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W) (57) Abstract: In one embodiment of the present invention, an ultrasound catheter system comprising a catheter having at least
= one ultrasonic element; and a control system configured to generate power parameters to drive the ultrasonic element to generate
<t ultrasonic energy is provided. The control system is configured to provide an ultrasonic pulse with a high pressure gradient with
respect to time and/or distance. In another embodiment, a method of enhancing delivery of a therapeutic compound comprising
delivering the therapeutic compound to a treatment site in a patient; and exposing the treatment site to an ultrasonic energy generated
~~ by an oscillating electrical signal pattern having a rise or fall rate greater than an sinusoidal pattern for the same amplitude and
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ULTRASOUND PULSE SHAPING

PRIORITY INFORMATION
[0001] This application claims the priority benefit of U.S. Provisional Application
No. 61/013,991, filed December 14, 2007, which is incorporated herein by reference in its

entirety.

FIELD OF THE INVENTION
[0002] The present invention relates generally to ultrasound systems, and more

specifically to ultrasound systems configured for the treatment of vascular occlusions.

BACKGROUND OF THE INVENTION

j0003] Ultrasonic energy had been used to enhance the intravascular delivery
and/or effect of vanous therapeutic compounds. In one system, ultrasound catheters are used
to deliver ultrasonic energy and therapeutic compounds to a treatment site within a patient’s
vasculature. Such ultrasound catheters can comprise an elongate member configured to be
advanced through a patient's vasculature and an ultrasound assembly that 1s positioned near a
distal end portion of the elongate member. The ultrasound assembly is configured to emit
ultrasonic energy. Such ultrasound catheters can include a flmd delivery lumen that is used
to deliver the therapeutic compound to the treatment site. In this manner, ultrasonic energy 1s
delivered to the treatment site to enhance the effect and/or delivery of the therapeutic
compound.

[0004] For example, ultrasound catheters have been successfully used to treat
human blood vessels that have become occluded by plaque, thrombi, emboli or other
substances that reduce the blood carrying capacity of the vessel. See, for example, U.S.
Patent 6,001,069. To remove the occlusion, the ultrasound catheter is advanced through the
patient's vasculature to deliver a therapeutic compound containing dissolution compounds
directly to the occlusion. To enhance the effect and/or delivery of the therapeutic compound,
ultrasonic energy is emitted into the therapeutic compound and/or the surrounding tissue at

the treatment site. In other applications, ultrasound catheters are used for other purposes,
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such as for the delivery and activation of light activated drugs. See, for example, U.S. Patent

6,176,842,

SUMMARY OF THE INVENTION

[0005] While such ultrasound catheters systems have been proven to be
successful, there 1s a general need to improve the effectiveness and speed of such systems.

{0006} Accordingly, one aspect of the present invention comprises an ultrasound
catheter system comprising a catheter having at least one ultrasonic element; a control system
configured to generate power parameters to drive the ultrasonic clement to generate
ultrasonic energy. The control system is configured to provide an ultrasonic pulse with a
high pressure gradient with respect to time and/or distance. In a modified embodiment, the
ultrasonic pulse can be provided by an external ultrasound device.

[0007] Another embodiment provides an ultrasound catheter system comprising a
catheter having at least one ultrasonic element; a control system configured to provide an
oscillating electrical signal pattern that drives the at least one ultrasonic element to generate
ultrasonic energy. The oscillating electrical signal pattern has a rise or fall rate greater than
an sinusoidal pattern for the same amplitude and frequency.

[{0008] Another embodiment provides a method of enhancing delivery of a
therapeutic compound comprising delivering the therapeutic compound to a treatment site in
a patient; and exposing the treatment site to an ultrasonic energy generated by an oscillating
electrical signal pattern having a rise or fall rate greater than an sinusoidal pattern for the

same amplitude and frequency.

BRIEF DESCRIPTION OF THE DRAWINGS
[0009] Exemplary embodiments of the ultrasound catheter system, pulse shaping
systems and methods disclosed herein are illustrated in the accompanying drawings, which
are for illustrative purposes only. The drawings compnse the following figures, in which like
numerals indicate like parts.
{0010] FIG. 1 1s a schematic illustration of certain features of an example

ultrasonic catheter.
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[0011] FIG. 2 is a cross-sectional view of the ultrasonic catheter of FIG. 1 taken
along line 2-2.

[0012] FIG. 3 is a schematic illustration of an elongate inner core configured to be
positioned within the central lumen of the catheter illustrated in FIG. 2.

[0013] FIG. 4 is a cross-sectional view of the elongate inner core of FIG. 3 taken
along line 4-4.

[6014] FIG. 5 is a schematic wiring diagram illustrating a preferred technique for
electrically connecting five groups of ultrasound radiating members to form an ultrasound
assembly.

0015} FIG. 6 is a schematic wiring diagram illustrating a preferred technique for
electrically connecting one of the groups of FIG. 5.

0016} FIG. 7A 1s a schematic illustration of the ultrasound assembly of FIG. 5
housed within the inner core of FIG. 4.

10017} FIG. 7B is a cross-sectional view of the ultrasound assembly of FIG. 7A
taken along line 7B-7B.

[0018] FIG. 7C is a cross-sectional view of the ultrasound assembly of FIG. 7A
taken along line 7C-7C.

[0019] FIG. 7D is a side view of an ultrasound assembly center wire twisted into a
helical configuration.

[0020] FIG. 8 illustrates the energy delivery section of the inner core of FIG. 4
positioned within the energy delivery section of the tubular body of FIG. 2.

[0021] FIG. 9 illustrates a wiring diagram for connecting a plurality of
temperature sensors with a common wire.

[0022] FIG. 10 is a block diagram of a feedback control systern for use with an
ultrasonic catheter.

[0023] F1G. 11 15 a longitudinal cross-sectional view of selected components of
an exemplary ultrasound catheter assembly that 1s particularly well-suited for treatment of
cerebral vascular occlusions, and that includes an optional cavitation promoting surface.

[0024] FIG. 12 schematically illustrates an example ultrasonic energy pulse

profile.
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[0025] FIG. 13 is a chart showing the lysis enhancement factor of a variety of
ultrasonic protocols.

[0026] FiG. 14 illustrates examples of pulse shaping over time and frequency.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0027] As used herein, the term "ultrasonic energy” is used broadly, includes its
ordinary meaning, and further includes mechanical energy transferred through pressure or
compression waves with a frequency greater than about 20 kHz. Ultrasonic energy waves
have a frequency between about 500 kHz and about 20 MHz in one example embodiment,
between about | MHz and about 3 MHz in another example embodiment, of about 3 MHz in
another example embodiment, and of about 2 MHz in another example embodiment. As
used herein, the term "catheter” is used broadly, includes its ordinary meaning, and further
includes an elongate flexible tube configured to be inserted into the body of a patient, such as
nto a body part, cavity, duct or vessel. As used herein, the term "therapeutic compound" 1s
used broadly, includes its ordinary meaning, and encompasses diugs, medicaments,
dissolution compounds, genetic materials, and other substances capable of effecting
physiological functions. A mixture comprising such substances is encompassed within this
definition of "therapeutic compound”. As used herein, the term "end” is used broadly,
includes its ordinary meaning, and further encompasses a region generally, such that
"proximal end" includes "proximal region”, and "distal end" includes "distal region”.

[0028] As expounded herein, ultrasonic energy is often used to enhance the
delivery and/or effect of a therapeutic compound. For example, in the context of treating
vascular occlusions, ultrasonic energy has been shown to increase enzyme mediated
thrombolysis by enhancing the delivery of thrombolytic agents into a thrombus, where such
agents lyse the thrombus by degrading the fibrin that forms the thrombus. The thrombolytic
activity of the agent is enhanced in the presence of ultrasonic energy in the thrombus.
However, it should be appreciated that the invention should not be limited to the mechanism
by which the ultrasound enhances treatment unless otherwise stated. In other applications,
ultrasonic energy has also been shown to enhance transfection of gene-based drugs into cells,
and augment transfer of chemotherapeutic drugs into tumor cells. Ultrasonic energy

delivered from within a patient’s body has been found to be capable of producing non-
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thermal effects that increase biological tissue permeability to therapeutic compounds by up to
or greater than an order of magnitude.

[0029] Use of an ultrasound catheter to deliver ultrasonic energy and a therapeutic
compound directly to the treatment site mediates or overcomes many of the disadvantages
associated with systemic drug delivery, such as low efficiency, high therapeutic compound
use rates, and significant side effects caused by high doses. Local therapeutic compound
delivery has been found to be particularly advantageous in the context of thrombolytic
therapy, chemotherapy, radiation therapy, and gene therapy, as well as in applications calling
for the delivery of proteins and/or therapeutic humanized antibodies. However, it should be
appreciated that in certain arrangements the ultrasound catheter can also be used in
combination with systemic drug delivery instead or in addition to local drug deliver. In
addition, local drug delivery can be accomplished through the use of a separate device (e.g.,
catheter).

[0030] As will be described below, the ultrasound catheter can include one or
more ultrasound radiating members positioned therein. Such ultrasound radiating members
can comprise a transducer (e.g., a PZT transducer), which 1s configured to convert electrical
energy into ultrasonic energy. In such embodiments, the PZT transducer is excited by
specific electrical parameters (herein “power parameters” that cause it to vibrate in a way that
generates ultrasonic energy). As will be explained below, Applicants have discovered that by
non-hnearly (e.g., randomly or pseudo randomly) varying one or more of the power
parameters the effectiveness of the ultrasound catheter (e.g., the effectiveness of enhancing
the removal of a thrombus) can be significantly enhanced. While, for example, U.S. Patent
5,720,710 taught that randomly changing the frequency of the ultrasonic frequency could
significantly enhance the remedial effect of the ultrasonic energy, these results with respect to
varying the other acoustic parameters were not expected. In addition, because PZT
transducers are often configured to be driven at a particular frequency, varying the other
acoustic parameters may have significant advantages over varying the frequency. In addition,
varying the electrical parameters may also be used in combination with varying the frequency

(e.g., In a manner taught by U.S. Patent No. 5,720,710.
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[0031] The techniques disclosed herein are compatible with a wide vanety of
ultrasound catheters, several examples of which are disclosed in USA Patent Application
Publication US 2004/0024347 A1 (published 5 February 2004; discloses catheters especially
well-suited for use in the peripheral vasculature) and USA Patent Application Publication
2005/0215942 A1 (published 29 September 2005; discloses catheters especially well-smted
for use in the cerebral vasculature). Certain of the techniques disclosed herein are compatible
with ultrasound catheters that would be unable to generate cavitation at an intravascular
treatment site but for the use of such techniques.

