(12) STANDARD PATENT (11) Application No. AU 2018367404 B2
(19) AUSTRALIAN PATENT OFFICE

(54)

(51)

(21)
(87)
(30)

(31)
(43)
(44)
(71)

(72)

(74)

(56)

Title
Low profile electrodes for a shock wave catheter

International Patent Classification(s)
A61B 17/22 (2006.01) A61B 18/14 (2006.01)

Application No: 2018367404 (22) Date of Filing:  2018.11.02
WIPO No:  WO019/099218

Priority Data

Number (32) Date (33) Country
15/817,073 2017.11.17 us
Publication Date: 2019.05.23

Accepted Journal Date: 2022.10.20

Applicant(s)
Shockwave Medical, Inc.

Inventor(s)
NGUYEN, Hoa D.;VO, Khanh

Agent / Attorney
Pizzeys Patent and Trade Mark Attorneys Pty Ltd, GPO Box 1374, Brisbane, QLD, 4001,
AU

Related Art
WO 2014/025397 A1




wo 2019/099218 A1 | NI 000 T 0000000 000 00 0

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

World Intellectual Propert J
(o wer Orgmiation 2 U0 OO0 OO0 00 O A0

International Bureau

/ (10) International Publication Number
(43) International Publication Date = WO 2019/099218 Al
23 May 2019 (23.05.2019) WIRPOIPCT
(51) International Patent Classification: Dz, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
A61B 17/22 (2006.01) AG6IB 18/14 (2006.01) HOR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,

KR,KW,KZ, LA, LC,LK,LR, LS, LU, LY, MA, MD, ME,

(21) International Application Number: MG, MK, MN, MW, MX, MY, MZ. NA, NG, NI NO, NZ.

PCT/US2018/059083 OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,

(22) International Filing Date: SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
02 November 2018 (02.11.2018) TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW,

(25) Filing Language: English  (84) Designated States (unless otherwise indicated, for every

L . . kind of regional protection available): ARIPO (BW, GH,

(26) Publication Language: English GM. KE. LR, LS, MW, MZ. NA. RW, SD. SL. ST. SZ. TZ.

(30) Priority Data: UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,

15/817,073 17 November 2017 (17.11.2017) US TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,

X EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
(71) Applicant: SHQCKWAVE MEDI'CAL, INC. [US/USL MC, MK, MT, NL, NO, PL, PT. RO. RS, SE. SI, SK, SM.
48591 Warm Springs Boulevard, Suite 108, Fremont, Cali- TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ, GW,
fornia 94539 (US). KM, ML, MR, NE, SN, TD, TG).
(72) Inventors: NGUYEN, Hoa D.; 48501 Warm Springs
Boulevard, Suite 108, Fremont, California 94539 (US). VO, Published:
Khanh; 48501 Warm Springs Boulevard, Suite 108, Fre- —  with international search report (Art. 21(3))
mont, California 94539 (US).

(74) Agent: STALLMAN, Michael, Morrison & Foerster LLP,
425 Market Street, San Francisco, California 94105 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL,CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,

(54) Title: LOW PROFILE ELECTRODES FOR A SHOCK WAVE CATHETER

(57) Abstract: The invention provides a device for generating shock waves. The

device may comprise an elongated tube and a conductive sheath circumferentially

mounted around the elongated tube. The device may further comprise first and

f second insulated wires extending along the outer surface of the elongated tube. A

200~ /@L portion of the first insulated wire is removed to form a first inner electrode, which
is adjacent to a first side edge of the conductive sheath. A portion of the second
insulated wire is removed to form a second inner electrode, which is adjacent to
a second side edge of the conductive sheath. Responsive to a high voltage being
applied across the first inner electrode and the second inner electrode, a first shock
wave is created across the first side edge and the first inner electrode, and a second
shock wave is created across the second side edge and the second inner electrode.

FiG. 2A



WO 2019/099218 PCT/US2018/059083

LOW PROFILE ELECTRODES FOR A SHOCK WAVE CATHETER

Cross-Reference to Related Applications

{0601] This application claims benefit of U.S. Non-Provisional Patent Application No.
15/817,073 filed November 17, 2017 of which s hereby incorporated by reference in their

entirety.

[0602] The present disclosure relates generally to shock wave electrodes, and more

specifically, to electrodes for the generation of shock waves within vascular structures.

BACKGROUND

{6003] The present invention relates to a treatment system for percutaneous coronary
angioplasty or peripheral angioplasty in which an angioplasty balloon is used to dilate a lesion
{e.g., calcified lesion) and restore normal blood flow in the artery. In this type of procedure, a
catheter carrying a balloon 1s advanced into the vasculature along a guide wire until the balloon
is aligned with caleified plaques. The balloon is then pressurized to reduce or break the calcified

plagues and push them back into the vessel wall.

[0004] More recently, the assignee herein has developed a treatment system that includes
electrodes within an angioplasty type balloon. In use, the balloon s advanced to the region of an
occlusion. The balloon is then partially pressurized with a conductive fluid. A senies of high
voltage pulses are applied to the electrodes within the balloon, with each pulse generating a
shock wave in the conductive fluid. The shock waves pass through the balloon wall and nto the
occlusion, cracking the calcified plagues. Once the calcified plaques are cracked, the balloon
can be further expanded to open the vessel. Such system 1s disclosed in U.S. Patent No.
8,956,371 and U.S. Patent No. 8,888,788, both of which are mcorporated herein by reference.
Further, the assignee herein has developed techmiques for providing an electrode on the tip of a
guide wire for generating forward directed shock waves. This approach is disclosed in U.S.

Patent Publication No. 2015/0320432, also mcorporated herem by reference.
9 o
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{0005] The present invention relates to yet another alternative for placing shock wave
electrodes near an occlusion. This approach can be used along or in conjunction with an
angioplasty balloon.

BRIEF SUMMARY
{0606] The invention provides a device for generating shock waves. In some embodiments,
the device comprises an elongated tube and a conductive sheath circumferentially mounted
around the elongated tube. The device further comprises a first insulated wire extending along
the outer surface of the elongated tube and a second insulated wire extending along the outer
surface of the elongated tube. A portion of the first insulated wire is removed to form a first
mnner electrode and the first inner electrode 1s adjacent to a first side edge of the conductive
sheath. A portion of the second msulated wire s removed to form a second inner electrode and
the second inner electrode 15 adjacent to a second side edge of the conductive sheath. When a
high voltage 1s applied across the first inner electrode and the second mner electrode, a current s
configured to flow from the first wire to the first side edge of the conductive sheath and from the
second side edge of the conductive sheath to the second wire. A first shock wave is created
across the first side edge of the conductive sheath and the furst inner electrode, and a second
shock wave is created across the second side edge of the conductive sheath and the second mner

electrode.

{0667} In some embodiments, the device comprises an elongated tube and three conductive
sheaths each circumferentially mounted around the elongated tube. The device further comprises
a first insulated wire, a second nsulated wire, a third insulated wire, and an insulated common
ground wire, each extending along the outer surface of the elongated tube. A portion of the first
insulated wire 1s removed to form a first inner electrode; two portions of the second insulated
wire are removed to form a second inner electrode and a third moer electrode; two portions of
the third msulated wire are removed to form a fourth inner electrode and a fifth inner electrode; a
portion of the 1nsulated common ground wire 1s removed to form a sixth inner electrode. Whena
high voltage 1s applied across the first wire and the nsulated common ground wire, a current s
configured to flow from the first wire to a first side edge of the first conductive sheath, from a
second side edge of the first conductive sheath to the second wire, from the second wire to a first
side edge of the second conductive sheath, from a second side edge of the second conductive
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sheath to the third wire, from the third wire to a first side edge of the third conductive sheath,
from a second side edge of the third conductive sheath to the msulated common ground wire.
Accordingly, a first shock wave 1s created across the first side edge of the first conductive sheath
and the first inner electrode, a second shock wave 1s created across the second side edge of the
first conductive sheath and the second inner electrode. a third shock wave is created across the
first side edge of the second conductive sheath and the third inner electrode, a fourth shock wave
is created across the second side edge of the second conductive sheath and the fourth nner
electrode, a fifth shock wave is created across the first side edge of the third conductive sheath
and the fifth inner electrode, and a sixth shock wave 1s created across the second side edge of the

third conductive sheath and the sixth inner electrode.

