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(57) Abstract: Described embodiments include an apparatus (21) for removal of a thrombus from a body of a subject. The apparatus
includes a first electrode (3), made of a first conductive metal having a first electronegativity, and a second electrode (26), made of a
second conductive metal having a second electronegativity that is less than the first electronegativity. The apparatus further includes
a voltage source (46), configured to apply a positive unipolar voltage between the first electrode and the second electrode while the
first electrode is in contact with the thrombus, and while the second electrode is inside the body of the subject. Other embodiments
are also described.
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THROMBECTOMY DEVICES

CROSS-REFERENCE TO RELATED APPLICATIONS

The present application claims the benefit of (i) US Provisional Application 62/442.470,
entitled "Thrombectomy device,” filed January 5, 2017, and (i) US Provisional Application
62/519,185, entitled "Electric thrombectomy device,” filed June 14, 2017, the disclosures of
which are incorporated herein by reference. The present application is also related to a US
patent application (attorney ref. 1344-1003.2}, entitled "Thrombectomy devices," filed on even

date herewith.

FIELD OF THE INVENTION

The present application relates to the field of medical devices, particulardly devices for

thrombectomy, i.e., the removal of thrombi (blockages) from blood vessels.

BACKGROUND

US Patent Application Publication 2011/0301594, whose disclosure is incorporated
herein by rcference, describes a flexible catheter device capable of being introduced into body
passages, withdraw tluids therefrom or introduce fluids thercinto, and which includes electrodes
configured to apply electrical signals in the body passage for carrying out thrombus dissolution
and/or thrombectomy, wherein one of said electrodes is designed to contact the thrombus

raterial and remove it or dissolve it, and whercin the clecirical voltage signals are unipolar

pulsatile voltage signals.

US Patent Application Publication 2004/0073243 describes devices and methods for
removing an obstruction from a blood vessel. The devices are deployed in a collapsed condition
and are then expanded within the body. The devices are then manipulated to engage and remove

the obstruction.

US Patent 6,855,143 describes electrosurgical apparatus and methods for maintaining
patency in body passages subject to occlusion by invasive tissue growth. The apparatus includes
an electrode support disposed at a shaft distal end having at least one active electrode arranged
thereon, and at least one retorn electrode proximal to the at least one active electrode. In one
cmbodiment, a plurality of active electrodes cach comprising a curved wire loop portion are

scaled within a distal portion of the clectrode support.

US Patent 8,197.478 describes an apparatus and method for electrically induced
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thrombosis. The surgical device includes a first clectrode and a second electrode. The first
clectrode is for placement adjacent to, near, or within a treatment site of a patient. The second
clectrode can be movable with respect to the first elecirode. When the electrodes ave charged by
an eclectricity source, negatively charged blood components are attracted to the positively
charged clectrode while being repelled from the negatively charged electrode. Due to the
clectric potential between the adjacent electrodes, thrombosis is induced. The negatively
charged blood and components form a thrombus or a clot adjacent to the positively charged
clectrode. The surgical device can be used to induce the otherwise natural process of thrombosis.
When the surgical device is used in a treatment site such as a puncture or incision, the

thrombosis can seal the opening created by the treatment site.

US Patent Application Publication 2002/0133111 describes a microcatheter for reroving
thromboemboli from cerchral arteries in patients suffering from ischemic stroke.  The
microcatheter provides an extraction lumen that can be scaled to a very small diameter that 1s
still capable of extracting and cmulsifying thrombus without clogging the channel. The
microcatheter uses a series of spaced apart energy application mechanisms along the entire
fength of the catheter's extraction lumen to develop sequential presswre differentials to cause
fhid flows by means of cavitation, and o contemporaneously ablate embolic materials drawn
through the extraction lumen by cavitation to thereby preventing clogging of the lumen.
Preferred mechanisms for energy delivery are (i) a laser source and controller coupled to optic
fihers in the catheter wall or (11} an R{ source coupled to paired electrodes within the extraction
tumen. Each energy emitter can apply encrgy to fluid media in the extraction channel of the
catheter--wherein the intense energy pulses can be sequentially timed to cause fluid media flows

in the proximal dircction in the channel.

SUMMARY OF THE INVENTION

There is provided, in accordance with some embodiments of the present invention,
apparatus for removal of a thrombus from a body of a subject. The apparatus includes a first
clectrode, made of a first conductive metal having a first electronegativity, a second electrode,
made of a second conductive metal having a sccond electronegativity that is less than the first
clectronegativity, and a voltage source, configured to apply a positive unipolar voltage between
the fust clectrode and the second clectrode while the first clecirode is in contact with the

thrombus, and while the second electrode is inside the body of the subject.

In some embodiments, a distance between the first electrode and the second clectrode is

less than 3 mm.
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In some embodiments, the distance is less than €.7 oum.

In some embodiments, the apparatus further includes a tube, and the second electrode is
shaped to define at least part of a wall of the tube.

In some embodiments, the first electrode is disposed at a distal end of the tube.

In some embodiments, the first clectrode passes through a lumen of the tube.

In some embodiments, the second electrode i3 shaped to define a helix, and the first
clectrode passes through the second electrode.

In some embodiments, the first electrode and second electrode are coaxial with one
another.

In some embodiments, a length of an exposed portion of the first clectrode is between 0.1

and 50 mm.
In some embodiments, a diameter of the first electrode 18 between 0.01 and 4 mua.
In some embodiments, an amplitude of the unipolar voltage is between 1 and 100 V.