[0032] With reference to the illustrated embodiments, FIG. 1 illustrates an
ultrasonic catheter 10 configured for use in a patient’s vasculature. For example, in certain
applications the ultrasonic catheter 10 is used to treat long segment peripheral arterial
occlusions, such as those in the vascular system of the leg, while in other applications the
ultrasonic catheter 10 is used to treat occlusions in the small vessels of the neurovasculature
or other portions of the body (e.g., other distal portions of the vascular system). Thus, the
dimensions of the catheter 10 are adjusted based on the particular application for which the
catheter 10 is to be used.

0033} The ultrasonic catheter 10 generally comprises a multi-component,
elongate flexible tubular body 12 having a proximal region 14 and a distal region 15. The
tubular body 12 includes a flexible energy delivery section 18 located in the distal region 15
of the catheter 10. The tubular body 12 and other components of the catheter 10 are
manufactured in accordance with a variety of techniques. Suitable materials and dimensions
are selected based on the natural and anatomical dimensions of the treatment site and on the
desired percutaneous access site.

{0034} For example, in a preferred embodiment the proximal region 14 of the
tubular body 12 comprises a material that has sufficient flexibility, kink resistance, rigidity
and structural support to push the energy delivery section 1800 through the patient's
vasculature to a treatment site. Examples of such materials include, but are not limited to,
extruded polytetrafluoroethylene ("PTFE"), polyethylenes ("PE"), polyamides and other
similar materials. In certain embodiments, the proximal region 14 of the tubular body 12 is

reinforced by braiding, mesh or other constructions to provide increased kink resistance and
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pushability. For example, in certain embodiments nickel titantum or stainless steel wires are
placed along or incorporated into the tubular body 12 to reduce kinking.

[0035] The energy delivery section 18 of the tubular body 1200 optionally
comprises a material that (a) is thinner than the material comprising the proximal region 1400
of the tubular body 1200, or (b} has a greater acoustic transparency than the material
comprising the proximal region 14 of the tubular body 2. Thinner materials generally have
greater acoustic transparency than thicker materials. Suitable materials for the energy
delivery section 1800 include, but are not limited to, high or low density polyethylenes,
urethanes, nylons, and the like. In certain modified embodiments, the energy delivery section
18 is formed from the same material or a matertal of the same thickness as the proximal
region 18.

[0036] One or more fluid delivery lumens are incorporated into the tubular body
12. For example, in one embodiment a central lumen passes through the tubular body 12.
The central lumen extends through the length of the tubular body 1200, and is coupled to a
distal exit port 1290 and a proximal access port 1310. The proximal access port 1310 forms
part of the backend hub 1330, which is attached to the proximal region 14 of the catheter 10.
The backend hub 1330 optionally further comprises cooling fluid fitting 1460, which is
hydraulically connected to a lumen within the tubular body 12. The backend hub 1330 also
optionally comprises a therapeutic compound inlet port 1320, which is hydraulically
connected to a lumen within the tubular body 12. The therapeutic compound inlet port 1320
is optionally also hydraulically coupled to a source of therapeutic compound via a hub such
as a Luer fitting.

[0037) The catheter 100 1s configured to have one or more ultrasound radiating
members positioned therein. For example, in certain embodiments an ultrasound radiating
member is fixed within the energy delivery section 18 of the tubular body, while in other
embodiments a plurality of ultrasound radiating members are fixed to an assembly that is
passed into the central lumen. In either case, the one or more ultrasound radiating members
are electrically coupled to a control system 1100 via cable 1450. In one embodiment, the
outer surface of the energy delivery 18 section can include a cavitation promoting surface

configured to enhance/promote cavitation at the treatment site.
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[0038] With reference to FIGS. 2-10, an exemplary arrangement of the energy
delivery section 18 and other portions of the catheter 10 described above. This arrangement 15
particularly well-suited for treatment of peripheral vascular occlusions.

[0039] FIG. 2 illustrates a cross section of the tubular body 12 taken along line 2-
2 in FIG. 1. In the embodiment illustrated in FIG. 2, three fluid delivery lumens 30 are
incorporated into the tubular body 12. In other embodiments, more or fewer fluid delivery
Iumens can be incorporated into the tubular body 12. The arrangement of the fluid delivery
lumens 30 preferably provides a hollow central lumen 51 passing through the tubular body
12. The cross-section of the tubular body 12, as illustrated in FIG. 2, is preferably
substantially constant along the length of the catheter 10. Thus, in such embodiments,
substantially the same cross-section is present in both the proximal region 14 and the distal
region 15 of the catheter 10, inclhuding the energy delivery section 18.

[0040] In certain embodiments, the central lumen 51 has a minimum diameter
greater than about 0.030 inches. In another embodiment, the central lumen 51 has a minimum
diameter greater than about 0.037 inches. In one preferred embodiment, the fluid delivery
hamens 30 have dimensions of about 0.026 inches wide by about 0.0075 inches high,
although other dimensions may be used in other applications.

[0041] As described above, the central lumen 51 preferably extends through the
length of the tubular body 12. As illustrated in FIG. 1, the central lumen 51 preferably has a
distal exit port 29 and a proximal access port 31. The proximal accéss port 31 forms part of
the backend hub 33, which is attached to the proximal region 14 of the catheter 10. The
backend hub preferably further comprises cooling fluid fitting 46, which is hydraulically
connected to the central lumen 51. The backend hub 33 also preferably comprises a
therapeutic compound inlet port 32, which is in hydraulic connection with the flmid delivery
Iumens 30, and which can be hydraulically coupled to a source of therapeutic compound via a
hub such as a Luer fitting.

[0042] The central lumen 51 is configured to receive an elongate inner core 34 of
which a preferred embodiment is illustrated in FIG. 3. The elongate inner core 34 preferably
comprises a proximal region 36 and a distal region 38. Proximal hub 37 is fitted on the inner

core 34 at onc end of the proximal region 36. One or more ultrasound radiating members are
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positioned within an inner core energy delivery section 41 located within the distal region 38.
The ultrasound radiating members 40 form an ultrasound assembly 42, which will be
described in detail below.

0043} As shown in the cross-section illustrated in FIG. 4, which is taken along
lines 4-4 in FIG. 3, the inner core 34 preferably has a cylindrical shape, with an outer
diameter that permits the inner core 34 to be inserted into the central lumen 51 of the tubular
body 12 via the proximal access port 31. Suitable outer diameters of the inner core 34
include, but are not limited to, about (.010 inches to about 0.100 inches. In another
embodiment, the outer diameter of the inner core 34 is between about 0.020 inches and about
0.080 inches. In yet another embodiment, the imner core 34 has an outer diameter of about
0.035 inches.

10044] Still referring to FIG. 4, the inner core 34 preferably comprises a
cylindrical outer body 35 that houses the ultrasound assembly 42. The ultrasound assembly
42 comprises wiring and ultrasound radiating members, described in greater detail in FIGS. 5
through 7D, such that the ultrasound assembly 42 is capable of radiating ultrasonic energy
from the energy delivery section 41 of the inner core 34. The ultrasound assembly 42 is
electrically connected to the backend hub 33, where the inner core 34 can be connected to a
control system 100 via cable 45 (illustrated in FIG. 1). Preferably, an electrically insulating
potting material 43 fills the inner core 34, surrounding the ultrasound assembly 42, thus
preventing movement of the ultrasound assembly 42 with respect to the outer body 35. In one
embodiment, the thickness of the outer body 35 is between about 0.0002 inches and 0.010
inches. In another embodiment, the thickness of the outer body 35 is between about 0.0002
inches and 0.005 inches. In yet another embodmment, the thickness of the outer body 35 is
about 0.0005 inches.

[0045] In a preferred embodiment, the ultrasound assembly 42 comprises a
plurality of ultrasound radiating members 40 that are divided into one or more groups. For
example, FIGS., 5 and 6 are schematic wiring diagrams illustrating one technique for
connecting five groups of ultrasound radiating members 40 to form the ultrasound assembly

42. As illustrated in FIG. 5, the ultrasound assembly 42 comprises five groups G1, G2, G3,
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G4, G5 of ultrasound radiating members 40 that are electrically connected to each other. The
five groups are also electrically connected to the control system 100.

j0046} As used herein, the terms "ultrasonic energy”, "ultrasound” and
"ultrasonic" are broad terms, having their ordinary meanings, and further refer to, without
limitation, mechanical energy transferred through longitudinal pressure or compression
waves. Ultrasonic energy can be emitted as continuous or pulsed waves, depending on the
requirements of a particular application. Additionally, ultrasonic energy can be emiited in
waveforms having various shapes, such as sinusoidal waves, triangle waves, square waves,
sawtooth waves or other wave forms. Ultrasonic energy includes sound waves. In certain
embodiments, the ultrasonic energy has a frequency between about 20 kHz and about 20
MHz. For example, in one embodiment, the waves have a frequency between about 500 kHz
and about 20 MHz. In another embodiment, the waves have a frequency between about 1
MHz and about 3 MHz. In yet another embodiment, the waves have a frequency of about 2
MHz. The average acoustic power is between about 0.01 watts and 300 watts. In one
embodiment, the average acoustic power 1s about 15 watts.

[0047] As used herein, the term "ultrasound radiating member" refers to any
apparatus capable of producing ultrasonic energy. For example, in one embodiment, an
ultrasound radiating member comprises an ultrasonic transducer, which converts electrical
energy into ultrasonic energy. A suitable example of an ulirasonic transducer for generating
ultrasonic energy from clectrical energy includes, but is not limited to, piezoelectnic ceramic
oscillators. Piezoelectric ceramics typically comprise a crystalline material, such as quartz,
that change shape when an electrical current is applied to the material. This change in shape,
made oscillatory by an oscillating driving signal, creates ultrasonic sound waves. In other
embodiments, ultrasonic energy can be generated by an ultrasonic transducer that is remote
from the ultrasound radiating member, and the ultrasonic energy can be transmitted, via, for
example, a wire that is coupled to the ultrasound radiating member.

