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METHOD AND APPARATUS FOR RAPID AND SAFE PULMONARY VEIN

CARDIAC ABLATION

Cross Reference to Related Applications

[0001] This application claims the benefit of and priority to U.S. Provisional Application

Serial No. 62/122,152, entitled "METHOD AND APPARATUS FOR RAPID AND SAFE

PULMONARY VEIN CARDIAC ABLATION" and filed October 14, 2014, the disclosure

of which is incorporated herein by reference in its entirety.

Background

[0002] The embodiments described herein relate generally to medical devices for therapeutic

electrical energy delivery, and particularly to systems and methods of high voltage electrical

energy delivery in the context of ablating tissue rapidly and selectively by the application of

pulsed voltage waveforms to produce exogenous electric fields to cause irreversible

electroporation of tissue with the aid of suitably positioned catheter devices with multiple

electrodes.

[0003] In the past two decades, the technique of electroporation has advanced from the

laboratory to clinical applications, while the effects of brief pulses of high voltages and large

electric fields on tissue has been investigated for the past forty years or more. Application of

brief, high DC voltages to tissue, thereby generating locally high electric fields typically in

the range of hundreds of Volts/centimeter, can disrupt cell membranes by generating pores in

the cell membrane. While the precise mechanism of this electrically-driven pore generation

(or electroporation) is not well understood, it is thought that the application of relatively large

electric fields generates instabilities in the lipid bilayers in cell membranes, causing the

occurrence of a distribution of local gaps or pores in the membrane. If the applied electric

field at the membrane is larger than a threshold value, the electroporation is irreversible and

the pores remain open, permitting exchange of material across the membrane and leading to

necrosis and/or apoptosis (cell death). Subsequently the tissue heals in a natural process.

[0004] Some known processes of adipose tissue reduction by freezing, also known as

cryogenically induced lipolysis, can involve a significant length of therapy time. In contrast,

the action of irreversible electroporation can be much more rapid. Some known tissue

ablation methods employing irreversible electroporation, however, involve destroying a

significant mass of tissue, and one concern is the temperature increase in the tissue resulting

from this ablation process.



[0005] While pulsed DC voltages are known to drive electroporation under the right

circumstances, known approach do not provide for ease of navigation, placement and therapy

delivery from one or more devices and for safe energy delivery, especially in the context of

ablation therapy for cardiac arrhythmias with epicardial catheter devices.

[0006] Thus, there is a need for devices that can effectively deliver electroporation ablation

therapy selectively to tissue in regions of interest while minimizing damage to healthy tissue.

In particular, there is a need for devices that can efficiently deliver electroporation therapy to

desired tissue regions while at the same time minimizing the occurrence of irreversible

electroporation in undesired tissue regions. Such elective and effective electroporation

delivery methods with enhanced safety of energy delivery can broaden the areas of clinical

application of electroporation including therapeutic treatment of a variety of cardiac

arrhythmias.

Summary

[0007] An apparatus includes a shaft, the shaft including a plurality of stepped sections

along the length of the shaft. The apparatus further includes a plurality of electrodes disposed

along the length of the shaft, each electrode characterized by a geometric aspect ratio of the

length of the electrode to the outer diameter of the electrode. Each electrode is located at a

different stepped section of the plurality of stepped sections of the shaft and includes a set of

leads. Each lead of the set of leads is configured to attain an electrical voltage potential of at

least about 1 kV. The geometric aspect ratio of at least one electrode of the plurality of

electrodes is in the range between about 3 and about 20.

Brief Description of the Figures

[0008] FIG. 1 is a schematic illustration of a catheter with a multiplicity of flexible electrodes

disposed along its shaft, with an electrical lead attached to the inner surface of each electrode,

and with a magnetic member located near the distal end of the catheter, according to

embodiments.

[0009] FIG. 2 is an illustration showing two catheters, each with multiple flexible electrodes

disposed along its shaft and wrapped around a portion of the pulmonary veins of the heart in

a subject body, with the distal ends of the two catheters in close proximity, according to

embodiments. The two catheters together constitute an approximately closed contour around

the pulmonary veins and each catheter positioned in the epicardial space around the heart.
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[0010] FIG. 3 is a schematic of a two dimensional model of a cardiac atrium, with various

regions such as a myocardium disposed around an interior region of blood pool, a ring of

electrodes around the myocardium, and pericardial fluid in an external region.

[001 1] FIG. 4 is a simulation result in the form of a shaded contour plot of the electric

potential, with a voltage difference set between two electrodes on opposite sides of the

myocardium and all other electrodes replaced by insulation, according to embodiments.

[0012] FIG. 5 is a simulation result corresponding to the situation in FIG. 4, in the form of a

shaded contour plot of the electric field magnitude in regions where the latter is at least 200

V/cm, with a voltage difference set between two electrodes on opposite sides of the

myocardium and all other electrodes replaced by insulation, according to embodiments.

[0013] FIG. 6 is a simulation result in the form of a shaded contour plot of the electric

potential, with a voltage difference set between one electrode on one side of the myocardium

and a set of three contiguous electrodes (separated by insulation between successive pairs) on

the opposite side of the myocardium, and all other electrodes replaced by insulation,

according to embodiments.

