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(57) Abstract: The invention provides a system for treating an occlusion within a body lumen. The system may comprise an insulated

outer sheath; an elongated conductive tube, wherein the insulated outer sheath is circumferentially mounted around the elongated
conductive tube; and an insulated wire having a helically coiled portion at a distal end of the insulated wire. The coiled portion includes
an exposed distal tip, and a distal portion of the elongated conductive tube is circumferentially mounted around the distal coiled portion
of the insulated wire. When a voltage is applied across the insulated wire and the elongated conductive tube, a current is configured to
flow from the exposed distal tip of the insulated wire to the elongated conductive tube to generate a plurality of cavitation bubbles. In
an alternate embodiment, an elongated central electrode is used in place of the conductive tube.
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SYSTEM FOR TREATING OCCLUSIONS IN BODY LUMENS

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims priority to U.S. Patent Application Serial No. 62/688,110

filed June 21, 2018, the entire disclosure of which is incorporated herein by reference.

BACKGROUND

[0002] The present disclosure relates generally to a system for treating occlusions in a
body lumen. The system is useful for a chronic total coronary occlusion (“CTQO”), a partial
coronary occlusion, or a kidney stone in ureter, in order to restore normal flow in a lumen

(e.g., the artery or the ureter).

[0003] In angioplasty or peripheral angioplasty procedures, an angioplasty balloon is
used to dilate a lesion (e.g., calcified lesion) and restore normal blood flow in the artery. In
some examples, an angioplasty balloon is advanced into the vasculature (e.g., along a guide
wire) until the balloon is aligned with calcified plaques. The balloon is then pressurized with

a fluid to expand the vessel to permit blood flow.

[0004] More recently, a system has been developed wherein electrodes are disposed in
the angioplasty balloon. Once the balloon is initially positioned adjacent a blockage, a series
of high voltage pulses are applied to the electrodes in a manner to generate a series of shock
waves. The shock waves act to crack calcified lesions. Once the lesions are cracked, the
balloon can be inflated, in a more gentle fashion, to expand the vessel and improve

circulation.

[0005] Further information about the latter type of device can be found in U.S. Patents
8,856,371; 8,747,416 and 9,642,673. Shock wave technology has also been developed for
treating heart valves (U.S. 2018/0098779) and for guide wire designs (U.S. 9,730,715). U.S.
Patent Publication 2018/03640482 describes a forward directed shock wave device. Each of

these patent documents is incorporated herein by reference.

[0006] Arteries are sometimes totally or partially occluded, for example, with thrombus,
plaque, fibrous plaque, and/or calcium deposits. When this condition is present, the

physician must first cross the occlusion, and then feed the angioplasty balloon and/or other
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tools down the artery to the desired location of blockage to perform the desired procedure.
However, in some instances (e.g., CTO), the occlusion is so tight and solid, making it

difficult to cross the treatment device into the true lumen of the distal vessel.

[0007] CTOs remain a challenge in percutaneous coronary interventions, as well as a
challenge for the periphery, causing critical limb ischemia and amputations. First, many of
the currently available equipment are incapable of physically crossing the tough proximal cap
or distal cap (retrograde approach) of the CTO. In some instances, attempting to penetrate
the CTO cap using soft guide wire causes buckling (e.g., deflecting the guidewire to a
subintimal passage or collateral branch). On the other hand, stiffer guide wires may damage
the artery wall when forced against the CTO. Moreover, some currently available equipment
operate by generating strong mechanical vibrations to break the CTO, but the intensity of the
vibration may damage the artery wall and make the system less durable and more difficult to

control.

[0008] Similar issues are present for occlusions formed in other parts of the body, for

example, kidney stones in a ureter.

BRIEF SUMMARY

[0009] The invention provides a system for treating an occlusion such as CTO or kidney
stones within a lumen such as a blood vessel or a ureter. In some embodiments, the system
comprises an insulated outer sheath, an elongated conductive tube, wherein the insulated
outer sheath is circumferentially mounted around the elongated conductive tube, and an
insulated wire having a helically coiled portion at a distal end of the insulated wire. The
coiled portion includes an exposed distal tip. A distal portion of the elongated conductive
tube is circumferentially mounted around the distal coiled portion of the insulated wire.
When a voltage is applied across the insulated wire and the elongated conductive tube, a
current is configured to flow from the exposed distal tip of the insulated wire to the elongated
conductive tube to ionize the fluid around it and generate a plurality of cavitation bubbles and

bubble-associated dynamics (collapses, jets, etc.).

