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Description

Field of the Invention

[0001] The presentinvention relates to the field of ultrasound technology. Specifically the invention relates to a system
and methods for creating ultrasound waves and focusing them at a location and for controlling the waveform of the
ultrasound to cause localized production of bubbles at the location and for control of the resultant cavitational effects or
heating effects or a combination of the two effects, that take place in the focal region.

Background of the Invention

[0002] The use of ultrasound for medical diagnostics and therapy is well known. Diagnostic techniques are based on
the production and transmission of ultrasound waves into the body, and detection of the scattered echoes from the
scanned region. Therapeutic methods are generally based on the use of focused beams of ultrasonic energy to produce
high powered mechanical energy for disintegration of medical targets by heat or ablation caused by pressure waves. In
body fluids such as blood or in the intercellular fluids in living tissue, the application of ultrasonic energy often leads to
the creation of bubbles which grow in volume by a process known as rectified diffusion and eventually implode releasing
large amounts of energy and generating sites of locally high temperature and pressure for very short periods of time.
[0003] Conventional ultrasound signals are generated by transducers powered to have a sinusoidal waveform such
as that shown in Fig. 1. The horizontal axis represents time measured in psec and the vertical axis the voltage applied
to the transducer. When the applied electrical signal is in the frequency range of the transducer’s frequency bandwidth
and the signal is at least a few cycles long, the pressure wave generated by the transducer is of similar shape. The
waves that are emitted from the transducer travel through the media as longitudinal waves (the transverse waves usually
attenuate very rapidly and thus are ignored herein) having alternating compression and de-compression regions corre-
sponding to the positive and negative portions of the waveform shown in Fig. 1. When the wave passes through a fluid,
gases trapped inside dust motes or other particles in the fluid, or on the walls of the region containing the fluid will be
drawn out from the fluid forming a small bubble. If the acoustic power density is small, then the bubble will oscillate
around a relatively constant radius. This process is known as stable cavitation. If the power density is high, then gas
diffuses into the bubble during the de-compression half-cycle of the sound waves and diffuses out from the bubble during
the compression half-cycle. The rate of diffusion is proportional to the radius of the bubble and therefore the rate of
diffusion into the bubble (which occurs when the bubble has expanded during the de-compression phase) exceeds that
of the rate of diffusion out of the bubble (which occurs when the bubble has been compressed). The net result is that
the radius of the bubble increases as the bubble oscillates. This process is known as rectified diffusion. Once the bubble’s
radius reaches a critical value, which depends on the power and frequency of the ultrasonic energy, it can no longer
remain stable and the pressure caused by the next compression half-cycle will cause the bubble to implode, i.e. the
fluids in the vicinity of the bubble oscillate with such an amplitude that the bubble breaks into small fractions.

[0004] In medical applications the energy released by the implosion of the bubbles in the rectified diffusion process
is used to destroy near by cells. Various methods are known to produce cavitation at the desired location. For example,
US 5,219,401 teaches the use of relatively low power ultrasound energy to produce stable cavitation resulting in a
population of bubbles at a site and then applying a second signal at another frequency and higher power to cause the
bubbles to implode. US 6,413,216 teaches the use of an unfocused transducer operating at a low frequency to create
bubbles in a treatment area of a patient followed by the use of a focused ultrasound beam at a different frequency aimed
at a specific region within the treatment area in order to cause cavitation and thereby create a lesion at a desired location.
US 5,827,204 teaches a method reported to produce large vaporous cavitation bubbles in a small confined area. The
method comprises generating a low frequency signal having amplitude less than the cavitation threshold to produce a
population of bubbles and superimposing on this signal a high frequency signal. The amplitude of the resulting modulated
signal exceeds the cavitation threshold at the focus of the modulated beam.

[0005] Rapid hyperthermia resulting in tissue ablation or necrosis has proven to be a useful therapeutic modality, for
example, in destroying cancerous tissue. Such applications are based on the use of high intensity focused beams of
ultrasonic waves produced by either a single high power transducer or by focusing the energy from several transducers
at the same location. Clinical application of high-intensity focused ultrasound (HIFU) is foreseen as the future non-
invasive modality of choice, replacing the minimally invasive methods (RF ablation or Laser ablation). The ability to focus
the ultrasound (US) energy at the specific location, with minimal absorption by neighboring tissue, by the tissue in
between the transducer and that location, or by the tissue beyond that location - is the limiting factor of this technology.
[0006] At therapeutic intensities, the hyperthermia is often accompanied by bubble activity. In vitro and in vivo exper-
iments alike have shown that under certain conditions bubble activity can give rise to a doubling of the heating rate (MRI-
guided gas bubble enhanced ultrasound heating in in-vivo rabbit thigh, Sokka, S.D., King, R., Hynynen, K., Phys. Med.
Biol. 48, pp. 223-241, 2003). Others have used cavitation suppression techniques to reduce the micro-bubble formation
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and make accurate ablation (Kentaro Tasaki, Takehide Asano, Kazuo Watanabe, Hiroshi Yamamoto, Division of Surgery,
Chiba Cancer Center, Chiba , Japan. In "Therapeutic Ultrasound," the proceedings of the 2nd International Symposium
on Therapeutic Ultrasound (ISTU 2002). But more precisely, it was recently reported that a several times larger volume
of tissue was coagulated with HIFU in a canine prostate with administration of Albunex Contrast Agent (CA) than without
it. Kidneys were exposed to HIFU at 3.2 MHz in degassed saline, and when CA Optison was administered at a dose of
0.2 ml/kg, the temperature elevation induced by HIFU exposure was more than doubled. (The effect that tissue ultrasonic
absorption will be doubled when contrast agent is added to the tissue at ~0.1 billion microbubbles/kg. was theoretically
predicted, S Umemura, K Kawabata, K Sasaki, "Enhancement of sonodynamic tissue damage production by second-
harmonic superposition: Theoretical analysis and its mechanisms", IEEE-TUFFC, Vol. 43, pp.1054-1062, 1996. It was
experimentally verified by R. Glynn Holt , Ronald A. Roy, "Measurements of bubble-enhanced heating from focused,
mhz-frequency ultrasound in a tissue-mimicking material", , Ultrasound in Medicine & Biology, Vol. 27, Issue 10, pp.
1399-1412, 2001.

[0007] The factthat the presence of the bubbles would have a positive influence on the thermal treatment is somewhat
unexpected in view of earlier efforts to separate the cavitation and heating effects, since the microbubbles shadowed
the region to be treated and might endanger the patient. (Bailey MR, Couret LN, Sapozhnikov OA, Khokhlova VA, ter
Haar G, Vaezy S, Shi X, Martin R, and Crum LA, "Use of overpressure to assess the role of bubbles in focused ultrasound
lesion shape in vitro," Ultrasound Med Biol, 27 (5), 695-708 (2001)). In US 5,601,526, for example, is described how
the presence of cavitation can lead to unwanted tissue destruction both inside of and outside of the focal zone, when
applying focused acoustic power to achieve thermal effects. This patent teaches a method and apparatus for applying
thermal and cavitation waves either separately or together so as to reduce the interaction between them. US 5,573,497
teaches a method and apparatus for supplying the maximum thermal energy to a tissue while reducing or preventing
cavitation.

[0008] A device according to the preamble of claim 1 is known from kaczkowshi et al. "sigh intensity focused ultrasound
(HIFU) array system for image-guided ablative therapy (IGAT)", proceedings of SPIE, vol. 4954, pages 209 - 219, 2003.
[0009] Despite the efforts madeinthe pastto separate the thermal from the cavitation effects of high intensity ultrasound
on living tissue, the above cited reports attest to the difficulty and importance of harnessing the energy-concentrating
effects of bubbles to do useful clinical work when exposed to ultrasound. The dominant heating mechanism depends
on bubble size, medium shear viscosity and frequency-dependent acoustic attenuation. The bubble size distribution, in
turn, depends oninsonation control parameters (acoustic pressure, pulse duration), medium properties (notably dissolved
gas concentration) and bubble shape irregularities that facilitate instabilities.