[0014] FIG. 7 is a simulation result corresponding to the situation in FIG. 6, in the form of a

shaded contour plot of the electric field magnitude in regions where the latter is at least 200

V/cm, with a voltage difference set between one electrode on one side of the myocardium and

a set of three contiguous electrodes (separated by insulation between successive pairs) on the

opposite side of the myocardium, and all other electrodes replaced by insulation, according to

embodiments.

[0015] FIG. 8 is a simulation result in the form of a shaded contour plot of the electric

potential, with a voltage difference set between a set of five contiguous electrodes on one side

of the myocardium and a set of five contiguous electrodes on the opposite side of the

myocardium, and all other electrodes replaced by insulation, according to embodiments.

[0016] FIG. 9 is a simulation result corresponding to the situation in Figure 8, in the form of

a shaded contour plot of the electric field magnitude in regions where the latter is at least 200

V/cm, with a voltage difference set between a set of three contiguous electrodes (separated by

insulation between successive pairs) on one side of the myocardium and a set of three

contiguous electrodes (separated by insulation between successive pairs) on the opposite side

of the myocardium, and all other electrodes replaced by insulation, according to

embodiments.

[0017] FIG. 10A is an illustration of a catheter with a multiplicity of flexible electrodes

disposed along its shaft, each in the form of a coil wound around a stepped structure of the

catheter shaft, where the step structure of the shaft and the coil thickness are such that the
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outer surface of the catheter forms a smooth structure with an even or smooth diameter

profile, according to embodiments.

[0018] FIG. 10B is an illustration of construction of two flexible electrodes, according to

embodiments.

[0019] FIG. 1 1 is a schematic illustration of an irreversible electroporation system that

includes a voltage/signal generator, a controller capable of being configured to apply voltages

to selected subsets of electrodes with independent subset selections for anode electrodes on

one medical device and cathode electrodes on a second medical device and that is connected

to a computer, and two or more medical devices connected to the controller, according to

embodiments.

[0020] FIG. 12 is an illustration of an ECG waveform showing the refractory periods during

atrial and ventricular pacing during which a time window for irreversible electroporation

ablation can be chosen, according to embodiments.

[0021] FIG. 13 is a schematic illustration of a waveform generated by the irreversible

electroporation system according to embodiments, showing a balanced square wave.

[0022] FIG. 14 is a schematic illustration of a waveform generated by the irreversible

electroporation system according to embodiments, showing a balanced biphasic square wave.

[0023] FIG. 15 is a schematic illustration of a waveform generated by the irreversible

electroporation system according to embodiments, showing a progressive balanced biphasic

square wave.

[0024] FIG. 16 is a schematic illustration of a user interface according to embodiments,

showing electrodes on two catheters, and buttons for selection or marking of anode electrode

subsets and cathode electrode subsets.

[0025] FIG. 17 is a schematic illustration of a user interface, according to embodiments, for

selection of anode and cathode electrode subsets, showing a single selected anode electrode

on one catheter device and a single selected cathode electrode on a second catheter device.

[0026] FIG. 18 illustrates a first or primary catheter with a multiplicity of flexible electrodes

disposed along its shaft with an electrical lead attached to the inner surface of each electrode,

and endowed with multiple lumens through which secondary catheters or microcatheters are

passed to emerge from a lateral surface of the primary catheter, each secondary catheter also

having a multiplicity of flexible electrodes disposed along its shaft, according to

embodiments.

[0027] FIG. 19 provides a schematic illustration of two primary catheters that together

encircle a set of four pulmonary veins, with two secondary catheters emerging from each
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primary catheter so as to conjunctively wrap a set of electrodes around each individual

pulmonary vein, according to embodiments.

[0028] FIG. 20 is an illustration of a catheter with a magnet assembly in its distal portion,

such that a first effective pole of the magnet assembly is oriented longitudinally and a second

effective pole of the magnet assembly oriented laterally, according to embodiments.

[0029] FIG. 2 1 is a schematic illustration of a two dimensional simulation model of a cardiac

atrium, with four interior pulmonary vein "blood pool" regions disposed within a region

representing the atrium, each pulmonary vein having an annular vessel wall region, and one

of the pulmonary veins having four flat electrodes surrounding it, according to embodiments.

[0030] FIG. 22 is a simulation result in the form of a shaded contour plot of the electric

potential, with a voltage difference set between two electrodes on opposite sides of a

pulmonary vein, according to embodiments.

[003 1] FIG. 23 is a simulation result corresponding to the situation in Figure 6, in the form of

a shaded contour plot of the electric field magnitude, with a voltage difference of 750 V

between opposing electrodes around a pulmonary vein, according to embodiments.

[0032] FIG. 24 is a simulation result corresponding to the situation in Figure 6, in the form of

a shaded contour plot of the electric field magnitude, with a voltage difference of 750 V

between two pairs of opposing electrodes around a pulmonary vein, resulting in the entire

peripheral region of the pulmonary vein being exposed to an electric field strength magnitude

sufficient to generate irreversible electroporation, according to embodiments.