[0008] In some embodiments, a device for generating shock waves comprises an elongated
tube and four conductive sheaths each circumferentially mounted around the elongated tube.

The device further comprises a first insulated wire, a second insulated wire, a thurd msulated
wire, a fourth insulated wire, and an msulated common ground wire, each extending along the
outer surface of the elongated tube. A portion of the first insulated wire ts removed to form a
first inner electrode; two portions of the second nsulated wire are removed to form a second
nner electrode and a third inner electrode; a portion of the third insulated wire is rermoved to
form a fifth inner electrode; two portions of the fourth msulated wire are removed to form a sixth
mner electrode and a seventh mner electrode; two portions of the insulated common ground wire
are removed to form a fourth mner electrode and an eighth inner electrode. When a hugh voltage
15 applied across the first wire and the insulated common ground wire, a first current is
configured to flow from the first wire to a first side edge of the first conductive sheath to
generate a first shock wave across the first side edge of the first conductive sheath and the first
mner electrode, from a second side edge of the first conductive sheath to the second wire to
generate a second shock wave across the second side edge of the first conductive sheath and the
second mner electrode, from the second wire to a first side edge of the second conductive sheath
to generate a third shock wave across the first side edge of the second conductive sheath and the
third inner electrode, from a second side edge of the second conductive sheath to the mnsulated
common ground wire to generate a fourth shock wave across the second side edge of the second
conductive sheath and the fourth inner electrode. When a high voltage is apphied across the third

wire and the insulated common ground wire, 3 second current is configured to flow from the

5
2



WO 2019/099218 PCT/US2018/059083

third msulated wire to a first side edge of the third conductive sheath to generate a fifth shock
wave across the first side edge of the third conductive sheath and the fifth inner electrode, from a
second side edge of the third conductive sheath to the fourth insulated wire to generate a sixth
shock wave across the second side edge of the third conductive sheath and the sixth inner
electrode, from the fourth insulated wire to a first side edge of the fourth conductive sheath to
generate a seventh shock wave across the first side edge of the fourth conductive sheath and the
seventh inner electrode, and from a second side edge of the fourth conductive sheath to the
insulated common ground wire o generate an eighth shock wave across the second side edge of

the fourth conductive sheath and the eighth inner electrode.

DESCRIPTION OF THE FIGURES

{0009] F1G. 1 depicts an exemplary shock wave angioplasty device having a plurality of

electrode assemblies, in accordance with some embodimenis.

{0010] FIG. 2A depicts a set of shock wave electrode assemblies in an exemplary shock
wave angioplasty device that may be activated to generate shock waves at 4 locations, in

accordance with some embodiments.

{001 1] FIG. 2B depicts the connectivity between a plurality of inner electrodes and sheaths

to attain the configuration of FIG. 24, in accordance with some embodiments.

{0012} FIG. 2C depicts an exemplary electrode assembly, in accordance with some

embodiments.

{0013} FIG. 2D depicts an exemplary electrode assembly, in accordance with some

embodiments.

[0014] FIG. 2E schematically depicts an electrical diagram of the configuration of FIG. 24,

in accordance with some embodiments.

[6015] FIG. 3A depicts a set of shock wave electrode assemblies in an exemplary shock
wave angioplasty device that may be activated to generate shock waves at 6 locations,

accordance with some embodiments.
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{0016} FIG. 3B depicts the connectivity between a plurality of inner electrodes and sheaths

to attain the configuration of FIG. 3 A, in accordance with some embodiments.

{0017} FIG. 4A depicts a set of shock wave electrode assemblies in an exemplary shock
wave angioplasty device that may be activated to generate shock waves at 8 locations,

accordance with some embodiments.

{0618] F1G. 4B depicts the connectivity between a plurality of inner electrodes and sheaths

to attain the configuration of FI(G. 4A, in accordance with some embodiments.

{0619] F1G. 4C schematically depicts an electrical diagram of the configuration of FIG. 4A,

in accordance with some embodiments.

{0620} F1G. 4D schematically depicts an electrical diagram of the configuration of FIG. 4A,

in accordance with some embodiments.

{0621] FI1G. 5 depicts a set of shock wave electrode assemblies in an exemplary shock wave
angioplasty device that may be activated to generate shock waves at 10 locations, in accordance

with some embodiments.

[0022] FIG. 6A depicts an exemplary sheath that may be used in an electrode assembly, m

accordance with some embodiments.

[6023] FIG. 6B depicts an exemplary sheath that may be used in an electrode assembly, in

accordance with some embodiments.

[0024] FI1G. 6C depicts an exemplary sheath that may be used in an electrode assembly, in

accordance with some embodiments.

[0025] FI1G. 6D depicts an exemplary sheath that may be used in an electrode assembly, in

accordance with some embodunents.

{0026] FI1G. 7A depicts an exemplary construction of an electrode assembly, 1n accordance

with some embodiments.
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10027} FIG. 7B depicts an exemplary construction of an electrode assembly, in accordance

with some embodiments.

{0028] FIG. 7C depicts an exemplary construction of an electrode assembly, in accordance

with some embodiments.

DETAILED DESCRIPTION
{0029} The following description is presented to enable a person of ordinary skill in the art to
make and use the various embodiments. Descriptions of specific devices, techniques, and
applications are provided only as examples. Various medifications to the examples described
herem will be readily apparent to those of ordinary skill in the art, and the general principles
defined herein may be applied to other examples and applications without departing from the
spirit and scope of the various embodiments. Thus, the various embodiments are not intended to
be himited to the examples described herein and shown, but are to be accorded the scope

consistent with the claims.

{0030} The assignee herein has developed a number of low-profile shock wave electrodes
that may be suitable for use 1n angioplasty and/or valvuloplasty procedures. For example, in
U.S. Pat. No. §,888,788, the assignee discloses a low-profile electrode assembly comprising an
mner electrode, an insulating layer overlaying the inner electrode, and an outer electrode. The
outer electrode may be a conductive sheath having a central opening that is coaxially aligned
with an opening in the insulating layer. In operation, plasma arcs can be formed across the inner
electrode and the opening in the outer electrode to generate shock waves. The above-described
design reduces the crossing-profile of the shock wave device because the inner electrode, the
outer electrode, and the msulating layer are stacked, thus allowing the shock wave device to

eastly navigate through, access, and treat target vascular tissues.

{0031} In operation, the plasma arcs generated across the mner electrode and the outer
electrode cause erosion in the conductive sheath, resulting in widening of the opening in both
directions. As the opening widens, it becomes more difficult to control the generation, location,
and/or magnitude of plasma arcs {and therefore shock waves), thus negatively impacting the

longevity of the electrode assembly.
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{0032} Described herein are shock wave electrode assemblies that are designed to be low-
profile and durable. In some embodiments, an outer electrode 1s formed by a conductive sheath
without an opening on the outer surface, and an inner electrode 1s formed by removing a portion
of an insulated wire (e.g., cuiting a hole in the insulating layer near the end of the wire} to expose
an electrically conductive portion of the insulated wire. The inner electrode 1s placed a
controlled distance apart from the side edge of the conductive sheath to allow for a reproducible
arc for a given current and voltage. To operation, plasma arcs may be formed across the inner
electrode and the side edge of the conductive sheath, rather than across the inner electrode and an
opening of the sheath. As such, the plasma arcs would cause erosion only 1n the one direction
into the side edge, rather than causing erosion in both directions to widen the opening in the
previous designs. Thus, the longevity of the electrode assembly 1s effectively doubled.
Additionally, the present design eliminates the use of an 1nsulated layer stacked between the
inner electrode and the outer electrode, thus further reducing the crossing-profile of the device.
In some embodiments, the inner electrode 15 formed by cutting the end of the msulated wire to
expose an electrically conductive cross-section of the wire, and the end of the msulated wire 18
placed a controlled distance from the side edge of the conductive sheath as described above to
form the electrode assembly. The assembling process 1s significantly easier than stacking the
electrodes and aligning the opening of the conductive sheath with the opening of the msulating
laver as required by previous designs, thus reducing manufacture cost and improving the

usability and effectiveness of the shock wave device.

