8/06:5561 A1 I} 10 000 0 OO A

=

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization [ Po:

) IO O O A O

International Bureau

(43) International Publication Date
5 June 2008 (05.06.2008)

(10) International Publication Number

WO 2008/065561 Al

(51) International Patent Classification:
AG61B 8/08 (2006.01) BO6B 1/06 (2006.01)
AG6IM 37/00 (2006.01) AG61IN 7/00 (2006.01)
AGIN 7/02 (2006.01)

(21) International Application Number:
PCT/IB2007/054507

(22) International Filing Date:
6 November 2007 (06.11.2007)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:
60/867,464
60/887,640

Us
Us

28 November 2006 (28.11.2006)
1 February 2007 (01.02.2007)

(71) Applicant (for all designated States except US): KONIN-
KLIJKE PHILIPS ELECTRONICS, N.V. [NL/NL];
Groenewoudseweg 1, NL-5621 BA Eindhoven (NL).

(72) Inventors; and
(75) Inventors/Applicants (for US only): RAJU, Balasun-
dara [IN/US]; P.O. Box 3001, 345 Scarborough Road,

(74)

(81)

(34)

Briarcliff Manor, NY 10510-8001 (US). HALL, Christo-
pher [GB/US]; P.O. Box 3001, 345 Scarborough Road,
Briarcliff Manor, NY 10510-8001 (US). CHIN, Chien
Ting [CA/US]; P.O. Box 3001, 345 Scarborough Road,
Briarcliff Manor, NY 10510-8001 (US). SHI, William
T. [US/US]; PO. Box 3001, 345 Scarborough Road,
Briarcliff Manor, NY 10510-8001 (US).

Agent: DAMEN, Daniel, M.; Philips Intellectual Prop-
erty & Standards, High Tech Campus 44, P.O. Box 220,
NL-5600 AE Eindhoven (NL).

Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ, CA, CH,
CN, CO, CR, CU, CZ, DE, DK, DM, DO, DZ, EC, EE, EG,
ES, FI, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID, 1L,
IN, IS, JP, KE, KG, KM, KN, KP, KR, KZ, LA, LC, LK,
LR, LS, LT, LU, LY, MA, MD, ME, MG, MK, MN, MW,
MX, MY, MZ, NA, NG, NI, NO, NZ, OM, PG, PH, PL,
PT, RO, RS, RU, SC, SD, SE, SG, SK, SL, SM, SV, SY,
TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA,
M, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,

[Continued on next page]

(54) Title: APPARATUS FOR 3D ULTRASOUND IMAGING AND THERAPY

256 ELEMENTS IN THERAPY ARRAY

(57) Abstract: An apparatus for application of three-dimensional ultrasound imaging and therapy comprising a two-dimensional
ultrasound imaging array of transducer elements having an image signal transmitter and receiver that forms, steers and selectively
focuses ultrasound beams to a three-dimensional moving or stationary spatial volume; one or more two- dimensional ultrasound
& therapy arrays of transducer elements, each array having a therapy signal transmitter that forms, steers and selectively focuses and
& delivers ultrasound therapy to the volume; wherein the location of the array of imaging and therapy transducer elements are known
relative to one another; and a controller that controls the image transmitter and receiver to provide three-dimensional images of the
volume and simultaneously independently controls each of the one or more therapy transmitters to deliver therapy to the volume.
Also disclosed is a method of delivering ultrasound therapy to a biological tissue in a three-dimensional moving or stationary spatial

volume utilizing the apparatus.



WO 2008/065561 A1 | DA 000000000 000

7ZW), Burasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), — as to the applicant’s entitlement to claim the priority of the

European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI, earlier application (Rule 4.17(iii))

FR, GB, GR,HU, IE, IS, IT, LT, LU, LV, MC, MT, NL, PL,

PT, RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM, .

GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG). Published: ,

—  with international search report

Declarations under Rule 4.17: —  before the expiration of the time limit for amending the
— as to applicant’s entitlement to apply for and be granted a claims and to be republished in the event of receipt of

patent (Rule 4.17(ii)) amendments



WO 2008/065561 PCT/IB2007/054507

10

15

20

25

30

APPARATUS FOR 3D ULTRASOUND IMAGING AND THERAPY

Cross Reference to Related Cases

Applicants claim the benefit of Provisional Application Serial No. 60/867,464, filed
November 28, 2006.