(0048] Still referring to FIG. 5, the control circuitry 100 preferably comprises,
among other things, a voltage source 102. The voltage source 102 comprises a positive
terminal 104 and a negative terminal 106. The negative terminal 106 is connected to common

wire 108, which connects the five groups G1-G5 of ultrasound radiating members 40 in
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series. The positive terminal 104 is connected to a plurality of lead wires 110, which each
connect to one of the five groups G1-G5 of ultrasound radiating members 40. Thus, under
this configuration, each of the five groups G1-G5, one of which is illustrated in FIG. 6, 1s
connected to the positive terminal 104 via one of the lead wires 110, and to the negative
terminal 106 via the common wire 108. The control circuitry can be configured as part of the
contro} system 1100 and can include circuits, control routines, controllers etc configured to
vary on¢ or more power parameters used to drive ultrasound radiating members 40,

[0049] Referring now to FIG. 6, each group G1-G5 comprises a plurality of
ultrasound radiating members 40. Each of the ultrasound radiating members 40 1s electrically
connected to the common wire 108 and to the lead wire 310 via one of two positive contact
wires 112. Thus, when wired as illustrated, a constant voltage difference will be applied to
each ultrasound radiating member 40 in the group. Although the group illustrated in FIG. 6
comprises twelve ultrasound radiating members 40, one of ordinary skill in the art will
recognize that more or fewer ultrasound radiating members 40 can be included in the group.
Likewise, more or fewer than five groups can be included within the ultrasound assembly 42
illustrated in FIG. 5.

[0050] FIG. 7A illustrates one preferred technique for arranging the components
of the ultrasound assembly 42 (as schematically illustrated in FIG. 5) into the inner core 34
(as schematically illustrated in FIG. 4). FIG. 7A is a cross-sectional view of the ultrasound
assembly 42 taken within group Gl in FIG. 5, as indicated by the presence of four lead wires
110. For example, if a cross-sectional view of the ultrasound assembly 42 was taken within
group G4 in FIG. 5, only one lead wire 310 would be present (that is, the one lead wire
connecting group GS5).

[0051] Referring still to FIG. 7A, the common wire 108 comprises an clongate,
flat piece of electrically conductive material in electrical contact with a pair of ultrasound
radiating members 40. Each of the ultrasound radiating members 40 is also in electrical
contact with a positive contact wire 312. Because the common wire 108 is connected to the
negative terminal 106, and the positive contact wire 312 is connected to the positive terminal
104, a voltage difference can be created across each ultrasound radiating member 40. Lead

wires 110 are preferably separated from the other components of the ulirasound assembly 42,

11



WO 2009/079415 PCT/US2008/086713

thus preventing interference with the operation of the ultrasound radiating members 40 as
described above. For example, in one preferred embodiment, the inner core 34 is filled with
an insulating potting material 43, thus deterring unwanted electrical contact between the
various components of the ultrasound assembly 42.

[0052] FIGS. 7B and 7C illustrate cross sectional views of the inner core 34 of
FIG. 7A taken along lines 7B-7B and 7C-7C, respectively. As illustrated in FIG. 7B, the
ultrasound radiating members 40 are mounted in pairs along the common wire 108. The
ultrasound radiating members 40 are connected by positive contact wires 112, such that
substantially the same voltage is applied to each ultrasound radiating member 40. As
illustrated in FIG. 7C, the common wire 108 preferably comprises wide regions 108W upon
which the ultrasound radiating members 40 can be mounted, thus reducing the likelihood that
the paired ultrasound radiating members 40 will short together. In certain embodiments,
outside the wide regions 108W, the common wire 108 may have a more conventional,
rounded wire shape.

[0053] In a modified embodiment, such as illustrated in FIG. 7D, the common
wire 108 is twisted to form a helical shape before being fixed within the inner core 34. In
such embodiments, the ultrasound radiating members 40 are oriented in a plurality of radial
directions, thus enhancing the radial uniformity of the resulting ultrasonic energy field.

[0054] One of ordinary skill in the art will recognize that the wiring arrangement
described above can be modified to allow each group G1, G2, G3, G4, G5 to be
independently powered. Specifically, by providing a separate power source within the control
system 100 for each group, each group can be individually tumed on or off, or can be driven
with an individualized power. This provides the advantage of allowing the delivery of
ultrasonic energy to be "turned off” in regions of the treatment site where treatment is
complete, thus preventing deleterious or unnecessary nltrasonic energy to be applied to the
patient.

[0055] The embodiments described above, and illustrated in FIGS. 5 through 7,
illustrate a plurality of ultrasound radiating members grouped spatially. That 1s, in such
embodiments, all of the ulirasound radiating members within a certain group are positioned

adjacent to each other, such that when a single group is activated, ultrasonic energy is
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delivered at a specific length of the ultrasound assembly. However, in modified
embodiments, the ultrasound radiating members of a certain group may be spaced apart from
each other, such that the ultrasound radiating members within a certain group are not
positioned adjacent to each other. In such embodiments, when a single group is activated,
ultrasonic energy can be delivered from a larger, spaced apart portion of the energy delivery
section. Such modified embodiments may be advantageous in applications wheremn 1t is
desired to deliver a less focused, more diffuse ultrasonic energy field to the treatment site.

[0056] In a preferred embodiment, the ultrasound radiating members 40 comprise
rectangular lead zirconate titanate ("PZT") ultrasound transducers that have dimensions of
about 0.017 inches by about 0.010 inches by about 0.080 inches. In other embodiments, other
configuration may be used. For example, disc-shaped ultrasound radiating members 40 can
be used in other embodiments. In a preferred embodiment, the common wire 108 comprises
copper, and is about 0.005 inches thick, although other electrically conductive materials and
other dimensions can be used in other embodiments. Lead wires 110 are preferably 36 gauge
electrical conductors, while positive contact wires 112 are preferably 42 gauge electrical
conductors. However, one of ordinary skill in the art will recognize that other wire gauges
can be used in other embodiments.

[0057] As described above, suitable frequencies for the ultrasound radiating
member 40 include, but are not hmited to, from about 20 kHz to about 20 MHz. In one
embodiment, the frequency is between about 500 kHz and 20 MHz, and in another
embodiment ! MHz and 3 MHz. In yet another embodiment, the ultrasound radiating
members 40 are operated with a frequency of about 2 MHz.

[0058] FIG. 8 illustrates the inner core 34 positioned within the tubular body 12.
Details of the ultrasound assembly 42, provided in FIG. 7A, are omitted for clarity, As
described above, the inner core 34 can be slid within the central lumen 51 of the tubular body
12, thereby allowing the inner core energy delivery section 41 to be positioned within the
tubular body energy delivery section 18. For example, in a preferred embodiment, the
materials compnsing the inner core energy delivery section 41, the tubular body energy
delivery section 18, and the potting material 43 all comprise materials having a similar

acoustic impedance, thereby minimizing ultrasonic energy losses across material interfaces.
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[0059] FIG. 8 further illustrates placement of fluid delivery ports 58 within the
tubular body energy delivery section 18. As illustrated, holes or slits are formed from the
fld delivery lumen 30 through the tubular body 12, thereby permitting fluid flow from the
fluid delivery lumen 30 to the treatment site. Thus, a source of therapeutic compound coupled
to the inlet port 32 provides a hydraulic pressure which drives the therapeutic compound
through the fluid delivery lumens 30 and out the {luid delivery ports 58.

[0060] By evenly spacing the fluid delivery lumens 30 around the circumference
of the tubular body 12, as illustrated in FIG. 8, a substantially even flow of therapeutic
compound around the circumference of the tubular body 12 can be achieved. In addition, the
size, location and geometry of the fluid delivery ports 58 can be selected to provide uniform
fluid flow from the fluid delivery ports 30 to the treatment site. For example, in one
embodiment, fluid delivery ports closer to the proximal region of the energy delivery section
18 have smaller diameters then fluid delivery closer to the distal region of the energy delivery
section 18, thereby allowing uniform delivery of fluid across the entire energy delivery
section.

[0061] For example, in one embodiment in which the fluid delivery ports 58 have
similar sizes along the length of the tubular body 12. the fluid delivery ports 58 have a
diameter between about 0.0005 inches to about 0.0050 inches. In another embodiment in
which the size of the fluid delivery ports 58 changes along the length of the tubular body 12,
the fluid delivery ports 58 have a diameter between about 0.001 inches to about 0.005 inches
in the proximal region of the energy delivery section 18, and between about 0.005 inches to
0.0020 inches in the distal region of the energy delivery section 18. The increase mn size
between adjacent fluid delivery ports 58 depends on the material comprising the tubular body
12, and on the size of the fluid delivery lumen 30. The fluid delivery ports 58 can be created
in the tubular body 12 by punching, drilling, burning or ablating (such as with a laser), or by
any other suitable method. Therapeutic compound flow along the length of the tubular body
12 can also be increased by increasing the density of the fluid delivery ports 58 toward the
distal region 15 of the tubular body 12.

[0062] It should be appreciated that it may be desirable to provide non-uniform

fluid flow from the fluid delivery ports 58 to the treatment site. In such embodiment, the size,
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location and geometry of the fluid delivery ports 58 can be selected to provide such non-
uniform fluid flow.

[0063] Referring still to FIG. 8, placement of the inner core 34 within the tubular
body 12 further defines cooling fluid lumens 44. Cooling fluid lumens 44 are formed between
an outer surface 39 of the inner core 34 and an inner surface 16 of the tubular body 12. In
certain embodiments, a cooling fluid can is introduced through the proximal access port 31
such that cooling fluid flow is produced through cooling fluid lumens 44 and out distal exit
port 29 (see FIG. 1). The cooling fluid lumens 44 are preferably evenly spaced around the
circumference of the tubular body 12 (that is, at approximately 120.degree. increments for a
three-lumen configuration), thereby providing uniform cooling fluid flow over the mner core
34. Such a configuration is desirably to remove unwanted thermal energy at the treatment
site. As will be explained below, the flow rate of the cooling fluid and the power to the
ultrasound assembly 42 can be adjusted to maintain the temp of the inner core energy
delivery section 41 within a desired range.

[0064] In a preferred embodiment, the inner core 34 can be rotated or moved
within the tubular body 12. Specifically, movement of the inner core 34 can be accomplished
by maneuvering the proximal hub 37 while holding the backend hub 33 stationary. The inner
core outer body 35 is at least partially constructed from a material that provides enough
structural support to permit movement of the inner core 34 within the tubular body 12
without kinking of the tubular body 12. Additionally, the inner core outer body 35 preferably
comprises a material having the ability to transmit torque. Suitable materials for the mner
core outer body 35 include, but are not limited to, polyimides, polyesters, polyurcthanes,
thermoplastic elastomers and braided polyimides.