{8033] FIG. 1 depicts an exemplary shock wave angioplasty device 100 according to an
embodiment of the mvention. The shock wave device 100 inchudes an elongated tube 104 and an
angioplasty balloon 102, The angioplasty balloon wraps circumferentially around a portion of
the e¢longated tube 104 in a sealed configuration via, for example, a seal 122, The angioplasty
balloon 102 forms an annular channel 124 around the elongated tube 104 through which a
conductive fluid, such as saline, may be admitted into the balloon via fill ports 126. The balloon
is filled with the fluid such that the balloon can be inflated and gently fixed to the walls of the
artery in direct proximity with a calcified lesion. In some embodiments, the fluid may also

contain an x-ray contrast to permut fluoroscopic viewing of the catheter during use.
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{0034] The elongated tube 104 includes a number of longitudinal grooves or channels
contigured for retaining wires and/or inner electrodes. In the depicted example i FIG. 1, the
elongated tube 104 has four grooves along the length of the elongated tube. Insulated wires 130,
132, 134, and 136 are placed within the grooves of the elongated tube 104. Furthermore, a
number of conductive sheaths 112, 114, and 116 are circumferentially mounted around the
elongated tube 104. A vanable high voltage pulse generator 150 is connected to the msulated
wire 130 and the insulated wire 136. The insulated wires and the sheaths form three electrode
assemblies that can be activated to generate shock waves at 6 locations (e.g., along the length of
the vessel}, as discussed in detail below. The elongated tube 104 also includes a lumen through

which a guide wire 120 13 inserted.

[0035] In operation, a physician uses the guidewire 120 to guide the elongated tube 104 into
position. Once positioned, the varable high voltage pulse generator 150 1s used to deliver a
series of pulses to create a series of shock waves within the angioplasty balloon 102 and within
the artery being treated. The magnitude of the shock waves can be controlled by controlling the
magnitude of the pulsed voltage, the current, the duration, and the repetition rate. The physician
may start with low energy shock waves and increase the energy as needed to crack the calcified
plagues. Such shock waves will be conducted through the fluid, through the balloon, through the

blood and vessel wall to the calcified lesion where the energy will break the hardened plaque.

{8036} FIG. 2A depicts a plurality of shock wave electrode asserblies that may be mncluded
in an exemplary shock wave angioplasty device such as the device depicted in FIG. 1. As
depicted, the shock wave angioplasty device 200 includes an elongated tube 204 having four
fongitudinal grooves 260, 262, 264, and 268. A number of insulated wires 230, 232, and 236 are
disposed on the outer surface of the elongated tube 204 such that they extend along the length of
the elongated tube. As depicted, the nsulated wire 230 1s disposed m the groove 264 and the
msulated wire 232 1s disposed 1n the groove 260, The insulated wire 236 has a first straight
portion disposed in the groove 262, a second straight portion disposed i the groove 264, and a

curved portion disposed between the grooves 262 and 264,

{6037} The shock wave angioplasty device 200 further includes a first conductive sheath 212

and a second conductive sheath 214 each circumferentially mounted around the elongated tube
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204, As depicted in FIGS. ZA and 2B, the length of the first conductive sheath 212 overlaps
with and covers a portion of the insulated wire 230 near its distal end, a portion of the insulated
wire 232 near its proximal end, and a portion of the insulated wire 236. The length of the second
conductive sheath 214 overlaps with and covers a portion of the insulated wire 232 near its distal

end and a portion of the insulated wire 236 near its distal end.

{0038] The electrode assemblies of the shock wave angioplasty device 200 are described
below with reference to FIGS. 2C and 2D. Turning to FIG. 2C, a portion of the msulating layer
of the wire 230 is removed near the distal end of the wire 230 to expose an electrically
conductive wire portion, forming the first inner electrode 230a. In the depicted example, a hole
in the insulating layer 1s cut on the curved outer surface along the length of the wire. The
removed portion may be in any shape, such as a circle, a rectangle, a strip around the
circumterence of the wire, etc. The location, shape, and size of the removed portion may vary to
control the location, direction, and/or magnitude of the shock wave. In some embodiments, an
inner electrode may be formed by cutting the end of the wire to expose an electrically conductive
cross-section of the wire. In some embodiments, flat wires rather than round wires are used to

further reduce the crossing profile of the electrode assembly.

[0039] As shown in FIG. 2C, the fust inner electrode 230a 1s adjacent 1o, but not in contact
with, a distal side edge 213 of the first conductive sheath 212, The first conductive sheath 212
functions as an outer electrode, and the first inner electrode 230a is placed a conirolled distance
apart from the distal side edge 213 of the first conductive sheath to allow for a reproducible arc
for a given voltage and current. The electrical arcs are then used to generate shock waves in the
conductive fhud. In operation, a first shock wave 13 created across the first inner electrode 230a
and the distal side edge 213 of the first conductive sheath 212, the details of which are provided

below with reference to FIG. 2E,

[0040] In a similar manner, a portion of the msulated wire 232 15 removed to form a second
mner electrode 232a. Specifically, a portion of the msulating layer of the wire 232 1s removed
near the proximal end of the wire 232 {0 expose an electrically conductive wire portion along the
length of the wire, forming the second inner electrode 232a. As shown, the second nner

electrode 232a 15 adjacent to, but not in contact with, a proximal side edge 211 of the first
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conductive sheath 212, Further, the first inner electrode 230a and the second inner elecirode
232a are positioned circumferentially 180 degrees from each other. In operation, the first
conductive sheath 212 acts as an outer electrode and a second shock wave is created across the
second inner electrode 232a and the proximal side edge 211 of the first conductive sheath 212,

the details of which are provided below with reference to FIG. 2E.

{0041] Turning to FIG. 2D, a third inner electrode 232b 1s formed on the insulated wire 232
and a fourth inner electrode 236a 1s formed on the insulated wire 236 in a simuilar manner as
described above with reference to FIG. 2C. As depicted, the third inner electrode 232b is formed
near the distal end of the insulated wire 232 and 1s adjacent to, but not in contact with, a distal
side edge 215 of the second conductive sheath 214, The fourth inner electrode 236a is formed
near the distal end of the insulated wire 236 and is adjacent to, but not in contact with, the same
distal side edge 215 of the second conductive sheath 214, In operation, the second conductive
sheath 214 acts as an outer electrode, a third shock wave 15 created across the third electrode
232b and the distal side edge 215 and a fourth shock wave 15 created across the tourth electrode
236a and the distal side edge 215, the details of which are provided below with reference to FIG.
2B

[0042] In the depicted example in FIGS. 2C and 2D, the first conductive sheath 212 includes
a first arcuate cut-out on the distal side edge 213, and the first inner electrode 230a s positioned
adjacent to the first arcuate cut-out such that the first shock wave is created across the first
arcuate cut-out and the first inner electrode. Further, the first conductive sheath 212 mncludes a
second arcuate cut-out on the proxumal side edge 211 positioned circumferentially 180 degrees
from the first cut-out, and the second mner electrode 2324 15 positioned adjacent to the second
arcuate cut-out such that the second shock wave 1s created across the second arcuate cut-out and
the second mner electrode. The cut-outs on the conductive sheath allow the mner electrodes to
be placed closer to the sheath without coming mto direct contact with the sheath, and also allows
for better contro} of the locations of the shock waves and more predictable and even wear on the
conductive sheath. It should be appreciated by one of ordinary skill in the art that a shock wave
can be generated between an nner electrode and a straight side edge of the conductive sheath

that does not include any cut-outs.
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{0043} FIG. 2E schematically depicts an electrical diagram of the configuration of FIGS. 2A-
D, in accordance with some embodiments. When a high voltage 1s applied (e.g, using the high
voltage pulse generator 150 of FIG. 1) across the proximal end of the insulated wire 230 and the
proximal end of the insulated wire 236, a current may flow as indicated by the arrows, with the
msulated wire 236 as the common ground wire {1.e., connecting to a ground or negative channel).
As shown, the current flows from the proximal end of the insulated wire 230 toward to the distal
end of the insulated wire 230 and, via the insulation removed spot that 1s electrically conductive
(1.e., the first inner electrode 230a), to the distal side edge 213 of the first conductive sheath 212
(1e., the first outer electrode). The duration and the magnitude of the voltage pulse are set to be
sufficient to generate a gas bubble at the surface of the first inner electrode 230a causing a
plasma arc of electric current to traverse the bubble and create a rapidly expanding and
collapsing bubble, which creates the mechanical shock wave in the balloon. The size of the
bubble and the rate of expansion and collapse of the bubble (and therefore the magnitude,
duration, and distribution of the mechanical force} may vary based on the magnitude and
duration of the voltage pulse, as well as the distance between the mner and outer electrodes, the
surface area of the electrodes, and/or the shape of the outer electrode {e.g., whether there 15 an

arcuate cut-out on the side edge).