[0033] FIG. 25 is a schematic illustration of a user interface according to embodiments,

showing electrodes on two primary catheters and electrodes on each of two secondary

catheters passed through each primary catheter, and with the interface having buttons for

selection or marking of anode electrode subsets and cathode electrode subsets.

[0034] FIG. 26 is a schematic illustration of a user interface, according to embodiments, for

selection of anode and cathode electrode subsets, showing a single selected anode electrode

on one primary catheter device and a single selected cathode electrode on a secondary

catheter device that is passed through the primary catheter device.

Detailed Description

[0035] In some embodiments, a system includes a generator unit configured for generating

pulses, and a controller unit operably coupled to the generator unit, the controller unit

configured for triggering the generator unit to generate one or more pulses. The system also

includes a set of pacing leads operably coupled to the controller unit, the controller unit, the

generator unit, and the set of pacing leads configured for driving the one or more pulses
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through the pacing leads. The system also includes at least two medical devices including a

first medical device and a second medical device, each medical device operably coupled to

the controller unit, each medical device including a plurality of electrodes. The controller

unit is further configured for selecting one or more first electrodes from the plurality of

electrodes of the first medical device and from the plurality of electrodes of the second

medical device as cathodes for applying the one or more pulses. The controller unit is further

configured for selecting one or more second electrodes from the plurality of electrodes of the

first medical device and from the plurality of electrodes of the second medical device as

anodes for applying the one or more pulses.

[0036] In some embodiments, a device includes a primary catheter, including one or more

electrodes disposed in an intermediate portion of the primary catheter and one or more

electrodes disposed in a distal portion of the primary catheter. The primary catheter also

includes two or more channels configured for passage of secondary catheters, each channel

continuous from a proximal portion of the primary catheter to a lateral exit position on the

primary catheter, and one or more magnetic members disposed in the intermediate portion of

the primary catheter. The primary catheter also includes and a magnetic member disposed in

the distal portion of the primary catheter. The device further includes at least two secondary

catheters configured for passage through the primary catheter device, each secondary catheter

including one or more electrodes in its respective distal portion, and a magnetic member in its

respective distal portion. The device also includes, for each electrode of the primary catheter

and each electrode of the secondary catheter, an electrical lead attached to the corresponding

electrode, each lead configured for, during use, being at an electrical voltage potential of at

least 1 kV without resulting in dielectric breakdown of the two or more channels of the

primary catheter. A geometric aspect ratio of at least one of the electrodes of the primary

catheter device is in the range between about 3 and about 20.

[0037] In some embodiments, a system includes a pulse generator unit configured to

generated voltage pulses, and a controller unit operably coupled to the pulse generator unit.

The controller unit is configured for triggering the pulses of the generator unit and for

applying voltages of one polarity to a set electrodes of a first medical device and voltages of

an opposite polarity to a set electrodes of a second medical device. The system also includes

a set of pacing leads operably coupled to the controller unit, the controller unit further

configured for driving pacing signals through the pacing leads. The system also includes a

primary catheter and a secondary catheter operably coupled to the controller unit, the primary

catheter including a first set of electrodes, the secondary catheter including a second set of

electrodes. The controller unit is configured for driving voltages through any electrode of the
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first set of electrodes and second set of electrode. The controller unit is further configured for

selecting a sequence of pairs of electrodes from the first set of electrodes and the second set

of electrodes. For each pair of electrodes, an electrode of the pair of electrodes has an

opposite polarity from the other electrode of the pair of electrodes, and an electrode of the

pair of electrodes selected from the primary catheter, the other electrode of the pair of

electrodes selected from the secondary catheter. The controller unit is further configured for

sequential application of voltage pulse trains over the sequence of pairs of electrodes.

[0038] In some embodiments, a method includes epicardially inserting two primary catheters,

each primary catheter including a first set of electrodes disposed along its length. The

method also includes positioning the primary catheters in conjoined form so as to

substantially wrap around the pulmonary veins epicardially in a single contour. The method

also includes passing a secondary catheter through each primary catheter, each secondary

catheter extending out from a lateral side of its corresponding primary catheter. Each

secondary catheter includes a second set of electrodes. The method also includes, for each

secondary catheter, wrapping the secondary catheter around a portion of a pulmonary vein,

and attaching the secondary to an intermediate portion or distal portion of its corresponding

primary catheter, such that the secondary catheter epicardially encircles the pulmonary vein

with a series of electrodes selected from the first set of electrodes of its corresponding

primary catheter, from the second set of electrodes of the secondary catheter, or both. The

method also includes selecting a set of pairs of electrodes from the first set of electrodes of

the primary catheters and from the second set of electrodes of the secondary catheters, each

electrode of each pair of electrodes having a cathode or an anode assignment. The method

also includes recording electrocardiogram (ECG) signals from at least some electrodes of the

first set of electrodes of the primary catheters and the second set of electrodes of the

secondary catheters. The method further includes identifying refractory intervals in at least

one ECG signal and, in at least one subsequent refractory interval, sequentially applying

voltage pulse trains to the set of pairs of electrodes.

