METHOD AND APPARATUS FOR DRUG DELIVERY TO A TARGET SITE

PRIORITY INFORMATION
0001 The present application claims priority to U.S. Provisional Apphcation
No. 61/781,750 filed March 14, 2013, the entire contents of which is hereby expressly
ncorporated by reference.
BACKGROUND OF THE INVENTION

Field of the Invention

{a62] The present invention relates to methods and apparatuses for
increasing the efficacy of therapeutic compounds delivered to tissues affected by discase,
and more specifically, to methods and apparatuses for mcreasing the efficacy of
therapeutic cornpounds delivered to targeted tissue, such as brain tissue, using ulirasound.

Backeround of the Invention

{0063] A large number of Americans each year suffer from diseases aflecting
the brain and other parts of the bedy. Suach diseases include cancer, Alzheimer’s,
Parkinson’s Syndrome, as well as other illnesses.  However, the efficacy of such
treatroents 1s significantly reduced as a result of physiological barriers.  One such
example of a physiological barmier is the blood-brain barrier which serves as a boundary
between blood and fluid from the contral nervous system.  Such physiclogical barriers
significantly reduce the ability of therapeutic compounds placed within the bloodstream
to cross the barnier and effectively act upon targeted tissue. This is especially true for
therapeutic compounds consisting of larger molecules.  As a result, the physiological
barrier significantly reduces the ability of therapeutic compounds delivered into the
bloodstream to reach targeted tissue across the barrier therchy significantly reducing the
possibility of effective treatment of the disease.  As such, there is an inferest in
developing of targeted therapeutic compound delivery systems which can enhance the
ability of these compounds to cross such physiological barriers.

{0004] In order to treat discases affecting the brain and other paris of the
body, some current methods deliver therapeutic compounds directly to arcas affected by
the discase. For example, with respect to the brain, some current methods deliver
therapeutic compounds directly to affected tissue to bypass any complications arising as a

result of the blood-brain barrier. It is particularly important, especially in sensitive arcas
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such as the brain, to increase efficacy of such compounds placed in the bloodstream by

~

more directly targeting the affected tissue with the delivered drugs. This can reduce the
need for higher concentrations of the compounds and reduce the amount any adverse
etfects on neighboring healthy tissue.

{6005] With respect to treatment of diseases affecting the brain, current
methods and devices use various fluid fofusion technigues under pressure, sometimes
termed convection-enhanced delivery (CED), to conduct targeted therapeutic compound
delivery to targeted brain tissue. These methods mvolve connecting a purop fo a catheter
to drive fluid containing a therapeutic compound into the targeted tissue. However, since
these techniques require volumetric infusion joto a closed vessel (i.e., the cranium),
pressures within the closed vessel increase. In highly sensitive areas, such as the brain,
there i1s a Hmit to the amount of pressure increase, and therefore the amount of infusion
possible, before injuries are sustained as a result of stresses and strains caused by the
ncreased pressures. As such, liwits are placed on the amount of enhancement that can be
achieved using current CED techuiques. Additionally, current CED techniques have been
shown 1o oftentimes not reach the targeted location. Furthermore, other complications
arise which further reduce the efficacy of this treatment method such as fluid traveling
back along the catheter and away frorm the targeted area (i.¢., backflow).

{0806} Ag such, while CED therapies have shown promise, there is a general
desire to continue o improve the methods and apparatuses involved with such therapy.

SUMMARY OF THE INVENTEONS

{80671 Methods of activating and sequencing ultrasound radiating elements
are provided which increase the efficacy of therapeutic compounds delivered to targeted
tesue.  In accordance with these methods, embodiments of ultrasound catheters
configured to implement the above methods are alse incloded.

{B068] An embodiment of an ultrasound catheter for increasing the efficacy of
therapeutic compounds delivered to targeted tissue comprises an elongate tubular body
having a distal portion, a proximal portion, and a central humen. The catheter further
comprises a plurality of ultrasound radiating elements positioned within the tubular body.
A plurality of ports are located on the distal portion of the elongate tubular body, and are
configured to allow a thuid to flow through the ports.

{6639] In ancther embodiment an ultrasound catheter assembly includes an

elongate tubular body having a distal portion and a proximal portion.  The elongate
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tubular body has material propertics similar to that of standard external ventricular
draimage (EVD) catheter. A umen is formed within the elongate tubular body. The
lamen includes a plurality of ports on the distal portion of the elongate tubular body
configured to allow fhud o flow therethrough. Ap ultrasonic core is configured to be
received within the lumen of the catheter. The ultrasonic core comprises a plurality of
uhtrasound radiating elements.

{6014 In another embodiment, an ultrasound catheter comprises an elongate
tebular body having a distal portion and a proximal portion. A first drainage lumen i3
formed within the clongate tubular body. The dramage lumen inchudes a phlurality of
drainage ports on the distal portion of the elongate twbular body configured to aliow fluid
to flow therethrough. A delivery fumen is formed within the clongate tubular body., The
delivery lumen inchudes a plurality of delivery poris on the distal portion of the clongate
tebular body configured to allow fluid to flow therethrough. A plurality of ultrasound
radiating elements are positioned within the clongate tubular body,

i0018] In one method of activating ulirasound radiating elements of the
ultrasound catheters, activation of one or more ulirasound radiating elements is
configured to increase permeability in targeted tissues thereby increasing the efficacy of
a therapeutic compound. Additionally, such activation is configured to enhance mixing
of the therapeutic compound via pressure waves and/or via cavitation.

{0012} In ancther method of activating and sequencing ulirasound radiating
clements of the ultrasound catheters, activation of one or more ultrasound radiating
clements is sequenced or synchromized with the timing of delivery of a therapeutic
compound. This sequencing or synchromzation is configured to create a flow pattern at
the delivery site which can be controlled by modifying activation timing of certain
pltrascund radiating elements. The flow patiern can be chosen to delivery therapeutic
compounds directly to targeled tissue.

{00131 In yet another method of activating and sequencing ultrasound
radiating clements of an ultrasound catheter, activation of one or more ultrasound
radiating elements 18 sequenced or synchronized with the timing of debivery of multiple
therapeutic compounds through multiple dramage or delivery ports of an ultrasound
catheter. This sequencing or synchronization is configured create multiple flow patterns
at the delivery site thereby allowing the nultiple therapeutic compounds to be delivered

1o different targeted tissue.
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BRIEF DESCRIPTION OF THE DRAWINGS

{0014 Exemplary embodiments of the method and apparatus for increasing
the efficacy of therapeuntic compounds delivered to targeted tissue are illusirated i the
accompanying drawings, which are for Ulustrative purposes only. The drawings comprise
the following figures, n which hike numerals indicate like pars.

LU RY FIG. 1A is a schematic illustration of an glirasonic catheter configured
for imsertion within the cranial cavity,

[0016] FiG. 1B is an enlarged detail view of the distal end of the vltrasonic
catheter shown in FIG. 1A,

{00171 FIG. 1C 18 an enlarged detail view of the proximal end of the
ultrasomnic catheter shown in FIG. 1AL

{88181 FIG. 1D 18 a schematic illustration of a stylet that can inserted into the
ultrasomnic catheter shown in FIG 1AL

{8819 FYG. 1E dg a schematie llustration of ultrasomic core that can mserted
into the ultrasonic catheter shown in FIG LA,

[BG20] FIG, 1F 1s cross-sectional view faken through fine 1F-1F of FIG. 1A,

0621 FIG. 1G is a cross-sectional view of an ultrasonic catheter, according
to an enmtbodiment,

[6622] FIG. 1H is a cross-sectional view of an ultrasonic catheter, according
to another embodiment.

[0823] FIG. 2A i8 a schematic illustration of an vltrasonic catheter with
embedded wires,

[3624] FIG. 2B 15 an enlarged detail view of the distal end of the ultrasonic
catheter shown m FIG. 2A.

{0625] FIG. 2C is an enlarged detail view of a medial portion of the ultrasonic
catheter shown mn FIG. 2A.

[0826] FiG. 2D is an enlarged detail view of the proximal end of the
ultrasonic catheter shown in FIG. 2A.

1060271 FiG. 3 is a schematic illustration of an ultrasonic catheter partiaily
mseried inio the brain.

10628] FIG. 4A is a schematic iHlustration of an ultrasonic catheter configured

for insertion within the cranial cavity .
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{6629] FIG. 4B is a cross-sectional view taken through hine J-J of FIG. 4A.

{6030] FIG. 5A is a schematic illustration of an glirasonic catheter configured
for insertion within the cranial cavity, according to vet another embodiment

{08341 Fi(G. 5B i3 2 cross-sectional view taken through line H-H of FIG. 3A,

{00321 FIG. 6A 1s a perspective view of a feature for receiving an ultrasonic
clement.

{00331 FIG. 6B is a perspective view of another embodiment of a feature for
receiving an ulirasonic element.

{88341 FY¥G. 7A ds a schematic iHustration of an ultrasonic catheter with a
coaxial dramn port.

{04357 FIG. 78 is an axial view of the ultrasonic catheter shown in FIG. 7A.

[3836] F1G. 7C is a perspective view of the ulrasonic catheter of FIG. 7A.

[0837] FIG. 8A is a schematic illustration of an ultrasonic catheter with drain
ports proximal to the connector,

{B838] FIG. BB is a perspective view of the ultrasonic catheter of FIG. A,

{0039] FIG. 9A 13 an exploded view of an ultrasonic catheter, according to an
embodiment.
{0840] FiG. 9B is a schematic tllustration of the ultrasonic catheter shown in

FiG. 9A.

{00411 FIG. 9C is a cross-sectional view taken through line N-N of FIG. 98,

10042 FiGG. 9 is an enlarged detail view of the distal end of the vltrasonic
catheter shown in FIG. 9B.

1684531 FIG. 9F is a cross-sectional view taken through Hine M-M of FIG. 8B,

{00441 FIG. 9F is a perspective view of the ultrasonic catheter shown in FIG,
9B

{38451 FIG. 10A 1s an exploded view of an ulirasonic catheter, according o
another embodiment.

{38451 FIG. 10B is a schematic illustration of the ultrasonic catheter shown in
FIG. 10A.

006471 FIG. 10 15 a cross-sectional vigw taken through Hoe P-P of FIG, 108,

{B48] FIG. 10D is a perspective view of the spiral extrusion shown i FIG.

1OAL
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[6049]  FIG.

1A is a schematic view of a drain, accordng 1o one
embodiment.
{6050] FiG. 11B is a cross-sectional view taken through line Q-Q of FIG.
1iA,
{0851 FiG. 11C is a perspective view of the drain shown in FIG. 11A.
10852] FIG. 115 18 a schematic view of an ultrasonic core, according to one
embodiment.
1B053] FIG. T1E is a perspective view of the ultrasonic core shown in FIG.
1D,
{00541 FIG. 11F 18 a perspective view of a catheter asserobly, according to
one embodiment.
{06557 FI1G. 11G 15 a schematic view of the catheter assembly shown in FIG,
11F,

{06506] FIG. 11H is an enlarged detail view of the distal end of the drain
shown in FIG. 11A.
[0857] FIG. 111 4s an enlarged detail view of the distal end of the ultrasonic
core shown in FIG. 11D,
[0858] FIG. 12A 1s a schematic view of an ulirasonic core wire, according to
one embodiment.
{04159

FIG. 12B is a perspective view of an ulirasonic core wire with
uhtrasonic transducers affixed thereto.