[0065] In a preferred embodiment, the fluid delivery lumens 30 and the cooling
fluid lumens 44 are open at the distal end of the tubular body 12, thereby allowing the
therapeutic compound and the cooling fluid to pass into the patient's vasculature at the distal
exit port. Or, if desired, the fluid delivery lumens 30 can be selectively occluded at the distal
end of the tubular body 12, thereby providing additional hydraulic pressure to drive the
therapeutic compound out of the fluid delivery ports 58. In either configuration, the mner

core 34 can prevented from passing through the distal exit port by making providing the inner
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core 34 with a length that is less than the length of the tubular body. In other embodiments, a
protrusion is formed on the internal side of the tubular body in the distal region 15, thereby
preventing the inner core 34 from passing through the distal exit port.

[0066] In still other embodiments, the catheter 10 further comprises an occlusion
device (not shown) positioned at the distal exit port 29. The occlusion device preferably has a
reduced inner diameter that can accommodate a guidewire, but that is less than the inner
diameter of the central lumen 51. Thus, the inner core 34 is prevented from extending
through the occlusion device and out the distal exit port 29. For example, suitable inner
diameters for the occlusion device include, but are not Hmited to, about 0.005 inches to about
0.050 inches. In other embodiments, the occlusion device has a closed end, thus preventing
cooling fluid from leaving the catheter 10, and instead recirculating to the proximal region 14
of the tubular body 12. These and other cooling fluid flow configurations permit the power
provided to the ultrasound assembly 42 to be increased in proportion to the cooling fluid flow
rate. Additionally, certain cooling fluid flow configurations can reduce exposure of the
patient's body to cooling fluids.

[0067] In certain embodiments, as illustrated in FIG. 8, the tubular body 12
further comprises one or more temperature sensors 20, which are preferably located within
the energy delivery section 18. In such embodiments, the proximal region 14 of the tubular
body 12 includes a temperature sensor lead which can be incorporated nto cable 45
(illustrated in FIG. 1). Suitable temperature sensors include, but are not limited to,
temperature sensing diodes, thermistors, thermocouples, resistance temperature detectors
("RTDs"} and fiber optic temperature sensors which use thermalchromic liquid crystals.
Suitable temperature sensor 20 geometries include, but are not limited to, a pomt, a patch or a
stripe. The temperature sensors 20 can be positioned within one or more of the fluid delivery
lumens 30 (as illustrated), and/or within one or more of the cooling fluid lumens 44.

|[0068] FIG. 9 illustrates one embodiment for electrically connecting the
temperature sensors 20. In such embodiments, each temperature sensor 20 is coupled to a
common wire 61 and is assoctated with an individual return wire 62. Accordingly, n+1 wires
can be used to independently sense the temperature at n distinct temperature sensors 20. The

temperature at a particular temperature sensor 20 can be determined by closing a switch 64 to
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complete a circuit between that thermocouple's individual return wire 62 and the common
wire 61. In embodiments wherein the temperature sensors 20 comprise thermocouples, the
temperature can be calculated from the voltage in the circuit using, for example, a sensing
circuit 63, which can be located within the external control circuitry 100.

[0069] In other embodiments, each temperature sensor 20 is independently wired.
In such embodiments, 2n wires through the tubular body 12 to independently sense the
temperature at n independent temperature sensors 20. In still other embodiments, the
flexibility of the tubular body 12 can be improved by using fiber optic based temperature
sensors 20. In such embodiments, flexibility can be improved because only n fiber optic
members are used to sense the temperature at n independent temperature sensors 20.

[0070] FIG. 10 illustrates one embodiment of a feedback control system 68 that
can be used with the catheter 10. The feedback control system 68 can be integrated into the
control system 1100 that is connected to the immer core 34 via cable 45 (as illustrated in FIG.
1). The feedback control system 68 allows the temperature at each temperature sensor 20 to
be monitored and allows the output power of the energy source 70 to be adjusted accordingly.
A physician can, if desired, override the closed or open loop system.

16071} The feedback control system 68 preferably comprises an energy source 70,
power circuits 72 and a power calculation device 74 that is coupled to the ultrasound
radiating members 40. A temperature measurement device 76 1s coupled to the temperature
sensors 20 in the tubular body 12. A processing unit 78 is coupled to the power calculation
device 74, the power circuits 72 and a user interface and display 80.

[0072] in operation, the temperature at each temperature sensor 20 is deternmned
by the temperature measurement device 76. The processing unit 78 receives each determined
temperature from the temperature measurement device 76. The determined temperature can
then be displayed to the user at the user interface and display 80.

[0073] The processing unit 78 comprises logic for generating a temperature
control signal. The temperature control signal is proportional to the difference between the
measured temperature and a desired temperature. The destred temperature can be determined
by the user (at set at the user interface and display 80) or can be preset within the processing

unit 78.
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[0074] The temperature control signal is received by the power circuits 72. The
power circuits 72 are preferably configured to adjust the power level, voltage, phase and/or
current of the electrical energy supplied to the ultrasound radiating members 40 from the
energy source 70. For example, when the temperature control signal is above a particular
level, the power supplied to a particular group of ultrasound radiating members 40 is
preferably reduced in response to that temperature control signal. Similarly, when the
temperature control signal is below a particular level, the power supplied to a particular group
of ultrasound radiating members 40 is preferably increased in response to that temperature
control signal. After each power adjustment, the processing unit 78 preferably monitors the
temperature sensors 20 and produces another temperature control signal which is received by
the power circuits 72.

[0075] The processing unit 78 preferably further comprises safety control logic.
The safety control logic detects when the temperature at a temperature sensor 20 has
exceeded a safety threshold. The processing unit 78 can then provide a temperature control
signal which causes the power circuits 72 to stop the delivery of energy from the energy
source 70 to that particular group of ultrasound radiating members 40.

[0076] Because, in certain embodiments, the ultrasound radiating members 40 are
mobile relative to the temperature sensors 20, it can be unclear which group of ultrasound
radiating members 40 should have a power, voltage, phase and/or current level adjustment.
Consequently, each group of ultrasound radiating member 40 can be 1dentically adjusted in
certain embodiments. In a modified embodiment, the power, voltage, phase, and/or current
supplied to each group of ultrasound radiating members 40 is adjusted in response to the
temperature sensor 20 which indicates the highest temperature. Making voltage, phase and/or
current adjustments in response to the temperature sensed by the temperature sensor 20
indicating the highest temperature can reduce overheating of the treatment site.

[0077] The processing unit 78 also receives a power signal from a power
calculation device 74. The power signal can be used to determine the power being received
by each group of ultrasound radiating members 40. The determined power can then be

displayed to the user on the user interface and display 0.
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[0078] As described above, the feedback control system 68 can be configured to
maintain tissue adjacent to the energy delivery section 18 below a desired temperature. For
example, it is generally desirable to prevent tissue at a treatment site from increasing more
than 6.degree. C. As described above, the ultrasound radiating members 40 can be electrically
connected such that each group of ultrasound radiating members 40 generates an independent
output. In certain embodiments, the output from the power circuit maintains a selected energy
for each group of ultrasound radiating members 40 for a selected length of time.

[0079] The processing unit 78 can comprise a digital or analog controller, such as
for example a computer with software. When the processing unit 78 is a computer it can
inciude a central processing unit ("CPU") coupled through a system bus. As is well known in
the art, the user interface and display 80 can comprise a mouse, a keyboard, a disk drive, a
display monitor, a nonvolatile memory system, or any another. Also preferably coupled to the
bus 1s a program memory and a data memory.

[0080] In Lieu of the series of power adjustments described above, a profile of the
power to be delivered to each group of ultrasound radiating members 40 can be incorporated
into the processing unit 78, such that a preset amount of ultrasonic energy to be delivered is
pre-profiled. In such embodiments, the power delivered to each group of ultrasound radiating
members 40 can then be adjusted according to the preset profiles.

[6081] The ultrasound radiating members are operated in a continuous or pulsed
mode. For example, in one embodiment, the time average electrical power supplied to the
ultrasound radiating members 1s between about 0.001 watts and about 5 watts and can be
between about 0.05 watts and about 3 watts. In certain embodiments, the time average
electrical power over treatment time is approximately 0.45 watts or approximately 1.2 watts.
The duty cycle for the pulsed mode is between about 0.01% and about 90% and can be
between about 0.1% and about 50%. In certain embodiments, the duty ratio is approximately
7.5%, approximately 15% or a variation between 1% and 50%. The pulse averaged electrical
power can be between about 0.01 watts and about 20 watts and can be between
approximately 0.1 watts and approximately 20 watts. In certain embodiments, the pulse
averaged electrical power is approximately 4 watts, approximately 8 watts, approximately 16

watts, or a variation of 1 to 8 watts. As will be described above, the amplitude, pulse width,
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pulse repetition frequency, average acoustic pressure or any combination of these parameters
can be constant or varied during each pulse or over a set of portions. In a non-linear
application of acoustic parameters the above ranges can change significantly. Accordingly,
the overall time average electrical power over treatment time may stay the same but not real-
time average power.

0082} In one embodiment, the pulse repetition rate is preferably between about 1
Hz and about 2 kHz and more can be between about 1 Hz and about 50 Hz. In certain
preferred embodiments, the pulse repetition rate is approximately 30 Hz, or a variation of 10
to 40Hz. The pulse duration or width is can be between about 0.5 millisecond and about 50
milliseconds and can be between about 0.1 millisecond and about 25 milliseconds. In certain
embodiments, the pulse duration is approximately 2.5 milliseconds, approximately 5 or a
variation of 1 to 8 milliseconds. In addition, the average acoustic pressure can be between
about 0.1 to about 2MPa or in another embodiment between about 0.5 or about 0.74 to about
1.7MPa.

|0083] In one particular embodiment, the transducers are operated at an average
power of approximately 0.6 watts, a duty cycle of approximately 7.5%, a pulse repetition rate
of approximately 30 Hz, a pulse average electrical power of approximately 8 watts and a
pulse duration of approximately 2.5 milliseconds.