[0039] An apparatus includes a catheter shaft, and a set of flexible electrodes disposed along

the length of the catheter shaft. Each flexible electrode is characterized by a geometric aspect

ratio of the length of the flexible electrode to the outer diameter of the flexible electrode.

Each flexible electrode includes a set of conducting rings separated by spaces and disposed

along the catheter shaft. The set of conducting rings of each flexible electrode are electrically

connected together so as to electrically define a common electrical potential for the each

electrode. The catheter shaft includes gaps configured for separating adjacent flexible

electrodes of the set of flexible electrodes. The apparatus also includes electrical leads
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attached to each of the flexible electrodes, each electrical lead configured for attaining an

electrical voltage potential of at least 1 kV. The geometric aspect ratio of at least one of the

flexible electrodes is in the range between about 3 and about 20

[0040] The terms "about" and "approximately" when used in connection with a referenced

numeric indication means the referenced numeric indication plus or minus up to 10% of that

referenced numeric indication. For example, the language "about 50" covers the range of 45

to 55.

[0041] As used in this specification, the singular forms "a," "an" and "the" include plural

referents unless the context clearly dictates otherwise. Thus, for example, the term "an

electrode" is intended to mean a single electrode or a plurality/combination of electrodes.

[0042] Any of the catheter devices described herein can be similar to the ablation catheters

described in PCT Publication No. WO2014/025394, entitled "Catheters, Catheter Systems,

and Methods for Puncturing Through a Tissue Structure," filed on March 14, 2013 ("the '394

PCT Application), which is incorporated herein by reference in its entirety.

[0043] Aspects disclosed herein are directed to catheters, systems and methods for the

selective and rapid application of DC voltage to drive irreversible electroporation. Catheter

devices with flexible electrodes and methods for using a multiplicity of such devices for rapid

and effective ablation of cardiac tissue are disclosed. In some embodiments, the irreversible

electroporation system described herein includes a voltage/signal generator and a controller

capable of being configured to apply voltages to a selected multiplicity or a subset of

electrodes, with anode and cathode subsets being selected independently on distinct medical

devices. The controller is additionally capable of applying control inputs whereby selected

pairs of anode-cathode subsets of electrodes can be sequentially updated based on a pre

determined sequence.

[0044] FIG. 1 is a schematic illustration of a catheter with a multiplicity of flexible electrodes

disposed along its shaft, with an electrical lead attached to the inner surface of each electrode,

and with a magnetic member located near the distal end of the catheter. The catheter shaft

80 1 has a multiplicity of electrodes disposed along an extensive length of catheter at least

about 5 cm in extent. For clarity, FIG. 1 shows two flexible electrodes 801 and 805 in the

form of a coil wound around the catheter shaft; in some embodiments, the number of

electrodes can be in the approximate range from two to six. Each electrode attaches to a lead,

so that in FIG. 1 electrodes 801 and 805 respectively attach to leads 814 and 813.

[0045] Further, the distal tip region of the catheter has a magnetic member 809. The magnetic

member 809 can be in the form of a magnetizable or ferromagnetic material, or it may be a

magnetized object, with the poles of the magnetized object being either along a straight line
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or not. In some embodiments, at least one of the poles of the magnet represents a local

magnetization direction that is substantially aligned with the longitudinal axis of the catheter.

[0046] In one embodiment the metallic, flexible coiled electrodes could comprise

biocompatible metals such as titanium, platinum or platinum alloys. The catheter shaft is

made of a flexible polymeric material such as for example Teflon, Nylon or Pebax.

[0047] In some embodiments, all the electrodes of a catheter have the same polarity, in which

case the need for high dielectric strength material separating the leads is not a significant

constraint, and the catheter can be relatively small in diameter, for instance being in the range

of about 9 French, about 8 French or even about 6 French. Likewise, a higher voltage can be

applied to the electrodes of the catheter as there is no risk of dielectric breakdown; in some

instances, this could enhance the efficacy of irreversible electroporation ablation. The flexible

electrode has a length 817 (denoted by L) associated with it, and its diameter 818 corresponds

to the catheter diameter (denoted by d). The aspect ratio Lid of each flexible electrode is a

geometric characteristic associated with the flexible electrode. In some embodiments, the

aspect ratio of at least one of the flexible electrodes on the device is at least about 3, and at

least in the range between about 3 and about 20, and in the range between about 5 and about

10 in some embodiments.

[0048] FIG. 2 shows a pair of Pulmonary Vein isolation (PV isolation) ablation catheter

devices, a first device with proximal end 3 and distal end 15, and a second device with

proximal end 4 and distal end 16, each with a multiplicity of flexible electrodes disposed

along its length. The first catheter device has two flexible electrodes labeled 5 and 8 disposed

along its length, while the second catheter device has two flexible electrodes labeled 6 and 7.