[0010] Ultrasound techniques have been applied therapeutically to such varied medical conditions as treatment of
benign and malignant tumors of many types, varicose effects, destruction of gall and kidney stones, treatment of the
esophagus, and unblocking blood vessels.

[0011] An illustrative example of a medical condition that can be treated by use of ultrasound is varicose veins and
telangiectasia (spider veins). These veins are the visible surface manifestation of an underlying syndrome of venous
insufficiency. The valves, which keep the blood moving towards the heart in normal veins, do not function properly and
do not enable the blood to propagate, but to stagnate in the vein. The vein then dilates under the influence of increased
venous pressure. Venous insufficiency syndromes allow venous blood to escape from its normal flow path and flow in
a retrograde direction down into an already congested leg. Most patients with venous insufficiency have subjective
symptoms that may include pain, soreness, burning, aching, throbbing, cramping, muscle fatigue, "restless legs" and
unsightly appearance. Over time, chronic venous insufficiency leads to cutaneous and soft tissue breakdown that can
be extremely debilitating.

[0012] Current treatments for varicose vein include: compression stockings, sclerotherapy (involves injection of chem-
ical solution which causes scar tissue that closes the vein), endoluminal radiofrequency (RF) catheter and diode laser
(uses RF or laser energy to coagulate the vein), phlebectomy (uses small incision to extract vein with phlebectomy
hook), stripping (an operation performed under general anesthesia which involves the removal of the entire saphenous
vein), and ligation (a surgical procedure that ties the saphenous vein and is optional when most of the valves are healthy).
US 6,436,061 teaches a method of applying focused ultrasonic energy to cause localized heating and damage the
endothelial tissue of the vein such that the scarring of the healing tissue will at least partially block the flow of blood
through the vein.

[0013] It is a purpose of the present invention to provide an apparatus and method for providing focused ultrasonic
waves having a waveform at the focal point that can be modified to cause cavitation with no significant change in
temperature, only increase of the temperature with minimal cavitation, suppression of cavitation, or a combination of
these effects.

[0014] It is another purpose of the invention to provide ultrasound based therapies resulting from cavitation effects
with no significant change in temperature, only increase of the temperature with minimal cavitation, suppression of
cavitation, or a combination of these effects.

[0015] Further purposes and advantages of this invention will appear as the description proceeds.
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Summary of the Invention

[0016] According to the present invention a system for producing ultrasound waves is provided as defined in claim 1.
[0017] Ultrasound waves are used that are focused at a specific location in a medium to cause localized production
of bubbles at that location and to control the production, and the cavitational and heating effects that take place there.
The production and control is accomplished by selecting the range of parameters of multiple transducers that are focused
at the location in order to produce one of the waveforms chosen from the following group:

- a waveform comprising high negative peaks and small positive peaks, the waveform encouraging the creation of a
cloud of microbubbles;

- awaveform encouraging the production of heat and the limitation the growth and possible implosion of said micro-
bubbles; and

- acombined waveform comprising a spatial and/or temporal combination of two waveforms, one waveform comprising
high negative peaks and small positive peaks and the second waveform comprising high positive peaks and only
small negative peaks, the combined waveform allowing control of the size distribution of the microbubbles and
temporal changes of this distribution.

[0018] The waveform encouraging the production of heat can have many shapes including : a waveform comprising
high positive peaks and only small negative peaks and a sinusoidal waveform. The waveform comprising high positive
peaks and only small negative peaks can encourage the reduction of the size of the microbubbles.

[0019] In a preferred embodiment, the number of transducers isthree. The radius of the microbubbles is typically in
the range from a fraction of a micron up to 100 or more microns, preferably the radius is between approximately 3 microns
to 5 microns.

[0020] Accordingto a preferred embodiment,a control system measures the changes in tissue or the size of the bubbles
and accordingly adjusts the waveform to include more negative peaks, more positive peaks, or more equal sized waves.
A temperature control system may be employed to modify the output of the transducers according to the measured
temperature. Additionally, an ultrasound imaging or non-imaging system can be used to view and monitor the region
being targeted, to monitor the generation of the microbubbles at the desired location, and control the system for one or
more of the following purposes:

- so that the number of microbubbles will be as planned;
- for aiming the focused beam to the targeted location; and
- to re-align the beam to a different location.

[0021] Theresponse atthe half harmonic or at higher harmonics of the transmitted frequencies is used by the ultrasound
imaging or non-imaging system to measure one or more of the following:

- the effect of the heating;

- the duration of the effect;

- the number of microbubbles generated within the targeted region; and

- the spatial distribution of the microbubbles generated within the targeted region.

[0022] According to a preferred embodiment, multiple transducers are arranged in an array, designed so that their
mechanical focus and their own focus combine at the same point in space.

[0023] Preferably, the point in space can be moved by either shifting the whole array, by repositioning of individual
transducers, or by phase shift of the excitation pulse. In the preferred embodiments, the ultrasonic waves transmitted
by the different transducers are designed to produce by interference specific waveforms at the focal point, which are
not produced at other locations. Preferably the region within the focal zone of all the transducers in which the specific
waveform develops at significant intensities, is typically very small. In preferred embodiments the amplitudes of the
waveforms are less than -3 dB of the maximum amplitude, at distances that are typically less than 1 mm away from the
point of the maximum amplitude in the lateral directions and less than 1.5 mm away in the axial directions. The specific
waveforms can be modified to produce one of the following effects:

- cause cavitation with no significant change in temperature;
- increase the temperature with minimal cavitation; - suppress cavitation; and

- acombination of these effects.

[0024] Theinvention can be used for therapeutic purposes. Inthese cases, the array is typically placed extra-corporally,
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in close proximity to the organ to be treated, with ultrasound gel or water surrounding the ultrasound transducers and
the space between it and the organ. The therapy can be chosen from the following group:

- occlusion of varicose veins and telangiectasia;

- activation of cellular (e. g. endothelial cell) processes in the body, by either localized pressure forces or shear forces
that produce therapeutic responses or damage;

- therapy of cancerous tissue by cavitation damage and/or rapid hyperthermia, resulting in apoptosis, tissue ablation
Or Necrosis;

- therapy of cancerous tissue by damage and closure of the supply and drainage vasculature by cavitation, and/or
rapid hyperthermia via coagulation of the arteries supplying the tumor;

- ablation of ectopic foci or re-entry loops within the cardiac walls, mainly within the ventricular walls;

- thrombolysis of clotted or semi-clotted arteries, e. g. coronary arteries, the carotid arteries, cerebral arteries, periph-
eral arteries etc.;

- lipolysis or other methods of disintegration of fat cells, either by the mechanism of microbubbles collapse and/or by
hyperthermia, resulting in apoptosis and drainage of fat deposits;

- coagulation of internal bleedings within the body; and

- non-invasive surgery of internal tissues and organs, by disintegration of cells along the cut.

[0025] The invention can be used for occlusing varicose veins and telangiectasia by following the steps of:

a) providing multiple transducers;

b) focusing the multiple transducers at the same location within the vein;

c) selecting the range of parameters of the multiple transducers to produce a waveform comprising high negative
peaks and small positive peaks, the waveform encouraging the creation of a cloud of microbubbles;

d) continuing the production of the waveform until the cavitation causes destruction of cells and the initiation of
scaring of the tissue at the location;

e) focusing the transducers at another location within the vein;

f) repeating steps (c), (d), and (e) until enough scaring has been initiated to cause occlusion of the vein;

if necessary, two additional steps are added between steps (d) and (e):

g) changing the range of parameters of the multiple transducers to produce a heating waveform, the waveform
encouraging the production of heat at the location; and

h) continuing the production of the waveform until the heating causes destruction of cells and the initiation of scaring
of the tissue at the location.

[0026] The invention can be used for activation of cellular processes in the body to produce therapeutic responses or
damage selected from the following group: localized drug delivery, gene therapy, and angiogenesis.

[0027] The invention can be used for thrombolysis of clotted or semiclotted arteries in coronary arteries, the carotid
arteries, cerebral arteries, and peripheral arteries.