{6860

FiG. 12C 1s a perspective view of an ultrasonic core wire with a
polyimide shell surrounding ulirasonic transducers,

60611 FIG.

3 is a schematic Hustration of an ulirasonic element within a
fhud-filled charnber, according to one embodiment.
{00621

Fi3. 14 is a block diagram of a feedback control system for use with
an ulirasonic catheter.
10863] FIG. 15 1s a table histing certain features of various embodiments of an
ultrasomic catheter.
{3064}

FIG. 16A is a perspective view of an ultrasonic catheter, according o
another embodiment.
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{0865] FIGH. 16B-D are enlarged detail views of the distal portion of the
uhtrasonic catheter shown in FIG. 16A. s a schematic ilustration of the ultrasonic
catheter shown n FIG. 10A.

{0866] FIG. 16F is a schematic illustration of wires and ultrasonic radiating
members embedded within the ulirtasonic catheter shown in FIG. 16A.

1060671 FiG. 17A-D illustrates potential sequencing and synchronization of
activation of ultrasonic radiating clements within an ulirasound catheter.

{3068] FIG. 18A illustrates a cross section of an ultrasound assembly having a
chamber between an ultrasound transducer and an external surface of an elongated body.

{3869 FIG. 188 illustrates a cross section along hine “18B” of FIG. 18A,

{88701 FIG. 18C illustrates a cross section along Ine “18C” of FIG. 18C,

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

(0871 As set forth above, methods and apparatuses have been developed that
increase the efficacy of therapeutic corapounds or physician specified fluids delivered to
targeted tissue using ulirasonic energy in conjunciion with the therapeutic compound.
Disclosed herem are several exemplary embodiments of ultrasonic catheters that can be
used to enhance the efficacy of therapeutic compounds at a treatment site within a
patient's body, Also disclosed are excroplary methods for using such catheters, For
example, as discussed mn greater detail below, the ulirasonic catheters disclosed herein
can be used to deliver a therapeutic coropound to a blood clot in the brain or other part of
the body, allowing at least a portion of the blood clot to be dissolved and/or removed,
thereby reducing damage 1o brain or other bodily fissue. As an additional exarople, the
uftrasonic catheters disclosed herein can be used to deliver therapeutic comapounds, such
as cancer drugs and treatments, alkylating agents, antimetabolites, and anfi-tumor
antibiotics, to tumors and/or other drugs used fo treat conditions in the brain or other
portions of the body. Although the embodiments described herein are described primarily

in commnection with intracranial use, it should be undersiood that the cmbodiments
disclosed herein are also suitable for intraventricular use or use in other paris of the body
i other applications.  Accordingly, the term “intracranial use” can also include
infraventricular use.

{0672] As used herein, the term “therapeutic compound” refers broadly,

without Hmitation, and in addition to #s ordinary meaning, (o a drug, medicament,
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dissotution compound, genetic material or any other substance capable of effecting
physiological fumctions. Additionally, a mixture including substances such as these 1s also
encompassed within this definition of "therapeutic compound”. Examples of therapeutic
compounds inclhide thrombolytic compounds, anti-thrombosis compounds, and other
compounds used in the treatment of vascular occlusions and/or blood clots, including
compounds intended to prevent or reduce clot formation, neuroprotective agents, anti-
apoptotic agents, and neurotoxin scavenging agents. Exemplary therapeutic compounds
mclude, but are not Hmited to, heparin, urokinase, sireptokinase, tPA, viPA, BB-10153
(manufactured by British Biotech, Oxflord, UK}, plasmin, liblHa mmhibitors, desmoteplase,
caffeinol, deferoxanune, and factor Vifa. Other examples of therapeutic compounds
melude cancer drugs and treatments, alkvlating agents, antimetabolites, and anti-tumor
antibiotics and any other drug used to treat any ailment or discase such as for example,
cancer {e.g., brain cancer, hing cancer, skin cancer, etc.), Parkinson's Syndrome,
Alzheimer, and other such aiboents or diseases. Other examples mclude cancer and/or
oncological drags, ¢.g., sonodynamic drugs, used to treat to tumors and ghiomas in the
brain or other parts of the body. The methods and apparatus desceribed above can be used
to treat tumors and ghiomas.

{06731 As used herein, the terms "ultrasonic energy”, "ulirasound” and
"ultrasonic” refer broadly, without Hmitation, and in addition to thetr ordinary mcaning,
to mechanical energy transferred through longitudinal pressure or compression waves.
Ultrasonic encrgy can be emitied as continuous or pulsed waves, depending on the
parameters of a particular application. Additionally, ultrasonic energy can be emitted in
waveforms having various shapes, such as simusoidal waves, triangle waves, square
waves, or other wave forms. Ulrasonic energy includes sound waves. In certain
embodiments, the ultrasonic energy referred to herein has a frequency between about 20
kHz and about 20 MHz. For example, 1 one embodiment, the ultrasonic energy has a
frequency between about 500 kHz and about 20 MHz. In another emboediment, the
ultrasonic energy has a frequency between about | MHz and abowt 3 MHz. In yet another
embodiment, the ultrasonic energy has a frequency of about 2 MHz. In certain
embodiments described herein, the average acoustic power of the ulirasonic energy is
between about 0.01 watts and 300 watts. In one embodiment, the average acoustic power

is about 15 waits,
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{0074] As used herein, the term "ultrasound radiating element” or “ultrasound
ot ultrasonie elernent” refers broadly, without hmitation, and in addition to its ordinary
meaning, o any apparatus capable of producing oltrasonic energy. An ultrasonic
transducer, which converts electrical energy into ultrasonic energy, is an example of an
ultrasound radiating element. An exeraplary ultrasonic transducer capable of generating
ultrasonic energy from electrical energy is a piezoelectric ceramic oscillator, Piezoelectric
ceramics typically comprise a crystalline roaterial, such as quartz, that changes shape
when an electrical current is applied to the material. This change in shape, made

ciltatory by an oscillating driving signal, creates ultrasonic sound waves. fn other
embodiments, ultrasonic energy can be gencrated by an ultrasonic transducer that 13
remote from the ultrasound radiating element, and the ultrasonic energy can be
transmoitted, via, for example, a wire that 18 coupled 1o the ultrasound radiating clement.

i

o such embodiments, a "transverse wave" can be generated along the wite.  As used
herein is a wave propagated along the wire 1 which the direction of the disturbance at
cach point of the medium is perpendicular to the wave vector. Some embodiments, such
as emhodiments mcorporating a wire coupled to an ultrasound radiating clement for
cxample, are capable of gencrating transverse waves.  See eg., U.S. Patent Nos.
6,866,670, 6,660,013 and 6,652,547, the entirety of which are hereby incorporated by
reference herein.  Other embodiments without the wire can also generate fransverse
waves along the body of the catheter.

16075] In certain applications, the ulirasonic cnergy itself provides a
therapeutic effect to the paticnt. Exaroples of such therapeutic effects include blood clot
disruption; promoting temporary or permanent physiclogical changes i intraceiluiar or
imtercellular structures; rupturing micro-balloons or micro-bubbles for therapeutic
compound delivery; and increasing the permeability of the targeted cells. Increasing the
permeability of the targeted celis can thereby enhance the cfficacy of therapeutic
compounds on those targeted cells, Further information about such methods can be found
in U.S. Pat. Nos. 5,261,291 and 5,431,663,

{B075] FIGS. 1A to 1C and FIG. 1F schematically illustrate one arrangement
of an ultrasonic catheter 10 that can be used to increase the efficacy of therapeutic
compounds delivered to targeted tissae. FIG. 1B shows an enlarged detail view of a
distal portion 12 of the catheter 10 and FIG. 1T illustrates an enlarged detail view of a

proximal portion 14 of the catheter 10. In the illustrated arrangement, the olrasomic
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catheter 10 generally includes a multi-component, elongate flexible tubular body 16
having a proximal region 14 and a distal region 12. The tubular body 16 inclhudes a
flexible energy delivery section 18 located in the distal region 12. Within the distal
region 12 are located a phurality of holes 20, through which fluid roay flow into or out of
a central himen 22 (FIG. 1F) that extends though the catheter 10. Although the drainage
holes 20 are shown as circular, the shape of the holes may be varied. For instance, the
drainage holes may be oval, polygonal, or wregular. FIGS. 16 and 1H illustrate modilied
embodiments of the catheter which inchide separate Twmens for fluid dehivery and for
fluid evacuation.

{06771 The catheter 10 defines the hollow lumen 22 which allows for the free
flow of liquids between the drainage holes 20 and the proxamal port 24, For instance,
blood may flow from an arvea cxiernal to the ultrasonic catheter through the drajnage
holes 20 and into the Jumen 22. The blood may then flow proximally i the lumen 22
towards the proximal region 14 of the ulirasonic catheter, where it may be collected via
the drainage kit. In certain embodiments, any number of therapeutic compounds may be
mntroduced mto the ultrasonic catheter through the proximal end 14, The compounds,
which may be dissolved or suspended within a liquid carrier, roay flow through the Tumen
22 and towards the distal end 12 of the ulirasonic catheter, ultirately exiting the catheter
through drainage holes 20 and entering a treatment site,

{0878 In certain embodiments, negative pressure may be applied to the lamen
22 of the catheter to facilitate the flow of biood from the drainage holes 20 towards the
proximal end 14. In other embodiments, no external pressurc is applied, and the
conditions present at the treatment site arc sufficient to cause the bleod to flow
proximally through the Tumen 22, In some embodimenis, a positive pressure may be
applied to the lumen 22 of the catheter 10 in order for therapeutic compounds or other
liguids to pass distally through the tumen 22 towards the drainage holes 20, In other
embodiments, no external pressure is applicd, and the liquid is permitted to independently
flow distally and exit the drainage poris 20.

{8079 The tubular body 16 and other components of the catheter 10 can be
manufactured in accordance with a variety of techniques known to an ordinarily skilled
artisan. Suitable materials and dimensions can be readily selected based on the natural
and anatomical dimensions of the treatment site and on the desired access site. In

addition, the surface of the catheter 10 can be coated with an antimicrobial material, such
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as silver or a silver based compound. In certain embodiments, the catheter may be
biocompatible for use i the brain or other organs and tissue forup to 7 days, forap to 135
days, up to 29 days, or for up to 30 days. In one arrangement, the catheter can be coated
with a hydrophilic material.

{0801 In some embodiments, the tubular body 16 can be between about 23
and 29 centiraeters in length. In certain arrangements, the lumen 22 has a rminimun inner
diameter of about 2 millimeters and the catheter body has a maximum outer diameter of
about 6 om.

{081 In one particular embodiment, the wbuolar body 16 has material
properties similar to that of standard extemal ventricular drainage (EVD) catheters. For
example, the tubular body can be formed of radiopaque polyurcthane or silicone, which
can be provided with antimicrobial features. In such embodiments, the catheter 10 by
itself may not bave sufficient flexibility, hoop strength, kink vesistance, rigidity and
structural support to push the energy delivery section 18 through an opening in the skuli,
organ, or other tissuc and then, in turn, to a treatment site (¢.g., one of the veniricles).
Accordingly, the catheter 10 can be used in combination with a stylet 26 (FiG. 1D),
which can be positioned within the tubular body 10. in one embodiment for use in brain
tissue, the device is configured to be compatible with Newronaviagation systems by casily
accommodating the Neuronavigation system siylet. The stylet 26 can provide additional
kink resistance, rigidity and structural support to the catheter 10 such that it can be
advanced through the patients’ brain tissue to the target site. In certain erabodiments, the
stylet 26 can be configured (o be used in combination with a standard image guided EVD
placement system.  As described below, after placement, the stylet 26 can then be
removed to allow drainage through the tubular body 16, In a modified arrangement, the
ubular body 16 can be reinforced by braiding, mesh or other constructions to provide
increased kink resistance and ability to be pushed with or without a stylet.  In other
embodiments, the device can be configured to be compatible with other navigation
systems for use in other parts of the body.

