1 Ultrasonic and electrical power measurement results for Precision Acoustics

HIFU transducer (Dark row for resonance frequency)

Ultrasonic Electrical power, W
Frequency, power, W

MHz Deviation from average

PU P1 P2 P3 Average o1 - 53
0,85 7,6 234 | 184 | 174 19,7 -3,7 1,3 2,3
0,87 11,3 30,4 | 253 | 24,0 26,6 -3,8 1,3 2,6
0,89 19,7 414 | 385 | 354 38,4 -3,0 -0,1 3,0
0,91 35,0 56,7 | 55,6 | 50,3 54,2 -2,5 -1,4 3,9
0,92 39,4 61,0 | 64,2 | 56,2 60,5 -0,5 -3,7 4,3
0,93 42,3 58,4 | 60,9 | 56,6 58,6 0,2 -2,3 2,0
0,95 31,4 38,3 | 42,0 | 37,8 39,4 1,1 -2,6 1,6
0,97 17,9 242 | 25,9 | 23,1 24,4 0,2 -1,5 1,3
0,99 11,7 18,8 | 19,6 | 17,3 18,6 -0,2 -1,0 1,3
1,01 8,1 150 | 145 | 124 14,0 -1,0 -0,5 1,6
1,03 5,5 131 | 11,3 | 9,7 11,4 -1,7 0,1 1,7
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Table 5.2 Ultrasonic and electrical power measurement results for Sonic Concepts HIFU

transducer (Dark row for resonance frequency)

U(I)'ilrva;rorv\? Electrical power, W
Frequency, P '
MHz .
Deviation from average
PU P1 P2 P3 | Average
P1 P2 P3
1,00 37,9 442 | 494 | 46,1 46,6 2,4 -2,8 0,5
1,02 41,6 48,6 | 54,0 52,6 51,7 3,1 -2,5 -1,0
1,04 44,5 53,5 | 56,9 54,8 55,1 1,6 -2,2 0,3
1,06 48,1 58,1 | 60,3 58,9 59,1 1,0 -1,5 0,3
1,08 49,6 60,2 | 61,6 62,3 61,4 1,2 -0,3 -1,2
1,10 50,3 61,5 | 64,7 58,9 61,7 0,2 -4,0 3,7
1,12 49,5 60,9 | 63,4 57,8 60,7 -0,2 -3,5 3,8
1,14 48,9 60,4 | 59,1 59,0 59,5 -0,9 0,5 0,6
1,16 46,0 59,4 | 59,7 55,4 58,2 -1,2 -1,9 3,5
1,18 44,0 58,8 | 56,0 55,0 56,6 -2,2 0,7 1,9
1,20 42,3 58,0 | 57,0 55,4 56,8 -1,2 -0,2 1,7
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Figure 5.1. Ultrasonic and electrical measurement results for Precision Acoustics HIFU

transducer
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Figure 5.2. Ultrasonic and electrical measurement results for Sonic Concepts HIFU

transducer

Figure 5.3 shows that the linearity of electrical power and ultrasonic power for different
power levels. This method shows good correlation between electrical power measurements

and direct measurements of the output power of the ultrasonic transducers which are
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immersed into the water. During the measurements, no harmonic distortion was observed
in the amplifier output at the defined output power level. Efficiencies of both HIFU
transducers at resonance and around resonance frequency are between 70-80 % that is
consistent with specifications declared by manufacturer in data sheets of transducers. The
three calculations agree within approximately +5% at frequencies close to resonance where
the phase angle of the transducer impedance is within about £45° In this range, Pi,

determined using the voltage and current probes, lies between P2 and P3.

The results obtained with the different methods were found to be in good agreement (+ 5
%) with each other for HIFU transducer for low power levels up to 60 W. Measurement
results are shown in Table 5.1 and Figure 5.1 for the (Precision Acoustics) transducer that
has a 0,93 MHz mechanical resonance frequency. It has an internal electrical impedance
matching network and produces the highest ultrasonic output at this frequency. Figure 5.1
shows a frequency scan between 0,8 MHz and 1,1 MHz in 20 kHz steps. Ultrasonic power
and electrical power were measured simultaneously and plotted in this graph. Input
ultrasonic and electrical power measurement results are shown in Table 5.2 and Figure 5.2

for HIFU transducer (Sonic Concepts) with resonance frequency of 1,1 MHz.

140

—o— Ultrasonic power
—e—Electrical power

; o
60 /

40

120 —

Electrical amd Ultrasonic Power,
W

20

50 60 70 80 90 100 110 120
Nominal Power, W

Figure 5.3. Linearity of electrical power and ultrasonic power for different power levels for
HIFU transducer
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5.1.2 Validation of measurements

Traceability of the measurements has been established by calibration against to electrical
reference standards. The most important measurement tools in the system are the current
and voltage probes. They are both calibrated against the reference standards at TUBITAK
UME Voltage Laboratory. Amplitude and time calibration of the oscilloscope were
performed at the end of cable in order to diminish the effect of the cable. Impedance
analyzer was also verified by using calibrated loads which are a short circuit, an open
circuit and a 50 Q load resistance. Compatible current probe with oscilloscope was kept
heated, demagnetized and leveled before the measurements according to its user manual
and checked during measurements. VVoltage measurements were performed with a voltage
probe and the oscilloscope. Current measurements were realized with current probe and the
oscilloscope that were calibrated prior to measurements. Phase measured between voltage
and current signals are in correspondence with the phase measured with impedance
analyzer in few degrees as seen in Figure 5.4 and Figure 5.5. Input electrical voltage,

current and phase between them were measured simultaneously.