The invention relates to an apparatus containing two separate two-dimensional (2D)
ultrasound array transducers, one for providing three-dimensional (3D) images, and the
other for generating therapy beams that can be electronically steered in three dimensions;
and the use of the apparatus in delivering ultrasound mediated therapy such as localized
gene delivery, drug delivery, sonothrombolysis, tissue ablation etc.

Ultrasound has many therapeutic applications such as tissue ablation, drug delivery,
hyperthermia, clot dissolution, etc. Single element therapy transducers are limited by a
fixed focal length, and depend on mechanical translation to treat different regions of the
body. In order to steer the therapy beam to different locations in the body, electronically
phased array transducers may be employed. Simultaneous imaging of tissues during therapy
makes it possible to plan and monitor the treatment.

One example of a combined therapy and imaging system is described by US patent
Nock et al (US6,716,188). This patent describes a system for drug delivery enhancement
and imaging comprising a transducer having only one linear array of elements.

US patent 5,558,092 (Unger et al) discloses one example of a combined ultrasound
imaging and therapy system with separate transducers on the same substrate. Several
transducer configurations are proposed including one that has a 2D matrix of elements for
both the imaging and therapy that are operated in a multiplexed manner such that a
sequential linear set of elements are activated.

US patent 6,428,477 (Mason) assigned to Philips, describes a fully stecrable two-
dimensional ultrasound array that delivers therapy by steering and selective focusing of
beams. Same transducer is used for both therapy and imaging.

US patent 6,719,694 describes ultrasound transducers that perform both therapy and
imaging. A quality factor circuit changes the bandwidth of the transducer such that high
bandwidth operation is used in imaging.

US patent 6,500,121 describes an ultrasonic therapy system having a single
transducer that performs imaging, therapy, and temperature monitoring, where the single

transducer can be operated to provide imaging or therapy in a 3D manner.
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The method of Unger et al uses multiplexed linear elements (US5,558,092). The
therapy array is not configured to perform 3D steering of the beam and only provides
shallow operation near the skin surface. Moreover, the same substrate is used for both the
imaging and therapy arrays. This leads to the possibility of cross talk between the two
arrays especially since the therapy array commonly utilizes higher power levels. Also,
imaging array is fixed and cannot be swapped with other imaging probes for the same
therapy array. Using the same substrate for both the arrays leads to less optimal use of the
piezo material, since therapy arrays might benefit from being made of piezocomposite
materials where arbitrary elements size and shapes can be made.

The method of Mason (US6,428,477), Weng (US6,719,694) and Slayton et al
(6,500,121) uses the same transducer for imaging and therapy. However, therapy and
imaging have different requirements since the focusing capabilities and frequency
requirements are different. It is often difficult to optimize the transducer for both the
applications. For example, ultrasound imaging typically employs frequencies greater than 2
MHz, whereas therapy employs frequencies less than two MHz. For small animal studies,
even higher frequencies such as 15 MHz are preferred for imaging. The small aperture
sizes of imaging transducers are insufficient to achieve focusing gains needed for therapy
that usually requires much larger transducers. Moreover the imaging array has regularly
spaced elements and if used for therapy would require a large number of elements in order
to accommodate the requirement to avoid grating lobes.

However, as discussed above, problems still persist with these systems and
methodology in ultrasound imaging and therapy, particularly for biological tissue in a
spatial volume which may be in motion, which are overcome by the apparatus and
methodology disclosed herein.

According to this invention, herein disclosed is an apparatus containing two
separate two-dimensional (2D) ultrasound array transducers, one for providing three-
dimensional (3D) images, and the other for generating therapy beams that can be
electronically steered in three dimensions; and the use of the apparatus in delivering
ultrasound mediated therapy such as localized gene delivery, drug delivery,
sonothrombolysis, tissue ablation.

Specifically, it is an object of the invention to provide an apparatus for application

of three-dimensional ultrasound imaging and therapy comprising;:
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a two-dimensional ultrasound imaging array of transducer elements having an
image signal transmitter and receiver that forms, steers and selectively focuses ultrasound
beams to a three-dimensional moving or stationary spatial volume;

one or more two-dimensional ultrasound therapy arrays of transducer elements,
each array having a therapy signal transmitter that forms, steers and selectively focuses and
delivers ultrasound therapy to the volume; wherein the location of the array of imaging and
therapy transducer elements are known relative to one another; and

a controller that controls the image transmitter and receiver to provide three-
dimensional images of the volume and simultaneously independently controls each of the
one or more therapy transmitters to deliver therapy to the volume.