[0028] The invention is a system for producing ultrasound waves and focusing them at a specific location in a medium
to cause localized production of bubbles at that location. The system of the invention can control the production of the
waves and the cavitational and heating effects that take place. The system of the invention comprises:

- three or more arbitrary waveform signal generators;
- three or more wide-band power amplifiers;

- three or more transducers; and

- one workstation.

[0029] In preferred embodiments of the system of the invention the three or more transducers are arranged as an
array, designed so that their mechanical focus and their own focus combine at the same point in space. Preferably, the
point in space can be moved by either shifting the whole array, by repositioning of individual transducers, or by phase
shift of the excitation pulse. The ultrasonic waves transmitted by the three or more transducers of the system of the
invention are designed to produce by interference specific waveforms at the focal point, which are not produced at other
locations. The region within the focal zone of all the transducers in which the specific waveform develops at significant
intensities and the amplitudes of the waveforms are less than -3 dB of the maximum amplitude, are typically at distances
less than 25mm and preferably less than 1 mm away from the point of said maximum amplitude in the lateral directions
and less than

[0030] In another aspect, the invention is a system for producing ultrasound waves and focusing them at a specific
location in a medium to cause localized production of bubbles at that location. The system of the invention can control
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the production of the waves and the cavitational and heating effects that take place. The system of the invention comprises:

- three or more arbitrary waveform signal generators;
- three or more wide-band power amplifiers;

- three or more transducers; and

- one workstation.

[0031] In preferred embodiments of the system of the invention the three or more transducers are arranged as an
array, designed so that their mechanical focus and their own focus combine at the same point in space. Preferably, the
point in space can be moved by either shifting the whole array, by repositioning of individual transducers, or by phase
shift of the excitation pulse. The ultrasonic waves transmitted by the three or more transducers of the system of the
invention are designed to produce by interference specific waveforms at the focal point, which are not produced at other
locations. The region within the focal zone of all the transducers in which the specific waveform develops at significant
intensities and the amplitudes of the waveforms are less than -3 DB of the maximum amplitude, are typically at distances
less than 25mm and preferably less than 1 mm away from the point of said maximum amplitude in the lateral directions
and less than 10mm and preferably less than 1.5 mm away in the axial directions. In preferred embodiments of the
system of the invention, the specific waveforms can be modified to produce one of the following effects:

- cause cavitation with no significant change in temperature;
- increase the temperature with minimal cavitation;

- suppress cavitation; and

- acombination of these effects.

[0032] The system of the invention may further comprising an ultrasound imaging or non-imaging system and a control
box. Preferably the ultrasound imaging or non-imaging system is controlled by the workstation to which it is connected
through the control box and can be used to view and monitor the region being targeted, to monitor the generation of the
microbubbles at the desired location, and control the system for one or more of the following purposes:

- so that the number of microbubbles will be as planned;
- for aiming the focused beam to the targeted location; and
- to re-align the beam to a different location.

[0033] Inpreferred embodiments of the system of the invention the response at the half harmonic or at higher harmonics
of the transmitted frequencies is used by the ultrasound imaging or non-imaging system to measure one or more of the
following:

- the effect of the heating;

- the duration of the effect;

- the number of microbubbles generated within the targeted region; and

- the spatial distribution of the microbubbles generated within the targeted region.

[0034] In a preferred embodiment of the invention, the ultrasound imaging or non-imaging system measures the
changes in tissue or the bubbles size and the control box and workstation accordingly adjust the waveform to include
more negative peaks, positive peaks, or equal sized waves.

[0035] The system of the invention may further comprise a temperature measurement system. The temperature meas-
urement system may comprise one or more thermocouples and is preferably used to modify the output of the transducers
according to the measured temperature.

[0036] The system of the invention may be adapted for use in therapeutic procedures; wherein the array is placed
extra-corporally, in close proximity to the organ to be treated, with ultrasound gel or water surrounding the ultrasound
transducers and the space between it and the organ. The system of the invention may be adapted for use in any of the
therapeutic procedures in the following group:

- occlusion of varicose veins and telangiectasia;

- activation of cellular (e.g. endothelial cell) processes in the body, by either localized pressure forces or shear forces
that produce therapeutic responses or damage;

- therapy of cancerous tissue by cavitation damage and/or rapid hyperthermia, resulting in apoptosis, tissue ablation
or Necrosis;

- therapy of cancerous tissue by damage and closure of the supply and drainage vasculature by cavitation, and/or
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rapid hyperthermia via coagulation of the arteries supplying the tumor;

- ablation of ectopic foci or re-entry loops within the cardiac walls, mainly within the ventricular walls;

- thrombolysis of clotted or semi-clotted arteries, e.g. coronary arteries, the carotid arteries, cerebral arteries, peripheral
arteries etc.

- lipolysis or other methods of disintegration of fat cells, either by the mechanism of microbubbles collapse and/or by
hyperthermia, resulting in apoptosis and drainage of fat deposits;

- coagulation of internal bleedings within the body; and

- non-invasive surgery of internal tissues and organs, by disintegration of cells along the cut.

[0037] All the above and other characteristics and advantages of the invention will be further understood through the
following illustrative and non-limitative description of preferred embodiments thereof, with reference to the appended
drawings.

Brief Description of the Drawings
[0038]

- Fig. 1 shows an ultrasound signal having a sinusoidal waveform;

- Fig. 2 schematically shows the control and driving system for carrying out the invention;

- Fig. 3A and Fig. 3B show an embodiment of an array of transducers that is suitable for use in the invention;

- Fig. 4 is a flow-chart showing the sequence of operations in an example of a typical data processing scheme used
to measure and display the existence, number, size, location and spatial distribution of microbubbles generated
during implementation of the method of the invention;

- Fig. 5 shows a waveform comprising high amplitude negative peaks and small amplitude positive peaks;

- Fig. 6 shows a waveform comprising high amplitude positive peaks and only small amplitude negative peaks;

- Fig. 7 to Fig. 11 are graphs showing the results of a series of experiments that were carried out to measure the
effect of applying cavitation and heating waveforms at different power levels and the effect of the duration of applying
the heating waveform on the temperature;

- Figs. 12A to 12D show the results of a representative example of the sequence of operations that are outlined in
the flow-chart in Fig. 4 as displayed on a screen;

- Fig. 13 is a bar chart depicting the temperature values after different durations of production of cavitation and heating
in excised liver tissue;

- Fig. 14 shows localized damage in biological material produced by using the method of the invention to produce
cavitation effects only; and

- Figs. 15A to 15D show an embodiment of a transducer array comprising annular transducers.

Detailed Description of Preferred Embodiments

[0039] The invention relates to a system for creating ultrasound waves and causing them to travel through a liquid
and to methods for controlling the waveform of the ultrasound to cause localized production of bubbles in the liquid and
for control of the resultant cavitational and heating effects. The invention is particularly suited to the use of ultrasound
for the localized production of bubbles for therapeutic purposes. The therapy is based on cavitation effects accompanied
by minimal heating and/or by bubble induced heating of the location at which the bubbles are produced.