Figure 5.4. Captured voltage and current signals from oscilloscope
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Figure 5.5. Difference between phases measured by oscilloscope and impedance analyzer

for Precision Acoustics HIFU transducer

5.1.3 Uncertainty of measurements

Uncertainty of measurements has been prepared according to GUM (Guidelines of
uncertainty in measurements) [85]. This Guide establishes general rules for evaluating and
expressing uncertainty in measurement that are intended to be applicable to a broad

spectrum of measurements.

Sources of uncertainty related with voltage measurements, current measurements, cable
and connection effect, phase measurement error, distortion in the signal and repeatability
have evaluated in 1 MHz and 3 MHz between 60 W and 110 W. In voltage measurements,
a calibrated oscilloscope and a high impedance oscilloscope probe were used. Calibration
at the end of probe cable was realized at UME voltage laboratory with an uncertainty of
3,0 % declared in calibration certificate. A calibrated oscilloscope and an Agilent 1147A
current probe compatible with Agilent oscilloscope were used in current measurements.
Calibration at the end of probe cable was realized at UME voltage laboratory with an
uncertainty of 2,0 % declared in calibration certificate. Cable and connection effects have
rectangular distribution and were assessed as 0,4 %. Errors were determined from cable

length by performing voltage measurements in different cable lengths. Error arising from
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cable connections was estimated from experiences. Phase between voltage and current
were measured by oscilloscope that is calibrated at UME voltage laboratory. Uncertainty
value for time base of oscilloscope declared as 15 us/s in calibration certificate were used.
THD (Total Harmonic Distortion) in the signal in voltage and current signal displayed on
oscilloscope screen was measured as 3,0 % around 60 W, 4,1 % around 90 W and 4,5 %
around 110 W by using oscilloscope functions, Harmonic Distortion is assessed as
rectangular distribution, Measurements were repeated 10 times and standard deviation was
calculated as 1,2 % - 1,5 % between 60 W and 110 W accordingly. Detailed uncertainty
budget including combined and expanded uncertainty were calculated is presented in Table
5.3.

Uncertainty of ultrasonic power measurements was already assessed and outlined in [86] as
15,2 % for 100 W atl MHz.

Table 5.3 Expanded uncertainty for 1 MHz and 60 W, 90 W and 110 W

Value, % | propability | . . Ui, %
Source of Error Distribui Divisor
60 W | 90w | 110w | Distribution 60 W | 90W | 110W
1 | Voltage 3,00 Normal | 2,00 1,50
measurements
o |Current 2,00 Normal | 2,00 1,00
measurements
3 |Cableand 0,40 Rectangular| 1,73 0,23
connection effects
4 Phase measurement 0,10 Rectangular| 1,73 0,06
error
5 g;fgl”'o” nthe | 360 |4,10| 450 |Rectangular| 1,73 | 1,73 | 2,37 2,60
6 | Repeatability 1,20 (1,30 | 1,50 Normal 1,00 |1,20 1,30 1,50
Combined 2,78 3,26 | 3,51
uncertainty
Expanded
uncertainty (k=2) 5,57 16,52 7,02
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5.1.4 Comparison between power measurements and power displaying devices

The new input electrical power measurement method was compared with power displaying
devices and results were tabulated in Table 5.4. ENI (Electronic Navigation Industries)
analog power display was used to measure the input electrical power as seen in Figure 5.6.
E&I (Electronics & Innovation) 500 W power amplifier displays the power that is
transmitted, forwarded and reflected to source as seen in Figure 5.7. It calculates the

transmitted power by subtracting reflected power from forwarded power.

Figure 5.6. Analog power display Figure 5.7. Power amplifier and its
display on top of front panel

Table 5.4. Comparison results of new method and power displaying devices

Power level, W
Device
60 W 0w 110 W

Instantaneous input

) 60,0 3,4 90,0+7,2 110,0 £ 7,7
electrical power system
Analog power display* 55,2+5,0 85,1+75 100,1 +£10,0
Power amplifier display* 57,8 +4,2 834+74 101,9 £ 8,9

*: the numbers following symbol + is reading error of displays of devices.
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The values stated in the table are expanded uncertainty values for the new input electrical
power system. The uncertainty values in percentage 5,6 %, 6,5 % and 7,0 % that are
calculated in Table 1 can be represented as + 3,4 W, = 7,2 W and = 7,7 W in order to
compare the results. Standard deviation was only measured for the two displays. As can be
seen in above table, the results taken from new electrical power measurement system,

analog power display and power amplifier display are in good agreement.

5.1.5 Electrical measurement results

Instantaneous input electrical power at MHz region has been measured by using new
system established at TUBITAK UME Ultrasound laboratory. Electrical power
measurements were calculated in three different measurement methods and compared their
measurement results with ultrasonic power for two HIFU transducers. Measurements were
carried out at around 1 MHz for low power levels of 60 W to 110 W. Efficiencies of both
HIFU transducers at resonance frequency is between 70 % and 80 % that is consistent with
manufacturer specifications declared in data sheets of transducers. The three calculations
are in coincidences with 5 %. The new input electrical power measurement method was
compared with power displaying devices and a good agreement was achieved. It has been
assessed that analog power display can be used as a secondary standard for input electrical
device. New method for calculation of instantaneous input electrical power measurements
of HIFU transducers has been validated by comparison of similar power displaying devices
and metrological tools. Uncertainty in measurements were assessed between for 60 W and
110 W and determined as 5,6 % and 7,0 % accordingly.