[0044] The current may further traverse from the proximal side edge 211 of the first
conductive sheath 212 (1.e., the first outer electrode} to the msulated wire 232, via the msulation
removed spot near the proximal end of the insulated wire 232 (1. ¢, the second inner electrode
232a}. The voltage pulse may create a potential difference between the first outer electrode and
the second inner electrode high enough to form a plasma arc between them, generating a bubble
that gives rise to a second shock wave. In the depicted example, the first inner electrode 230a
and the second inner electrode 232a are located circumferentially opposite to each other (e g,
180 degrees apart around the circumference of the elongated tube), and thus the first shock wave
and the second shock wave may propagate in opposite directions, extending outward from the

side of the elongated tube.

{0045} The current may further traverse from the proximal end of the msulated wire 232
toward to the distal end of the wire and, via the insulation removed spot that is electrically

conductive near the distal end of the wire (1., the third inner electrode 232b), to the distal side

11
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edge 215 of the second conductive sheath 214 (1.e, the second outer electrode). The high
voltage pulse generator may apply a voltage pulse such that the potential difference between the
third inner electrode 232b and the second outer electrode is high enough to form a plasma arc

between them, generating a bubble that gives rise to a third shock wave.

{0046} The current may further traverse from the distal side edge 215 of the second
conductive sheath 214 to the msulated wire 236, via the insulation removed spot on the insulated
wire 230 (1.e., the fourth inner electrode 236a}. The voltage pulse may create a potential
difference between the second outer electrode and the fourth inner electrode high enough to form
a plasma arc between them, generating a bubble that gives rise to a fourth shock wave. The
current then returns to the voltage source generator via the mmsulated wire 236 to a voltage output
port {not depicted), which may be a negative channel or a ground channel. Optionally, a
conunector {not depicted) may be provided between the insulated wires 230 and 236 and the
voltage pulse generator so that the wires may be easily connected to the output ports of the high
voltage generator. It should be appreciated that the configuration depicted in FIG. 2E can
operate as described above regardless of whether the side edges of the conductive sheaths are

straight or have arcuate cut-outs.

{0047] In the embodiments depicted in FIGS. 2A-E, each electrode assembly includes a pair
of inner electrodes configured to generate shock waves at two locations. For example, the
electrode assembly consisting of conductive sheath 212 and inner electrodes 230a and 232a 15
configured to generate two shock waves via the two mner electrodes positioned circumferentially
180 degrees from each other. Further, the device 200 includes multiple electrode assemblies
along the length of the elongated tube. Since the magnitude, duration, and distribution of the
mechanical force impinging on a portion of tissue depends at least in part on the location and
distance between the shock wave source and the tissue portion, a shock wave device having
multiple shock wave electrodes at different locations (circumferentially and longitudinally) may
help to provide consistent or uniform mechanical force to a region of tissue. The plurality of
electrodes may be distributed across the device to mmimize the distance between the shock wave
source(s} and the tissue location being treated. In some embodiments, the elongated tube may be

sized and shaped to distribute shock wave forces to a non-linear anatomical region {e.g., valve
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and/or valve leaflets). It should also be appreciated that the voltage polarity can be reversed and

current flow in the opposite direction.

{00438} It should be appreciated that, in some embodiments, an electrode assembly may
mclude a single inner electrode that 1s configured to generate shock wave at a single location.
For example, with reference to FIG. 2E, insulated wires 232 and 236 may be removed, and a
common ground wire may connect the conductive sheath 322 {e g., the distal edge 213 of the
conductive sheath) directly to the ground or negative channel of a voltage source. This way, asa
current flows from the insulated wire 230 to the conductive sheath 212 to the common ground
wire, a shock wave 1s generated at a single location (1.e., across the inner electrode 230a and the

distal side edge 213 of the conductive sheath),

{0049] FIGS. 3A-3B depict another set of shock wave electrode assemblies that may be
mcluded in an exemplary shock wave angioplasty device such as the device depicted in FIG. 1.
As discussed above, FIGS. 2A-2F relate to an exemplary configuration of electrode assemblies
that may be activated to generate shock waves at 4 locations. In contrast, FIGS. 3A-3B relate to
an exemplary configuration of electrode assemblies that may be activated to generate shock

waves at 6 locations, as discussed below.

{0050] As depicted in FIG. 3A, an exemplary shock wave angioplasty device 300 comprises
an elongated tube 304 having four longitudinal grooves on the outer surface. A first conductive
sheath 312, a second conductive sheath 314, and a third conductive sheath 316 are each
circurnferentially mounted around the elongated tube 304, A number of insulated wires 330,
332, 334, and 336 are disposed on the outer surface of the elongated tube 304 such that they
extend along the outer surface of the elongated tube. In particular, the msulated wire 330 s
disposed within a single groove in its entirety, while the insulated wires 332, 334, and 336 are
each disposed within multiple grooves. For example, as shown in FIG. 3A, the insulated wire
334 mcludes a first straight portion disposed within one groove, a second straight portion

disposed within the adjacent groove, and a curved portion disclosed between the two grooves.

{8051} The conductive sheaths 312, 314, and 316 and the insulated wires 330, 332, 334, and
336 form three electrode assemblies that can be activated to generate shock waves at 6 locations.
Turning to FIG. 3B, a portion of the msulated wire 330 1s removed to form a first inner electrode

13
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- N

330a. As discussed above, a portion of the insulating layer of the wire 330 may be removed by
cutting a hole in the insulating layer near the distal end of the wire 330 to expose an electrically
conductive wire portion along the length of the wire, forming the first inner electrode 330a.
Alternatively, the inner electrode 330a may be formed by cutting the distal end of the wire to
expose an electrically conductive cross-section of the wire. As shown, the first inner electrode
330a 15 adjacent to, but not in contact with, the distal side edge of the fust conductive sheath 312
In operation, the first conductive sheath 312 acts as an outer electrode and a first shock wave 13
created across the first inner electrode 330a and the distal side edge of the first conductive sheath

312.

[0052] Furthermore, a second mner electrode 332a and a third nner electrode 332b are
formed by removing a portion of the insulated wire 332 (e.g., cutting a hole in the insulating
layer, cutting the end of the wire to expose an electrically conductive cross section) near the
proximal end and removing a portion of the msulated wire 332 near the distal end, respectively.
A fourth nner electrode 334a and a fifth mner electrode 334b are formed by removing a portion
of the msulated wire 334 near the proximal end and removing a portion of the msulated wire 334
near the distal end, respectively. A sixth inner electrode 336a 15 formed by removing a portion

of the msulated wire 336 near the distal end.

[0053] In operation, the proximal end of the msulated wire 330 and the proximal end of the
insulated wire 336 are connected to the output ports of a high voltage pulse generator {e.g., the
high voltage pulse generator 150 1n FIG. 1). A high voltage 1s applied across the msulated wire
330 and 336 such that a current flows as indicated by the arrows n FIG. 3B, with the nsulated
wire 3306 as the common ground wire. Specifically, the current traverses from the insulated wire
330 to the distal side edge of the first conductive sheath 312, creating a first shock wave across
the first inner electrode 330a and the distal side edge. The current then traverses from the
proximal side edge of the first conductive sheath 312 to the insulated wire 332, creating a second
shock wave across the proximal side edge and the second inner electrode 332a. The first inner
electrode 330a and the second mner electrode 332a are positioned circuomferentially 180 degrees
from each other. As such, the first shock wave and the second shock wave may propagate in

opposite directions, extending outward {from the side of the elongated tube.