[0040] The invention is based on the recognition that the creation and growth rates of the bubbles formed in a fluid by
ultrasonic waves traveling through it is dependent to a large extent on the waveform of the waves. Instead of the sinusoidal
waveform that is normally used to cause rectified diffusion, the invention selects the range of parameters including
frequency, phase, and amplitudes of multiple transducers to produce two basic waveforms in the region of interest. The
first waveform comprises high negative peaks and small positive peaks, which encourages the creation of a cloud of
microbubbles. The second waveform is a waveform which produces heat, such a waveform can have several forms e.g.
a sinusoidal wave form or a waveform that comprises high positive peaks and only small negative peaks. The second
waveform preferably includes the range of control parameters that assures that the ultrasound energy is more absorbed
than scattered by the microbubbles by keeping them small (e.g. smaller than approximately 3-5 microns in radius).
[0041] To produce the waveforms of the invention, at least three independent high-power focused ultrasound trans-
ducers are used, housed within a structure that produces a common focus. Each transducer is powered by its own
amplifier, which is driven by a signal generator, usually tuned to a different frequency. An optional part of the invention
is that the method and system may also include a control system that measures the changes in tissue or the size of the
bubbles and accordingly adjusts the waveform to include more negative peaks, positive peaks or equal sized waves.
[0042] One embodiment of the control and driving system for carrying out the invention is shown schematically in Fig.
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2. In this embodiment, the control and driving system 200 includes three arbitrary waveform signal generators 202
connected to three wide-band power amplifiers 204 and through impedance matching to the three transducers 206. At
least one workstation 208, for example a personal computer (PC), controls the timing of activation and amplitude of each
arbitrary waveform signal generator 202 by means of different protocols and separate cables for each signal generator.
The workstation 208 may also control a temperature measurement system 210 that measures and records temperatures,
for example with thermocouples and may modify the therapy according to the measured temperatures. Additionally or
alternatively, an ultrasound imaging or non-imaging system 212 may be used to view and monitor the region being
treated (targeted) to monitor the generation of the microbubbles at the desired location and control the system so that
the number of microbubbles will be as planned and/or may be used for aiming the focused beam to the targeted region
and/or to re-align the beam to a different location. The cavitation effects can be detected by many different techniques
that are known to skilled persons. For example: use of a single transducer operating at 1/2, 1/3, 1/4, etc. of the frequency
of one of the transducers in the array as a detector; use of a single transducer operating at 1.5, 2.5, 3.5, etc. harmonic;
use of a "white noise" detector; use of a pair of transducers working continuously as a transmitter-receiver pair; or use
of a single transducer, that both transmits and receives the reflected signal. The ultrasound imaging system 212 may
be used additionally or alternatively to monitor the treatment during the increased temperatures regime by measuring
the effect of the heating, the duration of the effect, the number and the spatial distribution of the microbubbles generated
within the treated region by using the response at the second harmonic or half harmonic of the transmitted frequencies.
The ultrasound system monitoring system 212 may be controlled by the workstation 208 to which it is connected through
control box 214.

[0043] Control and driving system 200 is comprised of standard components that are well known to persons familiar
with the use of ultrasound for diagnostic or therapeutic purposes. Typical but non-limitative examples of commercially
available components that are suitable for use in Control and driving system 200 are: arbitrary waveform signal generator
202 - Tabor Electronics Ltd., model 8025; wide-band 10kHz-100MHz power amplifier 204 - Acoustic Research, model
150A100B; transducer 206 - Imasonic, model no. T3035A101, T3034A101, T2336A101.; workstation 208 - HP-Compaq
PC; temperature measurement system 210 - Omega thermocouples, model no. TGC150-CPSS-150-SMP-MUK270502,
National Instruments Temperature measurement board model no. NI-4351, Temperature I/O box model no. TC-2190,
and National Labview software; ultrasound imaging system 212 - GE Healthcare model VIVID lll; and control box 214
- HP-Compagqg PC running National Instruments Labview software, National Instruments I/O box, model no.BNC-2090,
and National Instruments DAQ board model no. PC-LPM-16.

[0044] The power transducers 206 are arranged as an array, designed so that their mechanical focus and their own
focus combine at the same point in space. This point in space can be moved by either shifting the whole array, by
repositioning of individual transducers, or by phase shift of the excitation pulse. The ultrasonic waves transmitted by the
different transducers are designed to produce by interference specific waveforms at the focal point, which are not
produced at other locations. These specific waveforms can be modified to cause cavitation with no significant change
in temperature, increase of temperature with minimal cavitation, suppression of cavitation, or a combination of these
effects. The region in which the specific waveforms develop at significant intensities, i.e. within the focal zone of all
transducers, is usually very small, where the amplitudes of -3 DB and less of the maximum, are typically less than 1 mm
away from the point of maximum in the lateral directions and, less than 1.5 mm away in the axial directions.

[0045] An embodiment of an array of transducers 300 that uses cylindrical power transducers suitable for use in the
invention is shown in Fig. 3A and Fig. 3B. Another embodiment, using annular transducers is described with reference
to Fig. 15A to 15D hereinbelow. Fig. 3A is a photograph showing the array 300 from the top. Array 300 is mounted in a
cylindrically shaped holder 306 made of plexiglass or other suitable material. In the embodiment shown, holder 306
comprises a central bore 304 coaxial with the symmetry axis of holder 306 and six other bores 302 arranged symmetrically
around bore 304 and inclined at an angle with the symmetry axis. Array of transducers 300 can thereby comprise up to
six cylindrical power transducers 206 which are inserted into bores 302 such that all are physically aimed at the same
focal point. The focal point of the array of ultrasound transducers 300 depends, upon other factors on the medium through
which the ultrasound waves will be transmitted. A typical focal distance in water for array 300 is six cm from the bottom
face of transducer holder 306. This focal distance is equivalent to five cm in gel and four cm in liver tissue. The center
bore 304 can be used for an imaging probe connected to an imaging system 212 or for inserting thermocouples that are
components of temperature measurement system 210. Fig. 3B schematically shows the arrangement of the bores 302
and 304 on the planar bottom face of holder 306.

[0046] The holder 306 is designed such that array 300 can be placed extra-corporally, in close proximity to the organ
to be treated, with ultrasound gel or water surrounding the ultrasound transducers and the space between it and the organ.
[0047] As mentioned hereinabove, ultrasound system 200 may be either imaging or non-imaging and in the preferred
embodiment of the invention is used to measure the number of microbubbles, their location in space, and their spatial
population distribution. These measurements can be made during any phase of the process, for example when bubbles
are generated during the cavitation phase, during a heating phase, or a phase when it is desired to reduce or enlarge
the size and/or number of microbubbles. Fig. 4 is a flow-chart showing the sequence of operations in an example of a
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typical data processing scheme used to measure and display the existence, number, size, location and spatial distribution
of microbubbles generated during implementation of the method of the invention. The steps listed in the flow chart of
Fig. 4 are conventional ones for processing ultrasound signals, which are mainly executed automatically using equipment
and software familiar to skilled persons who will require no further explanation of the data processing scheme. The
measurements made using the scheme outlined in Fig. 4, or any equivalent scheme known to skilled persons, may be
used to modify the operation of the system so as to increase, reduce, or shift the number of microbubbles, or their sizes.
The modification can be made either manually or automatically using software provided with the workstation 208, ultra-
sound system monitoring system 212, and/or control box 214.

[0048] The goals of the invention are achieved by selecting the range of parameters, including frequency, phase, and
amplitude, of each one of the multiple transducers to produce the desired waveform in the region of interest. Using the
method of the invention, bubbles having a size ranging from a fraction of a micron up to 100 or more microns with the
presently preferred range for the therapies discussed hereinbelow being between approximately 3 and 5 microns. Sim-
ilarly the size of the focal area can be varied between spots that are typically less than 25mm radius, and preferably
less than 1 mm, radius in the lateral directions and less than 10mm, and preferably less than 1.5 mm, long in the axial
directions. The ability to achieve such a small focal zone length in the axial direction by using the method and apparatus
of the invention provides a significant improvement in the ability to provide localized treatment for various conditions
over the prior art methods in which the focal zone length typically ranges between 10mm and 20mm. The minimum size
of the treatment area is on the order of the minimum size of the focal area and, by means of electrically or mechanically
scanning the combined beams and/or the array of transducers, the maximum size of the treatment area is unlimited.
[0049] Fig. 5 shows a waveform comprising high negative peaks and small positive peaks. This type of waveform, by
increasing the ratio of the amplitudes of the de-compression part of the acoustic wave to the compression part, encourages
the creation of a cloud of microbubbles. In Fig. 5, the horizontal axis represents time measured in pwsec and the vertical
axis the amplitude of the signal at the focus measured in volts. The signal shown in Fig. 5 was generated, using the
system shown in Fig.2 and the array shown in Fig. 3A comprising three transducers, by a hydrophone that converts
accurately the acoustic pressure at that point to volts. The control and driving system operated at the frequencies,
phases, and amplitudes shown in Table 1 in order to produce the waveform shown in Fig. 5.