An establishment of a correlation was aimed between the methods. High intensity of
ultrasound beams in a tissue has numerous effects like cavitation and temperature rise. The
efficiency of the HIFU transducer is described as output ultrasound power due to applied
electrical power. A dependency between ultrasound power and electrical power has been
established as it is seen in Table 5.5 and Figure 5.8. Blue diamonds are the difference
between electrical power and ultrasound power at around fundamental frequency. It has a
sinusoidal like shape with a decline behavior around fundamental frequency. This shape

and behavior may need some further investigations that are out of scope of this thesis. Red
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circles have more meaning than blue diamonds in the Figure 5.8. It is clearly seen that
efficiency of the HIFU transducer has the maximum at the fundamental frequency which is
working frequency. In fact other frequencies are less important here. We scan some
frequency region around the fundamental frequency in order to show the maximum

efficiency at this working frequency.

Results of the electrical measurements have been outlined in a paper [87].
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Table 5.5. Difference and deviation between ultrasound power and electrical power

Frequency PU P1 Difference % De\c/)ifa;[:ZQS/dE?‘ei::iency
MHz W W W %
0,80 2,9 13,8 10,8 21,2
0,81 4,7 16,1 11,4 29,1
0,83 5,5 19,0 13,5 29,1
0,85 7,6 23,4 15,8 32,4
0,87 11,3 30,4 19,1 37,2
0,89 19,7 41,4 21,7 47,6
0,91 35,0 56,7 21,7 61,7
0,92 39,4 61,0 21,6 64,6
0,93 42,3 58,4 16,1 72,4
0,95 31,4 38,3 6,9 81,9
0,97 17,9 24,2 6,3 74,1
0,99 11,7 18,8 7,2 61,9
1,01 8,1 15,0 6,9 54,0
1,03 5,5 13,1 7,5 42,4
1,05 4,3 11,6 7,3 37,0
1,07 3,2 11,7 8,5 27,3
1,09 2,3 11,4 9,1 20,5
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Figure 5.8. Dependency between ultrasound power and electrical power

It can be stated that the efficiency of the Precision Acoustics HIFU transducer is 81,9 % at

resonance frequency.
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5.2 ACOUSTIC PRESSURE FIELD MEASUREMENTS

The relation between ultrasonic power and pressure may be established for low and high

power levels.

5.2.1 Measurement Results

Experimental results have been compared with the theoretical model [70]. A care must be
taken to compare the results at the same ultrasonic powers. Match between the primary
peaks in the focus, zero point after the primary peak (focus) and extremum points in the

near field are important.

A preliminary result has been taken and compared with theoretical model. Theoretical
model in Figure 5.9 for axial scan was compared with experimental results in Figure 5.10
and Figure 5.11. Theoretical model in Figure 5.12 for P+ and P- was compared with

experimental results in Figure 5.13 and Figure 5.14.

The general wave behaviors in Figure 5.9 created by the model and in Figure 5.12 from
experiments look like comparable. Zero point after the primary peak (focus) and extremum
points in the near field well matched. However fundamental peaks have similar amplitude,
the focal point is somehow shifted. This might be due either to the large sensing element
and the limited frequency range or to the phase response of the hydrophone, which was not

available from the manufacturer.



Figure 5.9. HIFU pressure field theoretical model (axial)
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Figure 5.10. HIFU pressure field- preliminary measurement results (axial) (Sonic

Concepts)
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Figure 5.11. HIFU pressure field- preliminary measurement results (axial) (Precision
Acoustics)

Wave behaviors in Figure 5.12 produced by the model and in Figure 5.13 and Figure 5.14
from experiments look like similar in general. In peak compressional pressure P+ curve
(blue line) and in peak rarefactional pressure P- curve (green line), the focal point, zero

point after the primary peak (focus) and extremum points in the near field well matched.
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Figure 5.12. Peak compressional pressure P+ curve (blue line) and in peak rarefactional

pressure P- curve(green line) produced by the theoretical model
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Figure 5.13. Peak compressional pressure P+ curve (red line) and in peak rarefactional

pressure P- curve(blue line) for Sonic Concepts HIFU transducer
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Figure 5.14. Peak compressional pressure P+ curve (red line) and in peak rarefactional
pressure P- curve(blue line) for Precision Acoustics HIFU transducer
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Side lobes are clearly observed at far field. The lateral beam plot at the focus is shown in

Figure 5.15.

Transversal view at the center of beam clearly has a gain as it is seen in Figure 5.16.

Figure 5.16. Transversal view at the center of beam for Precision Acoustics HIFU
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Figure 5.15. Side lobes observed at far field (Sonic Concepts)
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The width and shape of the main lobe and side lobe are almost at same height. In the other
lateral axis (y-axis), the sketches can be seen in Figure 5.17 for the focus, near field at 22
mm and 42 mm and far field at 82 mm and 102 mm for Sonic Concepts HIFU transducer.

At focus, the side lobes are clearly resolved.
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Figure 5.17. Side lobes in y-axis observed at near field, at focus and at far field for Sonic

Concepts HIFU transducer

Side lobes are almost missing since in radial axis curves as seen in Figure 5.18. Lateral
axis (z-axis) in the sketches can be seen in Figure 5.18 for the focus, near field at 22 mm
and 42 mm and far field at 82 mm and 102 mm for Sonic Concepts HIFU transducer. At

focus, high gain is resolved.
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Figure 5.18. Side lobes in z-axis observed at near field, at focus and at far field for Sonic

Concepts HIFU transducer

A sketch demonstrates the locations of the lateral curves up on the HIFU transducer in
Figure 5.19. The pressure signal in focus has higher amplitude compared to near and far
fields clearly. Height of the pressure signal in focus sharply increasing while the near and
far fields have lower pressure amplitudes as seen in this figure.