Another object of the invention is to provide an apparatus further comprising each
of the imaging and therapy transducer arrays having a plurality of ultrasound elements that
are individually controllable in amplitude, phase and frequency of operation.

Another object of the invention is to provide an apparatus further comprising the
controller correlating the imaged volume with the therapy transducer array so that the
therapy is delivered to the volume.

Another object of the invention is to provide an apparatus further comprising the
therapy transducer array located in a two-dimensional annular space between two
concentric circles and the imaging transducer array located within the two-dimensional
space of the inner circle.

Another object of the invention is to provide an apparatus further comprising the
therapy transducer array fixedly attached to a side of the imaging transducer array.

Another object of the invention is to provide an apparatus further comprising a
plurality of therapy transducer arrays located in a two-dimensional annular space between
two concentric circles and the imaging transducer array located within the two-dimensional
space of the inner circle, wherein each of the plurality of therapy arrays is capable of
providing therapy in different spatial volumes, different therapy regimens including
different ultrasound wave frequencies and different tissue penetration depths.

Another object of the invention is to provide a method of delivering ultrasound
therapy to a biological tissue in a three-dimensional moving or stationary spatial volume
comprising:

imaging the volume utilizing an apparatus for application of three-dimensional

ultrasound imaging and therapy, the apparatus comprising:
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a two-dimensional ultrasound imaging array of transducer elements having an
image signal transmitter and receiver that forms, steers and selectively focuses ultrasound
beams to a three-dimensional moving or stationary spatial volume;

one or more two-dimensional ultrasound therapy arrays of transducer elements,
each array having a therapy signal transmitter that forms, steers and selectively focuses and
delivers ultrasound therapy to the volume; wherein the location of the array of imaging and
therapy transducer elements are known relative to one another; and

a controller that controls the image transmitter and receiver to provide three-
dimensional images of the volume and simultaneously independently controls each of the
one or more therapy transmitters to deliver therapy to the volume;

delivering the therapy to the tissue utilizing the apparatus.

Another object of the invention is to provide a method further comprising each of
the imaging and therapy transducer arrays having a plurality of ultrasound elements that are
individually controllable in amplitude, phase and frequency of operation.

Another object of the invention is to provide a method further comprising the
controller co-registering the imaged volume with the therapy transducer array so that the
therapy is delivered to the volume.

Another object of the invention is to provide a method further comprising the
therapy transducer array located in a two-dimensional annular space between two
concentric circles and the imaging transducer array located within the two-dimensional
space of the inner circle.

Another object of the invention is to provide a method further comprising the
therapy transducer array fixedly attached to a side of the imaging transducer array.

Another object of the invention is to provide a method further comprising a plurality
of therapy transducer arrays located in a two-dimensional annular space between two
concentric circles and the imaging transducer array located within the two-dimensional
space of the inner circle, wherein each of the plurality of therapy arrays is capable of
providing therapy in different spatial volumes, different therapy regimens including
different ultrasound wave frequencies and different tissue penetration depths.

Another object of the invention is to provide a method further comprising delivering
ultrasound therapy to a biological tissue selected from the group consisting of brain lesions,
uterine fibroids, liver tumor, breast tumor, other tumors of the mammalian body and blood

clots.
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These and other aspects of the invention are explained in more detail with reference
to the following embodiments and with reference to the figures.

Figure 1 depicts an embodiment of the apparatus having a combined 2D therapy and
2D imaging array or probe. The imaging array in the shape of a square is placed at the
center of the annular hole and the therapy array having numerous elements shown as circles
are in the annulus surrounding the imaging array.