In some embodiments, in applying the unipolar voltage, the voliage sowrce is configured
to pass, between the first electrode and the second electrode, a current having an aroplitude of

between .1 and 4 mA.
In some embodiments, the first electrode includes a straight distal end.

In some embodiments, the apparatus further includes a balloon proximal to the first

electrode, configured to center the first clecirode with respect to the thrombus when inflated.

There is further provided, in accordance with some embodiments of the present
invention, a method that includes applying a positive unipolar voltage between a first clectrode,
made of a first conductive metal having a first electronegativity, and a second clectrode, made of
a second conductive metal having a second electronegativity that is less than the first
clectroncgativity, while the first clectrode is in contact with a thrombus in a body of a subject,
and while the second clectrode is inside the body of the subject. The method further inchides,

subsequently, removing the thrombus from the body of the subject.

In some embodiments, the method further includes, prior to applying the unipolar
voltage, advancing the first clectrode through the thrombus, at least until the thrombus contacts
an electrical insulator that is disposed proximally to an exposed portion of the fivst electrode.

In some embodiments, the method further includes measuring an impedance between the

2
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first clectrode and the second clectrode, and ascertaining that the thrombus has contacted the

insulator, based on the measured mpedance.

In some embodiments, the method further includes, prior to applving the unipolar
voltage, advancing the first clectrode through the thrombus until an cntire length of the first

electrode contacts the thrombus.

In some embodimenis, applying the unipolar voltage includes applying the unipolar
voltage while a distance between a distal tip of the first electrode and a distal tip of the second

electrode 1s between | and 100 mim.

In some embodiments, an electrical insulator is disposed proximally to an cxposed
portion of the first electrode, and the method further includes, prior to applying the unipolar

voltage, advancing the second electrode over the insulator.

In some embodiments, the sccond eclectrode is expandable, and the method further
includes, prior to applving the unipolar voltage:

advancing a catheter, containing both the fist electrode, and the second electrode in a
crimped position, through the thrombus; and

suhsequently, withdrawing the catheter, such that the sccond electrode expands, from the
crimped position, within the thrombas.

In some embodiments, the method further includes, prior to contacting the thrombus with
the first electrode, centering the first electrode with respect to the thrombus, by inflating a

balloon that is proximal to the first electrode.

There is further provided, in accordance with some embodiments of the present
inveniion, apparatus for removal of a thrombus from a body of a subject. The apparatus includes
an outer clectrode, shaped to define a helix, and an inner clectrode, passing through the outer
clectrode, configured to attach to the thrombus when a positive unipolar voltage is applied
hetween the inner electrode and the outer electrode.

In some embodiments, the outer electrode is expandable.

In some embodiments, the apparatus further includes a voltage source configured o
apply the positive unipolar voltage.

In some embodiments, the apparatus further includes an electrically-insulating cover over
both a proximal portion of the outer electrode and a distal portion of the outer electrode.

In some embodiments, the inner electrode is rod-shaped.

4
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In some embodiments, the inner electrode passes through a center of the outer electrode,

In some embodiments, a distance between the mner clectrode and a middle portion of the

outer electrode is between 1 and 100 mm.
In some embodiments, the distance 18 between 2 and 30 mm.

In some embodiments, the inner electrode is made of a first conductive metal having a
first electronegativity, and the outer electrode is made of a second conductive metal having a

second electronegativity that is less than the first electronegativity.

There is further provided, in accordance with some embodiments of the present
invention, a method that includes advancing a catheter, which contains both a crimped owter
electrode, and an inner electrode that passes through the outer electrode, through a thrombus in a
hody of a subject. The method further includes, subsequently to advancing the catheter through
the thrombus, withdrawing the catheter, such that the outer eclectrode expands within the
thrombus. The method further includes, subsequently to withdrawing the catheter, applying a
positive unipolar voltage between the inner electrode and the outer clectrode, such that the
thrombus becomes attached to the inner electrode, and, subscquently to the thrombus becoming
attached to the inner electrode, withdrawing the inner electrode and the outer clecrode from the

body of the subject.

In some embodiments, withdrawing the outer clectrode includes, using the outer

clectrode, applying a mechanical foree (o the thrombus.

The present invention will be more fully understood from the following detailed

deseription of embodiments thereof, taken together with the drawings, in which:

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a schematic illustration of apparatus for removal of a thrombus from a body of

subject, in accordance with some embodiments of the present invention; and

Figs. 2-4 are schematic illustrations of clectrode assemblies, in accordance with some

erpbodiments of the present invention.

PETAILED DESCRIPTION OF EMBODIMENTS
OVERVIEW

Ermbodiments of the present invention provide apparatus and methods for removing a
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thrombus from a blood vessel or other body passage, by application of a unipolar voltage
hetween two clectrodes in the body passage. For example, a positive unipolar voltage may be
applied between a fivst electrode in contact with the thrombus, and a second electrode disposed
proximally to the first electrode. The positive voltage causes the first electrode to attract the
negatively-charged thrombus, such that the thrombus attaches to the first electrode.
Subsequently, the thrombus may be removed by withdrawing the first electrode. Alternatively, a
negative unipolar voltage may be applied between the first and second electrodes, causing
dissolution of the thrombus. Subsequently, the disintegrated thrombus may be removed from the

subject.