TABLE 1
Transmission Output Voltage of Output Voltage of Gain setting of Phase of the signal
frequency Signal Generator Power Amplifier Power Amplifier
0.5MHz 180mV 165V 90% 0°
1.0MHz 100mV 8oV 90% 90°
2.0MHz 100mV 37v 100% 270°
[0050] Fig. 6 shows a waveform comprising positive peaks and only small negative peaks. This type of waveform, by

decreasing the ratio of amplitudes of the de-compression part of the acoustic wave to the compression part, tends to
keep the microbubbles small thereby assuring that the ultrasound energy is more absorbed than scattered and producing
heat. In Fig. 6, the horizontal axis represents time measured in psec and the vertical axis the amplitude of the signal at
the focus measured in volts. The signal shown in Fig. 6 was generated, using the system shown in Fig.2 and the array
shown in Fig. 3A comprising three transducers, by a hydrophone that converts accurately the acoustic pressure at that
point to volts. The control and driving system operated at the frequencies, phases, and amplitudes shown in Table 2 in
order to produce the waveform shown in Fig. 6.

TABLE 2
Transmission Output Voltage of Output Voltage of Gain setting of Phase of the signal
frequency Signal Generator Power Amplifier Power Amplifier
0.5MHz 350mv 290v 90% 0°
1MHz 200mv 160v 90% 90°
2MHz 300mv 70v 100% 270°
[0051] Fig. 7 to Fig. 11 are graphs showing the results of a series of experiments that were carried out to measure

the effect of applying cavitation and heating waveforms at different power levels and the effect of the duration of applying
the heating waveform on the temperature. The experiments were carried out in an artificial gel phantom, which was
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prepared using a beaker filled with 0.8L of ethylene Glycol in distilled water at a ratio of 1.3:1 by volume, and heated to
70°C. 85gm of gelatin powder was then added slowly while the solution was constantly stirred. When the solution was
gelled it was centrifuged to exclude bubbles, and then 170ml of formaldehyde were added. The mixture was poured into
aglass container. This gel does not liquidize even at 120°C. The experiments were carried out using the system described
hereinabove to generate the ultrasound waveforms. For the sake of simplicity, during the heating stage only the amplitudes
of the waveform generators were modified, and not their phase. This caused the acoustic pressure waveform to resemble
a sine wave, similar to that shown in Fig. 1, and not the waveform depicted in Fig 6. The parameters used during the
heating period (in all of the experiments shown in Fig. 7 to Fig. 11) are shown in Table 3.

TABLE 3
Transmission Output Voltage of Output Voltage of Gain setting of Phase of the signal
frequency Signal Generator Power Amplifier Power Amplifier
0.5MHz 350mv 290v 90% 0°
1MHz 200mv 160v 90% 90°
2MHz 300mv Ov 100% 270°
[0052] Fig. 7 through Fig. 11 show temperature in degrees centigrade (vertical axis) vs. time in seconds (horizontal

axis) measured with thermocouples placed at the focal region for three different power levels used during the cavitation
period. During the first stage, the cavitation period, the experiments were performed at three different power levels, the
parameters of which are shown in Table 4. During the second stage, the heating period, the power level and parameters
(as given in Table 3) were always kept the same.

TABLE 4
Transmission Output Output Output Output Output Output Gain Phase
frequency Voltage of | Voltage Voltage of Voltage | Voltage of Voltage | settingof | of the
the Signal of the the Signal of the the Signal of the the signal
Generator Power Generator Power Generator Power Power
Amplifier Amplifier Amplifier | Amplifier
Lowest power level Intermediate power Highest power level
level
0.5MHz 180mV 165V 360mv 330v 540mv 495v 90% 0°
1.0MHz 100mV 80V 200mv 160v 300mv 240v 90% 90°
2.0MHz 100mV 37V 200mv T74v 300mv 111v 100% 270°
[0053] In Fig. 7 the waveform shown in Fig. 5 was generated for 30 sec followed by the heating waveform for an

additional 30 sec. In Fig. 8 the waveform shown in Fig. 5 was generated for 30 sec followed by the heating waveform
for an additional 60 sec. The lines shown in Figs. 7 and 8 are the mean of 5 experiments. Lines 702 and 802 are the
results at the highest power level, 704 and 804 at the intermediate power level, and 706 and 806 at the lowest power
level used during the cavitation period. In all cases, essentially no heat was generated during the 30 sec cavitation period
when the waveform of Fig. 5 was applied. During the period that the heating waveform was applied the temperature
rose as expected with a sharp drop off in temperature as soon as the generation of the ultrasound signals ceased. The
number of bubbles generated at the focus increases as the power level is increased during the cavitation phase. This
effect is seen in the graphs, which show an increase of the maximum temperature caused by the increase power during
the cavitation phase despite the fact that during the heating period the transmitted energy remains the same.

[0054] The effects of different durations of the heating period are displayed in Figs. 9, 10, and 11 for the low, medium,
and power levels respectively. From these graphs it can be seen that the longer duration of heating causes some
additional rise of temperature.

[0055] When the waveform of Fig.5 was not generated in experiments similar to the above and the waveform of either
Fig. 6 or Fig. 1 was focused in the medium for a period of 60 sec, the maximal mean temperature reached was 36.88 C°.
[0056] Images displayed on a screen of a representative example of the results of the sequence of operations that
are outlined in the flow-chart in Fig. 4 are shown in Figs. 12A to 12D. The images are produced by attainment of the raw
data, as produced by the ultrasound transducer that acquires the echoes from the gel, and off-line processing by the
control box 214 of the raw data as described by flow chart of Fig. 4. The results shown in these figures are of measurements
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made using the medium power level and the specially designed gel phantom described that does not melt at high
temperatures. The gel was prepared with degassed water and spun in a centrifuge to reduce to a minimum the number
of dissolved gases and the existence of microbubbles.

[0057] The image in Fig. 12A was acquired after 2 sec of operation of the cavitation period (waveform of Fig. 5) and
no bubbles are noticed (the straight lines are artifacts of the RF line acquisition). Microbubbles are formed after 16 sec
of operation of the cavitation period as can be seen in the image in Fig. 12B. Fig. 12C shows the result after 30 sec of
operation of the cavitation period. The number of bubbles has increased without translation towards the transducers,
as is commonly observed. The image in Fig. 12D was acquired after an additional 30 sec of heating when the number
of microbubbles was reduced.

[0058] The same experiment as above was repeated in vitro using fresh liver as the phantom. The liver was kept in
saline solution at room temperature (22 C°), and the array of transducers was aimed at a specific point in the tissue.
Several experiments were performed in which the system was operated for the following durations:

- 30 sec cavitation followed by 30 sec heating

- 30 sec cavitation followed by 60 sec heating

- 60 sec cavitation followed by 30 sec heating

- 60 sec cavitation followed by 60 sec heating

- 60 sec cavitation only

- 60 sec heating only

- 60 sec of no cavitation followed by 60 sec of no heating

[0059] The bar chart in Fig. 13 depicts the temperature values (°C) on the vertical axis after the different durations of
production of cavitation and heating listed above. In Fig. 13, the white bars represent cavitation only (waveform of Fig.
5), the black bar represents heating only (waveform of Fig. 6), and the gray bars cavitation followed by heating. The
white bar on the left represents ambient temperature.

[0060] Investigation of the excised liver tissue after the production of cavitation followed by heating clearly showed a
small area that went through denaturation in a cut in the middle of the treated region.

[0061] The results of an experiment designed to show the feasibility of producing localized damage in biological
material by using the method of the invention to produce cavitation effects only is shown in Fig. 14. In the figure is shown
a cross-section of a small area of an artery after the waveform of Fig. 5 was focused in this area. The light area in the
upper left is the hollow center of the artery through which the blood flows. The lower right is the edge of the arterial wall.
The endothelial layer is totally absent as a result of the procedure. Areas of considerable damage can also be seen in
the tunica media layer, where the organized smooth muscle fibers are destroyed in multiple locations.

[0062] The above experiments, as well as many others allow the following conclusions to be drawn about the invention:

- Generation of localized damage by cavitation only can be produced by the method and system of the invention.

- Thelocalized generation of cavitation can also be used for producing efficient hyperthermia, for ablation or coagulation
of tissue. The two-stage process is more effective than either cavitation or heating alone and includes a first step
of bubble creation by cavitation followed by a second step of thermal heating.