[0084)] The ultrasound radiating member used with the electrical parameters
described herein preferably has an acoustic efficiency greater than 50% and can be greater
than 75%. The uvltrasound radiating member can be formed a variety of shapes, such as,
cylindrical (solid or hollow), flat, bar, triangular, and the like. The length of the ultrasound
radiating member is preferably between about 0.1 ¢cm and about 0.5 cm. The thickness or
diameter of the ultrasound radiating members 1s preferably between about 0.02 cm and about
0.2 cm.

|0085] With reference now to FIG. 11, the energy delivery section of an
ultrasound catheter that is configured for treating small vessels (e.g., for treatment of cerebral
vascular occlusions) is shown and that includes an optional cavitation promoting surface 71.
In this embodiment, the catheter includes an inner core 73 that defines a utility lumen 72

configured to pass materials such as a guidewire, a therapeutic compound and/or a cooling
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fluid. The catheter assembly 70 further includes a distal tip element 74 and a hollow
cylindrical ultrasound radiating member 77 that is mounted on the inner core 73. Certain of
these components are optional, and are omitted from alternative embodiments. In an
example embodiment, the diameter of the catheter outer body 76 is less than about 5 French,
although other dimensions are used in other embodiments. In addition, although only a
single ultrasound element is shown, in modified embodiments, more one ultrasound element
can b mounted along the lumen 72.

[0086] In example embodiments, the ultrasound radiating member 77 illustrated
in FIG. 11 is a tubular piezoceramic transducer that is able to radiate ultrasonic energy in a
length mode, a thickness mode, and a circumferential mode. The ultrasound radiating
member 77 is capable of generating a peak acoustic pressures that are preferably between
about 0.7 MPa and about 10 MPa, and that are more preferably between about 1.2 MPa and
about 6 MPa. However such parameters may be different if the catheter includes cavitation
promoting surfaces or other modifications.

[0087] In a modified embodiment, the ultrasound radiating member 77 has a
resonant frequency greater than or equal to approximately 1 MHz in the thickness mode. In
certain embodiments, the ultrasound radiating member included in an ultrasound catheter
optionally includes an electrode, such as a nickel-plated electrode, that enables electrical
wires to be soldered thereto.

[0088] As will be described below, the ultrasound catheter includes one or more
ultrasound radiating members positioned therein. Such ultrasound radiating members can
comprise a transducer (e.g., a PZT transducer), which 1s configured to convert electrically
energy into ultrasonic energy. In such embodiments, the PZT transducer is excited by
specific electrical parameters (herein “power parameters™ or “acoustic parameters” that cause
it to vibrate in a way that generates ultrasonic energy). As will be explained below,
Applicants have discovered that non-linearly varying (e.g.,. randomly or pseudo randomly)
one or more of the power parameters the effectiveness of the ultrasound catheter (e.g., the
effectiveness of enhancing the removal of a thrombus) can be significantly enhanced. By
non-linearly varying one or more of the power parameters the ultrasound radiating members

create nonlinear acoustic pressure, which as described above can increase the effectiveness of
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the acoustic pressure in enhancing a therapeutic compound. In one application, the effect of
nonlinearly varying acoustic pressure has been found by Applicant to enhance enzyme
medicated thrombolysis by almost 1.9 times as compared to the application of substantially
constant acoustic pressure. Examples of nonlinear variances include, but are not limited to,
multi variable variations, variations as a function of a complex equation, sinusoidal
variations, exponential variations, random variations, pseudo random vanations and/or
arbitrary varations. While nonlinear vanance is preferred, in other arrangements it is
anticipate that one or more of the parameters discussed can be varied in a linear manner
either alone or combination with the nonlinear variance.

[0089] FIG. 12 explains certain power parameters which can used to drive the
ultrasound radiating members. As shown, the members can be driven a series of pulses 2000
having peak power P or amplitude and duration z. During these pulses 2000, the ultrasound
radiating members as driven at a certain frequency f as described above by the ¢lectrical
current. The pulses 2000 can be separated by “off” periods 2100. The cycle period T is
defined as the time between pulse initiations, and thus the pulse repetition frequency (“PRF”)
is given by 7'. The duty cycle is defined as the ratio of time of one pulse to the time
between pulse initiations 77, and represents the fraction of time that ultrasonic energy is
being delivered to the treatment site. The average power delivered in each cycle period is
given by PrT™'.  Accordingly, the illustrated embodiment, the ultrasound radiating members
are operated using pulses, or modulated electrical drive power instead of continuous drive
power.

[0090] In one embodiment, the average power delivered in each cycle period 1s
preferably between about 0.1 watts and about 2.0 watts. In such an embodiment, each cycle
period has a different average power value, wherein the average power values for the
different cycles vary in a nonlinear fashion. Examples of non-linear variation include, but are
not limited to, simple or complex variable or multi-variable equations, varying randomly,
pseudo randomly and/or in an arbitrary manner. For instance, in one such modified
embodiment, each cycle period has an average power quantity that is randomly or pseudo
randomly distributed between a maximum average power quantity and a minimum average

power quantity. The average power of each cycle period can be adjusted by mamipulating one
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or more parameters of the waveform in the cycle period, such as, but not limited to, peak
power P, reduced power P’, pulse repetition frequency, pulse duration 1, and duty cycle.

[0091] In another embodiment, the duty cycle is preferably between about 1% and
about 50%, is more preferably between about 2% and about 28%. Dunng operation of the
catheter, the duty cycle can véry in a nonlinear fashion. For instance, in one such modified
embodiment, the duty cycle that 1s randomly or pseudo randomly distributed between a
maximum duty cycle and a mintimum duty cycle. For example, in one embodiment, the
values for the maximum duty cycle are between about 25% and about 30%, and typical
values for the minimum duty cycle are between about 1.5% and about 3.5%. In yet another
embodiment, the duty cycle is varied non-linearly from a minimum value of 2.3% and a
maximum value of 27.3%. In one embodiment, other parameters of the waveform are
manipulated such that each cycle period has the same average power, even though the duty
cycle for each cycle period is varying in a nonlinear fashion.

0092} In another embodiment, the peak power P delivered to the treatment site is
preferably between about 0.1 watts and about 20 watts, 1s more preferably between about 5
watts and about 20 watts, and 1s most preferably between about 8 watts and about 16 watts.
Within the ranges, during operation of the catheter, the peak power P can vary in a nonlinear
fashion. For instance, in one such modified embodiment, each cycle period has a peak power
quantity that is randomly or pseudo randomly distributed between a maximum peak power
Puax and a minimum peak power Py, Typical values for the maximum peak power Ppgy are
between about 6.8 watts and about 8.8 watts, and typical values for the minimum peak power
P,.in are between about 0.1 watts and about 1.0 watts. In another embodiment, the peak
power is varied non-linearly between a maximmum peak power P, of 7.8 watts and a
minimum peak power P, of 0.5 watts. In one embodiment, other parameters of the
waveform are manipulated such that each cycle period has the same average power, even
though the peak power P for each cycle period is varying in a nonlinear fashion.

[0093] In another embodiment, the effect of a therapeutic compound 1s optionally
enhanced by using a certain pulse repetition frequency PRF and/or a certain pulse duration 1.
In one example embodiment, the PRF is preferably between about 5 Hz and about 150 Hz, is

more preferably between about 10 Hz and about 50 Hz, and is most preferably between about
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20 Hz and about 40 Hz. In one embodiment, the PRF remains substantially constant during
the course of a treatment. However, in certain modified embodiments the PRF is non-
linearly varied during the course of a treatment within the ranges described above. For
example, in one such modified embodiment the PRF 1s varied linearly during the course of
the treatment, while in another such modified embodiment the PRF is varied nonlinearly
during the course of the treatment. Examples of nonlinear vanances include, but are not
limited to, sinusoidal variations, exponential variations, and random variations. For instance,
in an example embodiment the PRF is varied randomly between a maximum PRF and a
minimum PRF during the course of a treatment. Typical values for the maximum PRF are
between about 28 Hz and about 48 Hz, and typical values for the minimum PRF are between
abowt 5 Hz and about 15 Hz. In another embodiment, the maximum PRF i1s about 38 Hz and
the minimum is about 10 Hz. In one embodiment, the pulse repetition interval is varied
between about 25 to about 100 ms.

[0094] The pulse amplitude, pulse width and pulse repetition frequency during
each pulse can also be constant or varied in a non-linear fashion as described herein. Other
parameters are used in other embodiments depending on the particular application.

[0095] In one example embodiment, the pulse duration t is preferably between
about 1 millisecond and about 50 milliseconds, is more preferably between about 1
millisecond and about 25 milliseconds, and is most preferably between about 2.5
milliseconds and about 5 milliseconds. In a modified embodiment, each cycle peniod has a
different pulse duration 1, wherein the pulse duration values vary in a nonlinear fashion with
the ranges described above. For instance, in one such modified embodiment, each cycle
period has a pulse duration quantity that is randomly distributed between a maximum pulse
duration T, and a minimum pulse duration T,i,. Typical values for the maximum pulse
duration T,. are between about 6 milliseconds and about 10 milliseconds {and in one
embodiment 8 milliseconds), and typical values for the minimum pulse duration 1., are
between about 0.1 milliseconds and about 2.0 milliseconds (and in one embodiment 1
millisecond), In one embodiment, other parameters of the waveform are manipulated such

that each cycle period has the same average power, even though the pulse duration 1 for each
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cycle period is varying in a nonlinear fashion. In other embodiments, the average power can
be varied non-linearly.

[0096] In addition, the average acoustic pressure can also non-linearly varied as
described above between about 0.1 to 2MPa or in another embodiment between about 0.5 or
0.74 to 1.7MPa.

[0097] The contro} system 1100 can be configured to vary one or more of the
power parameters as discussed above. Accordingly, the control system 1100 can mclude any
of a variety of control routines, control circuits, etc. so as to vary the power parameters
described above. As mentioned above, the control parameters can be varied in combination
with other operating parameters (e.g., frequency) of the ultrasound radiating member and/or
catheter. Alternatively, the power parameters may be varied using a software package that
controls the operation of the ultrasound radiating members. It should also be appreciated that
one, two, three or all of the parameters (and subsets thereof) can be non-linearly varied at the
same time or by themselves.

[0098] A study to investigate the effect of a variety of randemization protocols on
clot lysis was conducted. The randomization protocols involved non-linearly varying peak
power, pulse width, pulse repetition frequency, or combinations of the above. The
randomization protocols were tested using a time average power of either 0.45 W or 0.90 W,
and were compared to a standard Neurowave E11 protocol.