Advantageously, the electrodes may be made of different conductive metals having
different respective clectroncgativitics, such as to incrcase the cffect of the applied unipolar
voltage.  Por cxample, the first, thrombus-contacting clectrode may have a higher
clectronegativity than that of the second clectrode, such as to increase the attraction between the

thrombus and the thrombus-contacting clectrode.

In some embodiments, the thrombus-contacting clectrode is advanced through the
thrombus, at least until the thrombus contacts an electrical insulator that is disposed proximally
to the exposed portion of the first electrode. This reduces, or eliminates, any exposed surface
arca of the clectrode proximally to the thrombus, thus further increasing the effect of the applied
unipolar voltage. To ascertain that the thwombus has contacted the insulator, the impedance
between the first electrode and the second electrode may be measured, since the impedance
hetween the clectrodes changes as a function of the degree to which the electrode is covered by

the thrombas.

In some embodiments, the second clectrode is shaped to define a helix, and the first
clectrode passes through the helix. Advantageously, the helical second electrode helps withdraw
the thrombus from the subject, by applying, to the thrombus, a mechanical force that

complements the force of electrical attraction between the thrombus and the first electrode.

In general, in the context of the present application, including the claims, the term
" s i " N ’ N ' : 1 4 - o . . C o 3 ¥ P
unipolar voltage" may refer to any voltage signal that is mostly of a single polarity, even if the
signal is not strictly unipolar. For example, a voltage signal that, during cach five-minute
interval of the signal. is positive for at least 80% of the interval, may be referred to as a positive
unipolar voltage.
In general, n the context of the present application, including the claims, the term
“thrombus” may refer to any combination of blood, fat, cholesterol, plaque, and/or foreign

o
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materials originating from outside the body, which may possess an electric charge.

APPARATUS DESCRIPTION

Reference is initially made to Fig. 1, which is a schematc illustration of apparatus 21 for
removal of a thrombus from a body of subject, in accordance with some embodiments of the
present invention. (Fig. 1 generally corresponds to Fig. 2 of US Patent Application Publication

2011/03015594, whose disclosure is incorporated herein by reference.)

Apparatus 21 comprises a catheter 20, which has a proximal end 20p and a distal end
20d, and which is shaped to define a lumen 20a. Following the introduction of catheter 20 into
the vascular systern of the subject, e.g., using standard angiographic catheterization techniques,
an electrode assembly 23 is passed through lumen 20a, and is subsequently used to remove a
thrombus from the vascular system, as described in detail hereinbelow. In some embodiments,
catheter 20 further comprises a proximal, lateral port 2 for withdrawing any debris (e.g.,
thrombus fragments) gencrated during the freatment process, using a syringe (not shown) or any
other device suitable for this purpose. Alternatively or additionally, a second catheter, passing
over catheter 20, may be positioned proximally to the thrombus, and subsequently used to
aspirate such debris. Alternatively or additionally, a net disposed near the distal end of electrode

assembly 23 may be used to catch and remove such debris.

In the particular embodiment shown in Fig. 1. clectrode assembly 23 compriscs a pair of
coaxial electrodes: a first electrode 3, which 18 used to contact the thrombus, and a second
electrode 26. First electrode 3 comprises a wire having a diameter d1 that may have any suitable
value, such as between .01 and 4 mm. First electrode 3 comprises a distal end 3d. In some
embodiments, as shown in subsequent figures, distal end 3d is straight. Alternatively, as shown
in Fig. 1, distal end 3d may be curly, or may have any other suitable shape that increases the
coptact area between the electrode and the thrombus, relative to a straight distal end. For
example, the surface of distal end 34 (or of the entire first electrode) may comprise a plurality of
protrusions, or bumps, which increase the surface arca available for contact with the throntbus.
Alternatively or additionally, distal end 3d {or the entire first electrode) may be curved, such as

to decrease the likelihood that the electrode will damage tissue of the subject.

In some embodiments, first electrode 3 is connected at its proximal end, at a connection
point 4, o another wire 5, which passes through lumen 20a to proximal end 20p of the catheter.
In other embodiments, instead of wire 3, first clectrode 3 extends through the lumen of the

catheter, to the proximal end of the catheter.



10

15

20

25

WO 2018/127796 PCT/IB2018/050010

Typically, an clectrically-isolating material scparates the first electrode from the second
clectrode, such that the first and second electrodes are electrically isolated from one another. For
example, an electricaliy-isolating layer 51 may cover wire 5, with second electrode 26, in turn,
covering electrically-isolating laver 5i. For example, as shown in Fig. 1, second electrode 26
may comprise a multi-stranded wire, comprising a plurality of clectrically-conducting strands
26s that arc braided over, or wrapped avound, clectrically-isolating layer 5i. In some
embodiments, an electrically-isolating cover 20c covers most of the second electrode, such that
only a distal portion 26d of the second elactrode remains exposed. In some embodiments, distal

portion 26d is between 7 and 25 mom long, e.g., around 15 mm long.

Typically, the first electrode - or the exposed portion of the first electrode, which is the
portion of the first clectrode not covered by clectrically-isolating layer 51 - has a length L1 that is
between 0.1 and 150 mm (e.g., between § and 50 mm, such as between § and 25 mm).
Alternatively, length L1 may have any other suitable value. The distal end of the first electrode
is typically bluni, to help prevent any damage to the lumen through which the first electrode is

passed.