{BOR2] In one embodiment, the twbaolar body energy delivery section 18 can
comprise a material that is thanner than the material comprising the tobular body proximal
region 14. In another exemplary embodiment, the tabular body energy delivery section 18
comprises a material that has a greater acoustic transparency than the material comprising

the tubular body proximal region 14. In certain embodiments, the energy delivery section

'
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18 comprises the sarme material or a material of the same thickness as the proximal region
4.

[B683] FIG. 1C shows an enlarged detail view of the proximal portion 14 of
the ultrasonic catheter 10, The proximal portion 14 includes a connector 28, In the
embodiment shown, the connector 28 coraprises a series of annular rings 30 aligned n
paralicl. The connector 28 permits the catheter 10 to be joined to a drajnage kit. For
example, in one arrangement, the connector 2¥ is counfigured to connect to a standard
EVD drainage kit that can include an attachment fitting that slides over the connector 28
ot can nchude a buckle or joint that is fastened around connector 28, Specific length and
configuration of the comnector 28 can vary according to the needs of the particular
application, and to facilitale connection with various drainage kits. Additionally, the
number of annular rings 30 may vary in certain embodiments,

{0684 In the iflusirated arrangement of FIGS. 1A-D and 1F, the catheter 10
can be use in combination with an inner core 32 (FIG. 1E) which can be inserted into the
umen 22 after the stylet 26 has been removed to deliver ultrasound cnergy to the target
site. The core 32 can include proximal hub 34 fitted on one end of the inner core 32
proximal region. One or more ultrasound radiating mombers 36 are positioned within a
distal region of the core and arc coupled by wires 38 {o the proximal hub 34. In some
embodiments, the inner core 32 can be inserted into the lumen 22 and/or along a side of
the catheter 10, In vet another arrangement, the core 32 can be inserted into the humen 22
with the distal end including the ulivasound radiating members extending outside one of
the holes positioned on the distal region of the catheter 10,

[0885] In other embodiments, the catheter 10 can include separate lumens for
dramnage and for drug delivery. FIGS. 1G and [H show cross-sectional views of two
embodimdunets of a catheter with multiple lumens. With reference to FIG. 1G, a fluid-
delivery lumen 23 is located within the wall of the catheter 10, between the outer surface
and the inner lomen 22, which may be used for ffuid evacuation. In other embodiments, a
phurality of fhad-delivery tumens 23 may be arranged within the catheter 10, Although
shown as substantially circular in cross-section, any number of shapes may be employed
to provide for optimal fhid flow through the thud-delivery tumen 23. With reference to
FIG. 1H, a separate fluid-delivery tumen 23 1is localed within a separate tobe running
longitudinally within the inner hmmen 22, In certain embodiments, a plurality of fuid-

delivery lumens 23 may be arranged within imaer humen 22, The size of fhud-delivery
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Tamen 23 may be small enough so as to not nterfere with the function of inner lamen 23
m evacuating flaid fom the treatment site.

{0086] These separaie lumens connect drainage and drug delivery holes
positioned generally at the distal end of the catheter with drug delivery and drainage poris
positioned at the proximal end of the catheter. fn one embodirnent, the device can include
separate lumens for the drug and drain delivery such that the holes and ports for drug
delivery and drainage are scparated from cach other. In some embodiments, the device
can inchide mudtiple humens for delivery of multiple drug types and/or multiple drug
concentrations.  The multiple drug lumens can also be used to farget drug delivery along
different lengths of the catheter. o some embodiments, the treatment zone (defined as
the distance bhetween the distal most and proximal most ulirasound transducer) can be
about 1 to 4 cm. 1o other embodirents, the treatment zone may extend as far as 10 e
The drug and drain ports can include tuer type fittings. The ultrasound fransducers can be
positioned near or between the drain and drug delivery holes.

{08871 FIGS. 2A-D are schematic illustrations of an ultrasonic catheter
according to another embodiment. The catheter 10 contains components similar to that
shown in FIGS. 1A-C and FIG. 1F-H. However, in this embodiment, includes wires 38
embedded within the wall of the tube. As will be cxplained below, the wires can activate
and control uftrasonic radiating clemenis located within the distal region 12 of the
catheter 10. Additionally, the catheter 10 may include thermocouples for monitoring
temperature of the treatment zone, the catheter, or surrounding arcas. o some
embodiments, cach ultrasound radiating clement is associated with a temperature sensor
that monitors the temperature of the ultrasound radiating clement. In other embodiments,
the ultrasound radiating clement itself is also a temperature sensor and can provide
terperature feedback. In certain embodiments, one or more pressure sensors are also
positioned to monitor pressure of the treatment site or of the hiquid within the lumen of
the catheter.

[0888] In the embodiment shown, the wires 38 are bundled and embedded
within the wall of the tubular body 16, In other embodiments, the wires may not be
bundied, but may, for example, cach be spaced apart from one another. Additionally, in
certain embodiments the wires may not be embedded within the wall of the tubular body
16, but may rather run within the umen 22, The wires 38 may include protective and/or

insulative coating,

'
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10891 The wires may be advantageousty configured such that they can
withstand tension apphied to the catheter. For example, the wires yoay be able to
withstand at least 3 pounds of tension. In other embodiments, the wires may be able to
withstand at feast 3.6 pounds, at least 4 pounds, or at least 4.5 pounds of tension.

H6690] The wires may also be configured such that they increase the stiffness
of the tubular body 16 as little as possible. The flexibility of the tubular body 16
facilitates the introduction of the catheter 10 into body cavities such as the cranial cavity.
It may therefore be advantageous to select wires that only minimally contribute to the
stiffness of the catheter. The wires chosen may be between 30 and 48 gauge. Tn other
embodiments, the wires may be between 33 and 45 gauge, between 36 and 47 gauge, or
between 38 and 40 gauge. The number of wires within the catheter is deferrained by the
pumber of elements and thermocouples in a particular device,

{0691 In certain embodiments, the drainage holes 20 include radit on the
outside of the holes, as can be seen in FIG. 2B. Applying a larger external radius to each
drainage hole may improve the flow of blood into the drainage holes 20 and through the
lumen of the catheter and may reduce damage to brain tissue or other tissue during
imsertion and withdrawal.  Although the drainage holes 20 are depicted as arranged in
regular rows, the patiern may vary considerably. The length of the region in which the
holes are located may be between 2 and 4 em. In certain embodiments, the length may be
between 2.5 and 3.5 em, or the length may be about 3 cm.

{68521 In the embodiment shown, the amnular rings 30 located within in the
proximal region [4 of the catheter 10 may be connected to the wires 38, In certain
embodiments, a wire may be soldered to each anmular ring 30. An elecirical contact may
then be exposed on the outer diameter of the annclar ring 30 to provide for an electrical
connection to an individual wire. By virtue of this design, each wire, and therefore each
thermocouple or element, may be addressed independently. In alternative embodiments,
two OF more wires may be soldered to an anmular ring, thereby creating & single electrical
connection. In other embodiments, the wires may meet electrical contacts at other points
within the catheter 10, Alternatively, the wires may pass through the wall of the tubular
body 16 and connect directly to external apparatuses.

{00934 FIG. 3 is a schematic illustration of an ultrasonic catheter partially
mserted into the brain. The catheter 10 may be positioned against the external surface of

the skull, with the distal portion mserted through bore 40. The bore 40 creates an access
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path through the skull 42, durs 44, and mto the brain tissue 46. Once m the brain tissue
46, excess blood resulting from hemorrhaging may be accepted into the drainage holes 20
located on the distal region of the catheter. Due to the angle of entry mto the brain, the
tubular body 16 of the catheter 10 is advantageously kink resistant, in particular around a

end. Kink resistance is advantageous at the distal region 12 of the catheter 10. As the
catheter 10 1s withdrawn from the brain tissue 46 and begins to siraighten, excess
stiffness of the catheter can vesult in the distal tip migrating mio the brain tssue 46. The
presence of the dramage holes 20 contributes to the Hexibility at the distal region 12 of
the catheter 10

{03094 In one embodiment, the device can be placed using a tunneling
technique which involves pulling the device under the scalp away from the point of entry
in the bram to reduce the probability of catheter-initiated infections. In one emabodiment,
the catheter 18 made (at least partially) of a soft and phiant silicone material {(and/or
similar material} which will move with the brain matier during therapy without causing
mjury.

{06095] Bimensions of an ulirasonic catheter may vary according to different
embodiments. For example, the Wall Factor is defined as the ratio of the outer diameter
of the tube to the wall thickness. The inventors have discovered that 3 Wall Factor of 4 is
useful in preventing kinking of the catheter. In particular, a Wall Factor of 4 may prevent
kinking of the catheter around a 10mm diameter bend, with the bend measured through
the centerline of the catheter. The area of the tubular body 16 in which kink resistance is
most advantageous is between 5 and 12 om from the distal end of the device.

{0096] ‘arious methods may be employed to impart kink resistance to the
catheler 1. For instance, the tubular body 16 may be remforced with coil to prevent
kinking of the catheter arcund bends. In other embodiments, the tubular body has a wall
thickness that is chosen (in light of the material) sufficient to prevent kinking as the
catheter is placed through a bend.

{00971 FIGS. 4A-8 illostrates one arrangement of the ultrasonic radiating
elements 36, FIG. 4B 15 an enlarged detailed view of a cross-section along hine J-J in
FIG. 4A. Ag shown, m one arrangement, the ultrasonic radiating elements 36 can be
disposed 1 the distal region 12 of the ultrasonic catheter 10, In other embodiments,
thermocouples, pressure sensors, or other elements may also be disposed within the distal

region 12, The distal region 12 may be commposed of silicone or other suitable material,
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designed with drainage holes 20 as discussed above. Uhlrasonic radiating elements 36
may be embedded within the wall of the distal region 12, surrounded by the silicone or
other material. o addition to the ultrasonic radimating elements 36, the catheter may
mclude wirmg embedded within the wall of the flexsble tubular body, as discussed in
more detail above with reference to FIGS. 2A-2D. The ultrasonic radiating elements 36
can include convective wiring, discussed i greater detail below. In various
embodiments, there may be as few as one and as many as 10 ultrasonic radiating clements
36 can be embedded with the distal region 12 of the device. The elements 36 can be
equally spaced in the treatment zone. In other embodiments, the elements 36 can be
grouped such that the spacing 1s not uniform between them. Spacing and location of the
uhtrasonic radiating elements can be based on multiple factors such as, but not limited to,
the desired control over flow characteristics and the nurmnber of drug delivery umen. To an
exemplary ernbodiment, the catheter 10 includes two ultrasonic radiating elements 36, In
this two-element configuration, the elements can be spaced apart approximately 1 om
axially, and approximately 180 degrees circumferentially. o another embodiment, the
catheter 10 includes three ultrasonic radiating elements 36, In this three-clement
configuration, the elements 36 can be spaced approximately 1 oo apart axially, and
approximately 120 degrees apart circumferentially.  As will be apparvent to the skilled
artisan, various other combinations of ultrasonic radiating elements are possible.