— et — 102 mm

82 mm

62 mm focus
— . 000000 42 mm
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Figure 5.19. HIFU tranducer and pressure field amplitudes at near field, at focus and at far

field were shown together for Sonic Concepts tranducer
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2-D (two dimensional) scans through transducer face in Figure 5.20 and Figure 5.21 show

the peak in focus and near and far fields clearly.
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Figure 5.20. 2-D (two dimensional) scans through transducer face for Sonic Concepts
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Figure 5.21. 2-D (two dimensional) scans through transducer face for Precision Acoustics

2-D (two dimensional) scans through transducer face at far filed is shown in Figure 5.22,
while the main peak gets lower, side lobes starts to dominate the signal.
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Figure 5.22. Side lobes observed at far field (Sonic Concepts)

5.2.2 Measurement uncertainty

In this section, sources of uncertainty in measurement of acoustic pressure were examined.
The list of error sources that can be utilized in the calculation of the uncertainty has been
assessed. The values of some uncertainty components may be very small then can be

neglected. Some major uncertainty components were given here.

Sensitivity and frequency response of the receiver hydrophone;

Free field sensitivity of the hydrophone as a function of frequency is taken from the
calibration chart given by the manufacturer. Uncertainty of the hydrophone is stated as 0,5
% between 1 MHz and 10 MHz.

Expanded uncertainty is stated as 95 % confidence level in calibration certificates. In other
words, the value of uncertainty compound was obtained using the coverage factor k = 2,0.

Also probability distribution in this component is a normal distribution.

Influence of water temperature (speed of sound);
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Ambient temperature in the laboratory where all system is located was controlled by a
central temperature/humidity control network. Speed of sound in water highly depends on
the temperature change. Instability in water temperature around the focal region will create

fluctuations in speed of sound value creating an error in measurements.

HIFU transducer and hydrophone misalignment in positioning;

One of the key factors which are creating large error is misalignment in positioning of
HIFU transducer and hydrophone. Poor alignment will affect the response of a
hydrophone, the degree of influence depending on its directional response at the
measurement frequency. Misalignment may be caused by the use of a mounting pole that is
not straight, leading to an error in hydrophone position and potentially an error in

hydrophone orientation.

Expected zero distance between transducer surface and hydrophone;

Displacement between transducer face and hydrophone must be determined correctly. If
the focus region is determined, the measurement hydrophone should be located as close as
possible to the surface of the hydrophone. But in real case, this is not possible and a
mechanical contact to HIFU transducer surface must be avoided. Alternatively, indirect
techniques may be used to determine zero distance to HIFU transducer. But these

techniques will always have some errors.

Reflections from water tank boundaries;

Main reflections in the water can arise mainly in three ways; one from surface of the water,
the other from bottom of the tank and last one is from the edges of the tank as it is seen in
Figure 5.23. Reflections from boundaries create interferences and in the signal. Although
the pulse measurement technique eliminates most of those reflections, an error may be

expected.
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Figure 5.23. Reflections from water tank boundaries

Electrical noise;
Instability in the electrical signal to the transducer and RF signal can create fluctuations in
the measured signal. Positioning system has 5 servo motors for 5 axes. They have high

frequency electrical noise that affects the reading in oscilloscope.

Repeatability of measurements;

The more repeated determinations that are made the better the estimate will be expected.
Repeatability uncertainty can be described as a measure of the closeness of agreement
between mutually independent sound pressure determinations obtained under repeatability
conditions. These are where mutually independent sound pressure determinations are
obtained using the same method on a single machine at the same measurement site by the
same operator(s) using the same equipment within a short interval of time. The quantity

that needs to be obtained is the standard deviation of repeatability uncertainty.
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All major measurement errors have been determined as it is seen in Table 5.6. Combined
uncertainty of all components has been calculated as 1,4 % and expanded uncertainty has

been calculated as 2,8 % for coverage factor, k=2 that corresponds 95 % confidence level.



Table 5.6 Uncertainty of acoustic pressure measurements

i Sensitivity _—
Sources of uncertainty Error Probability Coefficients Uncertainties
Distribution

Definition Unit Symbol Value Divisor Value Unit

Calibration of hydrophone and linearity % Uz 1,0 Normal 2,0 0,3 %

Calibration of analyzer (voltage) % Uz 0,7 Normal 2,0 0,3 %

Water temperature (speed of sound) % Uz 0,5 Rectangular 1,7 0,1 %

H!FU. transduger anq _hyd_rophone % Us 1,0 Rectangular 1,7 0,3 %

misalignment in positioning

Expepted surface of the transducer % U 13 Rectangular 17 0.5 %

(zeroing)

Electrical noise % Us 0,5 Rectangular 1,7 0,1 %

Reflections from water tank boundaries % Us 0,9 Rectangular 1,7 0,2 %

Repeatability % Uz 0,8 Normal 1,0 0,2 %
Combined uncertainty 1,4 %
Expanded uncertainty (k=2) 2,8 %
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The acoustic pressure waveforms at low powers and high powers differ meaningfully as
can be seen in Figure 5.24. For low powers, the pressure waveform is more like a

sinusoidal whereas it is disturbed for higher powers.