14
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{0054] The current then traverses from insulated wire 332 to the distal side edge of the
second conductive sheath 314, creating a third shock wave across the third mnner electrode 332b
and the distal side edge. The current then traverses from the proximal side edge of the second
conductive sheath 314 to the msulated wire 334, creating a fourth shock wave across the
proximal side edge of the second conductive sheath 314 and the fourth inner electrode 334a. The
third mner electrode 332b and the fourth muver electrode 334a are positioned circumferentially
180 degrees from each other. Further, the first inner electrode 330a and the third inner electrode
332b are positioned circumferentially 90 degrees from each other. As depicted in FIG. 3B, the
first inner electrode 330a 1s positioned adjacent to an arcuate cut-out 350 on the distal side edge
of the first conductive sheath 312, while the third 1nner electrode 332b 15 positioned adjacent to
an arcuate cut-out 351 on the distal side edge of the second conductive sheath. As depicted, the

two cut-outs 350 and 351 are positioned circumferentially 90 degrees from each other.

[0055] The current then traverses from the insulated wire 334 to the distal side edge of the
third conductive sheath 316, creating a fifth shock wave across the distal side edge of the third
conductive sheath 316 and the fifth inner electrode 334b. The current then traverses from the
distal side edge of the third conductive sheath 316 to the insulated wire 3306, creating a sixth
shock wave across the distal side edge of the third conductive sheath 316 and the sixth ioner
electrode 336a. The current then returns to the output port (not depicted), which mav be a

negative channel or a ground channel.

[0056] In the depicted example in FIG. 3B, the first shock wave and the second shock wave
are generated on the distal side edge and the proximal side edge of the fust conductive sheath
312, respectively, due to the diagonal placement of the inner electrodes 330a and 332a relative to
the first conductive sheath 312, The diagonal placement of the muer electrodes allows the somic
output to be distributed more evenly longitudinally along the balloon while making the shock
waves less annular.  In contrast, the fifth shock wave and the sixth shock wave are both
generated on the distal side edge of the third conductive sheath 316, due to the placement of the
mner electrodes 334b and 336a relative to the third conductive sheath 316, These configurations
maintain the continuity in case a wire breaks at the firing spot. One of ordinary skill in the art

should recognize that the location of a shock wave can be configured in a flexible manner by
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arranging the corresponding wire and the corresponding conductive sheath (and the location of

the corresponding cut-out on the sheath, if available) accordingly.

{0057} FIGS. 4A-D depict another set of shock wave electrode assemblies that may be
mcluded an exemplary shock wave angioplasty device such as the device depicted m FIG. 1. As
described above, the embodiments depicted in FIGS. 2A-2E and FIGS. 3A-B can each generate
shock waves at multiple locations (4 and 6 respectively) via a single current. In contrast, the
embodiment depicted in FIGS. 4A-D relate to an exemplary configuration of electrode
assemblies that may be activated to generate multiple shock waves via multiple currents, as
discussed below. Specifically, two separate currents are generated in order to create shock

waves in eight locations,

{0058] As depicted in FIG. 4A and FIG. 4B, an exemplary shock wave angioplasty device
400 comprises an elongated tube 404 having four longitudinal grooves on the outer surface. A
first conductive sheath 412, a second conductive sheath 414, a third conductive sheath 416, and a
fourth conductive sheath 418 are each circumferentially mounted around the elongated tube 404,
A number of nsulated wires 430, 432, 434, 436, and 438 are disposed on the outer surface of the
elongated tube 404 such that thev extend along the outer surface of the elongated tube. In
particular, some insulated wires (e.g., insulated wires 432 and 436) are each disposed within a
single groove in is entirety, while some msulated wires (e g, insulated wires 434 and 438) are

each disposed within multiple grooves.

[6059] The conductive sheaths 412, 414, 416, and 418 and the insulated wires 430, 432, 434,
436, and 438 form four electrode assemblies that can be activated to generate shock waves at 8
locations. Turning to FIG. 4B, a portion of the msulated wire 430 is removed to form a first
mner electrode 430a. Furthermore, a second mnner electrode 4323 and a third inner electrode
437b are formed by removing a portion of the insulated wire 432 near the proximal end and
removing a portion of the insulated wire 432 near the distal end, respectively. A fourth inner
electrode 438a 1s formed by removing a portion of the insulated wire 438, A fifth inner electrode
434a 1s formed by removing a portion of the insulated wire 434 near the distal end. A sixth inner
electrode 436a and a seventh inner electrode 436b are formed by removing a portion of the

msulated wire 436 near the proximal end and removing a portion of the insulated wire 436 near
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the distal end, respectively. An eighth inner electrode 438b 1s formed by removing a portion of

the imsulated wire 438 near the distal end.

18060} Any of inner electrodes 430a, 432a, 432b, 434a, 434b, 436a, 436b, and 438b may be
formed by removing a portion of the corresponding wire in any manner that can expose an
electrically conductive portion of the wire, for example, by cutting a hole i the insulating layer
or cutting the end of the wire to expose an electrically conductive cross section. Inner electrode
438a may be formed by removing a portion of the insulated wire 438 (e.g., cutting a hole in the
msulating laver) on the outer surface of the wire adjacent to a side edge of the second conductive

sheath 414,

{0061] F1G. 4C schematically depicts an electrical diagram of the configuration of FIGS. 4A
and 4B, in accordance with some embodiments. In operation, the proximal end of the insulated
wire 430 and the proximal end of the insulated wire 438 are first connected to the output ports of
a high voltage pulse generator {e.g., the high voltage pulse generator 150 1n FIG. 1), with the
insulated wire 438 as the common ground wire. A high voltage 1s applied across the msulated
wire 430 and 438 such that a first current 4a flows as indicated by the arrows 1n FIG. 4C.
Specifically, the first current 4a traverses from the insulated wire 430 to the distal side edge of
the first conductive sheath 412, creating a first shock wave across the first inner electrode 430a
and the distal side edge of the first conductive sheath 412. The first current 4a then traverses
from the proximal side edge of the first conductive sheath 412 to the nsulated wire 432, creating
a second shock wave across the proximal side edge of the fust conductive sheath 412 and the
second inner electrode 432a. The current then traverses from msulated wire 432 to the distal side
edge of the second conductive sheath 414, creating a third shock wave across the third mner
electrode 432b and the distal side edge of the second conductive sheath 414, The current then
traverses from the proximal side edge of the second conductive sheath 414 to the msulated wire
438, creating a fourth shock wave across the proximal side edge of the second conductive sheath
414 and the fourth nner electrode 438a.  The current then returns to the output port {not

depicted), which may be a negative channel or a ground channel.

[0062] FIG. 4D schematically depicts another electrical diagram of the configuration of

FIGS. 4A and 4B, 10 accordance with some embodiments. The proximal end of the insulated
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wire 434 and the proximal end of the msulated wire 438 can be connected to the output ports of
the high voltage pulse generator (e.g., the high voltage pulse generator 150 in FIG. 1), The high
voltage is applied across the insulated wire 434 and 438 such that a second current 4b flows as
mdicated by the arrows 1n FIG. 4C. Specifically, the first current 4b traverses from the insulated
wire 434 to the distal side edge of the third conductive sheath 416, creating a fifth shock wave
across the fifth inner electrode 434a and the distal side edge of the third conductive sheath 416
The second current 4b then traverses from the proximal side edge of the third conductive sheath
416 to the msulated wire 436, creating a sixth shock wave across the proximal side edge of the
third conductive sheath 416 and the sixth nner electrode 436a. The current then traverses from
insulated wire 436 to the distal side edge of the fourth conductive sheath 418, creating a seventh
shock wave across the seventh inner electrode 436b and the distal side edge of the fourth
conductive sheath 418. The current then traverses from the distal side edge of the fourth
conductive sheath 418 to the insulated wire 438, creating a eighth shock wave across the distal
side edge of the fourth conductive sheath 418 and the eighth nner electrode 438b.  The current
then returns to the output port (not depicted}, which may be a negative channel or a ground