{0098] FIGH. 5A-B illustrates another arrangement of the distal region of an
ultrasonic catheter 10. Fi(G. 5B is an enlarged detail view of a cross-section along line H-
H in FIG. 5A. In the configuration shown, two clements are spaced approximately 180
degrees apart circumferentially, and are equidistant from the distal tip of the catheter 10.
The catheter can inchude ounly two ulirasonic radiating elements 36 in the distal region 12,
ot alternatively it may mclude four, six, cight, or more, with each pair arranged in the
configuration shown. In embodiments containing more than one pair, the pairs may be
aligned axially. Aliematively, cach pair may be rotated slightly with respect to another
pair of elements. In certain crabodiments, cach pair of radiating elements 36 are spaced
apait axially approximately 1 cm.  As will be described in greater detail below, the
circumfcrential spacing of multiple olirasonic radiating cloments can advantageously
enhance the degree of control over flow patterns and the untformity of these fow

patterns.,

)
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10699] Still referring 1o FIG. 5B, an epoxy housing 48 8 shown, surrounded
by an external layer of silicone 50. In the embodiment shown, the oltrasonic radiating
elements 36 are potied in the epoxy housing 48. The epoxy may be flush with the outer
diameter of silicone 50. The epoxy housing 48 roay have an axial length less than the
length of the distal region 12, In embodiments inchiuding vwiliple pairs of ulirasonic
radiating elements 36, cach pair of elements may be confined to a separate epoxy housing
48. In onc embodiment, the cpoxy housing 48 may have an axial length of between 0.75
and 0.2 inches. In other embodiments, the epoxy housing 48 roay have an axial length of
between 0.1 and 0.15 inches, between (.11 and 0.12 inches, or approximately 0.115
mches.

31601 FIGS. 6A-B show two embodimenis of epoxy housings 48 in which an
ulirasonic radiating element 36 may be housed. Although the housing depicted is made
from cpoxy, any suitable material may be used. For instance, the housing may be made
from rubber, polyurcthane, or any pelymer of suitable flexibility and stiffness. In
embodiments employing epoxy, the housing may be formed by filling a polyimide sleave
with epoxy followed by curing.

{0161] In some erbodiments, epoxy housings 48 may be cmbedded in the
silicone layer with the assistance of chemical adhesives. In other embodiments, the
housings 48 may additionally contain structural designs to improve the stability of the
housing within the silicone. For instance, the housing 48 shown in FIG. 6A contains a
notch 52 which, when fitted with a complementary structure of a silicone layer, may
improve the stability of the housing 48 within the silicone layer. Such structoral designs
may be used in conjunction with or independently of chemical adhesives. FIG. 6B shows
another embodiment of an epoxy housing 48, In this embodiment, the raised ridge 54 is
designed such that the top swrface may lie tlash with a silicone layer that surrounds the
epoxy housing 48, The presence of ridge 54, when positioned with a complementary
sihicone layer structure, may help lo maintain the position of the housing, and therefore of
the ultrasonic radiating element, with respect to the alirasonic catheter.

{61824 FYGS. 7A-C show an ultrasomc catheter with a modified connector 23
that can be used in combination with the mrangements and embodiments deseribed
above. The catheter 10 includes flexible tubular body. Distal to the connector 28 is the
proximal port 24, which is in communication with the tumen of the twbular body 16. In

the embodiment shown, the proximal port 24 s coaxial with the turmen of the tubular
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body 16. In use, blood from the treatment site may enter the tumen through the dramage
holes 20 Tocated on the distal region 12 of the catheter 10. Blood may then fow through
the lumen and exit through proximal port 24 mto a drainage kit. In some embodiments, a
negative pressure is applied to the Tumen of the catheter 10 1o facilitate movement of the
blood or other hiquads at the treatroent site proximally along the lumen and out the
proximal port 24. o other embodiments, no external pressure 1s applied, and the blood or
other liquid is permitted to flow from the ireatroent site to the proximal port 24, unaided
by external pressure. In certain types of treatment, the treatment site will possess
relatively high pressure such thatthe natural pressure of the treatment site may cause
blood or other liguids to flow from the treatment site proximally along the lumen, and out
the proxmmal port 24,

{0163] Blood or other liguids may be drained at defined time intervals or
contimiously throughout the treatment.  Additionally, in treatroents involving intracranial
hemorrhaging, by contimuously draining fluid, the clot, under compression, may move
towards the ultrasonic transducers for optimum ulirasound enhancement. 1o treatment of
other diseases, continuous drainage can remove potentially toxic or other unwanted fluids
from the treatment site.  Additionally, such drainage can also be used to reduce pressure

A
b
i

at the treatment site.  Such reduction in pressure can be particularly important 1n highly
seonsitive arcas such as the brain.  Additionally, therapeutic agents may pass in the
opposite direction. Such agents moay enter the proximal port 24, pass distally through the
lomen, and exit the catheter 10 through the dramnage holes 20. In some embodiments, a
positive pressure is applied fo facihitate movement of the therapeutic agent or other hguid
distally through the lumen and out the drainage boles 20. In other embodiments, no
extemal pressure is applied, and the Hguid is permitted to flow independently through the
lomen. Therapeutic agents roay be delivered in the form of a bolus within defined time
imntervals or continuoushy throughout the treatment. In order to allow for an exit path
through the proximal port 24, the connector 28 15 oriented at an angle with respect to the
ubular body 16, In some embodiments, the connector lies at an angic between 10 and 90
degrees. In other embodiments, the connector 28 les at an angle between 16 and 60

degreces, between 12 and 45 degrees, between 20 and 30 degrees, or approximately 22.5

{0184 As described above with respect to other embodiments, the connecior

28 may be configured to provide electrical conmections {o the ultrasound radiating
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elements. In the embodiments shown, however, the comnector 28 may lie at an angle with
respect to the twbular body 16, In certaim embodiments, a wire may be soldered to a
contact point on the mmer portion of connector 28, An clectrical contact may then be
exposed on the outer surface of the connector 28 to provide for an electrical connection to
an individual wire. By virtue of this design, each wire, and therefore each thermocouple
or element, may be addressed independently. In alternative embodiments, two or more
wires may be soldered to a single contact, thereby creating a single clectrical commection.
I other embodiments, the wires may meet elecirical contacts at other points within the
catheter 1. Alternatively, the wires may pass through the wall of the tobular body 16
and conmect directly to external apparatuses.

{6105] The catheter 10 may be advanced until distal region 12 reaches the
desired freatmoent site. For instance, the catheter 10 may be advanced through the cranial
cavity untit it is proxiroate to a freatroent site near the farget tissue. Therapeutic agenis
may then be debivered to the treatment site by the path described above., For instance,
thrombolytic agents may be delivered to the treatment site, in order to dissolve the blood
clot. In other instances, alkylating agents, antimetabolites, and anti-tumeor drugs and/or
antibiotics, may be delivered to the treatment site in order to penelraie into fumors. In
other jostances, other types of therapeoutic comapounds can be used and delivered 1o a
treatment ste to ifreat diseased tissue at the treatment stte. In certain embodiments,
ultrasonic energy may then be apphlied to the treatment site, as discussed above.
Ultrasonic  energy, alone or in combination with therapeutic compounds, may
advantageously expedite penetration o the target arca. The ulirasonic energy may be
applied continnously, periodically, sporadically, or otherwise.

{3166] A modified embodiment of an ultrasonic catheter with a proximal port
is shown in FIGS. BA-B. In the embodiment shown, the proximal port 24 is located on
the flexible tubular body 16 and is in commmunication with the lumen of the tubular body
16. In this configuration, the proximal port 24 is perpendicular to the axis of the tubular
body 16, as opposed fo the configuration depicted in FIGS. 7A-C, in which the proximal
port 24 is coaxial with the tubular body 16. Positioning the proximal port 24 on the wall
of the tubular body 16 removes the need for the connector to He at an angle with respect
to the tubular body 16,

{01671 As discussed above, therapeutic agents may flow through proximal

port 24, distally through the lumen, and may exit the catheter 10 through the drainage
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holes 20 in distal region 12, Additionally, blood or other Hguid may Jow in the opposite
direction, enlering the catheter through dratnage holes 20, fJowing proximally through the
lamen, and exiting the catheter 10 through proximal port 24 and mto a dramage kit or
other disposal means. Ullrasonic energy may also be applied periodically, continuously,
sporadically, or otherwise throughout the process as desired. In cerfain embodiments,
external pressure, negative or positive, roay be applied in order to facilitate movement of
Haguids from the proximal port 24 through the tumen and out dratnage holes 20, or in the
opposite direction.  In other embodiments, Hquids are permitted to flow through the
lamen, unaided by external pressure.

{168} FIGS. 9A-F illustrate another arrangement for arranging the wires of
an ulirasonic catheter. This arrangement can be used with the embodiments and
arrangements described above. o this arrangement, a spiral groove extrusion 56 provides
structural support to the tubular body 16, In cerfain emobodiments, the groove extrusion
56 may be replaced by a simtlar structure formed by molding or any other method. The
spiral groove design can provide tmoproved kink resistance compared to a solid structure.
The spival groove extrusion 56 may be formed of a variety of different materials, For
example, in one arrangement, metallic ribbons can be used because of their strength-to-
weight ratios, fibrous materials (both synthetic and natural). o certain embodiments,
statnless steel or tungsten alloys may be used to form the spiral groove extrusion 56, In
certain embodiments, more malleable metals and allovs, e.g. gold, platinum, pailadivm,
rhodium, etc. may be used. A platinurg alloy with a small percentage of tungsien may be
preferved due to its radiopacity. A sleeve 58 is arranged to shide over the spiral groove
extrusion 56. The material for siceve 58 may be formed of almost any biocompatible
material, such as polyvinyl acetate or any biocorpatible plastic or metal alloy.  Iistal
extrusion 60 can house ultrasonic elernents as well as dramage holes 20, The distal
extrusion 60 can be formed of matenals such as those described above with respect to
spiral groove extrusion 56. Wires 38 are affixed to the distal extrusion 60 and connected
to thermocouple or ultrascund radiating clements. A distal tip 62 is fitted fo the end of
distal extrusion 60.

{0189] FiG. 9C shows a cross-sectional view of the tubular body 16 taken
along tine N-N of FIG. 9B, Outer diameter 64 may be approximately 0.2 inches. In other
embodiments, the outer diameter 64 may be approximately 0.213 inches. The inner

diameter 66 may be approximately 0.1 inches. In other embodiments, the inner diameter
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may be approximately 0,106 inches. As will be apparent, the dimensions of the mner and
outer diameters will be selected according to the application intended based on, e.g., the
diameter of the access path through the skoll, the treatment site, the volume of therapeutic
agent dehivered, and anticipated volume of blood 10 be drained.

{01104 In the embodiment shown, the distal exirusion 60 may contain a
window 68 in which an ulirasound radiating eclersent may be affixed. In other
embodiments, multiple ulirasonic radiating elements, cach with a corresponding window
68, may be emploved. As discussed above, the number, orientation, and relation of the
ultrasonic radiating elements 36 may vary widely.

{0111 FiGG. 9E shows a cross-sectional view of distal extrusion 60 taken
along line M-M of FIG. 9D. The drainage holes 20 are, in the embodiment shown,
longitudinal gaps in the external surface of the distal extrusion 60. As can be seen in
FiG. 9, the distal exirusion 60 contains four drainage holes 20, cach positioned
approximately 90 degrees apart circumferentially. In other embodiments, two or three
longitudinal drainage holes may be cmployed. In exemplary embodiments, five or more
longitudinal drainage holes may be used.