- The apparatus and method of the invention enable visualization of the location of the production of bubbles and
allow a decision to be made whether to continue with the treatment, to discontinue it, or to change its location.

- Agradual temperature increase in temperature occurs at the focal point, while several millimeters away no temper-
ature changes are observed. This result was revealed when thermocouples were used to measure the temperature,
thereby verifying the procedure.

- Changes in the power level during cavitation affect the temperature increase and the bubbles production, but have
little effect on the duration of the treatment; i.e. increasing the power level leads to increased bubble production and
increased temperature.

- Alimitation to the use of to high power levels is that if too many bubbles are produced they are difficult to control
and damage might be caused outside of the intended treatment volume.

- The results show that a change in heating time affects not only the temperature increase but also the duration of
the treatment. But it does not affect the production of bubbles during the heating stage; i.e. the heating region can
be contained within the region marked during the cavitation period.

[0063] Another embodiment of a transducer array that can be used to carry out the method of the invention is shown
in Figs. 15A to 15D. Fig. 15A is a side view and Fig. 15B a perspective view showing the features of the outside of
cylindrical holder 908 of array 900. Shown in these figures are three connectors 910 for the power cables to the three
transducers and three connectors 912 for thermocouples. The thermocouples in array 900 are placed on the rear sides
of each of the transducers to monitor their performance during the development stage of the array. They are not necessary
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features of a commercial array. Also shown on the top of holder 908 is air inlet 914 and air outlets 916, which are provided
to pass air over the backs of the transducers and remove heat from the inside of holder 908.

[0064] As opposed to the array 300 shown in Figs. 3A and 3B, which comprises cylindrical transducers 206, the array
900 is comprised of three annular transducers 902, 904, and 906. The three transducers are arranged such that their
front faces form a spherical shaped active area 918, which focuses the energy from all of the transducers at the same
point below the bottom of the holder. The common focal point (f in Fig. 5C) is located on the vertical symmetry of holder
908 and is the center of curvature of spherical active area 918.

[0065] Fig. 15C is a cross-sectional view showing the arrangement of the three transducers. Lines a, b, and ¢ are
respectively the bottom edges of transducers 902, 904, and 906. The bottom of transducer 902 and the inner side
surfaces of transducers 904 and 906 define the spherical active surface 918. Line ¢ also represents the bottom edge of
holder 908 and therefore the "skin plane", when the array is placed on a patient’s body during a therapeutic procedure.
The distance from the skin plane to the focus f is designated by the letter d. Fig. 15D is a view from the bottom of the
array showing the location of transducers 902, 904, and 906 on the active surface 918.

[0066] Anillustrative, but nor limitative, example of the dimensions of an array 900 designed for therapeutic treatment
of veins is: height and diameter of holder 908 are 65mm and 88mm respectively; radius of curvature of the spherical
active surface 918 is 45mm; and distance d is 27mm. The frequencies of the transducers in the array are 350KHZ,
700KHZ, and 1050KHZ. It is to be noted that the ratio of these frequencies is 1:2:3. This is different from the ratio 1:2:
4 of array 300, which was described hereinabove and used in the above described experiments. This illustrates that the
invention is not limited to any particular frequencies or for that matter to using three transducers. The main consideration
in choosing the number, frequencies, and other parameters of the transducers and other components of the system is
the waveform of the signal that is to be produced by the array in order to achieve the intended results.

[0067] The invention can be used for a variety of non-invasive (or minimally invasive) procedures designed to provide
localized treatment or damage to cells and tissue. The treatment provided is based on the mechanism of production of
microbubbles and cavitation effects, on the, mechanism of hyperthermia based on the existence of the microbubbles,
or on a combination of both mechanisms. The procedures are operational under guidance and control of ultrasound
imaging (or other imaging modality), and can also be operated without such guidance and control, by using preset
parameters. The procedures are of short duration. A typical two-stage procedure comprises a cavitation stage taking
e.g. 10-30sec followed by a heating stage taking e.g. 30-90sec. The procedure must be repeated when larger regions
need to be treated.

[0068] A nonlimitative list of medical procedures that can be carried out using the method and apparatus of the invention
is:

- Occlusion of varicose veins. The procedure is based on using ultrasound waves, generated according to the method

of the invention, to initiate scaring and closure of the varicose vein. The invention allows a non-invasive procedure
for office-based physicians and can be used for both diagnostic and therapeutic procedures. The method is not
limited by vein structure or width. Therapy and image monitoring can be performed simultaneously and using the
same probe and therefore additional expensive accessories are not required.
The preferred embodiment of the varicose vein treatment procedure makes use of cavitation damage only and
thereby limits the discomfort and scarring that often results from laser treatment or treatment based on high intensity
focused ultrasound (HIFU). In situations in which cavitation damage alone will not produce the desired results, the
two-stage procedure described hereinabove is employed in which, after a short period of bubble formation and
cavitation, the waveform is changed to produce rapid hyperthermia. A third alternative is to use the heating waveform
alone, without the preliminary stage of bubble formation, to cause hyperthermia. The method of the invention has
several advantages over the prior art. The most important of which is the efficiency with which the bubble cloud aids
the absorption of the heat. This allows the use of lower intensity beams and shorter exposure times than in conven-
tional HIFU treatments. Equally important is the ability to limit the treated region to a very small volume located
within the vein thereby limiting the damage to nearby tissues and organs. This latter advantage follows from the
facts that in the method of the present invention the ultrasound energy is highly focused, the specific waveform
causing the cavitation is limited to a specific volume within the focused region, and the formation of bubbles has
higher likelihood to take place in liquid than in tissue. For example, in the above mentioned US 6,436,061, no bubble
cloud is present. This is believed to make control of the application of the focused ultrasound difficult since the blood,
in which the beam is focused, is a much poorer absorber than the surrounding tissue. The present invention is based
on an entirely different mechanism for treatment of varicose veins than HIFU. In HIFU absorption of ultrasound
energy by tissue or blood constituents is required. According to the preferred embodiment of the present invention,
the treatment is based on a mechanism of bubble formation produced only by local pressure changes.

- Activation of cellular (e.g. endothelial cell) processes in the body, by either localized pressure forces or shear forces
that produce therapeutic responses ordamage. For example, localized drug delivery, gene therapy and angiogenesis.

- Therapy of cancerous tissue by cavitation damage and/or rapid hyperthermia, resulting in apoptosis, tissue ablation
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or necrosis.

- Therapy of cancerous tissue by damage and closure of the supply and drainage vasculature by cavitation, and/or
rapid hyperthermia via coagulation of the arteries supplying the tumor.

- Ablation of ectopic foci or re-entry loops within the cardiac walls, mainly within the ventricular walls.

- Thrombolysis of clotted or semi-clotted arteries, e.g. coronary arteries, the carotid arteries, cerebral arteries, pe-
ripheral arteries etc.

- Lipolysis or other methods of disintegration of fat cells, either by the mechanism of microbubbles collapse and/or
by hyperthermia, resulting in apoptosis and drainage of fat deposits.

- Coagulation of internal bleedings within the body.

- Non-invasive surgery of internal tissues and organs, by disintegration of cells along the cut, with possible visualization
and control via the generated microbubbles.

[0069] Although the invention has been presented in relation to the medical procedures that can be performed using
it, skilled persons will readily understand that the method and system of the invention can easily and advantageously
be adapted mutatis mutandis to numerous applications in industry and commerce, e.g. for ultrasonic cleaning.

[0070] It also is to be noted that in certain situations, wherein a sufficient population of microbubbles cannot be
generated in situ, contrast agents can be introduced into the focal zone to increase the efficiency of the adsorption of
energy from the heating waveform.

[0071] Although embodiments of the invention have been described by way of illustration, it will be understood that
the invention may be carried out with many variations, modifications, and adaptations, without departing from the scope
of the claims.