Wire 5 terminates, at its proximal end, at a first terminal 3t. Similarly, the second
electrode terminates, at its proximal end. at a second terminal 26t. Upon the first electrode
contacting the thrombus, a unipolar voltage is applied between the electrodes, via first terminal
3t and second terminal 26t. A positive unipolar voltage between the first and second electrodes
facilitates a thrombectomy (i.c., a removal of the thrombus), by causing the negatively-charged
thrombus to become attached to the first clectrode. Such a positive voltage may be obtained, for
example, by grounding second terminal 26¢t, while applying a positive unipolar voltage signal to
first terminal 3t. Conversely, a negative unipolar voltage between the first and second electrodes
facilitates dissolution of the thrombus. Such a negative voltage may be obtained, for example,
by grounding fust terminal 3¢, while applying a positive unipolar voltage signal to second

terminal 26t

In general, the unipolar voltage signal applied to the terminals may have any suitable
form, such as any of the forras described in US Patent Application Publication 2011/0301594,
whose disclosure is incorporated herein by reference. For example, the unipolar voltage signal
may be a periodic signal that inclodes a sequence of pulses, each of these pulses, for example,
being shaped as the positive half-wave of a sinmuscidal signal, or having a trapezoidal shape.

Alternatively, the unipolar voltage signal may be a direct current (DC) voltage signal.

Although the amplitude of the unipolar voltage may have any suitable value, this
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amoplitude is typically between 0.1 and 100 V, e.g., between 1 and 108 V| such as between | and
50V, or between 4 and 40 V. Such an amplitude is large enough to be effective, yet small
enough such as (o avoid damaging the tissue near the thrombus. For example, as described in
US Patent Application Publication 2011/0301594 with reference to Fig. 1D thereof, each
trapezoidal pulse of the applied voltage signal may (i} linearly ramp up from ground level (0
volts) to an amplitude of around 40 volts, over a time period of around 5 milliscconds, (it)
remain constant over a time period of around 5 milliseconds, and then (iit) linearly ramp down to
ground level over a time period of around 5 milliseconds. Before the beginning of the
subsequent pulse, the voltage may remain at ground level for another time period of around 5
milliseconds. In general, the applied unipolar voltage signal, if pulsatile, may have any suitable
frequency., such as between 0.1 Hz tw 100 MHz, e.g., around 30 Hz, as in the example
immediately above. Typically, the unipolar voltage is applied such that a current having an
amplitude of between 0.1 and 4 mA (e.g., 1-3 mA) is passed between the first electrode and the

second electrode.

In some embodiments, the veoltage source that applies the unipolar voltage is current-
regulated, e.g., to between 0.1 and 4 mA. In other embodiments, the voltage source is voltage-
regulated, e.g., to between 1 and 50V. Typically, the voltage is applied for a duration of more
than 1 second, to facilitate attachment of the thrombus to the first electrode, but less than 10
minutes, to prevent risk to the patient. For example, the duration may be more than 5 seconds but

tess than 5 minutes, e.g., more than 10 seconds but less than 2 mimutes.

Typically, the unipolar voltage is applied while the first clectrode is in contact with the
thrombus, and while the second clectrode is inside the body of the subject, e.g., within the
catheter lumen, bot not in contact with the thrombus. (Notwithstanding the above, it is noted
that in some cmbodiments, ¢.g., as described below with reference to Fig. 4, both of the
clectrodes may contact the thrombus.) For example, prior to applying the unipolar voltage, the
clectrode assembly may be advanced, such that the first clectrode pierces the thvombus (e,
passes through the thrombus in contact therewith).  Alternauvely, as described below with
reference to Fig. 3, catheter 20, with the two clectrodes appropriately positioned within the
catheter lumen, may be advanced through the thrombus and then withdrawn from over the first

clectrode, such that the first electrode is positioned within the thrombus.

In some cases, it may be advantageous for the position of the catheter to remain as distal
as possible during the application of the unipolar voltage, to facilitate the collection of any

bubbles or debris generated during the procedure. Hence, the second electrode, and even the

first clectrode and the thrombus with which it is in contact, may be partly or fully contained
2
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within the catheter lumen while the unipolar voltage is applied. For example, following, or
together with, the advancement of the electrode assembly as described in the paragraph above,
the catheter may also be advanced, such that the second electrode and/or the first electrode are

contained with the catheter lumen during the subsequent application of the unipolar voltage.

Typicaily, while the unipolar voltage is applied, the respective distal tips of the electrodes
are spaced apart from each other by a distance D1 of between 1 and 100 mm, such as between 2
and 30 oun. Such a distance facilitates suitable electrical conductivity between the clectrodes
via the blocd at the freatmoent site, while maintaining the second electrode at 3 sufficient distance
from the thrombus such as to prevent contact of the second electrode with the thrombus.
Alternatively, distance D1 may be less than 1 mm (in which case the second electrode may

contact the thrombus), or more than 100 mm.