[0010] In some embodiments, a method for treating an occlusion within a lumen such as
a blood vessel or a ureter comprises advancing a treatment device within the lumen to contact
the occlusion. The treatment device comprises: an insulated outer sheath; an elongated

conductive tube, wherein the insulated outer sheath is circumferentially mounted around the
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elongated conductive tube; and an insulated wire having a helically coiled portion at a distal
end of the insulated wire, wherein the coiled portion includes an exposed distal tip and
wherein a distal portion of the elongated conductive tube is circumferentially mounted around
the distal coiled portion of the insulated wire. The method further comprises injecting
conductive fluid (i.e. physiological saline, mixture of saline and angiographic contrast dyes,
etc.) toward a distal end of the treatment device; and applying a voltage across the insulated
wire and the elongated conductive tube to cause a current to flow from the exposed distal tip
of the insulated wire to the elongated conductive tube to generate a plurality of cavitation

bubbles and bubble-associated dynamics (collapses, jets, etc.).

[0011] In some embodiments, a system for treating an occlusion within a body lumen is
disclosed. The system includes an insulated wire having a helically coiled portion near the
distal end thereof, and with the distal tip of the insulated wire having a portion of the
insulation removed to define an electrode. The system further includes an elongated central
electrode with the distal end thereof being received within the helically coiled portion of the
insulated wire. In one preferred embodiment, the system further includes an insulated tube
located about the distal end of the central electrode and within the helically coiled portion of
the insulated wire. Finally, a tubular outer shell is provided for covering the coiled portion of
the insulated wire. The proximal ends of the insulated wire and the central electrode are
connectable to the terminals of an electrical pulse generator so that in use, when voltage
pulses are applied to the central electrode and the insulated wire, a series of cavitation

bubbles are created between the electrode of the insulated wire and the central electrode.

DESCRIPTION OF THE FIGURES
[0012] FIG. 1 is a perspective view of an exemplary system for treating an occlusion, in

accordance with some embodiments.

[0013] FIG. 2A is an expanded view of an exemplary bubble generating tip of the

treatment system, in accordance with some embodiments.

[0014] FIG. 2B is a cross-sectional view of an exemplary bubble generating tip of the

treatment system, in accordance with some embodiments.

[0015] FIG. 2C is a cross-sectional view of an exemplary bubble generating tip of the

treatment system, in accordance with some embodiments.
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[0016] FIG. 3 is a perspective view of another exemplary bubble generating tip of the

treatment system, in accordance with some embodiments.

[0017] FIG. 4 is a side view of an exemplary system for treating an occlusion, in

accordance with some embodiments.

[0018] FIG. 5 is a schematic view of an exemplary system for treating an occlusion, in

accordance with some embodiments.

[0019] FIG. 6 is a schematic view of another exemplary system for treating an occlusion,

in accordance with some embodiments.

[0020] FIG. 7 is an expanded view of another exemplary system for treating an

occlusion, in accordance with some embodiments.

[0021] FIG. 8 is a perspective view of the system of FIG. 7.
[0022] FIG. 9A is an end view of the system of FIG. 7.

[0023] FIG. 9B is a cross-sectional view of the system of FIG. 7.

[0024] FIG. 10 is a perspective view of a bubble generating tip system of another

exemplary in accordance with some embodiments.

DETAILED DESCRIPTION

[0025] The following description sets forth exemplary methods, parameters, and the like.
It should be recognized, however, that such description is not intended as a limitation on the
scope of the present disclosure but is instead provided as a description of exemplary

embodiments.

[0026] Described herein are exemplary systems and methods for treating an occlusion
such as CTO or kidney stones in a ureter. In according with some embodiments, the
treatment system includes a forward bubble generating tip to be advanced within the lumen to
contact the occlusion. The forward bubble generating tip includes electrodes that, when
provided with a relatively low-voltage and high-PRF (pulse repetition rate) generator, form
plasma arcs that in turn lead to cavitation bubbles. The cavitation bubbles create mechanical
vibrations, turbulence, jets, and/or forceful collapses to break the occlusion. The output of

the generator is configured to be sufficient for creating electro-hydraulic discharge and
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cavitation bubbles for effectively drilling, but not enough to create a powerful shock wave
that may compromise the durability of the system. As such, the mechanical vibrations are
relatively gentle compared to currently available equipment. Accordingly, the treatment
system is less likely to cause damage to the lumen wall (e.g., vessel wall) and is easier to

control and more durable.