Claims

1. A system for producing ultrasound waves focused at a specific location in a medium to cause localized production
of bubbles at said location, to control said production, and to control the cavitational and heating effects that take
place at said location, said system comprising:

three or more arbitrary waveform signal generators (202);

three or more wide-band power amplifiers (204);

three or more transducers (206; 902, 904, 906); and

a workstation (208),

wherein the three or more transducers (206) are arranged as an array (300; 900), designed so that their me-
chanical focus and their own focus combine at the same point in space,

wherein the workstation (208) is configured to control parameters of the three or more transducers to produce
by interference first and second ultrasound waveforms at the focal point which are spatially and/or temporally
combined,

wherein the first and second ultrasound waveforms comprise amplitudes of a de-compression part and ampli-
tudes of a compression part, and characterised in that

the first ultrasound waveform, which encourages the creation of a cloud of microbubbles, comprises negative
peaks with high amplitude and positive peaks with small amplitude such that the ratio of the amplitudes of
the de-compression part to the amplitudes of the compression part is increased and the second ultrasound
waveform, which encourages the production of heat, comprises positive peaks with high amplitude and
negative peaks with small amplitude such that the ratio of the amplitudes of the de-compression part to the
amplitudes of the compression part is decreased.

2. A system according to claim 1, wherein the point in space can be moved by either shifting the whole array, by
repositioning of individual transducers, or by phase shift of the excitation pulse.

3. Asystem according to claim 1, further comprising an ultrasound imaging or non-imaging system (212) and a control
box (214).

4. A system according to claim 3, wherein the ultrasound imaging or non-imaging system is configured to view and
monitor a region being targeted, to monitor the generation of microbubbles at said location, and control the system
so that the number of microbubbles will be as planned;
and/or
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for aiming the focused beam to the targeted location;
and/or
to re-align the beam to a different location.

5. A system according to claim 3, wherein the ultrasound imaging or non-imaging system is configured to use the
response at the half harmonic or at higher harmonics of the transmitted frequencies to measure one or more of the
following:

the effect of heating;

the duration of said effect;

the number of microbubbles generated within a targeted region; and

the spatial distribution of said microbubbles generated within said targeted region.

6. Asystem accordingto claim 3, wherein the ultrasound imaging or non-imaging system is controlled by the workstation
to which it is connected through the control box.

7. A system according to claim 3, wherein the ultrasound imaging or non-imaging system is configured to measure
the changes in tissue or the bubbles size and the control box and workstation are configured to accordingly adjust
the first and second ultrasound waveforms to include more negative peaks, positive peaks or equal sized waves.

8. A system according to claim I, further comprising a temperature measurement system (210).

9. Asystemaccordingto claim 8, wherein the temperature measurement system comprises one or more thermocouples.

10. Asystem according to claim 8, wherein the workstation is configured to modify the output of the transducers according
to the temperature measured by the temperature measurement system.

11. A system according to claim 1, adapted for use in therapeutic procedures, wherein the array is adapted to be placed
extra-corporally, in close proximity to the organ to be treated, with ultrasound gel or water surrounding the ultrasound
transducers and the space between it and the organ.

12. A system according to claim 11, wherein the therapeutic procedure is chosen from the following group:

occlusion of varicose veins and telangiectasia;
activation of cellular (e.g. endothelial cell) processes in the body, by either localized pressure forces or shear
forces that produce therapeutic responses or damage;
therapy of cancerous tissue by cavitation damage and/or rapid hyperthermia, resulting in apoptosis, tissue
ablation or necrosis;
therapy of cancerous tissue by damage and closure of the supply and drainage vasculature by cavitation, and/or
rapid hyperthermia via coagulation of the arteries supplying the tumor;
ablation of ectopic foci or re-entry loops within the cardiac walls, mainly within the ventricular walls;
thrombolysis of clotted or semi-clotted arteries, e.g. coronary arteries, the carotid arteries, cerebral arteries,
peripheral arteries etc.;
lipolysis or other methods of disintegration of fat cells, either by the mechanism of microbubbles collapse and/or
by hyperthermia, resulting in apoptosis and drainage of fat deposits;
coagulation of internal bleedings within the body; and
non-invasive surgery of internal tissues and organs, by disintegration of cells along the cut.
Patentanspriiche
1. System zur Erzeugung von Ultraschallwellen, die an einem bestimmten Ort in einem Medium fokussiert sind, um

eine lokalisierte Erzeugung von Blasen an dem Ort zu bewirken, die Erzeugung zu steuern, und die Kavitations-
und Warmeeffekte zu steuern, die an dem Ort statt finden, wobei das System umfasst:

drei oder mehr Arbitrar-Wellenform-Signal-Generatoren (202);

drei oder mehr Breitband-Leistungsverstarker (204);
drei oder mehr Wandler (206; 902, 904, 906); und
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eine Arbeitsplatzstation (208),

wobei die drei oder mehr Wandler (206) als Array (300; 900) angeordnet und derart gestaltet sind, dass ihr
mechanischer Fokus und ihr eigener Fokus an demselben Punkt im Raum zusammenfallen,

wobei die Arbeitsplatzstation (208) zur Steuerung von Parametern der drei oder mehr Wandler zur Erzeugung
einer ersten und einer zweiten Ultraschallwellenform durch Interferenz an dem Fokus eingerichtet ist, die raum-
lich und/oder zeitlich verbunden sind,

wobei die erste und zweite Ultraschallwellenform Amplituden eines Dekompressionsanteils und Amplituden
eines Kompressionsanteils umfassen, dadurch gekennzeichnet, dass:

die erste Ultraschallwellenform, die die Erzeugung einer Wolke von Mikroblasen férdert, negative Spitzen-
werte mithoher Amplitude und positive Spitzenwerte mit niedriger Amplitude umfasst, sodass das Verhaltnis
der Amplituden des Dekompressionsanteils zu den Amplituden des Kompressionsanteils erhéht ist, und
die zweite Ultraschallwellenform, die die Warmeerzeugung férdert, positive Spitzenwerte mit hoher Ampli-
tude und negative Spitzenwerte mit niedriger Amplitude umfasst, sodass das Verhaltnis der Amplituden
des Dekompressionsanteils zu den Amplituden des Kompressionsanteils verringert ist.

System gemaf Anspruch 1, wobei der Punkt im Raum entweder durch Verschiebung des gesamten Arrays durch
Neupositionierung einzelner Wandler, oder durch eine Phasenverschiebung des Anregungsimpulses bewegt werden
kann.

System gemafR Anspruch 1, ferner mit einem Ultraschallabbildungssystem oder einem Nicht-Abbildungssystem und
einer Steuerbox.

System gemal Anspruch 3, wobei das Ultraschallabbildungssystem oder das Nicht-Abbildungssystem zum Be-
trachten und Uberwachen einer Zielregion zur Uberwachung der Erzeugung der Mikroblasen an dem Ort und zur
Steuerung des Systems derart eingerichtet ist,

dass die Anzahl der Mikroblasen planmaRig erhalten wird;

und/oder

der Fokussierstrahl auf die Zielregion gerichtet wird;

und/oder

der Strahl auf einen anderen Ort neu ausgerichtet wird.

System gemafR Anspruch 3, wobei das Ultraschallabbildungssystem oder das Nicht-Abbildungssystem zur Verwen-
dung der Antwort an der Halbharmonischen oder an Harmonischen héherer Ordnung der Sendefrequenzen zur
Messung eines oder mehrerer der folgenden Ereignisse eingerichtet ist:

des Warmeffekts;

der Dauer dieses Effektes;

der Anzahl der innerhalb einer Zielregion erzeugten Mikroblasen; und
der raumlichen Verteilung der in der Zielregion erzeugten Mikroblasen.

System gemal Anspruch 3, wobei das Ultraschallabbildungssystem oder das Nicht-Abbildungssystem durch die
Arbeitsplatzstation kontrolliert wird, mit der es mittels der Steuerbox verbunden ist.

System gemal Anspruch 3, wobei das Ultraschallabbildungssystem oder das Nicht-Abbildungssystem zur Messung
der Veranderungenim Gewebe oder der BlasengréRRe eingerichtet ist, und die Steuerbox und die Arbeitsplatzstation
zur entsprechenden Anpassung der ersten und zweiten Ultraschallwellenform zum Erhalten von mehr negativen
Spitzenwerten, positiven Spitzenwerten oder gleichgroRen Wellen eingerichtet sind.

System gemal Anspruch 1, ferner mit einem Temperaturmesssystem (210).