Each catheter is wrapped in the epicardial space around a portion of the pulmonary veins 10,

11, 12 and 13 of a heart 7 in a subject or patient anatomy, with the proximal portions 3 and 4

of the respective catheters extending out and away to eventually emerge from the patient's

chest. In some embodiments the distal ends 15 and 16 of the two catheters have magnetic

members that can aid in alignment of the two catheters. A puncturing apparatus using a

subxiphoid pericardial access location and a guidewire-based delivery method to accomplish

the placement of a multi-electrode catheter around the pulmonary veins was described in PCT

Patent Application WO20 14025394; the same method can be used to deliver and position the

two catheters in FIG. 2. After the ends 3 and 4 of the two respective catheters extend and

emerge out of the patient chest they can be cinched together to effectively hold the catheters

in place or in stable positions relative to each other.

[0049] A voltage for electroporation can be applied to subsets of electrodes identified as

anodes and cathodes respectively on the two catheters on approximately opposite sides of the
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closed contour defined by the shapes of the catheters around the pulmonary veins. The

voltage is applied in brief pulses sufficient to cause irreversible electroporation and can be in

the range of 0.5 kV to 10 kV, in the range from about 0.75 kV to about 2.5 kV, and all values

and subranges in between, so that a threshold electric field value of about 200 Volts/cm is

effectively achieved in the cardiac tissue to be ablated. In some embodiments, the marked or

active electrodes on the two catheters can be automatically identified, or manually identified

by suitable marking, on an X-ray or fluoroscopic image obtained at an appropriate angulation

that permits identification of the geometric distance between anode and cathode electrodes, or

their respective centroids. In one embodiment, the voltage generator setting for irreversible

electroporation is then automatically identified by the electroporation system based on this

distance measure. In some embodiments, the voltage value is selected directly by a user from

a suitable dial, slider, touch screen, or any other user interface. The voltage pulse results in a

current flowing between the anode and cathode electrodes on opposite sides of the contour

defined by the conjoint shapes of the two catheters, with said current flowing through the

cardiac wall tissue and through the intervening blood in the cardiac chamber, with the current

entering the cardiac tissue from the anode electrodes and returning back through the cathode

electrodes. For the configuration shown in FIG. 2, the forward and return current paths

(leads) are respectively inside distinct catheters, since all active electrodes on a given catheter

are of like polarity. Areas of cardiac wall tissue where the electric field is sufficiently large

for irreversible electroporation are ablated during the voltage pulse application.

[0050] A two dimensional model of a cardiac atrium, with various regions such as a

myocardium disposed around an interior region of blood pool, a ring of electrodes around the

myocardium representing a catheter shaft, and pericardial fluid in an external region is shown

in FIG. 3, with which simulation results can be obtained based on realistic values of electrical

material properties for the various regions. A ring of electrodes 23 comprising a series of

cells is disposed around a myocardium 24 which itself encircles a blood pool region 25. An

external pericardial fluid region 26 surrounds the ring of electrodes. For purposes of

simulation, individual electrode cells such as 27 can be defined or set to be either metal

electrodes or insulation (representing catheter shaft regions that do not have electrodes) in

terms of electrical properties.

[0051] A simulation result in the form of a shaded contour plot of the electric potential is

shown in FIG. 4 for the case where a voltage is applied between a single anode electrode 30

and a single cathode electrode 31 on opposite sides of the blood pool region, with all other

electrode cells defined to be insulation in terms of electrical properties. In the simulation, a

voltage difference of about 1 kV was used between the anode and cathode electrodes. FIG. 5
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shows the electric field intensity as a contour plot where regions with an electric field

strength of magnitude at least about 200 V/cm (generally needed to cause irreversible

electroporation ablation of myocytes) are indicated by the darker shaded areas. It is apparent

that these ablated regions, indicated by region 35 around the anode electrode and region 34

around the cathode electrode, are quite localized near the electrodes across which a potential

difference is applied.

[0052] FIG. 6 illustrates a simulation result in the form of a shaded contour plot of the

electric potential for the case where a DC voltage is applied between a single anode electrode

37 and a set of three successive cathode electrodes 38, 39 and 40 on opposite sides of the

blood pool region, with all other electrode cells defined to be insulation in terms of electrical

properties (including cells between electrodes 38 and 39 and between 39 and 40). In the

simulation, a voltage difference of about 1 kV was used between the anode and (set of)

cathode electrodes. FIG. 7 shows the electric field intensity as a contour plot where regions

with an electric field strength of magnitude at least about 200 V/cm (generally needed to

cause irreversible electroporation ablation) are indicated by the darker shaded areas. It is

apparent that these ablated regions, indicated by region 44 around the anode electrode and

region 43 around the set of cathode electrodes, are quite localized near the electrodes across

which a potential difference is applied. Furthermore, there are gap regions such as 45 in the

myocardium where the electric field intensity is not large enough to generate electroporation.

In practice, this would mean that repeated applications of pulsed DC voltage may be needed

with repositioning of the catheter shaft(s) and electrodes.