[0027] FIG. 1 is a perspective view of an exemplary treatment system 100 in accordance
with some embodiments. The treatment system includes a forward bubble generating tip 102
(shown in an expanded view), an insulated outer sheath 104, a proximal balloon 106 mounted
over a length of the insulated outer sheath, a waste conduit 108, and insulated wires 110 and
112. The forward bubble generating tip 102 includes electrodes and is described in detail
with reference to FIGS. 2A-C. In operation, conductive fluid such as saline (or saline
contrast mix) is injected from the proximal opening of the insulated outer sheath 104 and
flows toward the distal end. When the proximal ends of the insulated wires 110 and 112 are
connected to a voltage supply, cavitation bubbles and/or shock waves are generated via the
conductive fluid at the forward bubble generating tip. The cavitation bubbles and/or shock
waves lead to sustained mechanical vibrations in the forward direction, breaking down the
occlusion such as CTO or kidney stones. As more conductive fluid is injected, debris such as
broken down occlusion pieces, metals, and bubbles are flushed toward the proximal balloon

and carried out of the lumen via the waste conduit 108.

[0028] FIG. 2A depicts an expanded view of the forward bubble generating tip 102 of
FIG. 1. As depicted, the forward bubble generating tip 102 includes an elongated conductive
tube 208, a helically coiled portion 202 at the distal end of the insulated wire 112, and an
optional insulated layer 206 disposed between the elongated conductive tube 208 and the
helically coiled portion 202. In the depicted example, the insulated layer 206 includes a
plurality of holes 204 arranged along the longitudinal axis. In some examples, the elongated
conductive tube 208 can be a stainless steel hypotube. The insulated wires 110 and 112 can
be polyimide-insulated copper wires. The insulated layer 206 can be a polyimide tubular
insulator. The insulated layer provides an extra layer of insulation between the conductive
core of wire 112 and the elongated conductive tube 208 and is helpful in case the insulation
around the coiled portion 202 has defects and/or experiences damages (e.g., scratching during

assembly). In some examples, the forward bubble generating tip 102 does not include the
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insulated layer 206. In some examples, epoxy or cyano glue can be used between the coiled

portion 202 and the elongated conductive tube 208 to fix the relative positioning of the two.

[0029] FIG. 2B depicts a cross-sectional view of the forward bubble generating tip 102.
As depicted, the insulated outer sheath 104 is circumferentially mounted over the elongated
conductive tube 208. In the depicted example, the distal edge of the elongated conductive
tube 208 extends over distal edge of the insulated outer sheath 104 by distance A. The
distance A can be adjusted based on the characteristics of the occlusion. For example, the
distance A can be set to be longer than the thickness of the calcified cap of the CTO to be
drilled through. If not, the crossing profile would need to be undesirably increased (i.e. a
bigger hole needs to be drilled to accommodate the insulated outer sheath). In some
examples, the distance A ranges from 0.004” to 0.01”. As further depicted, an insulated layer
206 is disposed, for a longitudinal length of L, between the elongated conductive tube 208
and the helically coiled wire portion 202. The distal end of the insulated wire 110 is welded
to the elongated conductive tube 208.

[0030] As depicted, the distal edge of the insulated layer 206 is aligned with the distal
edge of the elongated conductive tube 208. Further, the distal edge of the elongated
conductive tube 208 extends beyond the helically coiled wire portion 202 by distance B. In
some examples, the distance B ranges from Omm (i.e., the distal end of the coiled portion is
aligned with the distal edge of the elongated tube) to 0.5mm. In some examples, one or more
of the other factors that affect the efficiency of the operation, such as the flow rate of the
conductive fluid, the applied voltage, the shape and composition of the occlusion, are taken
into account when setting distance B to achieve an optimal configuration. This relative
positioning of the helically coiled wire portion 202 and the distal edges of the insulated layer
206 and elongated conductive tube 208 ensures safety to the surrounding tissue, protects the
catheter from the vibrations emitting from the tip, and causes the mechanical vibrations to be
generated in a forward-facing direction, thus increasing the intensity, and thus the
effectiveness, of the treatment system in breaking down the occlusion. Further, the forward-
facing mechanical vibrations, along with the continuous flow rate in the forward direction,
result in drilling of holes that are consistent (e.g., in size, in shape), thus making the treatment
system easier to operate. In some examples, the treatment system is configured to drill holes