[0099] Clots were prepared by adding ! mL of citrated human pooled plasma to a
polystyrene culture tube. Clotting was initiated by the addition of 100 pL of 0.2M calcium
chloride and 100 pL of 12.5 U/ml bovine thrombin. Fixtures equipped with drug delivery
lumens and an ultrasonic catheter were inserted into the clot, thereby allowing the clot to
form around the fixtures. Clots were allowed to incubate for 10 minutes in a 37 degrees C
water bath before initiating the clot lysis procedure.

[0100] Clot lysis was initiated by delivering rt-PA to the clot via the drug delivery
lumens. A total of 0.08 mL of 5000 U/mL ri-PA solution was delivered to the clot over a
period of 5 minutes at a rate of 0.96 mL/hr.

[0101] After drug delivery was completed, the clot was subjected to 5 minutes of

ultrasound exposure, and 25 minutes of additional incubation time subsequent to the

25



WO 2009/079415 PCT/US2008/086713

ultrasound treatment. The clots were then removed from the polystyrene culture tubes and
pressed between filter paper to remove serum from the clots before the clots were weighed.

[0102]  The acoustic protocols tested are summarized in Table 1 provided below.
“PW” represents pulse width and “PRF” represents pulse repetition frequency. Ranges
indicate that the parameter was varied randomly within the range shown. For example, for
the R3P-d protocol, peak power was varied from 1.6 to 7.9 W, pulse width was varied from
1.16 to 8.16 ms, and pulse repetition frequency was varied from 10 to 40 Hz.

Table 1. Description of acoustic protocols.

Acoustic Protocoi Average Peak Power PW PRF
Power

Neurowave E11 (E11-8) 0.45W 53W 2.8ms 30Hz
R3P-d(R1.4) 0.45W 1.6-7.9W 1.16-8.16ms 10-40Hz

RIP-f (R5.5) 0.45W 3.75W 0.31-19.53ms 30Hz

RIP-g(R5.6) 0.90W 3.75W 0.62-39.07ms 30Hz

R2P-a (R6.0) 0.45W 1.6-7.9W 0.54-9.8ms 30Hz

R2P-b (R6.1) 0.90W 1.6-7.9W 1.09-19.6ms 30Hz

[0103] The randomization protocols were compared to the fixed parameter

Neurowave E11 protocol as described in Table 1. Lysis enhancement factor (LEF%) was

calculated using the following formula:

W, -W,
LEF%=|| — Mt _1]x100
WC_WI

The variables in the above equation are:

W, (mg): Average clot weight of the negative control samples (no treatment).

W, (mg): Average clot weight from positive control group (drug treatment only).
Wi (mg): Average clot weight from each individual ultrasound treatment group.
[0104] FIG. 13 shows the LEF% for the protocols tested. The results indicate that
varying peak power and pulse width simultancously in the randomization proiocol give
significantly better lysis enhancement in the test environment than varying either parameter
alone or when they are varied together with pulse repetition frequency. In addition, higher
peak powers generally yielded improved lysis response. It should be appreciated that the

Lysis enhancement factor is only one measure of the efficacy of the treatment and that the
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methods and technique described above may have additional and/or different efficacy
benefits in situ.

[0105] In some embodiments, the Iysis enhancement can be substantially
improved compared to E11-s and R3P-d protocols by delivering the peak power in a ramp-up
and/or a ramp-down sequence. In some embodiments, the ramp-up and/or ramp-down
sequence is done while maintaining the delta peak power (i.e., the difference in power levels
of consecutive pulse profiles) between 2 W and 4 W. In some embodiments, a combination
of ramp-up and ramp-down peak power sequences can be used to deltver the peak power.
For example, the peak power may be ramped up from about 1 W to about 8 W and then
ramped back down. The delta peak power may be maintained at about 2.5 W to about 3 W.
The replication of the ramping sequences discussed above can improve the LEF%.

10106] In one embodiment, one way of implementing a randomization protocol is
to generate and execute a plurality of ultrasonic cycle profiles, where each ultrasonic cycle
profile can have randomly generated power parameter values. As previously mentioned,
power parameters include, but are not limited to, peak power, pulse width, pulse repetition
frequency and pulse repetition interval. Generally, for each power parameter, a random
number generator, for example, can be used to select a value within a bounded range
determined by the operator. Examples of suitable ranges are described above. For example,
one ultrasonic cycle profile can have a randomly selected peak power value, while the other
power parameters are non-randomly selected. Another ultrasonic cycle profile may have a
plurality of randomly selected power parameters values, such as peak power and pulse width.
This process can be used to generate the desired number of ultrasonic cycle profiles.

[0107] Each ultrasonic cycle profile can be run for a profile execution time. For
example, if the profile execution time is approximately 5 seconds, each ultrasonic cycle
profile will be run for approximately 5 seconds before the next ultrasonic cycle profile is run.
In some embodiments, the profile execution time is less than about 5 seconds. For example,
in some embodiments the profile execution time is between about one second and about 30
seconds. In some embodiments, the profile execution time 1s less than about one second. In

some embodiments, the profile execution time 1s increased so that accurate measurements
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can be taken of the executed power parameters. In some embodiments, the profile execution
time 1tself can be selected randomly from a predetermined range.

[0108} In some embodiments, it 1s desirable to deliver a particular time averaged
power. Because the power parameters may be randomized, it may take the execution of a
plurality of ultrasonic cycle profiles before the time averaged power approaches an
asymptotic value. In some embodiments, the execution of about 40 to 50 ultrasonic cycle
profiles is required for the time averaged power to become asymptotic. In other
embodiments, less than about 40 ultrasonic cycle profiles are required, while in yet other
embodiments, more than about 50 ultrasonic cycle profiles are required. In some
embodiments, ultrasonic cycle profiles are executed until the time average power approaches
an asymptotic value. For example, if the profile execution time 1s 5 seconds and the overall
_execution time is 30 minutes, 360 ultrasonic cycle profiles will be executed, which in some
embodiments is sufficient for the time average power to approach an asymptotic value.

[0109} Many of the above-described parameters relate to the electrical input
parameters of the ultrasonic elements of the catheter. Varying these electrical parameters
resulis in varying the acoustic output of the catheter. Accordingly, the desired affect of non-
linearly or randomly varying the acoustic parameters can also be described directly.

j0110] For example, acoustic parameters of the ultrasound catheter that can be
useful to control, by varying the parameter non-linearly or randomly or by holding the
parameter constant, include, for example, peak rarefactional pressure, p;. In a sound wave, a
positive acoustic pressure corresponds to compression, and a negative acoustic pressure
corresponds to rarefaction. Therefore, the peak value of the rarefactional acoustic pressure
can be important for safety reasons because it is one of the factors responsible for inertial
cavitation. By controlling the magnitude of the peak rarefactional pressure, inertial cavitation
can be induced, stopped, prevented or reduced. Peak rarefactional pressure can range from
about 0.1 MPa to about 2.5 MPa, or from about 0.9 MPa to about 2.1 MPa, or about 1.6 MPa.
The peak rarefactional pressure generated by an ultrasound catheter can be measured in an
acoustic tank using a hydrophone.

j0111) Another parameter is spatial peak pulse-average intensity, Isppa, which 1s

defined as the value of the pulse-average intensity at the point in the acoustic field where the
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pulse-average intensity is a maximum or 1s a local maximum within a specified region.
Spatial peak pulse-average intensity can range from about 1 W/em® to about 200 W/cm?, or
about 20 W/cm” to about 140 W/em?, or about 86 W/cm®. For an ultrasound pulse that is a
sinusoidal waveform having constant acoustic pressure amplitude, the spatial-peak pulse-

average intensity can be calculated from the peak-rarefactional acoustic pressure as:

2

-"p—*xlO~4

Tspps

where:

pr is the peak rarefactional acoustic pressure (Pa)

p is the density of the medium (kg/m")

¢ is the speed of sound in the medium (m/s)

Symbol: Isppa

Unit: Watt per square-centimeter, W/em®

NOTE: The 10™ multiplication factor converts units of Isppa t0 W/eny’. If this factor is
left out, the units of Igppy are Wm?.

[0112] Another parameter is spatial peak time-average intensity, Ispra, Which is
defined as the value of the temporal-average intensity at the point in the acoustic field where
the pulse-average intensity is a maximum or is a local maximum within a specified region.
Spatial peak time-average intensity can range from about 0.1 W/cm® to 50 W/em?®, or about
0.5 Wiem® to about 40 W/ecm’, or about 7 W/em®. The spatial-peak temporal-average
intensity can be calculated from the spatial-peak pulse-average intensity as:
1oy =1 pp, x DC 100

where:

Isppa is the spatial-peak pulse-average intensity (W/cm”)

DC is the duty cycle (%)

Symbol: Ispra

Unit: Watt per square-centimeter, W/cm®

j0113] In addition to the acoustic and electrical parameters described above, it can
also be desirable to focus on non-linearly or randomly varying physiological parameters. For

example, the mechanical index, MI is a relative indicator of the potential for mechanical
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bioeffects, particularly cavitation. Scientific evidence suggests that mechanical bioeffects,
like cavitation, are a threshold phenomenon, occurring only when a certain level of output is
exceeded. The potential for mechanical effects increases as peak rarefactional pressure
increases, but decreases as ultrasound frequency increases. The mechanical index accounts
for both rarefactional pressure and {requency. The higher the index reading, the larger the
potential is for mechanical bioeffects. In addition, the occurrence of cavitation is also highly
dependent on properties of the medium such as viscosity, temperature, and dissolved gas
content. The mechanical index can range from about 0.1 to about 3, or about 0.5 to about 2,
or about 0.7 to about 1.6, or about 1.3. Mechanical index can be calculated by dividing the

peak rarefactional pressure (in MPa) by the square root of the frequency (in MHz):

P,
Ml = fnz

where:

p: is the peak rarefactional pressure (MPa)

fis the frequency (MHz)

Symbol: Ml

Unit: None

[0114] Another parameter, which can be considered a physiological parameter, 1s
the soft tissue thermal mmdex, TIS, which i1s a quantity related to calculated or estimated
maximum temperature rise in an ultrasound field under certain defined assumptions. The
thermal index is the ratio of total acoustic power to the acoustic power required to ratse tissue
temperature by 1°C under defined assumptions. The thermal index 1s a relative indicator of
temperature increase. It is based on a model for which 1 W of ultrasound energy raises the
temperature 1°C. However, in general, a TIS value of 1 should not be taken literally to mean
an actual mcrease in temperature of 1°C. The actual increase in temperature in the patient is
influenced by a number of factors such as tissue type, blood perfusion, and exposure time.
The soft tissue thermal index can range from about (.1 to about 25, or from about 0.2 to
about 13, or about 3.