[0053] In FIG. 8, a simulation result is displayed in the form of a shaded contour plot of the

electric potential, with a voltage difference set between a set of five contiguous electrodes on

one side of the myocardium and a set of five contiguous electrodes on the opposite side of the

myocardium, representing respective "long electrodes", and all other electrodes replaced by

insulation. In the simulation, a voltage difference of about 1 kV was used between the anode

electrode set and the cathode electrode set. FIG. 9 shows the electric field intensity as a

contour plot where regions with electric field strength of magnitude at least about 200 V/cm

(generally needed to cause irreversible electroporation ablation in myocytes) are indicated by

the darker shaded areas. It is apparent that these ablated regions, indicated by region 50

around the anode electrode and region 5 1 around the set of cathode electrodes, constitute

continuous, fully ablated sections of myocardium. Thus, with a set of longer, flexible

electrodes as described in the present disclosure, a more rapid and effective delivery of

ablation therapy may be obtained as repositioning of the catheter shaft will be minimized.

Furthermore, the catheter devices, in some embodiments, with long, flexible electrodes can
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result in a lower peak value of the electric field. This can minimize or eliminate the

possibility of dielectric breakdown or spark generation during high voltage ablation. For

instance, while the peak electric field intensity values corresponding to the single cathode and

three-cathode situations of FIG. 5 and FIG. 7 are respectively about 4,458 V/cm and about

3,916 V/cm, the peak electric field intensity value that occurs for the case of long, flexible

electrodes as in FIG. 8 is about 2,456 V/cm, demonstrating an advantage of the catheter

devices of the present disclosure.

[0054] FIG. 10A is a schematic illustration of a catheter with a multiplicity of flexible

electrodes disposed along its shaft, with the catheter shaft 58 having a stepped construction

consisting of higher profile regions such as 60 and lower profile or "stepped down" regions

59 and 61. Flexible electrodes are present along the stepped down sections 59 and 6 1 in the

form of metallic coils 54 and 55 respectively, such that the overall diameter profile of the

catheter shaft is maintained everywhere along its length in a smooth and continuous manner.

Thus the thickness of the flexible electrode coils 54 and 55 is such that the sum of the stepped

down diameter and twice the coil thickness is equal to the outer diameter of the catheter shaft.

The metallic, flexible coiled electrodes could comprise biocompatible metals such as

titanium, platinum or platinum alloys. The catheter shaft is made of a flexible polymeric

material such as for example Teflon, Nylon or Pebax. In some embodiments, all the

electrodes of a catheter have the same polarity, in which case the need for high dielectric

strength material separating electrode leads (not shown in FIG. 10A) is not a significant

constraint, and the catheter can be relatively small in diameter, for instance being in the range

of about 9 French, about 8 French or even about 6 French. Likewise, a higher DC voltage can

be applied to the electrodes of the catheter as there is no risk of dielectric breakdown; in some

instances, this could enhance the efficacy of irreversible electroporation ablation. The flexible

electrode has a length 817 (denoted by L) associated with it, and its diameter 818 corresponds

to the catheter diameter (denoted by d). The aspect ratio Lid of each flexible electrode is a

geometric characteristic associated with the flexible electrode. In some embodiments, the

aspect ratio of at least one of the flexible electrodes on the device is at least 3, and, in some

embodiments, at least in the range from 5 to 10. Although FIG. 10A shows two electrodes for

purposes of illustration, it should be apparent that the number of flexible electrodes on the

catheter can be anywhere from one to fifteen or even greater, depending on the clinical

application and convenience of use. In some embodiments, the catheter could have a

combination of electrodes such that some electrodes are flexible while others are rigid.

[0055] In some embodiments, a flexible electrode may also be constructed in the form of a

sequence of thin electrically conducting bands or rings mounted on a flexible catheter shaft,
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separated by spaces between adjacent rings of the sequence and with the sequence of rings

electrically connected together. In this manner, the sequence of rings forms a single electrode,

the entire sequence presenting an isopotential surface across which an electrical current can

flow to tissue adjacent to the electrode when the electrode is suitably electrically polarized.

The electrical connection between the individual rings of the sequence can be made by

several means, such as, for example, attaching a single electrical lead to the inner surface of

each ring with one or more spot welds or laser welding, or by crimping each electrode in

place over a portion of an exposed electrical lead that runs on the outer surface of the catheter

shaft, and so on.

[0056] The construction of such a flexible electrode is illustrated in the example in FIG. 10B,

where two such electrodes are shown disposed along a length of flexible catheter shaft. Each

electrode in the figure includes 3 electrically conducting rings (Rings 1, 2, 3) separated by

spaces. FIG. 10B shows 3 rings of widths i , ¾ and ¾ with rings 1 and 2 separated by a

space of width and rings 2 and 3 separated by a space of width ¾ · Since only the flexible

catheter shaft is present in the spaces, even though the individual rings may be rigid (for

example, the rings can be metallic), the electrode itself is effectively flexible. The adjacent

electrodes are separated by a gap. In this manner, the catheter itself can also bend in very

flexible fashion. The width of each ring of a flexible electrode can lie in the range between

about 0.5 mm and about 6 mm, or in the range between about 1 mm and about 4 mm,

including all values and sub ranges in between. The spaces between adjacent rings can lie in

the range between about 1 mm and about 4 mm, including all values and sub ranges in

between. Further, the gaps or separation between adjacent distinct electrodes can lie in the

range between about 2 mm and about 12 mm, including all values and sub ranges in between.