of around 1mm in diameter in calcified materials.
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[0031] In some examples, the flow of saline or saline/angiographic contrast mix is
adjusted to avoid over-heating issues and control drilling efficiency and rate. In some
examples, the flow rate is configured to be in the range of 1 to 30 mL/min to improve

breakability of calcified structures.

[0032] In an exemplary operation, when the proximal ends of the insulated wires 110 and
112 are connected to the negative port and positive port of a generator, respectively, a current
flows from the distal end 210 of the insulated wire 112 to the elongated conductive tube 208.
The current can cause a plurality of plasma arcs to be formed between the distal end 210 of
the insulated wire 112 and the inner diameter of the elongated conductive tube 208 (e.g.,
across the distal edge 203 of the insulated layer 206 or through the holes 204 in 206). The
plasma arcs lead to cavitation bubbles in a controlled fashion (one at a time, at a particular
rate), which in turn lead to mechanical vibrations, and other bubble dynamics-related effects
such as collapses, turbulence, jetting, etc. in the conductive fluid (e.g., via the expansion and
collapse of the bubbles). The mechanical vibrations serve to break or chip away the
occlusion. As compared to the generators used in the prior art shock wave generation
systems mentioned above, the generator for this system is configured to generate lower-
voltage pulses at a higher pulse repetition rate in order to minimize the strength of the shock
waves and optimize and maximize bubble growth and collapse. For example, in the prior art
systems, each pulse might be about 3000 volts with a 1 Hz repetition rate. In this system, the
voltage can be under 1000 volts with the repetition rates ranging from 14 to 200 Hz. Ina

preferred embodiment, repetition rates can as high as 800 Hz.

[0033] As the plasma arcs cause erosion to the electrodes in operation, the helically
coiled wire portion 202 and/or the insulation over the coiled wire portion can disintegrate and
shorten over time. Similarly, the insulation layer 206 and the distal edge of the elongated
conductive tube 208 can disintegrate due to use. The rates at which the coiled wire portion,
the insulated layer, and the elongated conductive tube disintegrate can vary based on physical
characteristics of each component (e.g., the diameter of the wire, the property of the wire, the
thickness of the insulation layer), the polarities of the applied voltage, the magnitude of the
applied voltage, etc. For example, a wire that is relatively thin, connected to a relatively high
voltage supply, and/or connected to the positive voltage port would erode faster. In some
instances, before the helically coiled wire portion 202 experiences extensive usage, the

plasma arcs are generated across the distal edge 203 of the insulated layer 206. However, as
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the helically coiled wire portion 202 shortens due to usage, the distance between the distal
end 210 of the insulated wire 112 and the distal edge of the insulated layer 206 increases.
Due to the increased distance, plasma arcs are no longer generated across the distal edge 203
of the insulated layer 206. Instead, as current flows from the distal end 210 of the helically
coiled wire portion 202 to inner diameter of the elongated conductive tube 208, plasma arcs
are generated across one of the holes 204 (e.g., the hole located closest to the distal end 210
of the shortened helically coiled wire portion) in the insulated layer 206. As shown in FIG.
2A, a plurality of holes are provided along the longitudinal axis of the insulated layer 2006,
thus allowing plasma arcs to be formed even as the helically coiled wire portion 202 shortens
and improving the durability of the treatment system. In other words, the holes in the
conductive layer aim to become new spark areas as the device (i.e., the electrodes) erodes. In
some examples, the plurality of holes is arranged in a spiral orientation to be aligned with the
coil to control the maximum arc length. In some examples, the applied voltage is sustained
for a relatively long periods of time (e.g., minutes) to achieve continuous generation of
cavitation bubbles and eventual crossing. Note that as the coiled wire portion erodes, the
location of the generation of the cavitation bubbles will change. In the illustrated
embodiment, the location of the generation of the cavity bubbles will rotate circumferentially

about the periphery of the conductive tube 208.