[0115] The formula for calculating the soft tissue thermal index varies slightly
depending on the whether the beam area (the area on a specified surface, normal to the

direction of ultrasound propagation, in which the acoustic intensity is greater than some
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specified fraction of the maximum value in that surface at the transducer face) is less than or
greater than 1 cm®. The interaction between acoustic beam dimensions and the cooling effect
of perfusion determines the position of maximum temperature increase. A perfusion rate
characterized by a perfusion length of 1 cm is assumed. This translates to a situation where
for beam area less than 1 cm?, output power is the relevant parameter governing temperature
increase, and for beam area greater than 1 cm®, acoustic intensity is the relevant parameter
governing temperature increase. For a beam area at the transducer output face less than 1
cm’, the soft tissue thermal index is calculated as:

WTAXf
210

TIS =

where:

Wra 1s the temporal-average acoustic power (mW)

f is the frequency (MHz)

Symbol: TIS

Unit: None

[0116] As with the electrical parameters noted above, the above-described
acoustic and physiological parameters (either alone or in combinations) can be non-linearly
varied within the ranges described above. Examples of nonlinear variances include, but are
not himited to, multi variable variations, variations as a function of a complex equation,
sinusoidal variations, exponential variations, random variations, pseudo random variations
and/or arbitrary variations. While nonlinear variance 1s preferred, in other arrangements it 1s
anticipate that one or more of the parameters discussed can be varied in a linear manner

either alone or combination with the nonlinear variance.

Ultrasound Pulse Shaping

[0117] One of the parameters which may be important in ultrasound enhanced
thrombolysis is to provide a pressure gradient (with respect to time and/or distance) at the
leading and/or trailing edge of each ultrasound wave. FIG. 14 illustrates one example of such
a pressure gradient. In some instances, such a gradient can be seen in a shock wave,
however; it is presently believed that a shock wave 1s not necessarily needed to achieve the

benefits provided by increasing the pressure gradient.
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[0118] With respect to an ultrasonic catheter such as the catheter described above,
several methods can be used to increase the pressure gradient in at least one of the edges of
the ultrasound waves.

[0119] In some embodiments, one or more electrical drive parameters are selected
to provide increased pressure gradients. Often, the ultrasound transducers are driven with a
sine wave electrical signal. In some embodiments, to increase the pressure gradients, the
transducers can be driven with a square waveform, a sawtooth waveform or other wave
shapes that will increase the pressure gradient of the leading and/or trailing edges of the
ultrasound waves.

{0120} In some embodiments, the control system is configured to provide an
oscillating electrical signal pattern that drives at least one ultrasonic element to generate
ultrasonic energy. The oscillating electrical signal pattern has a rise or fall rate greater than
the sinusoidal pattern for the same amplitude and frequency. In some embodiments, the
oscillating electrical signal is an impuise signal. Such oscillating electrical signal can be used
to drive the ultrasonic element or the ultrasound radiating member to generate an ultrasonic
pulse with a high pressure gradient with respect to time and/or distance. The ultrasonic pulse
would have a pressure wave having increased pressure gradient in at least one of the leading
and the trailing edges of the waves. In some embodiments, the oscillating electrical signal
has a square waveform or a sawtooth waveform. In some embodiments, increasing the
overall amplitude of the drive signal can also increase the pressure gradient of the wave
edges.

[0121] Another embodiment provides a method to increase the pressure gradient
by changing the shape of the transducers so that the transducers can be configured to focus
the ultrasound beam. The focused ultrasound beam may increase the pressure gradient at the
wave edges. In some embodiments, if two or more transducers are positioned so that they
constructively interfere with ecach other, the pressure gradient can also be increased. For
example, a small array of transducers (such as 3 — 5 transducers) that is driven as a phased
array can focus the uitrasound waves so that they constructively interfere with each other and

produce high pressure gradients relatively close to the catheter.
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[0122] In the drug delivery catheter designs described above, the ultrasound can
be produced by the ultrasound core which is inside the drug delivery catheter. In some
embodiments, the ultrasound passes through the drug delivery catheter before entering the
clot at the treatment site. By varying the thickness of the portion of the drug delivery catheter
wall that is over the transducer, it is possible to create a lens effect. The lens effect can cause
the waves to be more focused and thus increase the pressure gradient of the wave edges.

[0123] In other embodiments, drug delivery catheter wall features such as conical
holes, or conical holes lined with a reflective surface or areas of reflective material arranged
in other shapes can also be used to change how much the ultrasound beam is focused as it
moves into the clot. To the degree that the ultrasound beam can be focused, the pressure
gradients of the wave edges can be increased.

[0124] In the embodiments describe above, the ultrasound elements can be small
blocks of PZT material. Some of the ultrasound energy may be transmitted out of the ends of
the blocks. In some embodiments, this energy could be reflected into the radial ultrasound
beam so that it constructively interferes and produces higher pressure gradients in the beam.
The same technique could be used to reflect the ultrasound energy which is transmitted out of
the sides of the transducer blocks.

[0125] In still other embodiments, the ultrasound energy can be focused forward
along the length of a vascular lumen. In this manner, the ultrasonic waves can begin to stack
up as they travel through the lumen. Such a stacking of ultrasound waves can cause an
increase in the pressure gradient in the wave as the waves become compressed further from
the source of ultrasound energy. Also as the ultrasound wave travels down the vascular
lumen, it will tend to form a high pressure gradient front edge because of the nonlinear
propagation of the wave through the clot. Thus higher pressure gradients can be achieved.

j0126] Increasing the pressure gradients in the wave edges may enhance the drug
transport mechanisms utilizing the ultrasound. Such enhanced drug transport mechanism can
increase the penetration of the drug into the clot and the distribution of the drug throughout
the clot. This increased penetration and distribution will thus increase the lysis rate and
resolve the clot quicker. These methods are helpful in any type of ultrasound enhanced drug

delivery.
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[0127} One embodiment provides a method of enhancing delivery of a therapeutic
compound into a patient. The method comprises delivering the therapeutic compound to a
treatment site; and exposing the treatment site to an ultrasonic energy generated by an
oscillating electrical signal pattern having a rise or fall rate greater than a sinusoidal pattern
for the same amplitude and frequency. In some embodiments, the ultrasonic energy provides
pressure waves having increased pressure gradient at a leading edge and/or a trailing edge. In
some embodiments, the oscillating electrical signal may comprise an impulse signal that has
a square waveform, a sawtooth waveform, or other waveforms that can increase the pressure
gradient in at least one of the leading and trailing edges of the ultrasonic wave.

[0128] In some embodiments, delivenng the therapentic compound comprises
advancing a catheter comprising a drug delivery lumen to the treatment site; and introducing
the therapeutic compound to the treatment site through the drug delivery lumen. In other
embodiments, the therapeutic compound may be delivered systematically.

[0129] In some embodiments, the ultrasonic energy is generated by at least one
ultrasonic element positioned within the catheter. The at least one ultrasonic element is
coupled to a control system configured to provide an oscillating electrical signal pattern, and
the oscillating electrical signal pattern is capable of driving the at least one ultrasonic element
to generate ultrasonic energy as described above.

[0130] In some embodiments, the ultrasound energy can be transmitted from an
external site to the body and/or an external site to the treatment site or target site. In these
embodiments, the drug can be delivered locally with, for example, a catheter or can be
delivered systematically (e.g., intravenously or orally). In such embodiments, the ultrasound
can be directed to an internal target site in the body from the external site.

EXAMPLE

[0131} The bioefficacy of a therapeutic compound for treating clot when the
compound is exposed to a non-sinusoidal wave is compared with the its bioefficacy when it
is exposed to a sinusoidal wave. In this example, a sawtooth wave is used as the non-
sinusoidal wave. While the sinusoidal wave contains a signal fundamental frequency
component, a sawtooth wave contains the fundamental frequency component and all integer

harmonic frequencies of the fundamental frequency. The sawtooth waveform was generated
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by using the sawtooth waveform output of an Agilent Function Generator (HP 33120). RFB
measurements and catheter life tests were conducted to test the transducer response to a non-
sinusoidal sawtooth wave, then the pulse repetition frequency and amplitude of the sawtooth
wave for bioefficacy tests were selected based on successful catheter life testing.

0132} The RFB measurements were conducted on SV-3014P research unit
transducers at incremental amplitudes to learn the minimum driving voltage that the
transducers were likely to withstand. The RFB measurements were conducted with
transducers at El1-s sinusoidal wave protocol. An RFB measurement of <I2mg was
considered indicative of catheter failure. The acoustic output reliability is set at >11.5mg
RFB output after 2 hours of operation.

[0133] The RIFFB measurements were also taken for three different catheters under
the sawtooth protocol. The catheters were driven with sawtooth waveform at 100,000Hz
pulse repetition frequency. Input voltage amplitude was increased in steps of 1Vpp from
1Vpp to 9Vpp until the catheter failed. The catheter RFB output of <12mg was considered a
catheter failure. The RFB measurements showed catheter failure at a minimum input voltage
of 5Vp-p. Therefore, catheter life tests were restricted input voltage levels under SVp-p.

0134} Prior to bioefficacy tests of sawtooth waveform, SV-3014P research unit
transducers were driven for 30 minutes life-testing. The life of the catheter was determined
based on RFB measurements using E11-s protocol taken at 10 minute intervals. A minimum
of three transducers were tested, and the tests were conducted by varying pulse repetition
frequencies at constant pulse amplitude (4Vp-p) and by varying pulse amplitude at constant
pulse repetition frequency {100,000 Hz). To ensure reliability of results with investigational
protocol like the sawtooth waveform, research unit transducers with a minimum RFB output
of 16mg were selected for bioefficacy testing.

[0135] The clots were prepared and treated using the AutoLab system (EKOS part
# 4295). 1 mL of citrated human pooled plasma (Precision Biologics, Noba Scotia, Lot
A1044) was thawed and added to a polystyrene culture tube, which was then placed in the
Autolab set-up. The AutoLab’s robotic arm was used to initiate clotting by addition of 100
pL of 12.5 U/mL bovine thrombin (VWR Cat, No. IC15416301, lot No. 4049]}. Immediately
after adding the thrombin, the AutolLab fixtures equipped with drug delivery lumen and
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EKOS SV-3014P research unit transducer that was inside of a cooling jacket were placed into
the clot, thereby allowing the clot to form around the fixture. The drug lumens and the
cooling jacket of the AutoLab fixture were made of ultrasound transparent polyimide tubing.
The internal diameter of the cooling jacket was 0.042” with a 0.001” wall thickness. One end
of the cooling jacket was sealed closed using UV glue to prevent direct contact of the coolant
water with the clot.