In any non-invasive therapy application, planning, guidance, and monitoring are
critical. This invention provides three important benefits to these goals: fast real-time three
dimensional interrogation of the 3D spatial volume surrounding the target biological tissue,
accurate and precise correlation or co-registration of the ultrasound therapy or treatment
beam's) to the ultrasound 3D imaging information and near-real-time adjustment of both the
size and shape of the 3D spatial volume target zone containing the biological tissue of
interest and the path of the treatment beam's). For example, in the treatment of the heart,
the movement of the target tissue may be complicated and irregular due to respiration
motion and arrhythmia. The imaging array can image in real time this motion, then the
therapy array can be programmed to deliver the therapeutic ultrasound with temporal gating
and/or spatial steering so that the treatment zone coincides with the target volume.

According to the invention herein, the apparatus contains two separate 2D
ultrasound array transducers, one for providing 3D images, and the other for providing
therapy beam that is electronically steerable in three dimensions; the individual elements of
both arrays are distributed along two dimensions, and are individually controllable in
amplitude, phase, and frequency of operation. The elements of both the imaging and
therapy arrays could be distributed in a random or irregular manner over the surface. The
two arrays can use separate beam formers for steering and focusing. The two arrays allow
the 3D images and therapy beams to be registered or correlated with respect to each other.

In one embodiment, the therapy array consists of a 2D spherical annulus. The hole
in the annulus provides space for the imaging array. The elements of the therapy array are
circular in shape and randomly distributed throughout the array. Figure 1 shows the
therapeutic array with the imaging array at the center. This embodiment provides a simple
implementation for the registration of the therapy probe in the space of the image provided
by the imaging array. The imaging probe could be any matrix transducer such as the X3-1

transducers sold by Philips.
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In another embodiment, the 2D imaging array is attached to the side of the therapy
array and fixed with respect to it. The two arrays are rigidly fixed with respect to each other
and hence the registration information is known a priori.

In another embodiment, an arrangement of several therapy arrays is used with one
imaging transducer. The different 2D therapy arrays could be located around the imaging
array in a circular fashion. Each array may provide treatment in different spatial regions or
different treatment regiments such as frequencies and penetration depth. The imaging array
would provide a wide field of view for planning purpose. One or more of the therapy arrays
would be turned on to activate the therapy based on spatial location and depth of the
treatment region, available acoustic window and other factors.

The controller that controls and co-registers the ultrasound therapy delivery with 3D
images provided by the ultrasound image transmitter and receiver can include one or more
computers or processors. The beam forming and steering electronics controlled by the
controller are conventional and can be operated according to computer programs known to
one skilled in the art. The therapy system consists of an array of piezo-electric, piezo-
composite, crystal, or ceramic elements capable of generating either a high, low duty cycle
or a lower, longer duty cycle pressure field. The transducer elements are excited by a
voltage supplied by a high power amplifier and generated by either an arbitrary wave or a
single frequency source. The timing of these signals is controlled by either programmable
trigger circuitry or a therapeutic beam former. The commencement and cessation of
therapy pressure field can be controlled through programmable triggers, controlled
externally, or from a derived trigger event from the 2D imaging array (e.g. when the desired
tissue volume is within a specific spatial location). The entire system consisting of both
therapeutic and imaging arrays and corresponding electronic circuitry (amplifiers, power
supplies, signals sources, beam formers, trigger circuitry) is controlled by a external
controller, usually a personal computer. This external controller is the master controller of
most timing events, user interaction, and integration of the imaging and therapy probe.

Ultrasound therapy is an emerging application and business opportunity. Currently
ultrasound therapy is used routinely in cancer treatment in China; in the USA it is approved
by the FDA for the treatment of uterine fibroid and in trials for prostate cancer and benign
prostate hyperplasia; and in Europe clinical trials are on-going.

The invention can be used in many application areas for delivering ultrasound

therapy, for example in treating hyperthermia, high intensity focused ultrasound (HIFU),
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and microbubble/nanoparticle-mediated therapy. The last application area exploits
acoustically induced bioeffects to enhance and control localized gene and drug delivery,
such as delivery of high intensity ultrasound beams to cause previously injected
microspheres containing a drug substance to burst at the tissue site releasing the drug
substance; and other applications in the field of ultrasound mediated molecular medicine.
This area also includes the use of ultrasound to enhance the efficacy of thrombolytic agents
used in an acute setting following an atherosclerotic event. The application can also be used
where ultrasound is used for clot dissolution for stroke or DVT patients.

The invention can be used in any arcas where focused ultrasound may provide
therapeutic effects. Typical examples include brain lesions, uterine fibroids, liver tumor,
breast tumor and other tumors of the mammalian body and blood clots. In the cardiac
setting, novel applications are being developed to protect the heart prior to or subsequent to
a myocardial infarction.