channel

[0063] As such, m the embodiment shown in FIGS. 4A-D, two volitage channels are used to
generate two separate current flows, which in turn generate shock waves at 8 different locations.
In some embodiments, the high voltage pulse generator may drive the insulated wire 430 and 434
simultaneously. For example, the physician may simultaneously connect the imsulated wire 430
to a first positive lead of the pulse generator, connect the msulated wire 434 1o a second positive
iead of the pulse generator, and connect the 1nsulated wire 438 to a negative lead or the ground.
In some embodiments, the high voltage pulse generator may apply voltage pulses sequentially
{e.2., a voltage pulse 1s applied to the insulated wire 430 without applying a pulse to the insulated
wire 434). In some embodiments, the voltage pulses applied to the insulated wire 434 may be
delayed with respect to the voltage pulses applied to the msulated wire 430, In some
embodiments, a multiplexor may be used with the high voltage pulse generator to control
application of pulses. This may allow shock waves with different frequency, magnitude, and
timing to be generated along the elongated tube. In the depicted embodiment in FIGS. 4A-D,
the two voltage channels share the same common ground wire (i.e, insulated wire 438}, One of

ordinary skill in the art should understand that any number of voltage channels {e.g., 4} may be
18
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configured around a single elongated tube, and these voltage channels may rely on the same or

different common ground wires.

{0064] In contrast with the embodiment depicted in FIGS. 3A-B, in which three electrode
assemblies are connected in series, the embodiment depicted in FIGS. 4A-D 15 configured such
that some of the electrode assemblies (e.g., any electrode assembly on the path of current 4a vs.
any electrode assembly on the path of current 4b) operate on different voltage channels. The
series configuration (e g., as shown in FIGS. 3A-B) may allow for more shock waves to be
simultaneously generated using fewer wires than if, for example, each electrode assembly is
connected to a separate voltage channel. Reducing the number of wires along the length of the
elongated tube may help to mamntain the ability of the elongated tube to bend and flex {e.g., 10
navigate through tortuous vasculature) and fit into more treatment areas. On the other hand, the
voltage applied to a series configuration needs to be greater and/or of longer duration than the
voltage applied to electrode assemblies each connected to separate voltage channels in order to
attain a shock wave of similar magnitude. As such, a shock wave as depicted in FIG 4A-D, in
which some electrode asseroblies are connected n series (e.g., conductive sheaths 412 and 414)
while some electrode assemblies are controlled by different voltage channels {e.g., conductive
sheaths 412 and 416), may provide the ability to apply a stronger shock wave when desired, but
also have the ability to simultaneously apply many shock waves without substantially
compromising the flexibility and turning capability of the device by minimizing the nomber of

WITES,

[0065] It should be appreciated that a shock wave device may include any number of
conductive sheaths and thus, any number of electrode assemblies. FIG. 5 depicts another set of
shock wave electrode assemblies that may be mcluded an exernplary shock wave angioplasty
device such as the device depicted in FIG. 1. The embodiment depicted in FIG. 5 relates to an
exemplary configuration of electrode assemblies that may be activated to generate 10 shock
waves via a single voltage channel. As depicted 1n FIG. S, the shock wave device includes five
conductive sheaths and six wires. In operation, m response to a voltage being applied, a current
flows through the six wires as indicated by the arrows, generating ten shockwaves (SW1-SW10)

as tllustrated.
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{0066} With reference to FIGS. 1-5, each of the above-described conductive sheaths may be
constructed in any electrically conductive material and may take any shape. As discussed above,
any number of cut-outs may be created on a conductive sheath to improve the performance of the
electrode assembly. In some embodiments, the number and locations of the cut-outs on the
conductive sheath may vary based on the intended configuration of the electrode assembly. For
example, a conductive sheath depicted in FIG. 6A includes two cut-outs positioned
circumferentially 180 degrees from each other on the same side edge. This embodiment can be
used to construct an electrode assembly that generates two shock waves that are
circumferentially 180 degrees from each other on the same side edge of the conductive sheath,
such as the conductive sheaths 214, 316, and 418 As another example, a conductive sheath
depicted in FIG. 6B includes two cut-outs positioned circumferentially 180 degrees from each
other on opposite side edges of the conductive sheath. This embodiment can be used to construct
an electrode assembly that generates two shock waves that are circumferentially 180 degrees
from each other on the opposite side edges of the conductive sheath, such as the conductive
sheaths 212, 312, and 412, In some embodiments, a sheath having a larger number of cut-outs
may be created to improve the versatiity of the sheath and reduce manufacture cost. For
example, a sheath having four cut-outs that are positioned circumferentially 90 degrees apart on
each side edge of the conductive sheath can be used i place of any of the above-described

conductive sheaths.

{0067] Further, a conductive sheath may be created from multiple sub-components. In some
embodiments, the conductive sheath includes multiple seb-components having notches and/or
recesses that may be mterlocked to form the conductive sheath, such as the conductive sheath
having two halves dovetailed together as depicted 1n FIGS, 6C-D. In some embodiments, the
conductive sheath inclodes multiple sub-components that can be pieced together by way of any
suttable method, such as soldering, crimping, welding, conductive adhesives, pressure fit,
mterference fit, to form the conductive sheath. The multiple sub-components may allow for easy
configuration of the electrode assembly because, for example, a technician may first position the
msulated wires into the grooves of the elongated tube and then crimp the two halves of the

conductive sheath over the elongated tube to amount the conductive sheath.
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{0068] In some embodiments, the conductive sheath is created as a single piece to minimize
potential damages (e.g., scratching} to the insulated wires during assembly. In some
embodiments, during assembly, the elongated tube 1s stretched to reduce its circumference to
allow a conductive sheath to be slid onto the elongated tube. The insulated wires are then
positioned under the conductive sheath by, for example, sliding the wires into the grooves of the
elongated tube. The elongated tube 1s then relaxed such that its circumference 1s increased and

the conductive sheath 15 securely mounted over the elongated tube.

{0069] FIGS. 7A-C depict an exemplary construction of an electrode assembly, in
accordance with some embodiments. As depicted in FIG. 7A, an insulated wire 630 is
positioned on the outer surface of an elongated tube 604, and a conductive sheath 612 1s
circumferentially mounted on the elongated tube 604 and covers a longitudinal portion of the
insulated wire. Further, a portion of the msulating laver of the wire 630 (along with any
adhesives applied) 1s removed from the insulated wire 630 to form an nner electrode 630a. The
inner electrode 630a {e g., the inside of the wire) may be made of materials that can withstand
high voltage levels and intense mechanical forces that are generated during use, for example,

staness steel, tungsten, mickel, ron, steel, and the like.

[0070] In some embodiments, one or more pieces of tubing (e.g., heat shrink tubing) may be
provided over the elongated tube 604 to help retain the wire 630 within the groove while still
allowing the wires to slide and move withun the groove(s) to accommodate bending of the
elongated tube. For example, one or more bands of shrink tubing may wrap circumferentially
around one or more portions of the msulated wire 630, including one end 613 of the wire 630, In
the depicted example 1n FIG. 7B, two bands of heat shrink tubing 640a and 640b are used to
secure the wire 630, with the bottom band 640b covering the end 613 of the wire 630 and a
portion of the elongated tube 604, In some embodiments, the bottom band 640b may abut up to
the bottom side edge of the conductive sheath 612 while not covering nsulation removal spot

630a.

{0071] The generation of plasma arcs may cause the cut-out of the sheath 612 to erode and
take on a slot-like shape over time. If the end of the wire 631 1s cut to form an mner electrode

and the end of the wire 1s not secured to the elongated tube, the wire may curl up {e.g, likea
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candle wick) over time, compromising the effectiveness and longevity of the electrode assembly.
By forming the inner electrode using an insulation removal spot 630a and securing the end of the

wire 1o the elongated tube using a shrink tube, the life of the electrode assembly is extended.

{6072} Alternatively or additionally, adhesives (e.g., dots of conductive epoxy) may be
applied along a portion of the wire and/or near the conductive sheath to partially secure or retain
the wire within the groove(s) while still maintaining the ability of the wire to partially move and
shift as the elongated tube bends or curves. In the depicted example in FIG. 7C, adhesives are

applied along the side edges of the conductive sheath 612 and the side edges of the tubing.