In some embodiments, the separation distance L2 between the first electrode and the
second electrode (i.c., the distance between the proximal tip of the first electrode and the distal
tip of the second clectrode) is relatively small, such as to reduce the amount of clectric current
that passes through the tissue surrounding the blood vessel in which the thrombus is located. For
cxample, assuming the total diameter of (i) the blood vessel, and (i) the tissue surrounding the
blood vessel, is D2, such that the total transverse cross-sectional area A2 of the blood vessel and
the surrounding tissue is w*(D2/2)%, L2 may satisfy the relation L2*(1 mm) < A2, where "«"

implics "at least one order of magnitude smaller than." (The above assumes L2 is given in mm,
and A2 in mm”.) In some embodiments, L2 is even smaller, in that 1.2 satisfies the relation
LZ2#1 mm) << Al, where Al is the transverse cross-sectional area of the blood vessel.

In general, the case of manufacture increases with L2, Hence, for case of manufacture,
cmbodiments of the present invention typically set L2 in accordance with the blood-vessel
dimensions, rather than always making L2 as small as possible. In other words, for a relatively
farge blood vessel, since it may not be necessary to have such a small separation between the
electrodes, a larger separation distance may be used, relative to a smaller blood vessel. Some
embodiments of the present invention define a range of suitable separations for cach particular
application, where the upper limit of the range is one order of magnitude less than A1/1 mm),

and the lower limit of the range is two orders of magnitude smaller than A1/(1 mm).

For example, in neurovascular applications, a relatively large vessel may be around 6 mm
in diameter, such that the vessel has a cross-sectional area of around 30 mmz. Hence, for such
application, distance L2 may be between 0.3 mm and 3 mm. Smaller vessels, such as in the

rore distal segments of the middle cerebral artery (M{CA) in the brain, have a cross-sectional
10
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2 - _— . o e .
area of around 7 mm”™. Hence, for such applications, L2 may be between 0.07 mm and 0.7 mm.
For the treatment of other conditions, such as deep vain thrombosis, pulmonary embolisms, or
coronary artery occlusions, L2 may likewise be set in accordance with the blood-vessel diameter

{or cross-sectional area), as described above.

Typicaily, the electrodes are made of different respective conductive metals. Typically,
when performing a thrombectomy (by applving a positive voltage between the first and second
clectrodes), the first electrode has a higher clectronegativity than that of the second electrode.
For example, the first electrode may be made of gold or platinum, with the second electrode

rade of titanium or stainless steel.  Conversely, when performing thrombus dissolution (by
applying a negative voltage between the first and second electrodes), the first electrode typically

has a lower clectronegativity than that of the second electrode.

(8t is noted that, in the coniext of the present description and claims, an electrode may be
considered to be "made of" a particular material, even if it is only coated by this material. For
example, an elecirode "made of" titanium may comprise any suitable material that is coated by a

fayer of titanium.)

In some embodiments, apparatus 21 comprises radiopaque markers, which facilitate
visualization of the apparatus using X-ray imaging. For example, one or more radiopague gold
rings or coatings may cover a portion of the second electrode, if the second electrode is made of

titanium, or any other material that is generally not radiopaque.

In some embodiments, apparatus 21 comprises a halloon, disposed proximally to the first
clectrode. Prior to the first electrode contacting the thrombus, the balloon is inflated, such as to
center the first electrode relative to the thrombus, The first clectrode may then pass through the
center of the thrombas, thus increasing the effectiveness of the subsequently applied vmipolar

voltage.

Reference is now made to Fig. 2, which is a schematic illustration of electrode assembly

23, in accordance with some embodiments of the present invention.

In some embodiments, as shown in Fig. 2, clectrode assembly 23 comprises a (hollow)
tube 28, second electrode 26 being shaped to define part of the wall of tube 28, (Tube 28 may
alternatively be referved to as a "hollow shaft.") As further shown, first electrode 3 may be
disposed at the distal end of the tube. As described above with reference to Fig. 1, first electrode
3 may comprise a straight wire (that is not hollow), having any suitable diameter and length. For

exarnple, the diameter d1 of the first electrode may be between 0.01 and 4 mam, and/or the length
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L1 of the first electrode may be between 0.1 and 50 nun (e.g., between 5 and 25 rom). In some

ernbodiments, as shown, the diameter of tube 28 1s the same as the diameter of the first electrode.

For example, tube 28 may comprise a proximal portion 34, made of any suitable
conductive or non-conductive material, and a distal portion 36, comprising a tubular second
electrode 26, along with an electrical insulator 32, which typically is also wbular, that separates
the second electrode from the first electrode. A first wire Sa, which passes through the lumen of
the tube, may be connected at its distal end to the first electrode. Likewise, a second wire Sb,
also passing through the lumen of the tbe, may be connected at s distal end to the secound
electrode. In such embodiments, a voltage source 46 may apply a unipolar voltage between the

electrodes by applying the unipolar voltage between fivst wire 5a and second wire 5b.

Alternatively, in place of proximal portion 34 of the tube wall, sccond electrode 26 may
extend to the proximal end of the tube. In such embodiments, second wire Sb may not be
needed. Rather, a unipolar voltage may be applied between the clectrodes by applying the
unipolar voltage between first wire Sa and sccond electrode 26 directly, or between first wire 3a

and an external wire connected to second electrode 26.

In general, the distance D1 between the respective distal tips of the electrodes may have
any suitable value. Typically, however, distance D1 1s between 1 and 100 mm, such as between
2 and 30 mm, as described above with reference to Fig. I. For example, if L1 is 15 mm, the
length of insulator 32 may likewise be 15 mm, such that D1 is 30 mm. Likewise, separation
distance L2 (which is equivalent to the length of insulator 32} may be relatively small, and may
be set in accordance to the dimensions of the blood vessel in which the thrombas is contained, as

described above with reference to Fig. 1.