The theoretical data and experimental results have been obtained after executing
operations. The results obtained by the acoustic measurements using the nonlinear field

generated by the 1,10 MHz and 0,93 MHz sources are presented.

The Figures show that strong nonlinear waveform distortion and formation of a shock front
are observed for the higher power levels. For smaller powers, below 10 W, the waveforms
exhibit nonlinear distortions with asymmetric compression and rarefaction phases, but

shock fronts are not yet produced [88].

Distortion of the sinusoidal wave form for the lower and upper power values can be clearly
seen in Figure 5.24. Nonlinear distortion starts above the 10 W powers, as it is seen in a-
25W and starts to turn in to a shock waveform in d-100 W in Figure 5.24. If we compare
the ratio of upper part (compressional pressure) P+ and lower part (refactional) p-, we can
easily see the born of shock wave form. The ratios of the P+ and P- is approximately 1,5 in
a-25W, 1,7ina-50 W, 1,9 ina-75W and 2 in a-100 W.

It was assumed, that cavitations might have disturbed the measurements, although
degassed water has been used. Moreover, the cavitations effects might have been slowly

destroying the sensor with time.
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Figure 5.24. Distortion of the sinusoidal wave form for the lower and higher power levels

Shock formation is very well explained in Figure 5.25 that all the waveforms in one figure.

Comparison of one cycle of the focal waveforms in a linear beam (solid curve 1) and

nonlinear beams simulated in a free field in water at 25 W (curve 2), 100 W (curve 3) and

250 W (curve 4). The waveforms are normalized to the characteristic initial pressure

amplitude po at the face of each element and are artificially shifted by 0,15 us relative to

each other for better separation.
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Figure 5.25. Shock wave formation

Figure 5.26 shows the ultrasound (or acoustic) pressure wave forms obtained in the water
medium for varying pressures. This temporal variation of acoustic pressure was obtained at
the focus from the non-linear KZK sound propagation model [70]. This figure shows that
non-linearity of the medium, steepens the wave forms. Furthermore, the distorted wave
forms become asymmetric with the positive peak pressures higher than the negative peaks.
This can be explained by the relative phase shift between the harmonic components of the
distorted wave signal caused by diffraction [89].
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Figure 5.26. Pressure waveforms at the focus in time domain (on the left) and frequency
domain (on the right)

At low and moderate powers (~25 W), higher harmonic components have a small
contribution to the driving force [90]. Ignoring the effect of higher harmonics introduced
an error of ~10% in the forcing term calculation. However, at high powers as seen in
Figure 5.27, generation of higher harmonics is significant and this additional absorption of

energy also causes an increase in the streaming velocity.

Figure 5.27 represents peak positive and peak negative pressure distributions along the z-
axis (a) and in the focal plane (b) along the y-axis (x = 0). The distributions are normalized
to the initial pressure values. The solid curves marked (1) correspond to the linear beam
simulations, while the dashed curves are the results of nonlinear simulations. Again, the
distributions here are normalized using the initial pressure amplitude at the elements of the

array.
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(Peak positive and peak negative pressure distributions along the z-axis (a) and in the focal

plane (b) along the y-axis (x = 0)
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5.3 TEMPERATURE DISTRIBUTION MEASUREMENTS

5.3.1 Temperature measurement results

Temperature rise inside the human body under the effect of high intensity focused fields
has been investigated. First, a single PT temperature sensor was inserted inside the tissue

phantom gel in order to measure inside the temperature effect.

At the same input power for HIFU transducer, phantom gel was re-oriented in three
dimensions by means of a 3-D manual arm in order to measure the highest temperature. In
this condition, absolute temperature was measured for the applied ultrasonic power of 40
Watts. A CW sinusoidal signal at resonance frequency (which is 1,10 MHz) was applied to
HIFU transducer. When the phantom tissue is in room temperature of about 24 C,
ultrasound was switched on for 30 s and switched off as it is seen in Figure 5.28. It was

sharply increased to 50 °C and slowly decreased to original temperature in 9 minutes.
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Figure 5.28. HIFU temperature measurement in the focal point induced by HIFU

transducer
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Temperature distribution inside the tissue phantom has been measured by using 5
thermocouples. One thermocouple was located in the center where the focal point of the
HIFU transducer localized. Other 4 temperature sensors were located in 2 mm
displacements. Second sensor is 2 mm away, third one is 4 mm away, fourth one is 6 mm
away and last one is 8 mm away from the center. All sensors are at the same horizontal

line.

It has to be mentioned that sharp peaks were not observed, since there is one second
retarding between each data. When the data is taken from the central position, another data
Is taken after one second and vice versa. As we have total 5 sensors, it takes 5 seconds to

take second date from each sensor.

In the center, temperature has reached to 48 °C for 30 Watts of ultrasound power as it is
seen in Figure 5.29. Second sensor which is 2 mm far away from the sensor, reads 11 °C
less than the temperature in the center. Temperature decreases to 23 °C at the distance of

10 mm away from the center for the same ultrasound power.
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Figure 5.29. HIFU temperature disribution measurements with 5 thermocouples
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Repeatability of temperature measurements were measured as 0,5 °C. Data were taken for
20 s on and 200 s off times as it is seen in Figure 5.30. HIFU transducer were switched on
for 20 s, and temperature were immediately increased to 50,4 °C for the first run and after
a time to come down to original temperature, it has reached to 49,4 °C in second run, 50,0

°C and 49,4 °C for the corresponding runs.