[0034] In some examples, various parameters can be adjusted during the operation to
slow down or even out the erosion of the electrodes. For example, the frequency of bubble
generation/emission (pulses per minute) can be adjusted to control the tip erosion, durability
and drilling time. The frequency of bubble generation can be controlled by reducing the
capacitance (so a capacitance switch can change the speed on demand), or by reducing the
current power supply. As another example, the applied voltage can be adjusted as a function
of drilling time to control the emitter erosion and device durability while maintaining the
frequency constant as a function of drilling time. Further, polarity of the electrodes can be
reversed for a period of time equivalent to a fraction of the treatment time (e.g., 10% to 100%
of the time) while maintaining the voltage and frequency constant as a function of drilling
time in order to control electrode wear and improve device durability. Further still, the

thickness of the wire insulation can be chosen to control the durability of the wire.

[0035] U.S. Patent 10,226,265, incorporated by reference, teaches various approaches for

switching polarity of electrode pairs positioned in a conductive fluid. Those types of
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approaches can be utilized with the subject device. In particular, to maintain peak sonic
output, the spark gap should be constant. As the electrodes erode away, the gap can vary. To
compensate for this variation in gap size, the polarity on the electrodes can be reversed. The
polarity reversal frequency can be used to help control variations in the length of the spark
gap. It is possible to tune the polarity reversal frequency based on the power being delivered,
wire diameter and insulator thickness. It is also possible to have the generator detect the

power degradation and automatically reverse the polarity on the electrodes.

[0036] FIG. 2C is a cross-sectional view of an exemplary bubble generating tip of the
treatment system, in accordance with some embodiments. The insulated wire 112 has a
typical diameter of 0.005” in the core (e.g., copper core) with 0.0005” polyimide coating.
The number of turns of the coiled wire portion dictates the life of the electrode. With ~500V-
700V arcing at 100 Hz, one turn can last approximately 30-40 seconds. Thus, for a 10-
minute procedure, the coiled wire portion can include around 17 turns and the coil length
would be around 0.1”. The length of the elongated conductive tube 208 should be longer
than the coil length to support internal features. The insulated layer 206 (e.g., polyimide
insulator sheath) can have a thickness of 0.001”. The outer diameter of the insulated layer
206 is fitted inside the inner diameter of the elongated conductive tube 208. The outer
diameter of the elongated conductive tube 208 (e.g., stainless steel hypotube) can range
between 0.035” to 0.065” with the thickness of 0.002”. Arcing gap between the wire core
(e.g., copper core) and the inner diameter of the elongated conductive tube is around 0.004”-
0.007”. The arc gap could be longer if the insulting layer 206 and a hole 204 is further away,
for example the other side of the tube. In some examples, the arcing gap is the ideal range to
maximize the cavitation. In some examples, the various dimensions of the system are

selected to be compatible with off-shelf components.

[0037] FIG. 3 depicts a perspective view of an alternative forward bubble generating tip
300 of the treatment system, in accordance with some embodiments. The forward bubble
generating tip 300 includes a plurality of atraumatic arms or tines 302 extending from the
distal end of the elongated conductive tube 208. The tines 302 are made of flexible materials
and are designed to deflect the tip from perforating the lumen wall. In some examples, the
tines can be coated with elastomer (i.e., silicone rubber) or low durometer polymer (i.e.,
polyurethane), and can be around 0.035” in length. When the forward bubble generating tip

drills a hole through the occlusion and gets to soft tissue, the flexible tines cause the tip to
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turn. Further, the forward bubble generating tip 300 includes a plurality of spikes 304
extending from the distal end of the elongated conductive tube 208. The spikes 304 are
designed to direct the plasma arcs between the distal end 310 of the coiled wire portion and
the distal edge of the elongated conductive tube 208, for example, across the distal edge of

the insulated layer 306.