Insulator 32 may be made of any suitable biocompatible insulating material, such as
Polyimide, Silicone, Polyllvethane, PolyEthylene, or Teflon. In some embodiments, insulator 32
comprises a glue or adhesive, such as a cvanoacrylate adhesive. In other embodiments, instead

of insulator 32, an air gap (of length L2} separates the two electrodes from one another.

Reference is now made to Fig. 3, which is a schematic illustration of electrode assembly

23, in accordance with other embodiments of the present invention.

In Fig. 3, as in Fig. 2, sccond clectrode 26 is tubular, and is coaxial with first electrode 3,
in that the two electrodes share a common longitudinal axis 27. Fig. 3 differs from Fig. 2,
however, in that first electrode 3 passes through the lumen of second electrode 26. In particular,
first electrode 3 passes through the lumen of twhular insulator 32, which in turn passes through

the lumen of second electrode 26. Insulator 32 is thus disposed proximally to the exposed
iz
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portion of the first electrode, and the second electrode, in turn, is disposed proximally to the

exposed portion of the insulator.

In some embodiments, first electrode 3, tubular insulator 32, and second clectrode 26 are
fixed in place, relative to cach other. In other embodiments, at least one of these clements is
slideable with respect to the others. For example, the first elecirode may be slideable within the
tubular insulator, and/or the second electrode may be slideable over the tubular insulator. Thus,
for example, prior to applying the unipolar voltage, the second electrode may be advanced over
the insulator, until the distance D1 between the respective distal tips of the electrodes is less than
a predefined target (such 100 mum or 30 mm, as described above with reference to Fig. 1), and/or
until the distance between the two electrodes (i.e., the exposed length of insulator 32) is less than
a predefined target separation distance L2 (such as 3 mm or 0.7 mm). Alternatively or
additionally, prior to applying the unipolar voltage, the first clectrode may be advanced through
the lomen of the insulator, uniil the length between the respective distal tips of the electrodes
reaches a predefined target, and/or until the distance between the two electrodes reaches a

predefined target.

In some embodiments, second electrode 26 is shaped to define only the distal portion of
the wall of tube 28 (i.e., the sccond electrode does not extend to the proximal end of tube 28),
and is therefore connected to the proximal end of electrode assersbly 23 via a wire, as in Fig. 2.
Alternatively or additionally, first electrode 3 may not extend to the proximal end of the
clectrode assembly: rather, a wire, passing through the lumen of insulator 32, may connect the

first electrode 3 to the proximal end of electrode assembly, as in Fig. 2.

In some embodiments, the exposed poriion of the first electrode 18 straight, as shown in
Fig. 3. In other embodiments, the exposed portion of the first electrode is curved, such as to

decrease the likelthood that the electrode will damage tissue of the subject.

As described above with reference to Fig. 1, radiopague markers may be disposed at any
suitable location on electrode assembly 23. For example, Fig. 3 shows an embodiment in which
the distal portion of the second electrode comprises a radiopaque marker 38, coraprising a ving of

radiopaque material.

In some embodiments, a second tube, concentric with tube 28, is disposed within, or
around the outside surface of, tube 28. Such a second tbe may be radiopaque, thus facilitating
visibility of the electrode assembly under fluoroscopy, and/or may impart particular mechanical
propertics {e.g., rigidity) to the electrode assembly.

Reference is now made to Figs. 1-3, collectively.
i3
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Typically, prior to applying the unipolar voltage for thrombectomy or thrombus
dissolution, the first electrode is advanced through the thrombus, at least until the thrombus
contacts the electrical insulator (e.g., insulator 32) that is disposed proximally to the exposed
portion of the first clectrode. For example, the first electrode may be advanced through the
thrombus until the entire length of the first electrode (or the entire length of the exposed portion
of the first electrode) contacts the thrombus. This increases the effect of the applied voltage, by
reducing, or ehiminating, any exposed portion of the first clectrode that is proximal to the
thrombus. The first electrode may be advanced through the thrombus by distally pushing the
entire electrode assembly through the lumen of catheter 20; alternatively, for embodiments m
which the first electrode is slideable with respect to other elements belonging to the clectrode
assembly, the first electrode may be pushed, while holding the remainder of the clectrode

assembly in place.

Although the thrombectomy or thrombus-dissolution procedure described herein s,
typically, performed under fluoroscopy, it may be difficult, based on fluoroscopy alone, to
ascertain that the thrombus has contacted the insulator. Hence, in some embodiments, the
impedance between the first electrode and the second electrode is measured as the first electrode
is advanced through the thrombus, as this measured tmpedance indicates the extent to which the
first electrode is exposed proximally to the thrombus. (The impedance increases as more of the
clectrode hecomes covered by the thrombus.) Based on the measured impedance, it may be

ascertained that the thrombus has contacted the insulator.

In some embodiments, to measure the impedance, a voltage, which is lower than the
unipolar voltage applied for treatment, is applied between the electrodes, and the resulting
current is then measwred. The impedance s then the voltage divided by the measured curvent.
{Since the acmal value of the impedance is not necessarily of interest, the impedance may be
"measured” by measuring the current, even without computing the actual impedance value. For
exarnple, once the current reaches a mintmum, it may be ascertained that the thrombus has
contacted the insulator, even without computing any impedance values.) In other embodiments,
the impedance is measured by passing a low current between the electrodes, and then measuring

the resulting voltage.