The average temperature was determined as measured 49,7 °C with a standard deviation of
0,5 °C.
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Figure 5.30. Repeatability of temperature measurements in tissue phantom under the
sonication of HIFU transducer

Temperature field scanning measurements were realized under the effect of ultrasound
radiation. Tissue phantom has been rotated horizontally in 20 °C’s while keeping the
center. Temperature data were taken with the 5 sensors at each point. Maximum
temperature in the center and decrease in temperature at the points away from the center
were clearly observed as it is seen in Figure 5.31. In order to compare the temperature

distribution, a similar picture can be seen in Figure 5.31, taken from the literature [91].
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Figure 5.31. Temperature filed scanning in tissue phantom under the sonication of HIFU

transducer
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Figure 5.32. HIFU temperature measurement
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5.3.2 Uncertainty in temperature measurements

Thermocouples embedded in tissue-mimicking materials are subject to mainly two types of
errors that must be determined in order to obtain reliable measures of temperature rise

arising from ultrasound absorption.

First type of errors is from thermocouple artifact [92-94]. Thermocouple artifacts can occur
due to heat conduction along the thermocouple wire, or from differences in heat capacity
or acoustic absorption between the thermocouple and the surrounding environment (water).
Thermocouple artifacts can be minimized with the use of sufficiently small-size

thermocouples [93].

Second type of artifact is from viscous heating at the surface of the thermocouple occurs
even with thin thermocouples. A number of studies have showed that temperature rise
measured using thermocouples is not the true temperature rise of the tissue material. This
is because of thermocouple artifacts that bring an extra rise in temperature over the actual
temperature rise of the tissue material. Thermocouple artifacts are mainly arising from

viscous heating which was originally stated in the studies [95-99].

In order to determine inaccuracies due to artifacts in HIFU induced temperature

measurements, some experimental investigations were performed and presented in [98]

Hysteresis:

Besides viscous heating, another source of thermocouple artifacts is the mismatch of
thermal conductivity between the thermocouple junction and the surrounding tissue
material. The thermocouple junction is made of metal wires like copper, constantane and
chromega which have a higher conductivity than the surrounding tissue material. This
causes a distortion of the temperature distribution. However, conductivity artifacts can be

decreased by using small junction of the order of 30 microns in thermocouple production.

Another limitation in the use of thermocouples in temperature measurements for HIFU
characterization is the error in positioning. The thermocouple junction must be well

aligned with the beam at the focus. Since the size of the beam is of the order of 1 mm to 2
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mm in width and 10 mm to 15 mm in length at the focus, a slight misalignment between

the beam and the junction results in a significant decrease in the measured temperature.

Thermocouples can measure temperature rise only at specific locations where they are
inserted. They can not measure the temperature rise over the entire ablation zone. In order
to determine the size of heating region, it is necessary to determine the spatial temperature
increase over a range of spatial location across the beam volume. This can be done by an

array type of thermocouples inserted in the tissue.

The analog to digital conversion process, which transforms thermocouple resistance into
digital values have a resolution of 0,01 °C. Based on a rectangular distribution of the half-
interval, the uncertainty component of temperature resolution is then calculated a seen in
Table 5.7

Repeatability:

The more repeated determinations that are made the better the estimate will be expected.
Repeatability in uncertainty can be described as a measure of the closeness of agreement
between mutually independent temperature determinations obtained under repeatable
environments. These is be in the conditions where mutually independent temperature
determinations are obtained using the same method on a single tissue at the same
measurement environment by the same operator(s) using the same equipment within a
short interval of time. The quantity that needs to be obtained is the standard deviation of

repeatability uncertainty.

It is apparent that all kind of temperature measurements where the thermocouple
type/installation method systematic error is large, the total uncertainty is dominated on the
negative side (i.e. the thermocouple reads lower than the true value). Other uncertainty
sources accept the thermocouple calibration and extension cable uncertainty can be
neglected. The thermocouple type/ mounting error are by far the largest source of

uncertainty.

The standard uncertainty components and the resulting combined standard uncertainty of

the temperature measurements, uc, are listed in the Table 5.7. The combined uncertainty
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was computed as the square root of the sum of the variances with the equation utilizing a

coverage factor k=2, the expanded uncertainty, U, is expressed in Table 5.7.

Pressure and temperature field dependency is detailed in Figure 5.33. For the pressure of
2,25 MPa, temperature rise were recorded as 20 °C. The dependence between ultrasonic
pressure induced by HIFU transducer and temperature rise in the tissue phantom is

approximately linear.
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Figure 5.33. Temperature dependency for different pressure levels

Also 2-D graphs show that a good agreement between pressure field and temperature

distribution measurements in Figure 5.34 and Figure 5.35.
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Table 5.7. Uncertainty of temperature measurements
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i Sensitivity -
Sources of uncertainty Error Probability Coefficients Uncertainties
Distribution

Definition Unit Symbol Value Divisor Value Unit

Calibration uncertainty from o o

certificate (k=2) C Uz 0,04 Normal 2,00 0,02 C

Calibration of analyzer oC U, 0,04 Normal 2,00 0,02 oC

(voltage)

Hysteresis °C Uz 0,02 Rectangular 1,73 0,01 °C

Environment (water) °C Uy 0.05 Rectangular 173 0,03 °C

temperature

Thermocouple and ultrasound

pressure field misalignment in °C Us 0.59 Rectangular 1,73 0,34 °C

positioning

Viscous heating °C Us 0,30 Rectangular 1,73 0,17 °C

Repeatability °C Uz 0,02 Normal 1,00 0,02 °C
Combined uncertainty 0,39 °C
Expanded uncertainty (k=2) 0.77 °C
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6. CONCLUSION

Characterization of HIFU transducers by means of electrical, acoustical and thermal

methods have been resulted very useful correlations between;

e ultrasonic power - electrical power,
e ultrasonic power - ultrasonic pressure and

e ultrasonic pressure — temperature.