System gemal Anspruch 8, wobei das Temperaturmesssystem ein oder mehrere Thermoelemente enthalt.

System gemafR Anspruch 8, wobei die Arbeitsplatzstation zur Veranderung der Ausgabe der Wandler entsprechend
der von dem Temperaturmesssystem gemessenen Temperatur eingerichtet ist.

System gemal Anspruch 1, zur Verwendung bei therapeutischen Verfahren, wobei das Array zur extra-korporalen
Platzierung in naher Umgebung zu dem zu behandelnden Organ eingerichtet ist, wobei Ultraschallgel oder Wasser
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die Ultraschallwandler und den Raum zwischen diesen und dem Organ umgibt.
12. System gemaRl Anspruch 11, wobei das therapeutische Verfahren aus dem folgenden Bereich stammt:

Okklusion von Krampfadern and Telangiektasie;

Aktivierung zellularer (z.B. endothelialer Zell-) Prozesse im Kérper entweder durch lokalisierte Druckkrafte oder
Scherkrafte, die therapeutische Reaktionen oder Zerstérung hervorrufen;

Therapie von kanzerogenem Gewebe durch Kavitationszerstérung und/oder rapide Hyperthermie, woraus
Adoptose , Gewebeabtragung oder Nekrose resultiert;

Therapie von kanzerogenem Gewebe durch Zerstérung und Verschluss der Versorgungs- und Ableitungsgefalie
durch Kavitation, und/oder rapide Hyperthermie mittels Koagulation der den Tumor versorgenden Arterien;
Abtragung ektopischer Foki oder Wiederaufnahme von Schleifen in den Herzwanden, hauptsachlich innerhalb
der Ventrikelwande;

Thrombolyse von verklumpten oder halb-verklumpten Arterien, z.B. Koronararterien, der Karotisarterie, Hirn-
arterien, Becken-Bein-Arterien usw.;

Lipolyse oder anderer Methoden zur Zersetzung von Fettzellen, entweder durch das Verfahren des Platzens
von Mikroblasen und/oder durch Hyperthermie, die Adoptose und Ableitung von Fettablagerungen zur Folge
haben;

Koagulation von inneren Blutungen im Kérper; und

nicht-invasiven Operation von innerem Gewebe und Organen durch Abbau von Zellen entlang des Einschnittes.

Revendications

1. Systéme destiné a produire des ondes ultrasonores focalisées a un emplacement spécifique dans un milieu pour
entrainer la production localisée de bulles au niveau dudit emplacement, pour commander ladite production, et pour
commander les effets de cavitation et les effets thermiques qui se produisent au niveau dudit emplacement, ledit
systéme comprenant :

trois générateurs (202) de signaux de forme d’onde arbitraires ou plus ;

trois amplificateurs de puissance a large bande (204) ou plus ;

trois transducteurs (206 ; 902, 904, 906) ou plus ; et

une station de travail (208),

dans lequel les trois transducteurs (206) ou plus sont agencés sous forme d’'une matrice (300 ; 900), congus
de sorte que leur foyer mécanique et leur propre foyer se combinent en un méme point dans I'espace,

dans lequel la station de travail (208) est configurée pour commander les parameétres des trois transducteurs
ou plus pour produire par interférence des premiére et deuxiéme formes d’onde ultrasonores au niveau du point
focal qui sont combinées spatialement et/ou temporellement,

dans lequel les premiére et deuxieme formes d’onde ultrasonores comprennent des amplitudes d’une partie
de dé-compression et des amplitudes d’'une partie de compression, et caractérisé en ce que

la premiere forme d’onde ultrasonore, qui favorise la création d’'un nuage de microbulles, comprend des pics
négatifs de grande amplitude et des pics positifs de faible amplitude de sorte que le rapport des amplitudes de
la partie de dé-compression sur les amplitudes de la partie de compression soit augmenté et la deuxiéme forme
d’onde ultrasonore, qui favorise la production de chaleur, comprend des pics positifs de grande amplitude et
des pics négatifs de faible amplitude de sorte que le rapport des amplitudes de la partie dé-compression sur
les amplitudes de la partie de compression soit diminué.

2. Systéme selon la revendication 1, dans lequel le point dans I'espace peut étre déplacé soit par déplacement de

toute la matrice, soit par repositionnement de transducteurs individuels, soit par déphasage de I'impulsion d’exci-
tation.

3. Systéme selon larevendication 1, comprenant en outre un systéme (212) d’imagerie ou de non-imagerie ultrasonore

et un boitier de commande (214).

4. Systéme selon la revendication 3, dans lequel le systeme d’'imagerie ou de non-imagerie ultrasonore est configuré

pour afficher et surveiller une région ciblée, pour surveiller la génération de microbulles au niveau dudit emplacement,
et pour commander le systeme de sorte que le nombre de microbulles soit comme prévu ; et/ou
pour diriger le faisceau focalisé vers 'emplacement ciblé ; et/ou
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pour réaligner le faisceau a un emplacement différent.

Systeme selon la revendication 3, dans lequel le systeme d’'imagerie ou de non-imagerie ultrasonore est configuré
pour utiliser la réponse a la demi-harmonique ou a des harmoniques supérieures des fréquences transmises pour
mesurer un ou plusieurs des éléments suivants :

I'effet de la chaleur ;

la durée dudit effet ;

le nombre de microbulles générées dans une zone ciblée ; et

la distribution spatiale desdites microbulles générées dans ladite région ciblée.

Systeme selon la revendication 3, dans lequel le systéme d’imagerie ou de non-imagerie ultrasonore est commandé
par la station de travail a laquelle il est relié a travers le boitier de commande.

Systeme selon la revendication 3, dans lequel le systeme d’'imagerie ou de non-imagerie ultrasonore est configuré
pour mesurer les changements de tissu ou la taille des bulles et le boitier de commande et la station de travail sont
configurés pour ajuster en conséquence les premiére et deuxiéme formes d’'onde ultrasonores pour inclure plus de
pics négatifs, de pics positifs ou des ondes de méme taille.

Systeme selon la revendication 1, comprenant en outre un systéme de mesure de température (210).

Systeme selon la revendication 8, dans lequel le systéme de mesure de température comprend un ou plusieurs
thermocouple(s).

Systeme selon la revendication 8, dans lequel la station de travail est configurée pour modifier la sortie des trans-
ducteurs en fonction de la température mesurée par le systétme de mesure de température.

Systeme selon la revendication 1, adapté pour étre utilisé dans des procédures thérapeutiques, ou la matrice est
adaptée pour étre placée a I'extérieur du corps, en étroite proximité de I'organe a traiter, avec le gel d’ultrasons ou
I'eau entourant les transducteurs ultrasonores et I'espace entre ces derniers et I'organe.

Systeme selon la revendication 11, dans lequel la procédure thérapeutique est choisie parmi le groupe suivant :

'occlusion des varices et la télangiectasie ;

I'activation des processus (par exemple la cellule endothéliale) cellulaires dans le corps, soit par des forces de
pression ou des forces de cisaillement localisées qui produisent une Iésion ou des réponses thérapeutiques ;
le traitement d’un tissu cancéreux par Iésion par cavitation et/ou hyperthermie rapide, entrainant I'apoptose,
'ablation de tissu ou la nécrose ;

la thérapie d’un tissu cancéreux par lésion et fermeture de la nourriture et de la vasculature de drainage par
cavitation, et/ou I'hyperthermie rapide par coagulation des artéres nourrissant la tumeur ;

I'ablation de foyer ectopique ou de boucles de rentrée dans les parois cardiaques, principalement dans les
parois ventriculaires ;

la thrombolyse des artéres coagulées ou semi-coagulées, par exemple les artéres coronaires, les artéres
carotides, les artéres cérébrales, les artéres périphériques, etc. ;

la lipolyse ou d’autres procédés de désintégration de cellules graisseuses, soit par le mécanisme d’effondrement
des microbulles et/ou par hyperthermie, entrainant I'apoptose et le drainage des dépéts de graisse ;

la coagulation des saignements internes dans le corps ; et

la chirurgie non invasive des tissus et des organes internes, par désintégration des cellules le long de la coupe.
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