In other embodiments, catheter 20, while containing the two electrodes, is advanced
through the thrombus. Subsequently, the catheter is withdrawn from over the first electrode
{and, optionally, from over the second electrode), such that the first electrode remains positione
within the thrombus, with the second electrode being positioned proximally thercto.

Subsequently, the unipolar voltage is applied.

s
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Reference is now made to Fig. 4, which is a schematic illustration of electrode assembly

23, in accordance with vet other embodiments of the present invention.

In some embodiments, sccond electrode 26 wraps around first electrode 3, with a radial
gap separating between the two electrodes. For example, second electrode 26 may be shaped to
define a helix, and first electrode 3, which is typically rod-shaped, may pass through the second
clectrode, along the longitudinal axis of the second electrode. Typically, in such embodiments,
the proximal and distal portions of the second electrode are covered by an insulating cover 42,
such that only the middle portion 44 of the second electrode is exposed. (Middle portion 44
includes the porton of the second electrode having a maximuom radius, relative to other portions
of the second electode.) Insulating cover 42 helps prevent unwanted elecirical contact between
the two electrodes. (In these embodiments, the first electrode may be referred to as an "inner

[EAN

clectrode,” and the second electrode may be referred to as an "outer electrode,” or as a "stent.”)

Typicaily, the first electrode passes through the center of the second electrode, such that
the distance D1 between the first electrode and middle portion 44, which is approximately equal
to the radius of middle portion 44, is between 1 and 100 mm, such as between 2 and 30 mm.

Alternatively, distance D1 may have any other suitable value.

Typically, the second electrode is expandable. Prior to applying the unipolar voltage,
catheter 20 (Fig. 1), which contains both the first electrode, and the second elecirode in a
crimped position, is advanced through the thrombus. Subsequently, the catheter is withdrawn
from over the two clectrodes, such that the second clectrode expands, from the crimped position,
within the thrombus. Subseqguently, a positive snipolar voltage is applied between the first and
second clectrodes, causing the thrombus to become attached to the first electrode. Duning the
application of the voltage, the first electrode may protrude distally from the second electrode.

Alternatively, the distal end of the first electrode may remain inside of the second electrode.

During, and/or following, the application of the unipolar voltage, the electrode assembly
is withdrawn. During withdrawal of the electrode assembly, the second electrode, which is
positioned within the thrombus, helps remove the thrombus, by applying, to the thrombus, a
mechanical force that complements the attractive force between the thrombus and the first

electrode.

For any of the configurations described above with reference to Figs. 1-4, a negative
unipolar voltage may be applied between the first and second electrodes, causing the thrombus to
dissolve. In vet other embodiments, an alternating voltage, instead of a unipolar voltage, may be

applicd, to cause thermal coagulation.

(@3]
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Although Figs. 1-4 show embodiments in which the two electrodes are coaxial with one
another, in that they share a common longitudinal axis (as explicitly indicated in Fig. 3), it is
noted that other embodiments are also within the scope of the present invention. For example, as
described in US Patent Application Publication 2011/0301594 with reference to Figs. 1A-C
thercof, the two electrodes may pass through separate lumens of catheter 20, or may pass, side

by side (but separated by an insulator), through a common lumen of catheter 20.

It is noted that any of the tubes and catheters described hercin may comprise a wall that is
at least partly solid, coiled, braided, or meshed. Likewise, any of the clectrodes described herein
may be shaped to define a tube, a coil {(which may have a constant or variable pitch), a braid, or a

mesh.

It will be appreciated by persons skilled in the art that the present invention is not imite
to what has been particularly shown and described hereinabove.  Rather, the scope of
embodiments of the present invention includes both combinations and subcombinations of the
various features described hereinabove, as well as variations and modifications thereof that are
not in the prior art, which would occur to persons skilled in the art upon reading the foregoing
description. Documents incorporated by reference in the present patent application are to be
considered an integral part of the application except that to the extent any terms are defined in
these incorporated documents in a manner that conflicts with the definitions made explicitly or
implicitly in the present specification, only the definitions in the present specification should be

considered.

b
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CLAIMS

1. Apparatus for removal of a thrombus from a body of a subject, the apparatus comprising:

a first electrode, made of a first conductive metal having a first electronegativity;

a second clectrode, made of a second conductive metal having a sccond clectronegativity
that is less than the first electronegativity; and

a voltage source, configured to apply a positive unipolar voltage hetween the fivst
electrode and the second electrode while the first electrode is in contact with the thrombus, and

while the second clectrode is inside the body of the subject.

2. The apparatus according to claim 1, whercin a distance between the first electrode and

the second electrode is less than 3 mm.

3. The apparatas according to claim 2, wherein the distance is less than 0.7 mm.
4. The apparatus according to any one of clairas 1-3, further comprising a tube, wherein the

second electrode is shaped to define at least part of a wall of the tube.

3. The apparatus according fo claim 4, wherein the first electrode 5 disposed at a distal end

of the tube.

6. The apparatus according to claim 4, wherein the first electrode passes through a lumen of
the tube.
7. The apparatus according to any one of claims 1-6, wherein the second electrode is shaped

to define a helix, and wherein the first electrode passes through the second electrode.