Theoretical model for ultrasound pressure field was realized by using a KZK nonlinear
parabolic equation and experimental results were compared and an agreement was shown.
Temperature rise in phantom tissue described by Pennes’ bioheat transfer were analyzed

and compared with the experimental measurement results.

Input electrical power in the MHz range was measured using a system established at
TUBITAK UME Ultrasound Laboratory. Ultrasonic power output of HIFU transducers
due to applied input electrical power were characterized in this study. A well known
method for electrical power determination at kHz frequencies was applied for MHz
frequencies by taking into account the phase between current and voltage. In order to see
the differences and to compare, three different calculations were made. Moreover, the
determined electrical power was compared with conventional power meters. This method
(P1) shows good correlation between electrical power measurements and direct
measurements of the output power of the ultrasonic transducers, which are immersed in
water. The efficiency of the HIFU transducer (Precison Acoustics) was calculated as 81,9

% at resonace frequency (working frequency).

Establishment of the traceability to reference electrical standards has proven the accuracy
of the method. Ultrasonic power and electrical power have similar shapes around

resonance frequency as expected.
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This study showed that electrical power determination by using P1 at MHz frequencies for
HIFU transducers can be used with a combined uncertainty of 2,8 %, 3,3 % and 3,5 % for
60 W, 90 W and 110 W respectively.

It is clearly seen that efficiency of the HIFU transducer has the maximum at the

fundamental frequency which is working frequency.

There is good agreement between the theoretical model that is based on the KZK equation
and the experimental data. The near field side lobes, the main focal lobe and zero point
after focal point are very well matched.

The nonlinear propagation of HIFU pressure fields in water environment has been
characterized in experiments and by numerical simulation using the Khokhlov-
Zabolotskaya-Kuznetsov equation. As the needle hydrophone for HIFU do not comprise an
absorption body, the potential heating of the sensor is not critical. With regard to the
possibility of high amplitude measurements, they are limited by the initiation of cavitations

in water.

The numerical solutions were verified extensively and were shown to have a good
agreement with theory and experiment. Comparisons of the measured and simulated focal
plane of a diagnostic ultrasound transducer exhibited the same primary and secondary
features with respect to the position and amplitude of the main lobe and side lobes for both
the fundamental and harmonic components. The nonlinear propagation was also verified
numerically with results from a propagating plane wave and were shown to be in good

agreement.

Higher-pressure parts of the wave travel faster than lower-pressure parts, causing the
distortion of the temporal waveform. In the frequency domain, such distortion generates
higher harmonics of the fundamental frequency that are more readily absorbed and
converted to heat. Nonlinear distortion effects accumulate as the wave propagates and are
accelerated by an increase of the wave amplitude. In focused fields, nonlinear effects are

the strongest within the focal zone, where the amplitudes are the highest.
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In the absence of acoustic non-linearity, sound waves propagate as single frequency waves
with all the energy contained in the fundamental frequency. But as the acoustic pressure is
increased, the non-linearity causes generation of higher harmonics. This causes shifts in
energy from the fundamental harmonic to the strongly absorbing higher frequency
components that are integer multiples of fundamental frequency.

As the results of modeling were found to be in good agreement with the experimental data,
in many cases numerical modeling can be employed as an effective tool, in addition to the
characterization by measurements. A combination of numerical simulation and
measurements up to the highest outputs experimentally accessible seems to provide the

best reliability for the characterization of the acoustic output of HIFU devices.

The width and shape of the main lobe and side lobe are almost at same height. In the other
lateral axis (y-axis), the sketches can be seen in Figure 5.17 for the focus at 62 mm, near
field at 22 mm and 42 mm and far field at 82 mm and 102 mm for Sonic Concepts HIFU

transducer. At focus, the side lobes are clearly resolved.

Side lobes are almost missing since in radial axis curves as seen in Figure 5.18. Lateral
axis (z-axis) in the sketches can be seen in Figure 5.18 for the focus, near field at 22 mm
and 42 mm and far field at 82 mm and 102 mm for Sonic Concepts HIFU transducer. At
focus, high gain is resolved.

It also ensures that the HIFU transducer was operating in a linear way and did not generate

any harmonics for low pressures.

In order to ensure safety of patients during HIFU treatment and to enhance effectiveness of
the procedure proper characterization of HIFU devices, for accurate prediction of the
induced thermal field distribution, is necessary. Such methods will be useful to device
manufacturers as well as regulatory bodies, to better evaluate the performance of HIFU

devices.

HIFU beam was focused within an array of five thermocouples for temperature mapping of

inside the tissue. Direct placement of the beam on the thermocouples is avoided to prevent
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thermocouple artifacts. The beam location and angular orientation which are important
parameters to be assessed in the thermal field distribution characterization is determined
with acceptable accuracy. On the basis of the beam location the artifact-free temperature
rise can be predicted at desired locations within the tissue medium. The method is applied
to refine the data obtained during the in vitro experiments using the vascularized tissue

phantom, by removing inaccuracies due to beam positioning error from the data.

Temperature can easliy increase to 50 °C’s for 30 Watts of ultrasound power as it is seen in
Figure 5.29. This temperature is enough to start burning the tissues [100]. Burning region
is an eliptical shape region with dimensions of 5 mm and 2 mm aproximately. This means
that only the tissue parts in this region will be burned and the other tissue region will
remain alive since the temperature is sharply decreasing in the amount of 10 °C’s in the

regions few mm away from the focal region.