While the present invention has been described with respect to specific
embodiments thereof, it will be recognized by those of ordinary skill in the art that many
modifications, enhancements, and/or changes can be achieved without departing from the
spirit and scope of the invention. Therefore, it is manifestly intended that the invention be

limited only by the scope of the claims and equivalents thereof.
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CLAIMS
L. An apparatus for application of three-dimensional ultrasound imaging and therapy
comprising:

a two-dimensional ultrasound imaging array of transducer elements having an
image signal transmitter and receiver that forms, steers and selectively focuses ultrasound
beams to a three-dimensional moving or stationary spatial volume;

one or more two-dimensional ultrasound therapy arrays of transducer elements,
each array having a therapy signal transmitter that forms, steers and selectively focuses and
delivers ultrasound therapy to the volume; wherein the location of the array of imaging and
therapy transducer elements are known relative to one another; and

a controller that controls the image transmitter and receiver to provide three-
dimensional images of the volume and simultancously independently controls each of the

one or more therapy transmitters to deliver therapy to the volume.

2. The apparatus of claim 1 further comprising each of the imaging and therapy
transducer arrays having a plurality of ultrasound elements that are individually

controllable in amplitude, phase and frequency of operation.

3. The apparatus of claim 1 further comprising the controller co-registering the imaged

volume with the therapy transducer array so that the therapy is delivered to the volume.

4. The apparatus of claim 1 further comprising the therapy transducer array located in
a two-dimensional annular space between two concentric circles and the imaging
transducer array located within the two-dimensional space of the inner circle.

5. The apparatus of claim 1 further comprising the therapy transducer array fixedly

attached to a side of the imaging transducer array.

6. The apparatus of claim 1 further comprising a plurality of therapy transducer arrays
located in a two-dimensional annular space between two concentric circles and the imaging
transducer array located within the two-dimensional space of the inner circle, wherein each

of the plurality of therapy arrays is capable of providing therapy in different spatial
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volumes, different therapy regimens including different ultrasound wave frequencies and

different tissue penetration depths.

7. A method of delivering ultrasound therapy to a biological tissue in a three-
dimensional moving or stationary spatial volume comprising:

imaging the volume utilizing an apparatus for application of three-dimensional
ultrasound imaging and therapy, the apparatus comprising:

a two-dimensional ultrasound imaging array of transducer elements having an
image signal transmitter and receiver that forms, steers and selectively focuses ultrasound
beams to a three-dimensional moving or stationary spatial volume;

one or more two-dimensional ultrasound therapy arrays of transducer elements,
each array having a therapy signal transmitter that forms, steers and selectively focuses and
delivers ultrasound therapy to the volume; wherein the location of the array of imaging and
therapy transducer elements are known relative to one another; and

a controller that controls the image transmitter and receiver to provide three-
dimensional images of the volume and simultancously independently controls each of the
one or more therapy transmitters to deliver therapy to the volume;

delivering the therapy to the tissue utilizing the apparatus.

8. The method of claim 7 further comprising each of the imaging and therapy
transducer arrays having a plurality of ultrasound elements that are individually

controllable in amplitude, phase and frequency of operation.

9. The method of claim 7 further comprising the controller co-registering the imaged
volume with the therapy transducer array so that the therapy is delivered to the specified

volume.

10. The method of claim 7 further comprising the therapy transducer array located in a
two-dimensional annular space between two concentric circles and the imaging transducer

array located within the two-dimensional space of the inner circle.

11. The method of claim 7 further comprising the therapy transducer array fixedly

attached to a side of the imaging transducer array.
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12. The method of claim 7 further comprising a plurality of therapy transducer arrays
located in a two-dimensional annular space between two concentric circles and the imaging
transducer array located within the two-dimensional space of the inner circle, wherein each
of the plurality of therapy arrays is capable of providing therapy in different spatial
volumes, different therapy regimens including different ultrasound wave frequencies and

different tissue penetration depths.

13. The method of claim 7 further comprising delivering ultrasound therapy to a
biological tissue selected from the group consisting of brain lesions, uterine fibroids, liver

tumor, breast tumor, other tumors of the mammalian body and blood clots.
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