{0073] In each of the embodiments depicted in FIGS. 2A, 3A, and 4A, the elongated tube
mcludes four longitudinal grooves, spaced circumferentially 90 degrees apart, for
accommodating insulated wires. It should be appreciated that the elongated tube can include any
number of grooves (e.g., 6, 8). For example, for a relatively long balloon housing a large
number of conductive sheaths along the length of the balloon, a larger number of wires may be
required. Such system would be easier to construct, configure, and/or operate using an elongated

tube having a larger number of grooves.

{0074] Any of the shock wave assemblies described herein may be used 1n an angioplasty
procedure for breaking up calcified plaques accumulated along the walls of a vessel. One
variation of a method may comprise advancing a guide wire from an entry site on a patient (e.g.,
an artery in the groin area of the leg) to the target region of a vessel {e.g., a region having
calcified plaques that need to be broken up). A shock wave device comprising an elongated tube
with a guide wire lumen, one or more electrode assemblies located along the elongated tube, and
a balloon may be advanced over the guide wire to the target region of the vessel. The shock
wave electrode assemblies may be anv of the electrode assemblies described herein. The balloon
may be collapsed over the elongated member while the device 1s advanced through the
vasculature. The location of the shock wave device may be determined by x-ray imaging and/or
fluoroscopy. When the shock wave device reaches the target region, the balloon may be inflated
by a conductive fluid {e.g., saline and/or saline mixed with an 1image contrast agent}. The one or
more electrode assemblies may then be activated to generate shock waves to break up the

calerfied plagues. The progress of the plague break-up may be monitored by x-ray and/or
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fluoroscopy. The shock wave device may be moved along the length of the vessel if the calcified
region is longer than the length of the catheter with the electrode assemblies, and/or if the
calcified region is too far away from the electrode assemblies to receive the full force of the
generated shock waves. For example, the shock wave device may be stepped along the length of
a calcified vessel region to sequentially break up the plaque. The electrode assemblies of the
shock wave device may be connected in series and/or may be connected such that some electrode
assemblies are connected to separate high voltage channels, which may be activated
simultaneously and/or sequentially, as described above. Once the caleified region has been
sufficiently treated, the balloon may be inflated further or deflated, and the shock wave device

and guide wire may be withdrawn from the patient.

[0075] It will be understood that the foregoing 1s only illustrative of the principles of the
invention, and that various modifications, alterations and combinations can be made by those
skilled in the art without departing from the scope and spirit of the mvention. Any of the
varniations of the various shock wave devices disclosed herein can include features described by
any other shock wave devices or combination of shock wave devices herein. Furthermore, any of
the methods can be used with any of the shock wave devices disclosed. Accordingly, 1t 1s not
intended that the invention be limited, except as by the appended claims. For all of the vanations

described above, the steps of the methods need not be performed sequentially
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CLAIMS

1. A device for generating shock waves, the device comprising:

an elongated tube;

a conductive sheath circumferentially mounted around the elongated tube;

a member surrounding the conductive sheath, the member being fillable with a

conductive fluid;

a first insulated wire extending along the outer surface of the elongated tube,
wherein a portion of the first insulated wire is removed to form a first inner electrode and
wherein the first inner electrode is adjacent to a first end of the conductive sheath;

a second insulated wire extending along the outer surface of the elongated tube,
wherein a portion of the second insulated wire is removed to form a second inner electrode and
wherein the second inner electrode is adjacent to a second end of the conductive sheath;

wherein, when a high voltage is applied across the first inner electrode and the second
inner electrode, a current is configured to flow from the first wire to the first end of the
conductive sheath and from the second end of the conductive sheath to the second wire,

wherein a first shock wave is created across the first end of the conductive sheath and the
first inner electrode, and

wherein a second shock wave is created across the second end of the conductive sheath

and the second inner electrode.

2. The device of claim 1, wherein the first end and the second end are the same end of the

sheath.

3, The device of claim 1, wherein the first end and the second end are different ends of the

sheath.

4. The device of claim 1, wherein the elongated tube includes a first groove and a second
groove along the length of the elongated tube, and wherein at least a portion of the first wire is
disposed within the first groove and at least a portion of the second wire is disposed within the

second groove.
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5. The device of claim 1, further comprising a first piece of tubing wrapping around a
portion of the first wire to secure the first wire to the elongated tube, and a second piece of
tubing wrapping around a portion of the second wire to secure the second wire to the elongated

tube.

6. The device of claim 1, wherein the first insulated wire comprises an insulating layer
wrapping around the length of the first insulated wire, and wherein the distal end of the first wire

is exposed from the insulating layer to form the first inner electrode.

7. The device of claim 1, wherein the first insulated wire comprises an insulating layer
wrapping around the first insulated wire, and wherein a strip of the insulating layer is removed to

form the first inner electrode.

8. The device of claim 1, wherein the first end and the second end of the sheath are straight
edges.
9. The device of claim 1, wherein the first end of the conductive sheath comprises a first

arcuate cut-out, wherein the second end of the conductive sheath comprises a second arcuate cut-
out, wherein the first shock wave is created across the first arcuate cut-out on the first end of the
conductive sheath and the first inner electrode, and wherein the second shock wave is created
across the second arcuate cut-out on the second end of the conductive sheath and the second

inner electrode.

10.  The device of claim 9, wherein the first arcuate cut-out is positioned circumferentially

180 degrees from the second arcuate cut-out.
11. The device of claim 1, wherein the first shock wave and the second shock wave are

initiated in response to a voltage being applied to a proximal end of the first wire and a proximal

end of the second wire.
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12, The device of claim 1, wherein the conductive sheath is a first conductive sheath, and the
device further comprising:

a second conductive sheath circumferentially mounted around the elongated tube;

an insulated common ground wire extending along the outer surface of the elongated
tube, wherein another portion of the second insulated wire is removed to form a third inner
electrode adjacent to a first end of the second sheath, wherein a portion of the insulated common
ground wire is removed to form a fourth inner electrode adjacent to the second end of the second
sheath;

wherein, when a high voltage is applied across the first insulated wire and the insulated
common ground wire, a current is configured to flow from the first wire to the first end of the
first conductive sheath, from the second end of the first conductive sheath to the second wire,
from the second wire to the first end of the second conductive sheath, and from the second end of
the second conductive sheath to the insulated common ground wire,

wherein a third shock wave is created across the first end of the second conductive sheath
and the third inner electrode, and

wherein a fourth shock wave is created across the second end of the second conductive

sheath and the fourth inner electrode.

13.  The device of claim 12, wherein the common ground wire comprises a first straight
portion, a curved portion, and a second straight portion, and wherein the first straight portion and

the second straight portion are placed in two different grooves of the elongated tube.

14. The device of claim 1, wherein the member is a balloon.

15. A device for generating shock waves, the device comprising:

an elongated tube;

a first conductive sheath, a second conductive sheath, and a third conductive sheath, each
circumferentially mounted around the elongated tube;

a member surrounding the first, second and third conductive sheaths, the member being

fillable with a conductive fluid;
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a first insulated wire, a second insulated wire, a third insulated wire, and an insulated
common ground wire, each extending along the outer surface of the elongated tube,
wherein a portion of the first insulated wire is removed to form a first inner
electrode,
wherein two portions of the second insulated wire are removed to form a second
inner electrode and a third inner electrode,
wherein two portions of the third insulated wire are removed to form a fourth
inner electrode and a fifth inner electrode,
wherein a portion of the insulated common ground wire is removed to form a
sixth inner electrode,
wherein when a high voltage is applied across the first wire and the insulated
common ground wire, a current is configured to flow:
from the first wire to a first end of the first conductive sheath,
from a second end of the first conductive sheath to the second wire,
from the second wire to a first end of the second conductive sheath,
from a second end of the second conductive sheath to the third wire,
from the third wire to a first end of the third conductive sheath,
from a second end of the third conductive sheath to the insulated common ground wire,
wherein a first shock wave is created across the first end of the first conductive sheath
and the first inner electrode,
wherein a second shock wave is created across the second end of the first conductive
sheath and the second inner electrode,
wherein a third shock wave is created across the first end of the second conductive sheath
and the third inner electrode,
wherein a fourth shock wave is created across the second end of the second conductive
sheath and the fourth inner electrode,
wherein a fifth shock wave is created across the first end of the third conductive sheath
and the fifth inner electrode,
wherein a sixth shock wave is created across the second end of the third conductive

sheath and the sixth inner electrode.
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16. The device of claim 15, wherein the first end and the second end of the third conductive

sheath are the same end.