[0057] In the example shown in FIG. 10B, the central or second ring of the flexible electrode

is wider than the end rings ( 1 and 3). While this example shows a flexible electrode

comprising 3 conducting rings, more general constructions with a larger or smaller

multiplicity of conducting rings can be built by one skilled in the art following the disclosure

herein. Likewise, the separations between adjacent rings can be varied sequentially, as can

the width of each individual ring in the sequence. The above example is provided for non-

limiting illustrative purposes only.

[0058] For epicardial use as disclosed in the present application, it is useful to have a catheter

with a certain amount of flexibility. One characterization of flexibility can be made in terms

of a radius of curvature. In some embodiments, the flexible electrodes are constructed and

disposed along the catheter shaft such that about a 2 cm radius of curvature of the shaft is

achieved with a minimal amount of applied force or torque. In some embodiments, a bending
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moment of about 5 x 10~ N-m applied over an approximately 6 cm length of catheter can

result in a bend or end-to-end deflection in the catheter of about 180-degrees or larger.

[0059] The rings of each flexible electrode can be of metallic composition including, but not

limited to, stainless steel, silver, gold, any suitable material comprising a significant

proportion of platinum such as platinum-iridium alloy, combinations thereof, and/or the like.

[0060] A schematic diagram of the electroporation system, according to some embodiments,

is shown in FIG. 11. A voltage/signal generator 73 is driven by a controller unit 7 1 that

interfaces with a computer device 74 by means of a two-way communication link 79. The

controller interface can act as a multiplexer unit and perform channel selection and routing

functions for applying voltages to appropriate electrodes that have been selected by a user or

by the computer 74. The controller can apply the voltages via a multiplicity of leads to a first

catheter device 72, as well as a second catheter device 70. Active electrodes can be selected

on a first catheter device 72 with one polarity, and likewise active electrodes can be selected

on a second catheter device 70 with the opposite polarity.

[0061] Some leads from the controller 7 1 could also carry pacing signals to drive pacing of

the heart through a separate pacing device (not shown). The catheter devices can also send

back information such as ECG recordings or data from other sensors back to the controller

71, possibly on separate leads. While the voltage generator 73 sends a voltage to the

controller 7 1 through leads 77, the voltage generator is driven by control and timing inputs 78

from the controller unit 71.

[0062] As shown in FIG. 12, given atrial or ventricular pacing inputs to the heart, the

resulting ECG waveform 82 has appropriate respective refractory time intervals 83 and 84

respectively, during which there are suitable time windows for application of irreversible

electroporation as indicated by 85 and 86. The application of cardiac pacing results in a

periodic, well-controlled sequence of electroporation time windows. Typically, this time

window is of the order of hundreds of microseconds to about a millisecond or more. During

this window, multiple voltage pulses can be applied to ensure that sufficient tissue ablation

has occurred. The user can repeat the delivery of irreversible electroporation over several

successive cardiac cycles for further confidence.

[0063] In one embodiment, the ablation controller and signal generator can be mounted on a

rolling trolley, and the user can control the device using a touchscreen interface that is in the

sterile field. The touchscreen can be for example an LCD touchscreen in a plastic housing

mountable to a standard medical rail or post and can be used to select the electrodes for

ablation and to ready the device to fire. The interface can for example be covered with a clear

sterile plastic drape. The operator can select the number of electrodes involved in an
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automated sequence. The touch screen graphically shows the catheters that are attached to the

controller. In one embodiment the operator can select electrodes from the touchscreen with

appropriate graphical buttons. The operator can also select the pacing stimulus protocol

(either internally generated or externally triggered) from the interface. Once pacing is

enabled, and the ablation sequence is selected, the operator can initiate or verify pacing. Once

the operator verifies that the heart is being paced, the ablation sequence can be initiated by

holding down a hand-held trigger button that is in the sterile field. The hand-held trigger

button can be illuminated red to indicate that the device is "armed" and ready to ablate. The

trigger button can be compatible for use in a sterile field and when attached to the controller

can be illuminated a different color, for example white. When the device is firing, the trigger

button flashes in sequence with the pulse delivery in a specific color such as red. The

waveform of each delivered pulse is displayed on the touchscreen interface. A graphic

representation of the pre and post impedance between electrodes involved in the sequence

can also be shown on the interface, and this data can be exported for file storage.

[0064] In one embodiment, impedance readings can be generated based on voltage and

current recordings across anode-cathode pairs or sets of electrodes (anodes and cathodes

respectively being on distinct catheters), and an appropriate set of electrodes that are best

suited for ablation delivery in a given region can be selected based on the impedance map or

measurements, either manually by a user or automatically by the system. For example, if the

impedance of the tissue between an anode/cathode combination of electrodes is a relatively

low value (for example, less than 25 Ohms), at a given voltage the said combination would

result in relatively large currents in the tissue and power dissipation in tissue; this electrode

combination would then be ruled out for ablation due to safety considerations, and alternate

electrode combinations could be sought by the user. In some embodiments, a pre-determined

range of impedance values, for example 30 Ohms to 300 Ohms, could be used as an allowed

impedance range within which it is deemed safe to ablate.