The in vitro experiments, which involve embedding thermocouples in a vascularized tissue
material for temperature measurement, are used to assess the HIFU thermal effects.
Temperature measurement results have been showed that temperature in the tissue reaches
50 °C in focal point of HIFU transducer and decreases few tens of °C’s in mm
displacements. Temperature field distribution characterization in a tissue phantom is a
convenient tool to measure temperature rise and lesion size with acceptable accuracy.
Temperature rise data measured with thin thermocouple in order to diminish the effect of
viscous heating artifacts.

However, positioning errors are one of the major limitations, which impose inaccuracies in
the measured data. Further, the some computational methods can be applied to assess

inaccuracies due to thermocouple artifacts in the measured data.

Temperature rise due to viscous heating increases rapidly at the start of the insonation and
more slowly with time. At the end of insonation (5 s) the temperature rise due to viscous

heating is ~60 % of the measured temperature rise [101].

HIFU is a very attractive and new technique that is used in cancer treatment, physiotherapy

and other similar treatments. Characterisation of HIFU transducers which is carried out
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within the scope of this thesis will have an important achievement on the safe and efficient
use of this kind of transducers. Besides acoustical power, pressure and temperature
distribution measurements that are huge number of studies are going on; an electrical
method applied to HIFU transducers for the first time was presented in this thesis which is
original in this field.

Another innovative study in this thesis is a metrological point of view. Uncertainty budgets
in measurements were studied and presented in all measurements first time in this thesis.

All measurement devices are traceable to national standards.
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APPENDIX A: LABVIEW PROGRAM FOR ULTRASONIC
PRESSURE FIELD SCANNING

Software programming in LabVIEW 8.1 is shown in below figures.
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Figure 2.Program start page in main cntrol page
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Figure 4. Arrangement of the measurement parameters
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APPENDIX B: MATLAB FILES FOR KZK SIMULATION

Matlab files used in KZK simulation as follows;

KZK parameters (K)

%% Input file for both axisymmetricKZK.m and
axisymmetricBHT.m

%% Consists of user-defined input parameter definitions,
including

%% material and transducer parameters, as well as the size of
the

% computational domain; returns required computed parameters

oe

%% integration of the model equations.

9090000

[CRCRCReReie]

0 0 0 0 3

3%%% User—-defined input parameters

9999900000000 0000000000000000000
OO0OO0OO0OOOOOOOOOOOODOOODOOODOOOOOOOODOODO

9999900000000 0000000000000000000000000000000000000000000000005
OO0OOOOOOOOOOOOOODOOODOOOOOOOODOOODOOOOODOOODOOODOOOOOOOODOOODOOODOOOODOOD©O

o
o
o
o
o
o

o
o
o
o
o
o

% material 1 parameters:

cl = 1482; % small-signal sound speed (m/s)
rhol = 1000; % mass density (kg/m”3)

alphal = 0.217; % attenuation at 1MHz (dB/m)

etal = 2; % power of attenuation vs frequency
curve

betal = 3.5; % nonlinear parameter

z = 5; % material transition distance (cm)

% material 2 parameters:
c2 = 1482;

rho2 = 1000;

alpha2 = 0.217;
eta2 = 1;

beta2 = 3.5;

oe

transducer parameters:

a = 3.5; % outer radius (cm)

b = 0.75; % inner radius (cm)

d = 8; % focusing depth (cm)

f = 1.1e6; % frequency (Hz)

P 100; % power (W)

% computational domain size:

R = a; % max radius (cm)

7 = 2*d; $ max axial distance (cm)

K 100; % number of harmonics included in simulation
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% computed equation coefficients: %%%%%%%%%%%%%%%%%%%%
990000000000 0000000000000000000000000000000090000900000000
OO0OO0OO0OO0OOO0OOODOOODODOOODOOODODOODODOOODODOODODOOODODOOODOOODODOOOOOODOOOO™©
p0 = sgrt(2*rhol*cl*P/pi/ ((a/100)"2-(b/100)"2)); % peak

pressure at transducer face

N1 = 2*pi*pO0*betal* (d/100)*f/rhol/cl1”3; % nonlinear
coefficient

N2 = 2*pi*pO0*beta2* (d/100) *f/rho2/c2"3;

Gl = pi*(a/100)72*f/cl/(d/100); % linear pressure gain
G2 = pi*(a/100)"2*f/c2/(d/100);

gammal = zeros(K,1); % attenuation coefficients
gamma?2 = zeros(K,1);

h = £*[1:K]"'/1le6;

alphal = (d/100)*alphal/8.686; % convert alpha from
dB/m to Np

alpha2 = (d/100) *alpha2/8.686;
if (etal==1)
gammal = alphal*h.* (1-2*i*log(h)/pi);
elseif (etal==2)
gammal = alphal*h.”2;
else
gammal = alphal*h.”etal - 2*i*(alphal*h.”etal-
alphal*h)/ (etal-1) /pi;
end
if (eta2==1)
gamma?2 = alpha2*h.* (1-2*i*log(h)/pi);
elseif (eta2==2)
gamma2 = alpha2*h."2;
else
gamma2 = alpha2*h.”eta2 - 2*i* (alpha2*h.”eta2-
alpha2*h) / (eta2-1) /pi;
end

nondimensionalize grid dimensions:
= R/a;
= z/d;
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