17. The device of claim 15, wherein the first end and the second end of the first conductive

sheath are different ends.

18.  The device of claim 15, wherein the second wire comprises a first straight portion, a
curved portion, and a second straight portion, and wherein the first straight portion and the

second straight portion are placed in two different grooves of the elongated tube.

19. The device of claim 15,

wherein the first shock wave is created across an arcuate cut-out on the first end of the
first conductive sheath and the first inner electrode,

wherein the third shock wave is created across an arcuate cut-out on the first end of the
second conductive sheath and the third inner electrode, and

wherein the arcuate cut-out on the first end of the first conductive sheath is positioned
circumferentially 90 degrees from the arcuate cut-out on the first end of the second conductive

sheath.

20. A device for generating shock waves, the device comprising:

an elongated tube;

a first conductive sheath, a second conductive sheath, a third conductive sheath, a fourth
conductive sheath, each circumferentially mounted around the elongated tube;

a first insulated wire, a second insulated wire, a third insulated wire, a fourth insulated
wire, and an insulated common ground wire, each extending along the outer surface of the
elongated tube,

wherein a portion of the first insulated wire is removed to form a first inner
electrode,
wherein two portions of the second insulated wire are removed to form a second

inner electrode and a third inner electrode,

28



2018367404 04 Oct 2022

wherein a portion of the third insulated wire is removed to form a fifth inner
electrode,
wherein two portions of the fourth insulated wire are removed to form a sixth
inner electrode and a seventh inner electrode,
wherein two portions of the insulated common ground wire are removed to form a
fourth inner electrode and an eighth inner electrode,
wherein, when a high voltage is applied across the first wire and the insulated
common ground wire, a first current is configured to flow:
from the first wire to a first end of the first conductive sheath to generate a first shock
wave across the first end of the first conductive sheath and the first inner electrode,
from a second end of the first conductive sheath to the second wire to generate a second
shock wave across the second end of the first conductive sheath and the second inner electrode,
from the second wire to a first side edge of the second conductive sheath to generate a
third shock wave across the first end of the second conductive sheath and the third inner
electrode,
from a second end of the second conductive sheath to the insulated common ground wire
to generate a fourth shock wave across the second end of the second conductive sheath and the
fourth inner electrode,
wherein, when a high voltage is applied across the third wire and the insulated
common ground wire, a second current is configured to flow:
from the third insulated wire to a first end of the third conductive sheath to generate a
fifth shock wave across the first end of the third conductive sheath and the fifth inner electrode,
from a second end of the third conductive sheath to the fourth insulated wire to generate a
sixth shock wave across the second end of the third conductive sheath and the sixth inner
electrode,
from the fourth insulated wire to a first end of the fourth conductive sheath to generate a
seventh shock wave across the first end of the fourth conductive sheath and the seventh inner
electrode,
from a second end of the fourth conductive sheath to the insulated common ground wire
to generate an eighth shock wave across the second end of the fourth conductive sheath and the

eighth inner electrode.
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21. The device of claim 20, wherein the first end and the second end of the first conductive

sheath are different ends.

22. The device of claim 20, wherein the first end and the second end of the fourth conductive

sheath are the same end.

23. A device for treating calcified lesions in the vessel of a patient comprising:

an elongated tube having a guidewire lumen extending therethrough and terminating at an
open distal end of the tube;

an angioplasty balloon sealed to the distal end of the tube and being fillable with a
conductive fluid; and

two shock wave generation stations laterally spread along the length of the tube within
the angioplasty balloon, each shockwave generation station including a cylindrical conductive
sheath mounted around the tube, each sheath having at least two insulated wires passing
therethrough between the outer surface of the tube and the inner surface of the sheath, each wire
having a portion of the insulation removed to define an electrode, each electrode being located
adjacent an end of the conductive sheath so that when a voltage is applied across the wires, each

shock wave generation station will generate two shock waves.

24. A device as recited in claim 23 wherein the two electrodes associated with a conductive

sheath are located on the same end of the conductive sheath and circumferentially offset.

25. A device as recited in claim 23 wherein the two electrodes associated with a conductive

sheath are located on opposite ends of the conductive sheath.

26. A device as recited in claim 25 wherein the two electrodes are circumferentially offset.

27. A device as recited in claim 23 wherein a first insulated wire extends through both of the

conductive sheaths.
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28. A device as recited in claim 23 wherein a first insulated wire extends through both of the

conductive sheaths and is connectable to a first terminal of a voltage supply.

29. A device as recited in claim 28 wherein a second insulated wire extends through both
conductive sheaths with a third insulated wire having one end extending through one sheath with

the other end connectable to a second terminal of the voltage supply.

30. A device as recited in claim 23 wherein the tube includes one or more grooves for receiving

the insulated wires.

31. A device as recited in claim 23 wherein the ends of the sheaths are straight edges.

32. A device as recited in claim 23 wherein the ends of the sheaths include one or more cut-outs

adjacent the electrodes.

33. A device as recited in claim 32 wherein the cut-outs are arcuate in configuration.

34. A device as recited in claim 33 wherein a first cut-out on an end of a sheath is positioned

180 degrees circumferentially from a second cut-out on an end of a sheath.

35. A device as recited in claim 34 wherein the first and second cut-outs are on opposite ends of

the sheath.

36. A device for treating calcified lesions in the vessel of a patient comprising:

an elongated tube having a guidewire lumen extending therethrough and terminating at an
open distal end of the tube;

an angioplasty balloon sealed to the distal end of the tube and being fillable with a
conductive fluid; and

two shock wave generation stations laterally spread along the length of the tube within
the angioplasty balloon, each shockwave generation station including a cylindrical conductive

sheath mounted around the tube, each sheath having at least two insulated wires passing
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therethrough between the outer surface of the tube and the inner surface of the sheath, each wire
having a portion of the insulation removed to define an electrode, each electrode being located
adjacent an end of the conductive sheath, with a first insulating wire running from one pole of a
voltage supply through both sheaths, with a second insulating wire running from the other pole
of the voltage supply to a first sheath and a third insulating wire running through the first and

second sheaths.

37. A device as recited in claim 36 wherein the two electrodes associated with a conductive

sheath are located on the same end of the conductive sheath and circumferentially offset.

38. A device as recited in claim 36 wherein the two electrodes associated with a conductive

sheath are located on opposite ends of the conductive sheath and are circumferentially offset.

39. A device as recited in claim 36 wherein the ends of the sheaths include one or more arcuate

cut-outs adjacent the electrodes.

40. A device for treating calcified lesions in the vessel of a patient comprising:

an elongated tube having a guidewire lumen extending therethrough and terminating at an
open distal end of the tube;

an angioplasty balloon sealed to the distal end of the tube and being fillable with a
conductive fluid;

first, second, third and fourth shock wave generation stations laterally spread along the
length of the tube within the angioplasty balloon, each shockwave generation station including a
cylindrical conductive sheath mounted around the tube, each sheath having at least two insulated
wires passing therethrough between the outer surface of the tube and the inner surface of the
sheath, each wire having a portion of the insulation removed to define an electrode, each
electrode being located adjacent an end of the conductive sheath,

a power supply; and

a multiplexer to selectively connect the power supply to (a) a first channel including both

the first and second shock wave generation stations and (b) a second channel including the third
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and fourth shockwave stations, with each shock wave station generating two shock waves when

a voltage is received from the power supply through the selected channel.

41. A device as recited in claim 40 wherein both the first and second channels share a common

wire,

42. A device as recited in claim 41 wherein the common wire is connected to a ground terminal

of the power supply.

43. A device as recited in claim 40 wherein the ends of the sheaths include one or more arcuate

cut-outs adjacent the electrodes.
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