{6112} FIGS. 10A-D show another embodiment of an ulirasonic catheter. As
with FIGS. 9A-F, a spiral groove exirgsion 56 provides the structural support to the
flexible tubular body 16. Slecve 58 is dimensioned (o fit over the spiral extrusion 56, In
the embodiment shown, the distal extrusion 60 has been exchluded. Instead, the spiral
extrusion 56 includes at s distal end drainage heoles 20. Additionaily, sleeve 58 also
contains holes 70 designed to align with the drainage holes 20 of the spiral groove
extrusion 56. In some embodiments, the spiral extrusion 56 and slecve 58 may be joined
betore drainage holes 20 are drilled through both layers. Wires 38 are comnected (o
sltrascund radiating elements 36, In the embodiment shown, the ultrasound radiating
clements 36 and wires 38 are arranged to He between the spival extrusion 56 and the
sleeve 58.  As discussed above, the wires may be arranged in various other
configurations. In certain embodiments, the wires may be arranged to lie within the spiral
aroove.

{01134 FIG. 10C shows a cross-sectional view of the proximal region of the
ultrasonic catheter taken along line P-P of FIG. [0B. The outer diameter 64 of the
flexible tubular body 16 may be approxamately 0.2 inches. In certain embodiments, the

outer diameter 64 may be approximately 0.197 mches. The joner diameter 66 of the


tly
Rectangle


flexable twbular body 16 may be approximately (.01 inches. Iu certain embodiments, the
mmer diaroeter 66 may be approximately 0.098 mches.  As described above, the
dimensions of the inner and cuter diameters may vary based on the intended application.

{0114 As can be seen in FIG. 1003, in certain embodiments the spiral groove
may become straight at the distal region 12 of the catheter. In this arrangement, the
straightened region permits drainage holes 20 to be drilled in an arrangement of rows.
Additionatly, ulirasonic radiating clements 36 and wires 38 may be arranged to He within
the straight pottion of the groove,

{0115] FIG. 11A-1 show an ultrasonic catheter assembly according to one
embodiment, i which a coaxial ultrasonic core is introduced inte a scparate exiernal
drain.

[0116] FiGs. 11A-C illustrate one cmbodiment of a drain 96, The distal
portion 98 of the drain 96 includes drainage holes 104, In a preferred embodiment, the
drainage holes 100 may span approximately 3em along the distal portion 98, In other
embodiments, the drainage holes 100 may span shorter or longer distances, as desired.
The drain 96 comprises an ¢longate tubular body 102, and may include distance markers
104. Distance markers 184 may be, for instance, colored stripes that surround the drain.
In other embodiments, the distance markers 104 may be notches, grooves, radiopague
material, or any other material or structure that allows the regions to be visualized. The
distance markers 104 may be spaced apart at regular intervals, for mstance, every Zem,
Scm, or other distance. In other embodiments they may be spaced in gradually increasing
imtervals, gradually decreasing ntervals, frregudarly, or in any other manner. In some
embodiments, the distance between each marker will be writien onto external surface of
the drain. The presence of distance markers 104 may advantageously facilitate careful
placement of the drain at a treatment site. In modified emmbodiments, a sature wing may
be positioned at about 6 inches along the length of the catheter. Allowing a physician (o
visually observe the distance that the drain is advanced may improve control and
placement precision.

8117y The drain 96 ivcludes a central lamen 106 which allows for the free
flow of biguids from the drainage holes 100 tfowards the proximal portion 108 of the
dram. As will be discussed in more detail below, in certain embodiments, any number of
therapeutic compounds may be passed through the lumen 106 and out the drainage holes

100, where they then enter a treatment site.  The diameter of the lumen may be
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approximately 2.2mm, with an approximale outer dismeter of 4.4mm.  In other
embodiments, these diameters may be larger or smaller, as desired.  As will be apparent
to one of skill in the art, the inner and cuter diameters of the drain 96 will be chosen
based on desired reatment site, thud flow rate through the lumen, the material used to
construct the drain, and the size of the ullrasonic core or any other clement intended to
pass therethrough. In one arrangement, the drain may operate at a flow rate of
approximately 20 mi per hour, at a pressure of 10 mmHg.

{0118] FiGs. 11D-E show one embodiment of an ulrasonic core 110, The
ultrasonic core 110 comprises an elongate shaft 112 and hub 114, Ultrasonic clements 36
arc positioned coaxially with the elongate shaft 112, In certain cmbodiments, the
ultrasonic core includes between one and four ultrasonic elements 36,  In other
embodiments, five or more ulirasonic clements 36 may be included. The clongate shaft
112 is dimensioned so as to be rerovably received within drain 96, Accordingly, in
certain erobodiments, the outer diameter of the clongate shafl is approximately §.8mm,
and the length of the elongate shaft is approximately 31cn

{6119] The hub 114 is attached to clongate shaft 112 through a tapered collar
116, A proximal fluid port 118 is in fluid communication with the hub. Fluids, such as
therapeutic drogs, may be injected down the core through proximal fluid port 118 towards
the treatment zone. Introducing fluids in this manner may pormit the use of a smaller
bolus of therapeutic drug as compared to intreducing {luids through the drain as discussed
above. Alternatively, fluids may be injected into the fumen 106 of drain 96 through use
of & Tuohy-Borst adapter attached thereto.  Imjecting fhuids through the lumen 106 of the
drain 96 may require fower injection pressure, although a larger bolus of therapeutic drug
may be necessary. In either configuration, the therapeutic drug ultimately flows out of
drainage holes 100 located in the distal region 98 of drain 96.

161267 FiGs, 11F-1 tHustrate the catheter assembly 120 in which ultrasonic
core 110 is inserted within lumen 106 of drain 96. In certamn embodiments, the drain 96
may be advanced to the treatment site, followed by insertion of the ultrasonic core 116
within the drain. For instance, the drain may be tunneled under the scalp, throagh a bore
in the skoll, and into the brain. Then the ultrasonic core 110 may be inserted into the
drain 96, and advanced until the elongate shafl 112 reaches the distal region 98 of drain

96.
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{61211 Upon insertion, ultrasonic clements 36 may be positioned near the
drainage holes 100, allowing for the application of ultrasonic energy to the treatment site.
As can be seen in FIGS. UUH and 1L the distal end of the clongate shaft 112 of
ultrasonic core 110 may inchide one or more ultrasonic clements 36, When advanced
into the distal region 9% of drain 96, the ulirasonic radiating clement 36 would be located
within the region containing drainage holes 100, As discussed in more detail above,
application of ultrasonic encrgy 1o a treatrent site may aid fo dissolution of a blood clot
ot in penetration of therapeutic compounds to a tumor or other targeted tissue.

10122] With reference now 1o Figures 12A and 128, in aliemative
embodiments two separate lumens may be included, one for fluid evacuation and one for
flmd delivery. In cerfain embodiments, continuous fluid flow may be possible. For
example, apphication of positive pressure at the drug delivery port and simultancous
application of vacuum at the drainage port may provide for continuous removal of toxic
blood components. Alternatively, influx and effhix could be accomplished separately and
imtermittenily to allow drnugs to have a working dwell time. In certain embodiments, the
catheter design could spatially separate drainage holes from drug delivery holes and inlet
ports, with the ulirasound transducers in between. The ultrasound radiating radially may
prevent influx from going directly to efflux.

[0123] FIG. 12A-C illustrate one embodiment of an alirasonic element and
core wire. The ultrasonic core wire [ 14 comprises locking apertures [16 and pad 118
When mtegrated within a completed ultrasonic core or ultrasonic catheter, the alirasonic
core wire {14 may be embedded in silicone. The two locking apertures 116 allow for
sthicone to flow through the opening, thereby providing for a mechanical lock that secures
the element mto the silicone. The locking apertures need not be circular, but may be any
shape that permits silicone to flow therethrough to create a mechanical lock.
Additionally, in certain embodiments there may be one locking aperture 116, In other
embodiments, there may be two, three, four, or more locking apertures 116, as desired.
Ultrasonic transducers 120 are affixed 1o either side of pad 118, RF wires [22 are then
mounted to be in communication with ulirasonic transdocers 120, A polyimide shell 124
may be formed around the assernbly of the pad 118, cltrasonic transducers 120, and RF

1
i

wires 122, as shown m FIG. 12C. The polyimide shell may be oval-shape to aid in
correct orientation of the ulfrasonic element, and to minimize the use of epoxy in

manufacturing,
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{0124] FIG. 13 illustrates an ultrasonic element suspended in a {luid-filled
chamber. The fhud-flled chamber 126 is bounded circumferentially by a polyimide shell
124, with plugs 128 defining the ends of the fluid-filled chamber. Ultrasonic corve wire
114 and R¥ wires 122 penetrate one of the plugs 128 1o enter the fluid-filled chamber
126, A fluid-tight seal is provided at the point of penectration to ensure that the chamber
ctaing its fluid. Within the fluid-filled chamber 126 ave the ulirasonic transducers 120
affixed fo the ulirasonic core wire 114 and in conununication with RF wires 122, This
design may provide for several advantages over other counfigurations.  For instance,
potting ulirasonic clements in epoxy may lead to absorption of water by the epoxy,
potentially causing delamination of an ultrasonic element from the potting roaterial.
Delamination of an clement reduces the ability of the ultrasonic energy to be transforred
from the ultrasonic element to the surrounding tissue. Suspending an ultrasonic element
within a fluid-filled chamber may advantageously avoid this problem.  The ulirasonic
energy enitied by the uitrascnic elements transfers easily in fluid, and there s no risk of
delamination.  In addition, suspending ultrasonic elements within a fluid-filled chamber
may advantageocusly reduce the number of components needed for an ultrasonic core, as
well as potentially reducing assembly time,

{0125] FiG. 14 schematically illustrates one embodimeni of a feedback
control system 72 that can be used with the catheter 16, The feedback controi system 72
allows the temperature at cach temperature sensor 76 to be monitored and allows the
output power of the energy source 78 to be adjusted accordingly. In some embeodiments,
cach ultrasound radiating clement 36 is associated with a temperature sensor 76 that
monitors the temperature of the vlirasound radiating clement 36 and allows the feedback
control systern 72 to control the power delivered to cach vhirasound radiating clement 36.
In some embodiments, the ultrasound radiating element 36 itself is also a temperature
sensor 76 and can provide temperature feedback to the feedback control system 72. In
addition, the feedback control system 72 allows the pressure at each pressure sensor 80 to

¢ monitored and allows the output power of the energy source 78 to be adjusted
accordingly. A physician can, if desired, override the closed or open loop systerm.

{0126] In an exemplary ermbodiment, the feedback control system 72 includes
an energy source 78, power circuits 82 and a power calculation device 84 that 1s coupled
to the ultrasound radiating elements 36 and a pump 86, A lemperature measurement

device &8 is coupled to the temperature sensors 76 in the tubular body 16, A pressure
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measurement device 90 15 coupled o the pressure sensors 80. A processing unit 94 is
coupled to the power calculation device 84, the power circuits 82 and a user interface and
display 92.

103271 Io an cxemplary method of operation, the temperature at cach
temperature sensor 76 is determined by the temperature measurement device 88, The
processing unit 94 reccives cach determined temperature from the {emperature
measurement device 88, The determined temperature can then be displayed 1o the user at
the user mterface and display 92.