8. The apparatus according to any one of claims 1-7, whercin the first electrode and second

electrode are coaxial with one another.

9. The apparatus according to any one of claims 1-8, wherein a length of an exposed portion

of the first electrode is between (0.1 and 50 mm.

10. The apparatus according to any one of claims 1-9, wherein a diameter of the first

electrode 18 between (.01 and 4 mum.

11 The apparatus according to any one of claims 1-10, wherein an amplitude of the unipolar

voltage is between | and 100 V.

12. The apparatus according to any one of claims 1-11, wheremn, in applying the unipolar
voltage, the voltage source is configured to pass, between the first electrode and the second
clectrode, a current having an amplitude of between 0.1 and 4 mA.

13. The apparatus according to any one of claims 1-12, wherein the first electrode comprises

-y
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a straight distal end.

14. The apparatus according to any one of claims 1-13, further comprising a balioon
proximal to the first clectrode, configured to center the first electrode with respect to the

thrombus when inflated.

15. A maethod, comprising:

applying a positive unipolar voltage between a first electrode, made of a first conductive
maetal having a first electronegativity, and a second electrode, made of a second conductive metal
having a second clectronegativity that is less than the first clectronegativity, while the first
clectrode is in contact with a thrombus in a body of a subject, and while the second clectrode is
inside the body of the subject; and

subsequently, removing the thrombus from the body of the subject.

16. The method according to claim 15, further comprising, prior to applying the unipolar
voltage, advancing the first electrode through the thrombus, at least until the thrombus contacts

an clectrical insolator that is disposed proximally to an exposed portion of the first electrode.

17. The method according to claimn 16, further comprising measuring an impedance between
the first electrode and the second electrode, and ascertaining that the thrombus has contacted the

insulator, based on the measured tmpedance.

18. The method according to any one of claims 15-17, further comprising, prior to applying
the unipolar voltage, advancing the first electrode through the thrombus until an entive length of

the first electrode contacts the thrombus.

19. The method according to any one of claims 15-18, wherein an amplitude of the unipolar

voltage is between | and 108 V.

20 The method according to any one of claiios 15-19, wherein applying the unipolar voltage
comprises applying the unipolar voltage sach that a current having an amplitude of between §.1

and 4 mA is passed between the first electrode and the second electrode.

21. The method according to any one of claims 15-20, wherein applying the unipolar voltage
comprises applying the umipolar voltage while a distance between a distal tip of the first
clectrode and a distal tip of the second clectrode is between 1 and 100 mm.

22. The method according to any one of claims 15-21, wherein an electrical insulator is
disposed proximally to an exposed portion of the first electrode, and wherein the method further

comprises, prior to applying the unipolar voltage, advancing the second clectrode over the

[
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insulator.

23. The method according to any one of claims i5-22. wherein the second electrode is
expandable, and wherein the method further comprises, prior to applying the unipolar voltage:
advancing a catheter, containing both the first electrode, and the second clectrode in a
crimped position, through the thrombus; and
subsequently, withdrawing the catheter, such that the second electrode expands, from the

crimped position, within the thrombus.

24. The method according to any one of claims 15-23, further comprising, prior to contacting
the thrombus with the first electrode, centering the first electrode with respect to the thrombus,

by inflating a balloon that is proximal to the first electrode.

2

|\

Apparatus for removal of a thrombus from a body of a subject, the apparatus comprising:
an outer electrode, shaped to define a helix; and
an inner electrode, passing through the outer electrode, configured to attach to the

thrombus when a positive unipolar voliage is applied between the inner electrode and the outer

electrode.
26. The apparatas according to claim 25, wherein the outer electrode is expandable.
27. The apparatus according to any one of claims 25-26, further comprising a voltage source

configured to apply the positive unipolar voltage.

28. The apparatus according to claim 27, further comprising an electrically-insulating cover

over both a proximal portion of the outer clectrode and a distal portion of the outer electrode.

29. The apparatus according to any one of claims 25-28, wherein the inner electrode is rod-
shaped.
30. The apparatus according to any one of claims 25-29, wherein the inver electrode passes

through a center of the outer clectrode.

31. The apparatus according to any one of claims 25-30, wherein a distance between the

inner electrode and a middle portion of the outer electrode is between 1 and 180 mm.

32. The apparatus according to claim 31, wherein the distance is between 2 and 30 onm.
33. The apparatus according to any one of claims 25-32, wherein the inner electrode is made

of a first conductive metal having a first electroncgativity, and wherein the outer clecirode is
made of a second conductive metal having a second electronegativity that is less than the first

clectronegativity.

bt
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34. A maethod, comprising:

advancing a catheter, which contains both a crimoped outer electrode, and an inner
clectrode that passes through the outer electrode, through a thrombus in a body of 8 subject;

subsequently to advancing the catheter through the thrombus, withdrawing the catheter,
such that the outer electrode cxpands within the thrombus;

suhsequently to withdrawing the catheter, applying a positive unipolar voltage between
the inner electrode and the outer electrode, such that the thrombus becomes attached to the inner
electrode: and

subsequently to the thrombus becoming attached to the inner electrode, withdrawing the

inner electrode and the outer electrode from the body of the subject.

35. The method according to claim 34, wherein withdrawing the outer electrode comprises,

using the outer electrode, applying a mechanical force to the thrombus.

290
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