[0038] FIG. 4 is a side view of an exemplary system 400 for treating an occlusion, in
accordance with some embodiments. As depicted, the proximal end of the insulated outer
sheath forms an inlet 402 for injecting conductive fluid (e.g., saline). This port 402 could
also act as a conduit to introduce a guidewire (e.g., a 0.014” guidewire) after flushing or
while flushing the saline. The injected conductive fluid serves a number of purposes. First,
when the proximal ends of wires 410 and 412 are connected to a voltage supply, plasma arcs
can be formed via the conductive fluid at the forward bubble generating tip, as described
above with reference to FIGS. 1-3. Further, continually injecting conductive fluid helps to
dissipate heat and cool the electrodes. Flow also creates forward inertia to help the bubbles to
drill and collapse (and jet) forward. In some example, the flow rate is adjusted to control the
drilling efficiency and rate. Moreover, the conductive fluid flushes through the coiled wire
portion at the forward bubble generating tip and carries the debris such as broken down
occlusion pieces, metals, and bubbles away from the forward bubble generating tip 401
toward the proximal balloon 406. The proximal balloon, when inflated, traps the debris and
prevents the debris from entering the main artery. As depicted, a conduit 404 extends
through the proximal balloon 406, and the distal end 409 of the conduit 404 serves as a waste
inlet for receiving the flushed debris and transporting the debris to the waste outlet 408 at the
proximal end of the conduit. In some examples, suction is provided at the proximal end of
the conduit 404 to facilitate the removal of debris. The rapid removal of debris helps to

refresh the cavitation.

[0039] FIG. 5 is a schematic view of an exemplary system 500 for treating an occlusion,
illustrating further aspects of the invention. The system 500 further includes a control
console 502 having an infusion pump 504 and a generator 506 . The infusion pump provides
the flow of conductive fluid (e.g., saline) toward the forward bubble generating tip via the
irrigation lumen. In some examples, an auxiliary pump may be used for aspiration and
removal of debris. The generator serves as a voltage supply for the electrodes at the forward

bubble generating tip. The pulses have a voltage in the range of 500 to 3000 volts and more

10
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preferably 600 to 1000 volts. Ideal electrical energies applied for CTO crossing are very low
(between 5 and 50 mJ per pulse) to avoid generating excess heat, and more preferably 30mJ.
Current ranges from 1-15Amperes. The pulses are generated with a repetition rate in the
range of 14 to 800 Hz. In some examples, the system further includes a visualization system
and/or a steering system for properly navigating (e.g., side branches) and placing the forward
bubble generating tip. Alternatively or additionally, the forward bubble generating tip could
be made of a radiopaque material that is easy to see under fluoroscopic guidance. Thus,
instead of steel, materials filled with Barium sulfate, tungsten or other radiopaque materials,

or materials filled with radiopaque materials can be used so that the device can be tracked.

[0040] In use, a guidewire can be advanced through the central open region in the device
and towards the hole drilled or being drilled in the occlusion. For example, the guidewire can
be advanced through the drilled hole to guide the advancement of the treatment system,
which continues drilling until the occlusion is crossed. In some examples, the guidewire can
be advanced through the elongated conductive tube (e.g., from saline inlet 402), more
specifically, through the center of the coiled portion of the bubble generating tip. After the
occlusion is crossed, the forward bubble generating tip can be withdrawn, while the
guidewire can remain to allow the access of other tools such as angioplasty or Lithoplasty™
balloons using over the wire entry. Lithoplasty is the trademark of assignee directed to its
intravascular lithotripsy (shock wave) catheters. As discussed below, after the hole is drilled,
an angioplasty balloon catheter can be advanced through the drilled hole to a distal end of the

occlusion and aligned with the occlusion.

[0041] FIG. 6 is a schematic view of another exemplary system 600 for treating an
occlusion, in accordance with some embodiments. The treatment system can be used alone
or in conjunction with an angioplasty balloon 602. In some examples, the forward bubble
generating tip is first advanced within a lumen (e.g., blood vessel or ureter) to contact the
occlusion to drill a hole through the occlusion in accordance with processes described above.
Thereafter, the balloon is advanced to the lesion. The balloon 602 is then pressurized with a
fluid to expand the lumen to enhance flow (e.g., blood flow). As noted above, the
advancement and positioning of the balloon can be aided with a guidewire passed through the

center of the device.