[0136] After clot initiation by injection of calcium chloride and bovine thrombin,
the clots were allowed to incubate for 10 minutes in a 37°C water bath, where they remained
throughout the duration of each experiment. After the incubation period, the 1-PA was
delivered. The plasma clot was exposed to the rt-PA by delivery of the mixture to the area in
the clot surrounding the ultrasound transducer bia the fixture drug lumens. The rt-PA,
29,000,000 U (50 mg Activase®, Genentech, CA), was reconstituted with 50 mL sterile
water for injection, USP, and is frozen after aplitting in 200,000 JU aliguots. The drug is
thawed at the beginning of each day, and futher diluted to a concentration of 5000 JU/mL.

[0137] Two 1 mL syringes were each filled with the drug at 5000 IU/mL, and all
bubbles were removed. The syringes were placed in each syringe pump that was set to
deliver 0.04 mL at 0.48 mL/hour. The drug lumens from the fixtures were hooked up to the
syringes in the pumps, and the drug was pushed through the drug lumens until a drop
appeared at the distal tip of the fixture drug lumens. Each drug lumen delivered a volume of
0.04 mL for 5 minutes at a rate of 0.48 mL/hour, and he total volume of the rt-PA delivered
was 0,08 mL. Then the de-gassed water was pumped into the surrounding cooling jacket of
the fixtures through the side of a Touhy-Borst valve and exited from the side of a tube
attached to the proximal end of the fixture. The temperature was monitored and the flow rate
was adjusted so that the ultrasound element temperature was maintained as closely as
possible at 43°Cx2°C.

[0138] The total acoustic output of each transducer was tested on a RFB station at
the end of each day, and the transducers with an RFB of less than 15mg were deemed failed
and the catheter was replaced.

[0139] The acoustic protocols are listed in Table 2 below. The total ultrasound

exposure duration for test protocols was 5 minutes, and the additional incubation time was 25
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minutes. The time average power and amphtude information for non-sinusoidal waveforms
are based on an average value observed for three different transducers.

Table 2. Description of acoustic protocols.

Acoustic Average | Peak Power PW PRI PRF
Protocol Power
Sinugoidal
Neurowave E11 | 0.45We 5.3We 2.8ms 333ms | 30Hz
(E11-s)
Non-sinusoidal Amplitude Amplitude
{Input) (Output)
Sawtooth [ ~0.29We | ~1 Vpp (Input) ~53.6 Vpp (Output) | 0.01ms 100,000Hz
Sawtooth 11 ~1.67We | ~2.5 Vpp (Input) | ~84.42 Vpp (Output) | 0.01ms 100,000Hz

[0140] The clots were removed from the polystyrene culture tubes by using a thin
metal wire to separate the clot from the walls of the culture tube. The clots were removed
and placed between two blocks prepared with three filter papers folded in half on each block.
There were a total of 6 layers of filter paper on each block. The blocks were then placed in
weight presses with 10 Ibs. of weight pushing down on the blocks, compressing the clot and
removing serum from the clots. The clots were pressed for 5 minutes each, then removed
from the blocks with a metal spatula and weighed on a preciston balance (A&D, EKOS Part #
E03-0502).

[0141] The clot lysis percent for Lytic agent only (L) and Lytic agent and ecach

different ultrasound protocol (LUS-x) was calculated as follows:

w.-Ww

| WCAVVIH.S'
L[%]= x100  and  LUS[%]=| = - |x100;

wherein W, (mg) is the average clot weight of the negative control samples, W, (mg) is the

c

average clot weight from positive control group, and Wy (mg}) is the average clot weight
from each individual ultrasound treatment group.

[0142] Bioefficacy of ultrasound protocols was also quantified in terms of the
lysis enhancement factor (LEF %), which is the ratio of increased lysis of each sample over

the control and is defined as follows:

w.-w
LEF% =|| — ™5 11 |x100
W -W,
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[0143] Bioefficacy tests were conducted at 1Vp-p and 2.5Vp-p input voltage
levels and 100,000Hz PRF. The results are summarized in Tables 3 and 4 below, and show
that the sawtooth waveform can improve lysis enhancement over the sinusoidal Eil-s
protocol.

Table 3. Lysis (L%, LUS%) , Lysis Enhancement Factor (LEF%) and LEF Ratio with
respect to E11-s at 1Vp-p.

Acoustic Protocol L %/LUS% LEF % Ratio of LEF % with
respect to E11-s

Drug Control (L+) 953+1.19

Neurowave E11 (E11-s) 11.99+ 0.72 25.81+13.45

Sawtooth I (1.0Vpp) 13.75+0.80 4427+ 16.07 1.7

Table 4. Lysis (L%, LUS%,) , Lysis Enhancement Factor (LEF%) and LEF Ratio with
respect to E11-s at 2.5Vp-p.

Acoustic Protocol L %/1.US% LEF % Ratio of LEF % with
respect to E11-s

Drug Control (L+) 10.05 £ 0.69

Neurowave E11 (E11-s) 12.68 £ 0.62 26.10 + 541

Sawtooth I (2.5Vpp) 13.90+ 0.98 38.25+90.73 1.5

[0144] Although many embodiments have been described in the context of an
intravascular catheter it should be appreciated that the non-linear application of one or more
power parameters and ultrasound pulse shaping can also be applied to non-intravascular
catheters or devices and/or non catheter applications. For example, the non-linear varying of
one or more power parameters and ultrasound pulse shaping may also find utility in
applications in which the ultrasound is apphied through an external (with respect to the body
or with respect to the vascular system). In particular, the discussion above can be applied to
external ultrasound application in which the ultrasound source is external to the patient
and/or treatment site. It is also anticipated that the methods and techniques described herein
can be applied to non-vascular applications. In addition, in some embodiments, the
therapeutic affects of the ultrasound can be utilized alone without a therapeutic compound.

[0145] While the foregoing detailed description discloses several embodiments of
the present invention, it should be understood that this disclosure is illustrative only and is

not limiting of the present invention. It should be appreciated that the specific configurations
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and operations disclosed can differ from those described above, and that the methods

described herein can be used in contexts other than treatment of vascular occlusions.
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WHAT IS CLAIMED IS:

I. An ultrasound catheter system comprising:

a catheter having at least one ultrasonic element; and

a control system configured to provide an oscillating electrical signal pattern
that drives the at least one ultrasonic element to generate ultrasonic energy, the
oscillating electrical signal pattern having a nise or fall rate greater than an siusoidal
pattern for the same amplitude and frequency.

2. The ultrasound catheter system of Claim 1, wherein the ultrasonic energy
provides pressure waves having increased pressure gradient at a leading edge and/or a trailing
edge.

3. The ultrasound catheter system of Claim 1, wherein the oscillating electrical
signal pattern comprises an impulse signal.

4. The ultrasound catheter system of Claim 3, therein the impulse signal has a
square waveform or a sawtooth waveform.

5. The ultrasound catheter system of Claim 1, wherein the catheter further
comprises a lumen configured to deliver a therapeutic compound to a treatment site.

6. A method of enhancing delivery of a therapeutic compound comprising:
delivering the therapeutic compound to a treatment site in a patient; and
exposing the treatment site to an ultrasonic energy generated by an oscillating

clectrical signal pattern having a rise or fall rate greater than an sinusoidal pattern for

the same amplitude and frequency.

7. The method of Claim 6, wherein the ultrasonic energy provides pressure

waves having increased pressure gradient at a leading edge and/or a trailing edge.

8. The method of Claim 6, wherein the oscillating electrical signal pattern
comprises an impulse signal.

9. The method of Claim 7, therein the impulse signal has a square waveform or
a sawtooth waveform.

10.  The method of Claim 6, wherein delivering the therapeutic compound
comprises advancing a catheter comprising a drug delivery lumen to the treatment site; and

introducing the therapeutic compound to the treatment site through the drug detivery lumen.
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11.  The method of Claim 6, wherein the therapeutic compound is delivered
systematically.
12.  The method of Claim 6, wherein the ultrasound energy is transmitted from an

external site to the treatment site.
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INTERNATIONAL SEARCH REPORT

International application No.
PCT/US 08/86713

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - A61B 17/00 (2009.01)
USPC - 604/22

According to International Patent Classification (IPC) or to both national classification and IPC

| B.  FIELDS SEARCHED

USPC: 604/22

Minimum documentation searched (classification system followed by classification symbols)

USPC: 604/22; 600/466; 601/2
See Search Terms Below

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of
pubWEST(PGPB,USPT,EPAB,JPAB); Google

sawtooth, deliver43, oscillating, external

data base and, where practicable, search terms used)

Search Terms Used: ultrasound, ultrasonic, drug, therapeutic, delivery, energy, transmit$3, pressure, gradient, catheter, sqaure,

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 2007/0265560 A1 (SOLTANI et al.) 15 November 2007 (15.11.2007) entire document, 1, 3-6, 8, 10-11
----------- especially para [0042]-[0043], [0047)-[0048], [0053], [0056], [0058], [0124], [0131]-{0134], [0143] | —--mrmreracerrememr

Y 2,7,9,12

Y US 5,267,985 A (SHIMADA et al.) 7 December 1993 (07.12.1993) col 3, In 48-59 2,7,9

Y US 2002/0055731 A1 (ATALA et al.) 9 May 2002 (09.05.2002) para {0026} 12

E] Further documents are listed in the continuation of Box C.

[]

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” carlier application of patent but published on or after the international
filing date )

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“0” document referring to an oral disclosure, use, exhibition or other
means

“P”  document published prior to the international filing date but later than

the priority date claimed

“T”  later document published afler the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X”  document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family
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Date of mailing of the international search report

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-3201

Authorized officer:

RS JANING 2p, . .

PCT Helpdesk: 571-272-430
PCT OSP: 571-272-7774

Form PCT/ISA/210 (second sheet) (April 2007)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - claims
	Page 42 - claims
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - drawings
	Page 54 - drawings
	Page 55 - drawings
	Page 56 - drawings
	Page 57 - drawings
	Page 58 - drawings
	Page 59 - wo-search-report