{328} In an exeraplary embodiment, the processing unit 94 includes logic for
generating a teroperature control signal. The temperature control signal is proportional to
the difference between the measured teroperature and a desived temperature. The desired
terperature can be determined by the user (as set at the user interface and display 92) or
can be preset within the processing unit 94,

{0129 In such embodiments, the temperature control signal is received by the
power circuits 82, The power circuits €2 are configured to adjust the power level, voltage,
phase and/or current of the electrical energy supplied fo the ultrasound radiating clements
36 from the encrgy source 78. For example, when the temperature control signal is above
a particular level, the power supplied to a particular group of ulirasound radiating
clements 36 is reduced in response to that temperature control signal. Simalarly, when the
temperatare control signal is below a particular level, the power supplied to a particular
group of ulirasound radiating clements 36 1s increased in response to thal temperature
control signal. After cach power adjustment, the processing unit 94 monitors the
lemperatare sensors 76 and produces another temiperature control signal which is received
by the power circuits 82,

{0130 In an exemplary method of operation, the pressure at each pressure
sensor 80 is determined by the pressure measurement device 90. The processing unit 94
receives each determined pressure from the pressure measurement device 90. The
determined pressure can then be displayed to the user at the user interface and display 92.

{0133 In an exemplary embodiment, the processing unit 94 inchides logic for
generating a pressure conirol signal. The pressure control signal is proportional to the
difference between the measured pressure and a desired pressure. The desired pressure
can be determined by the user (as sct at the user interface and display 92) or can be preset

within the processing unit 94.
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103321 As noted above, it is geoerally destrable to provide low negative
pressure to the lamen n order to reduce the risk of sucking solid matenial, such as bramn
matier or other tissue surrounding the lumen, into the tumen. Furthermore, because
reduction of ntracranial pressure 18 often desirabie in highly sensitive areas such as the
brain, it is often desirable to deliver fhuds with little pressure differential between the
delivery pressure and the mtracranial pressure around the catheter to prevent any mjury o
seunsitive tissue as a result of shear and strain caused by this pressure differential.
Accordingly, the processing unit 94 can be configured to monitor the pressure and modify
ot cease the delivery of thud and/or increase evacuation of fluid to the treatment site if
intracranial pressure mercases beyvond a specified bmit.

1333 In other embodiments, the pressure control signal is received by the
power circuits 82, The power circuits €2 are configured to adjust the power level, voltage,
phase and/or current of the clecirical energy supplied to the pump 86 from the cnergy
source 78. For example, when the pressurc conirol signal is above a particular level, the
power supplied (o a particular pump 86 is reduced in response to that pressure control
signal. Similarly, when the pressure controd signal is below a particular level, the power
supplicd to a particular pump 86 is increased in response to that pressure contrel signal
After cach power adjustment, the processing unit 94 monitors the pressure sensors 80 and
produces another pressure control signal which is received by the power circuits €2,

{01341 In an exemplary embodiment, the processing unit 94 optionally
imchides safety contrel logic. The safety control logic detects when the temperature at a

Pl
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temperatare sensor 76 and/or the pressure at a pressure sensor 80 exceeds a safety
threshold. In this case, the processing wunit 94 can be configured to provide a temperature
control signal and/or pressure control signal which causes the power circutts 82 to siop
the delivery of energy from the energy source 78 {o that particular group of ultrasound
radiating clements 36 and/or that particolar pump 86.

{01351 Consequently, each group of ultrasound radiating elernents 36 can be
identically adjusted in certain embodiments. For example, m a modified embodiment, the
power, voltage, phase, and/or current supphied to each group of ultrasound radiating
clernents 36 18 adjusted in response to the temperature sensor 76 which indicates the
highest temperature. Making voltage, phase and/or current adjustments in response (o the
temperature sensed by the temperature sensor 76 indicating the highest temperature can

reduce overheating of the treatment site.
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10136] The processing unit 94 can also be configured to receive a power
signal from the power calculation device 84. The power signal can be used to determine
the power being received by each group of ultrasound radiating clements 36 and/or purop
86. The determined power can then be displaved to the user ou the user interface and
display 92,

{01371 As described above, the feedback control system 72 can be configured
to maintain tissue adjacent to the energy delivery section 18 below a desired temperature.
For example, in certain applications, tissue at the treatment sife is to have a lemperature
mcrease of less than or equal to approximately 6 degrees C. As described above, the
ultrasound radiating elements 36 can be clectrically connected such that each group of
ultrasound radiating elements 36 generates an independent output. In certain
embodiments, the output from the power circuil maintains a selected energy for each
group of ulirasound radiating elements 36 for a selected fongih of time.

{6138] The processing unit 94 can comprise a digital or analog controbier,
such as a computer with software. In embodiments wherein the processing unit 94 is a
computer, the computer can include a central processing unit {("CPU™) coupled through a
system bus. In such embediments, the user interface and display 92 can include a mouse,
a keyboard, a disk drive, a display monitor, a nonvolatile memory systern, and/ot other
computer components. In an exemplary embodiment, program memory and/or data
memory is also coupled to the bus.

{0139 In another embodiment, i Heu of the series of power adjusiments
described above, a profile of the power to be delivered to cach group of ulirasound
radiating elements 36 can be incorporated into the processing unit 94, sach 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 elements 36 is provided according
to the preset profiles.

{01404 In an exemplary embodiment, the olrasound radiating clements are
operated i a pulsed mode. For example, in one embodiment, the time average power
supplied to the ultrasound radiating clements is between about 0.1 walts and about 2
watts. In another embodiment, the time average power supplied to the ultrasound
radiating elements is between about 0.5 watts and about 1.5 watts. In yet another
ernbodiment, the time average power supphied to the ulirasound radiating clements is

approximately 0.6 watts or approximately 1.2 watis. {n an exemplary embodiment, the
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duty cycle is between about 1% and about 50%. In another embodiment, the duty cycle is
between about 5% and about 25%. In yet another embodiment, the duty cyeles is
approximately 7.5% or approximately 15%. In an exemplary embodiment, the pulse
averaged power is between about 0.1 watls and about 20 watts. In another embodiment,
the pulse averaged power is between approximately S watts and approximately 20 watts.
fn vet another embodiment, the pulse averaged power is approximately § walls or
approximately 16 watts. The amplitude during each pulse can be constant or varied.

{1431 In an exemplary embodiment, the pulse repetition rate i3 between
about 5 Hz and about 150 Hz. In another embodiment, the pulse repetition rate is between
about 10 Hz and about 50 Hz. In yet another embodiment, the pulse repetition rafe 18
approximately 30 Hz. In an excroplary erobodiment, the pulse duration 18 between about |
mitisccond and about 50 milliseconds. o avnother embodiment, the pulse duration is
between about 1 millisecond and about 25 milliscconds. In vet another crobodiment, the
pulse duration is approximately 2.5 milliseconds or approximately 5 milliseconds.

{0147} For example, in one particular embodiment, the ulirasound radiating
clemenis are operated at an average power of approximately 0.6 watis, a duty cycle of

approximately 7.5%, a pulse repetition rate of approximately 30 Hz, a pulse average

clectrical power of approximately 8 watis and a pulse duration of approximately 2.5
milliseconds.
{0143] In an exemplary embodiment, the ultrasound radiating element ased

with the elecirical parameters described herein has an acoustic efficiency greater than
approximately 50%. In another embodiment, the ulirasound radiating clement used with
the electrical parameters described herein has an acoustic efficiency greater than
approximately 75%. As described herein, the ultrasound radiating elements can be formed
in a variety of shapes, such as, cyvlindrical (solid or hollow), flat, bar, (nangular, and the
hike. In an exemplary embodiment, the length of the olrasound radiating clement is
between about .1 em and about 0.5 ¢m, and the thickness or diameter of the ultrasound
radiating clement is between about 0.02 cm and about 0.2 om.

{81441 With reference now to FIG. 18, m one embodiment of a treatment
protocol, patients can be taken to an operating room and placed under general anesthesia
for ultrasound and drainage catheter insertion. Patients can be registered using
electromagunetic (EM) stealth, based on CT parameters for stercotactic placement of

catheters using the Medironic EM Stealth navigation system. However, as deseribed
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above, in modified embodiments, other navigation techmques and tools could be used.
Using such navigation systems, an entry point for the burr hole and hemorrhage target
location for the catheter tips can be chosen. It should be appreciated that the location of
the burr-hole or drill hole can be selected to reduce the path length between the target
tissue and the bole i the patient’s skull. In addition, it may be desirable m some cases to
approach the targeted tissue from an angle that avoids certain portions of the bram.

{6145] In the illustrated embodiment, a Stealth guidance system (or other
guidance system or technique} can used to place a 12 French peel-away inroducer
through the burr hole o the desired location in the hemorrhage, fo accoromodate
placement of the ulirasonic catheter 10. To modified arrangements, a different size and/or
type of introducer could be used and/or the ultrasonic catheter can be inserted without an
mtroducer.

{0146} Ag shown in FIG. 15, the catheter 10 can be with the peel away
imtroducer and the position confirmed by neuro-navigation or other pavigation technique.
In one embodiment, the two catheiers can then be tunneled out through a separate stab
wound in the skin and secured to the patient. A portable CT scan can be done at the
completion of the procedure to confirmm acceptable catheter placement. In one
embodiment, the distal tip of the ultrasonic catheter 10 is generally positioned long the
longitudinal center (measured along the axis of the catheter) of the hemorrhage. As
described above, in other embodiments, an ultrasonic core can be place through a lomen
in the catheter {see c.g., FIGS 1A-F). In other embodiments, the ultrasonic catheter can
be placed along side the catheter.

{0147} Ultrasound energy can be delivered for a duration sufficient to enable
adequate drug distribution i and/or around the target tissue. This can be accomphished
by either intermiltent or continuous delivery of ultrasound energy. For example,
sltrascund energy can be delivered for a set time period to adequately distribute the drug
o the target tissue, and then tumed off to allow the drug to act on the targel tissue.
Alternatively, ultrasound encrgy can be delivered substantially continuously after the
drug has been dehivered to the target tissue to continaously redistribute the drug into the
target tissue and continuously enhance the drug penetration mto such tissue. In addition,
ultrascund energy can be delivered intermitiently to reduce heating. Also, as deseribed in
U.S. Application 11/971,172, filed January 8, 2008, which is hereby incorporated by

reference herein In its entirely, the power parameters conirolling the delivery of
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ultrasound enecrgy can be randomized or varied according to complex non-linear
algorithms in order to enhance the efficacy of the ultrasound treatment.

{1148} Drug delivery can be controlled by wmonitoring, for example,
bvproducts of the metabolized drug. For example, in the treatment of blood clots with
Iytic compounds, lysis byproducts such as D-dimer in the effluent evacuated from the
blood clot can be monitored. A high and/or increasing concentration of D-dimer in the
cffhuent can indicate that Jysis of the blood clot is proceeding adequatcly, and therefore
drug delivery can be maintained, reduced or stopped. A low or decreasing concentration
of D-dimer in the effluent can indicate that lysis of the bloed clot is nadequate or slowing
ot that the clot is nearly dissolved, and therefore drug delivery can be increased if the clot
is not nearly dissolved, and reduced or stopped if lysis is almost complete.  Alternatively,
the concentration of the drug can be roonitered to determing whether more drug should be
delivered and whether freatment is complete. In some erabodiments invelving treatment
of blood clots, as lysis of the bioed clot proceeds, iytic is freed from the lysed clot,
therchy tncreasing the concentration of lytic i the effluent. Therefore, increased Iytic
conceniration can correlate to lysis completion.  One way of defermining the
concentration of lytic and/or D-dimer in the effluent is to measure the color of the effluent
that is evacuated from the blood clot.  The redder the effivent, the greater the
concentration of lytic and/or D-dimer in the effluent.