[0042] As an alternative, the angioplasty balloon is a lithotripsy balloon and a shock

wave generator may be disposed within the balloon 602. The shock wave generator may take

11
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the form of, for example, a pair of electrodes. When the balloon 602 is aligned with the distal
end of the occlusion and a high voltage pulse is applied across the electrodes, a shock wave is
formed that propagates through the fluid and impinges upon the wall of the balloon and the
occlusion. Repeated shock waves break up the occlusion without damaging surrounding soft
tissues. In some examples, the shock waves can be generated along an axis perpendicular to
the axis of the catheter (instead of being forwardly directed) so that they treat different parts
of the occlusion. The angioplasty balloon 602 can then be expanded to further open up the
lumen. As depicted in FIG. 6, the control console 603 includes a selector switch 604 for
selecting between “CTO” and “Lithoplasty™” for switching the voltage supply between
providing lower voltage pulses to the forward bubble generating tip and providing higher
voltage pulses to the shock wave generator within the balloon 602. In this example, the

proximal balloon can be placed on either side of the lithotripsy balloon.

[0043] FIGS. 7 to 9 represent an alternate embodiment of the subject treatment system.
Similar to the previous embodiments, the embodiment of FIGS. 7 to 9 includes a helically
coiled portion 702 at the distal end of an insulated wire 712. In addition, the distal end of the
coil 1s not insulated and forms one electrode. Unlike the previous embodiments that included
a second conductor in the form of an outer cylindrical tube, in this embodiment, the second

conductor is in the form of a cylindrical central electrode 720.

[0044] The distal end of the central electrode 720 is received within the coiled portion
702 of the insulated wire. In the preferred embodiment, an insulated tube 706 surrounds the
distal end of the central electrode. The insulated tube includes a plurality of holes 704 that
provide additional pathways for conducting current as the coiled portion of the insulated wire
erodes during use. In a preferred embodiment, an annular channel 730 is formed between the
outer surface of the insulated tube 706 and the inner surface of the coiled portion 702. This
channel can be used to supply conductive fluid to the distal tip of the device. Since the wire

712 is insulated, it may be possible to configure the device without the insulated tube 706.

[0045] A cylindrical outer shell 724 surrounds the distal end of the device. The shell can
be formed from a metal such as stainless steel. Alternatively, the shell could be made from a
non-metal such as Polyether ether ketone (PEEK) or a polyimide-based plastics such as
Vespel™. The material should be heat resistant and provide some stiffness for crossing the
occlusion. The proximal end portion of the outer shell (728), is formed from a more flexible

material to facilitate advancement of the device through the circulatory system.
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[0046] The embodiment of FIGS. 7 to 9 would be used in a manner similar to the
previously discussed embodiments. Briefly, the proximal ends of the insulated wire and
central electrode are connected to a power source generating pulses with a repetition rate on
the order of hundreds of pulses per second. The pulses create cavitation bubbles in the
conductive fluid at the distal end of the device. The cavitation bubbles create mechanical

vibrations that can chip away at the occlusion.

[0047] As in the previous embodiments, during operation, the end of the coiled portion of
the insulate wire will typically erode. As the wire erodes, the point at which the cavitation
bubbles are generated moves circumferentially about the periphery of the central electrode.
As noted above, the holes 704 in the insulated tube 706 provide sequential pathways for the

current as the coiled wire erodes.

[0048] In a preferred embodiment, the central electrode 720 is removably mounted within
the device. In use, after the occlusion has been opened, the central electrode can be removed

providing a channel for insertion of a guidewire or other device for further treatment.

[0049] FIG. 10 illustrates a variant of the embodiment of FIGS. 7 to 9. In this
embodiment, the outer surface of the insulated tube 706 includes radially projecting spacers
740. The spacers 740 function to space the central electrode 720 from the inner surface of the

coiled portion 702 of insulated wire 712.

[0050] It will be understood that the foregoing is 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 invention. For example,
the foregoing principles can applied to treat occlusions formed in any part of the body. Any
of the variations of the various treatment systems disclosed herein can include features
described by any other treatment systems or combination of treatment systems herein.
Furthermore, any of the methods can be used with any of the treatment systems disclosed.
Accordingly, it is not intended that the invention be limited, except as by the appended
claims. For all of the variations described above, the steps of the methods need not be

performed sequentially.
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CLAIMS

What is claimed is:

1. A system for treating an occlusion within a body lumen, comprising:
an insulated outer sheath;
an elongated conductive tube mounted within a distal end of the insulated outer
sheath; and
an insulated wire having a helically coiled portion at a distal end of the insulated wire,
wherein adjacent side surfaces of turns of the coiled portion are electrically isolated from
each other by insulation,
wherein the coiled portion includes an exposed distal tip,
wherein the coiled portion is positioned within a distal portion of the elongated
conductive tube,
wherein a central region of the coiled portion defines an open passage capable
of receiving a conductive fluid, and
wherein, when a voltage is applied across the insulated wire and the elongated
conductive tube, a current is configured to flow from the exposed distal tip of the
insulated wire to the elongated conductive tube to generate a plurality of cavitation

bubbles.

2. The system claim 1, further comprising an insulated layer disposed between the distal

coiled portion of the insulated wire and the elongated conductive tube.

3. The system of claim 1, wherein the elongated conductive tube is connected to a

ground wire.

4. The system of claim 3, further comprising a voltage supply connected to a proximal

end of the ground wire and a proximal end of the insulated wire.

5. The system of claim 2, wherein the insulated layer includes a plurality of holes

arranged along a longitudinal axis of the insulated layer.

6. The system of claim 1, wherein a plurality of plasma arcs are generated across a distal

edge of the insulated layer.
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7. The system of claim 5, wherein a plurality of plasma arcs are generated across a hole

of the plurality of holes arranged on the insulated layer.

8. The system of claim 1, wherein the insulated outer sheath includes an inlet for

receiving conductive fluid.

9. The system of claim 8, further comprising:
a proximal balloon mounted over a length of the insulated outer sheath; and

a waste conduit for receiving debris carried by the injected conductive fluid.

10. The system of claim 1, further comprising a plurality of tines at a distal end of the
elongated conductive tube, wherein the plurality of tines are configured to prevent the distal

end of the elongated conductive tube from perforating the lumen.

11. The system of claim 1, further comprising a plurality of spikes at a distal end of the
elongated conductive tube, wherein the plurality of spikes are configured to cause a plurality

of plasma arcs to be generated across an distal edge of the insulated layer.

12.  The system of claim 1, wherein a distal end of the elongated conductive tube is
configured to extend beyond the distal coiled portion of the insulated wire such that the

plurality of cavitation bubbles are generated in a forward direction toward the occlusion.

13. The system of claim 1, wherein the plurality of cavitation bubbles are configured to

generate mechanical vibrations at a vibration rate ranging from 14 Hz to 800 Hz.

14. A method for treating an occlusion within a body lumen, comprising;:
advancing a treatment device within the lumen to contact the occlusion, wherein the
treatment device comprises:
an insulated outer sheath;
an elongated conductive tube mounted within a distal end of the outer sheath;
an insulated wire having a helically coiled portion at a distal end of the
insulated wire, wherein the coiled portion includes an exposed distal tip and wherein the
coiled portion is positioned within a distal portion of the elongated conductive tube; and

wherein a central region of the coiled portion defines an open passage; and
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injecting conductive fluid into a proximal end of the outer sheath, said conductive
fluid passing through the open passage in the coiled portion and exiting the distal end of
the outer sheath; and

applying voltage pulses across the insulated wire and the elongated conductive tube to
cause a current to flow from the exposed distal tip of the insulated wire to the elongated

conductive tube to generate a plurality of cavitation bubbles in the conductive fluid.

15. The method of claim 14, wherein the treatment device further comprises a proximal
balloon connected to a waste inlet, the method further comprising:
while generating the plurality of cavitation bubbles, receiving debris carried by the

injected conductive fluid at the waste inlet.

16. The method of claim 14, wherein the plurality of cavitation bubbles are configured to

drill a hole through the occlusion.

17. The method of claim 16, further comprising:
advancing an angioplasty balloon catheter through the drilled hole to align
with the occlusion; and

expanding the angioplasty balloon.

18. The method of claim 17, further comprising: prior to expanding the angioplasty
balloon, generating one or more shockwaves from inside the balloon along an axis

perpendicular to the axis of the catheter.

19. The method of claim 16, further comprising:
advancing a guidewire through the drilled hole via a center of the coiled
portion of the insulated wire; and

advancing one or more tools over the guidewire.

20. The method of claim 14, wherein the lumen is a blood vessel.

21. The method of claim 14, wherein the lumen is a ureter.
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