{(0149] In some embodiments, ncurcprotective drugs or agenis that assist in
the functional recovery and/or the reduction of cell and tissue damage in the brain can
also be delivered to the brain and blood clot with the methods and apparatus described
above. These neuroprotective drugs or agents can be delivered before, with, or after the
delivery of the thrombolytic drugs. Delivery of these drugs using the methods and
apparatus described above is particularly useful where the drug delivery through the
blood brain barrier 18 enhanced with ultrasound treatment, or where ultrasound enhances
cell penetration by the drug, or where the drug is sonodynamic.

10150] Another embodiment of an ultrasonic catheter is shown in FIGS. 16A-
E. Simnlar to the embodiments described above with respect to FIGS. 2A-D, the catheter
imchides wires 38 embedded within the wall of the tubular body 16, The wires 38 are
connected to and may control ultrasonic radiating elements 36 located within the distal
region 12 of the catheter 18, The wires extend from the proximal end of the tubular body

16, In certain embodiments, the wires extend more than six inches from the proximal
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end, so as to facilitale electrical connection with external devices. Drainage holes 20 are
positioned in the distal region 12 of the catheter 10, near the ulirasonic radiating clements
36. o other embodiments, thermocouples, pressure sensors, or other elements may also
be disposed within the distal region 12, The distal region {2 may be composed of
sihicone or other suitable material, designed with drainage holes 20 as discussed above.
Ultrasonic radiating clements 36 may be embedded within the wall of the distal region 12,
surrounded by the stheone or other material. In various embodiments, there may be as
few as one and as many as 10 ulirasonic radiating elements 36 can be embedded with the
distal region 12 of the device. The elements 36 can be equally spaced in the treatment
zone. In other embodiments, the eleroents 36 can be grouped such that the spacing s not
uniform between thern. In an exemplary embodiment illustrated in FIGS. 16B-D, the
catheter [0 includes four ultrasonic radiating elements 36, In this four-clement
configuration, the elements can be spaced apart as pairs, with each pair located at a
similar longitudinal position, but separated by 180 degrees circurnferentially. The pairs
of offset from one another both by 90 degrees circumferentially and by a longitudinal
distance along the length of the catheter 10, As will be apparent to the skilled arfisan,
various other combinations of ultrasonic radiating clements are possible,

{61511 In some embodiments, the ulirasound radiating clements can be used to
generaie a stcady current in a fluid around the ultrasound radiating elements.  In
embodiments where the ulirasound radiating clements are placed on or in a catheter, this
can allow the generation of a current through thud surrounding the catheter. By
generating a current through fluid surrounding the catheter, it is possible (o
advantageously direct the flow of a therapeutic compound introduced into the fhuid
towards a target arca, such as discased tissue. This can advantageously enhance the effect
of the therapeutic compound by more directly targeting only those arcas on which the
therapeutic compound should act. Accordingly, this can reduce the dosage of therapeutic
coropound thereby reducing side-effects.

{0152] Without limiting the scope of this disclosure to a particular theory of
operation, this stcady current in the fhid, known as “acoustic streaming,” can be driven
by absorption of acoustic oscillations created by the acoustic waves cmiited by the
ultrasound radiating cloments. Based on the sequence of activation, it is possible to

create fluid flow in desired directions around the catheter.
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1353 FIGS. 17A-D iilustrates potential sequencing and synchronization of
activation of ultrasonic radiating clements within an ultrasound catheter 1700 placed
within a target site 1701 of the body fncluding, but not limited to, a cavity (e.g., the
cranial cavity, a blood vessel, or a seli-created cavity ¢.g., a surgical incision) or in other
a tissuc {¢.g., a tumor, brain tissue etc.). The methods and apparatuses described below
can be used o combination with the embodiments described above with reference to
FIGK. 1A-16E.  In particular, the sequencing and synchronization of the ulirasonic
radiating clements can be used in in the embodiments described above to direct flow of a
therapeutic  compound. In an cxemplary cmbodiment, the sequencing and
synchronization can be performed by the processing unit 94 (as shown in FIG. 14) which
may additionally include logic configured 1o allow the processing unit 94 1o sclectively
activate ulirasonic radiating elemenis in an embodiment of the ultrasound catheter {e.g.,
the embodiments described above). In the illustrated embodiment, the vltrasound catheter
1700 includes ultrasound radiating clements 1702, 1704, 1706, 1708, 1710, and 1712 and
passages 1714, 1718, 1722, and 1726, Passages 1714, 1718, 1722, and 1726 are in fhud
cormomunication with fumen 1716, 1720, 1724, and 1728 respectively with each Jumen
being in fluid coramunication with a separate port at a proximal end of the catheter.
Ultrasound radiating elements 1702, 1704, 1706, 1708, 1710 and 1712 can be separate
ultrasound radiating units or separate portions of a single ultrasound radiating unit. Some
ot all of the passages 1714, 1718, 1722, and 1726 can be configured to allow therapeutic
corapounds, input info ports at the proximal end of the device, to pass through and out of
these holes. Such therapeutic compounds can be used to treat discases or atlments in any
part of the body such as vascular occlusions, blood clots, cancer, and any other type of
disease or ailment. Alternatively, some or all of the passages 1714, 1718, 1722, and
1726 can be configured to rersove fluid from the twplaniation location, through the
corresponding luren, and out of the ports at a proximoal end of the catheter.  As such,
some passages 1714, 1718, 1722, and 1726 can be used to deliver therapeutic compounds
to the target location while others can be used to remove fluids from the target location.
In other embodiments, fewer or greater numbers of radiating elements and/or drainage
holes can be used {sec ¢.g., the embodiments described above with respect to FIGS. 1A-
16E). Furthermore, in other embodiments, the radisting elements 1702, 1704, 1706,
1708, 1714, and 1712 may be placed closer to or at the center of the ultrasound catheter

1706, In some embodiments, the passages can be coupled to a common or single lamen.
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{0154] In one embodiment, the ultrasound radiating clements 1702, 1704,

1706, 1708

~r

, 1710, and 1712 are activated in sequence such that the patiern of pressure
waves created by activation of individual elements creaies a flow throughout the target
arca. For example, in one erobodiment as shown in FIG. 178, 2 first pair of ultrasound
radiating elements 1702 and 1704 are activated for a first interval at a {irst point in time
which create a first pressure wave 1730b. This pressure wave causes fluid to flow o the
directions shown by arrows 1732b and 1734b. Fluid to the left of elornent 1702 and 1704
moves in the direction of arrow 1732b while fluid to the right of clement 1702 and 1704
moves i the divection of arrow 1734b.  Subsequently, as shown jo FIG. 17C, a second
pair of ultrasound radiating clements 1706 and 1708 are activated for a second interval at
a second point in time creating a second pressure wave 1730¢. This causes fluid to flow
in the direction of arrows 1732¢ and 1734¢. Finally, as shown o FIG. 170, a third pair of
ultrasound radiating clements 1710 and 1712 are activated for a third interval at a third
poindt in time creating third pressure wave 17304, This causes fluid to flow in the
direction of arrows 1732d and 1734d.  So long as the clements are activated for a
sufficient mterval, fluid containing the therapeutic compounds can flow distal the
subsequent pair of clements, Therefore, activation of a subsequent pair of clements
causes the fluid containing the therapeutic compounds to flow even further distal the
second pair of elements.

{0155] It should be apparent to one of skill in the art that the length of the
intervals and the delay between the points in time can be configured based on the desired
flow rate and the characteristics of the fiuid. Therefore, in some embodiments, the
intervals are such that there is no overlap in activation between subsequent pairs of
ultrasound radiating elements. In other erabodiments, the intervals are such that there is
some overlap in activation between subsequent pairs of ulivasound radiating clements
such that, at least during one point in time, two pairs are simultancously activated. By
activating the ulirasound radiating elements in this sequence, prossure waves can cause
fiuid to flow from the location of the first pair of ultrasound radiating clements 1702 and
1704 to a distal end of the ultrasound catheter 1700, This flow path can potentially
educe the Hkelihood of fiuid containing the therapeutic compounds to travel against the
desired flow path {i.c., backflow} thereby delivering a more substantial amount of the
therapeutic compounds to the target arca and reducing the amount of therapeutic

compounds entering areas not targeted for treatment. It should be appreciated by one of
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skill in the art that increasing the number of ultrasound radiating elements around the
circamference of the ultrasound catheter 1700 can hkely provide a more advantageous
safeguard against backflow.

{6156] In another embodiment, the activation of ultrasound radiating clements
1702, 1704, 1706, 1708, 1710, and 1712 may be differed to change fiow patterns around
the ultrasound catheter. For example, the ulirasound radiating elernents may be activated
i sequence in the following order — 1702, 1706, 1710, 1712, 1708, and 1704 — to creale a

o
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flow path 1o which fluid along the top of the ultrasound catheter 1700 flows in a direction
from the proximal end to the distal end whereas fluid along the bottom of the wltrasound
catheter 1700 flows in a direction from the distal end to the proximal end. Such a flow
pattern can be advantageous, for example, when the top passages 1714 and 1722 are
configured to deliver therapeutic compounds o the target area and bottorn passages 1718
and 1726 are configured to remove fluid, such as toxic product, from the target arca.
Fluid flow across the fop passages 1714 and 1722 can cause therapeoutic compounds (o
pass through and out of the fop passages 1714 and 1722, Other activation sequences are
conternplated which can alier the flow characteristics around the ultrasound catheter
1700, As such, the amount of positive pressure used at the top passages 1714 and 1722
can be advantageously reduced while still being delivered fully to the target arca and the
amount of negative pressure used at the botiom passages 1718 and 1726 can also be
advantageously reduced while still removing the same amount of fluid. This can reduce
the likelihood of injuries being sustained by tissue proximate the vlirasound catheter 1700
caused cither by positive pressure or by negative pressure.

{0157] In yet another embodiment, the activation of ultrasound radiating
elements 1702, 1704, 1706, 1708, 1710, and 1712 can be synchronized with delivery of
therapeutic compounds through passages 1714, 171§, 1722, and 1726. in onc
embodiment, no pumps are attached to the separate lumen 1716, 1720, 1724, and 1728,
Rather, activation of the ultrasound radiating elements can be used to generate a flow
pattern which could subsequently cause therapeutic compounds to pass through the lomen
and out of the corresponding passages. In another embodiment, pumps are attached to the
separate lumen and arc used to gject therapeutic compounds out of the passages.
Activation of ultrasound radiating elements can be synchronized with the activation of
pumps such that therapeutic compounds delivered through different passages can be

delivered to different target locations. In one non-limiting embodiment, & pump can
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cause a first therapeutic compound {o pass out of passags 1714, Subsequent to this,
ultrasound radiating element 1702 can then be activated. To sequence, eleroent 1706 can
then be activated followed by clement 1710 such that the first therapeutic compound is
delivered to a location that is distal of element 1710, Tn this embodiment, a purop can
also cause a sccond therapeutic compounds to pass out of passage 1722, In this
embodiment, only element 706 is activated such that the second therapeutic compound
18 delivered to a location proximal the debivery location of the frst therapeutic compound.
As should be apparent to one of skill in the art, a greater number of radiating clements
along the length of the ultrasound catheter can be used 1o provide greater conirol over the
final location of the therapeutic compounds.

{01581 Devices and techniques can be used with the ultrasound radiating
clements as herein described to control the transmission of ultrasound energy.  Such
devices and techuniques can be used, for example, fo reduce the efficiency of wltrasound
energy in cerfain directions. Moreover, such devices and techniques can be used to focus
the output of ultvasound in a desired direction.

{0159] FIGS. 18A-18C iHusirate an embodiment of an ulirasound assembly
1810 having a cavity 1839 which when used with the embodiments described above can
reduce the portion of ultrasound energy transmitted in a direction towards the cavity 1830
while increasing the portion of ultrasound encergy transmitted in a direction away from the
cavity 1830, This can increase the efficiency in delivering ultrasound energy produced
from these sections in desired areas. Moreover, this can reduce the flow effects of the
ultrasound energy on fhud contained within the catheter such as fluid flow through
umens of the catheter. It should be understood that the cavity 1830 as herem described
can be used for any of the ultrasound catheters and assemblics as herein described.

{B160] The ultrasound assembly 1810 can include an elongated body 1812
having a hinen 1813 and external surface 1814, A plurality of spacers 1816 can be
positioned over the external surface 1814 of an elongated body 1812 and a member 1818
can be positioned over at least a portion of the spacers 1816, The ulirasound assembly
18160 can also include an ultrascund transdocer 1820 with an external side 1822 and an
imternal side 1824 between a first end 1826 and a second end [828. In some
embodiments, the ultrasound transducer 1820 can be positioned over the member 1818
and can surround the member 1818, In some embodiments, the ultrasound transducer

1820 can also only partially swrround the member 1818, Suitable materials for the
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member 1818 melade, but are not Iimited to, polyimide, polyester and nylon. A suitable
ultrasound transducer 1820 includes, but is not hmited to, PZ2T-4D, PZT-4, PZT-8 and
various piezoCceTarnics.

{31611 The internal side 1824 of the glirasound transducer 1820, the spacers
1816 and the member 1818 cach define a portion of a chamber 1830 between the intemnal
side 1824 of the ulirasound transducer 1820 and the exfernal surface 1814 of the
clongated body 1812, The chamber 1830 can preferably have a height botween about
.25 pmto about 10 um, more preferably between about 0.50 pm to about 3 pm, and mwost
preferably between about 1 um to about 1.5 pm. The chamber 1830 can preferably have
a width between about 12 um to about 2500 um , more preferably between about 25 pm
to about 250 um |, and most preferably between about 25 pm to about 125 ym. Of
course, other heights and widths for chamber 1830 can also be used. The member 1818
can extend beyond the first end 1826 and/or the second end 1828 of the ultrasound
transducer 1820. Additionally, the spacers 1816 can be positioned beyond the ends of the
uhtrasound transducer 1820.  As a result, the chamber 1830 can cxtend along the
longitudinal length of the ultrasound transducer 1820 to increase the portion of the
ultrasound transducer 1820 which is adjacent to the chargber 1830,

{8162} The chamber 1830 can contain a low acoustic impedance medivn,
The low acoustic impedance matertal within the chamber can reduce the portion of
ultrasound energy which is transmitted through the chamber 1830, Suitable low acoustic
impedance media include, but are not limited to, {luids such as helium, argon, air and
nitrogen and/or solids such as silicone and rubber. The chamber 1830 can also be
evacuated. Suitable pressures for an evacuated chamber 1830 inchude, but are not Himited
to, negative pressures to —760 mum He. Generally, a low acoustic impedance medium has
an acoustic imopedance less than about 1.7 Megarayls, preferably between about §
Megarayls to about 0.7 Megarayis, and more preferably between about O Megarayls (o
about 0.4 Megarayls.  Of course, acoustic impedance medinms having acoustic
impedances outsides of these ranges can also be used. it should be understood that other
methods of creating a chamber 1830 are contemplated including manufacturing a
monolithic catheter having a chamber 1830 formed therein. Additional embodiments of
such cavities as well as catheters and ultrasound assemblies can be found in U.S. Patent
No. 6,676,626, issued January 13, 2004, which is hereby cxpressly incorporated by

reference.
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{1631 While the chamber 1830 which can be filled with a low acoustic
mpedance medium to reduce transmission of ulirasound energy through the chamber
1830, it should be understood that chamber 1830 uneed not be filled with a specific
material, Moreover, while the chamber 1830 has been described as having spacers 1816
at cach end of the chamber 1830, spacers 1816 need not be attached at each end. For
example, the chamber 1830 can be formed between the elongated body 1812 and the
member 1818 with the member 1818 directly attached 1o the elongate body 1812,

3

{3164] Transmission of ultrasound energy can be affected miroducing other
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types of gaps, including ruicroscopic gaps, betweecn separate compounenis of the
ultrasound catheter. For example, in some enbodiments, one or more gaps can be created
by delaminating one or more material layers of a component of the uvltrasound catheter.
In some embodiments, the gap is not filled with any material after delamination of these
layers. In other cmbodiments, the gaps can be {iHed with an additional material after
fclamination. Such delamination can result in one or more gaps having heights lesser
than those described above with respect to the chamber 1830,

{0165] The gap can function simifar to chamber 1830 and cause mefficient
transmission of ultrasound through the portions of the ultrasound catheter having such
gaps. In some embodiments, the gap can be formed on portions of the ultrasound catheter
between the ultrasound radiating element and the central portion of the ultrasound
catheter. Accordingly, the amount of ultrasound energy transmitted towards the interior
of the ultrascund catheter can be redoced and the amount of ultrascund energy

ransmitted away from the interior of the ulirasound catheter can be enhanced. Of course,
other configurations of one or more gaps can also be chosen to alier the characteristics of
sltrascund energy and enhance the directionality of this energy. This can be particolarly
beneficial to create an ulrasound catheter having more precise targeting and/or a more
efficient device.

{31661 While the foregoing detailed description has set forth several
exemplary embodiments of the apparatus and methods of the present invention, it should
be undersiood that the above description is iltustrative only and is not hnuting of the
disclosed invention. It will be appreciaied that the specific dimensions and
configurations disclosed can differ from those described above, and that the methods

described can be used within any biological conduit within the body.
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LISTING OF EMBODIMENTS:

1. & method of ncreasing the efficacy of drugs delivered to a target
location, comprising the steps off

providing an ultrasound catheter having one or more ultrasound radiating
elements and one or more dramage holes configured to allow one or more therapeutic
compounds to pass through and out of the one or more drainage holes;

passing a therapeutic compound out of the dramage hole at the target location; and

activating the one or more ultrasound radiating elements;

wherein activating the one or more ulirasound radiating elements is configured to
mcrease the efficacy of the therapeutic compound.

2. The method of Embodiment |, wherein the ultrasound radiating
element 15 configured to merease the permeability of the targeted area.

3. The method of Erobodiment 1, wherein the step of activatimg the one
ot more ulirasound radiating elements additionally comprises activating the one or more
uhtrasound radiating elements in a sequence configured to cause fuid to fow in a desired
direction.

4, The method of Embodiment 3, wherein the {hud flows towards the

5. The method of Embodiment 3, wherein the thud flows away {rom the
target area
6. The method of Embodiment 4, wherein the ultrasound catheter further

comprises one or more puraps i fluid commwmication with the one or more drainage
holes and wherein the step of activating the one or more ultrasound radiating clements
additionally coraprises synchronizing the activation of the one or more ultrasound

radiating elements with the one or more pumps.

o

~

The method of Embodiment 6, wherein synchronization of the
activation of the one or more ulitasound radiating clements s configured fo transport
drugs to diffcrent target arcas.

& The method of Embodiment 6, wherein synchronization of the
activation of the one or more ultrasound radiating clements is configured to at least
partially causing the one or more therapeutic compounds to pass through and out of the

one or more drainage holes.
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. The method of Embodiment 3, wherein synchronization of the

activation of the one or more ultrasound radiating elements is configured to at least

partially causing the one or rore therapeutic compounds 1o pass through and out of the

one or more drainage holes.
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WHATIS CLAIMEDIS:

1. A method of delivering compounds to a target region, comprising the steps

s

advancing an ultrasound catheter to the target region, the ultrasound
catheter comprising two or more ulirasound radiating elements and a first passage

, wherein the two or more ulirasound radiating elements are spaced apart

longitudinally along the ultrasound catheter;

ntroducing a {irst therapeutic compound to the target location via the first
passage; and

sequentially activating the two or more ultrasound radiating elements such
that the first therapeutic compound is directed to a first target area.

2. The method of Claim 1, wherein the step of sequentially activating the two
ot more ultrasound radiating clemenis compriscs alternately activating adjacent
uhtrasound radiating elements such that at least & portion of the thud proximate a
proximal-most ultrasound radiating element flows distal the activated ultrasound
radiating elements.

3. The method of Clanms 1 or 2, wherem the siep of sequentially activating
the two or more ultrasound radiating elements comprises alternately activating adjacent
uhtrasound radiating elements such that at east a portion of the fluid proximate a distal-
most radiating element Hows proximal the activated ultrasound radiating elements.

4. The method according to any of Claims 1 to 3, wherein the step of
sequentially  activating the two or mwore ultrasound radiating clements comprises
simultancously activating two or more ulirasound radiating clements such that at least a
portion of the fluid remains between the activated ultrasound radiating elements.

5. The method according to any of Claims 1 to 4, wherein step of introducing
a first therapeutic compound into the farget region comprises activating a first pump in
fluid communication with the first passage.

6. The method according to any of Claims 1 1o 5, further comprising
synchronizing the activation of the two or more ultrasound radiating clements with the
activation of the first purap such that the fivst therapeutic compound is directed to the first
target arca

7. The method according to any of Claios 1 to 6, wherein the ultrasound

catheter further comprises a second passage.
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3. The method of Claim 7, {urther comprising draining fluid from the cavity
through the second passage.

. The method according to Claim 7, further comprising introeducing a second
therapeutic compound into the cavity via the second passage and sequentially activating
the two or more ulirasound radiating elements such that the second therapeutic compound
18 directed to a second target area.

10. The method according to any of Claims 1 to 9, further comprising
mereasing the permeability of the target region using at least one of the first and second
uhtrasound radiating elements.

1. An apparatus for delivering drugs to a target region, the apparatus
comprising:

an ultrasound catheter comprising:
a tubular body comprising a first tuen;
two  or more ultrasound  radiating  clements  spaced  apart
longitudimally along the tibular body; and
a {irst passage in fluid conmounication with the humen; and
a processing unit, the processing unit configured to selectively activate
ulirasound radiating elements to control the flow of a fluid surrounding the
ulirasound catheter.

12. The apparatus of Claim 11, further comprising a pump i thad
comomunication with the lumen, the pumyp configured to pump a first therapeutic
corpound through the lumen and out of the first passage.

13. The apparatus of Clairg 11 or 12, further comprising a second passage in
fluid communication with a second lumen.

14. The apparatus of Claim 13, further comprising a second pump in fluid
corpmunication with the second humen.

15. The apparatus of Claim 11, wherein the processing unit is configured to
alternately activate adjacent ultrasound radiating clements such that at feast a portion of
the fluid proximate a proximal-most ultrasound radiating clement flows distal the
activated ulirasound radiating elernents.

16. The apparatus of Claim 11, wherein the processing unit is configured to

alternately activate adjacent ultrasound radiating clements such that at feast a portion of
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the fluid proxmmate & distal-most radiating eclement flows proximal the activated
uhtrasound radiating elements.

17. The apparatus of Claim 11, wherein the processing unit is configured to
simultaneously activaie two or more ulirasound radiating elements such that at least a

portion of the fhiid remains between the activated ultrasound radiating elements.
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