[0065] The waveforms for the various electrodes can be displayed and recorded on the case

monitor and simultaneously outputted to a standard connection for any electrophysiology

(EP) data acquisition system. With the high voltages involved with the device, the outputs to

the EP data acquisition system needs to be protected from voltage and/or current surges. The

waveforms acquired internally can be used to autonomously calculate impedances between

each electrode pair. The waveform amplitude, period, duty cycle, and delay can all be

modified, for example via a suitable Ethernet connection. Pacing for the heart is controlled by

the device and outputted to the pacing leads and a protected pacing circuit output for

monitoring by a lab.
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[0066] In some embodiments, the system (generator and controller) can deliver rectangular-

wave pulses with a peak maximum voltage of about 5 kV into a load with an impedance in

the range of about 30 Ohm to about 3,000 Ohm for a maximum duration of about 200 µ ,

with a maximum duration of about 100 µ , in some embodiments. Pulses can be delivered in

a multiplexed and synchronized manner to a multi-electrode catheter inside the body with a

duty cycle of up to 50 % (for short bursts). The pulses can generally be delivered in bursts,

such as for example a sequence of between 2 and 10 pulses interrupted by pauses of between

about 1 ms and about 1,000 ms. The multiplexer controller is capable of running an

automated sequence to deliver the impulses/impulse trains (from the voltage signal/impulse

generator) to the tissue target within the body. The controller system is capable of switching

between subsets of electrodes located on the single-use catheters. Further, the controller can

measure voltage and current and tabulate impedances of the tissue in each electrode

configuration (for display, planning, and internal diagnostic analysis). It can also generate

two channels of cardiac pacing stimulus output, and is capable of synchronizing impulse

delivery with the internally generated cardiac pacing and/or an external trigger signal. In one

embodiment, it can provide sensing output/connection for access to bio potentials emanating

from each electrode connected to the system (with connectivity characteristics being

compatible with standard electrophysiological laboratory data acquisition equipment).

[0067] In some embodiments, the controller can automatically "recognize" each of the two

single-use disposable catheters when it is connected to the controller output (prompting

internal diagnostics and user interface configuration options). The controller can have at least

two unique output connector ports to accommodate up to at least two catheters at once. The

controller device can function as long as at least two recognized catheters are attached to it.

In some embodiments, the controller can have several sequence configurations that provide

the operator with at least some variety of programming options. In one configuration, the

controller can switch electrode configurations of a bipolar set of electrodes (cathodes and

anodes respectively on distinct catheters) sequentially, for instance in a clockwise manner

(for example, starting at a given step, in the next step of the algorithm, the next cathode

electrode on one catheter and the next anode electrode on the other catheter are automatically

selected, timed to the synchronizing trigger), with the two catheters and their electrodes

arranged in a quasi-circumference around the target. Thus in a first sequence configuration,

pulsed voltage delivery occurs as the automated sequencing of the controller switches "on"

and "off between different electrodes surrounding the tissue target. In a second sequence

configuration, the impulses are delivered to user-selected electrode subsets of catheters that

are connected to the device. The user can also configure the controller to deliver up to 2
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channels of pacing stimulus to electrodes connected to the device output. The user can

control the application of voltage with a single handheld switch. A sterile catheter or

catheters can be connected to the voltage output of the generator via a connector cable that

can be delivered to the sterile field. In one embodiment, the user activates the device with a

touch screen interface (that can be protected with a single-use sterile transparent disposable

cover commonly available in the catheter lab setting). The generator can remain in a standby

mode until the user is ready to apply pulses at which point the user/assistant can put the

generator into a ready mode via the touchscreen interface. Subsequently the user can select

the sequence, the active electrodes, and the cardiac pacing parameters.

[0068] Once the catheters have been advanced to or around the cardiac target, the user can

initiate electrically pacing the heart (using a pacing stimulus generated by the ablation

controller or an external source synchronized to the ablation system). The operator verifies

that the heart is being paced and uses the hand-held trigger button to apply the synchronized

bursts of high voltage pulses. The system can continue delivering the burst pulse train with

each cardiac cycle as long as the operator is holding down a suitable "fire" button or switch.

During the application of the pulses, the generator output is synchronized with the heart

rhythm so that short bursts are delivered at a pre-specified interval from the paced stimulus.

When the train of pulses is complete, the pacing continues until the operator discontinues

pacing.

[0069] The controller and generator can output waveforms that can be selected to generate a

sequence of voltage pulses in either monophasic or biphasic forms and with either constant or

progressively changing amplitudes. FIG. 13 shows a rectangular wave pulse train where the

pulses 101 have a uniform height or maximum voltage. FIG. 14 shows an example of a

balanced biphasic rectangular pulse train, where each positive voltage pulse such as 103 is

immediately followed by a negative voltage pulse such as 104 of equal amplitude and

opposite sign. While in this example the biphasic pulses are balanced with equal amplitudes

of the positive and negative voltages, in other embodiments an unbalanced biphasic

waveform could also be used as may be convenient for a given application.

[0070] Yet another example of a waveform or pulse shape that can be generated by the

system is illustrated in FIG. 15, which shows a progressive balanced rectangular pulse train,

where each distinct biphasic pulse has balanced or equal-amplitude positive and negative

voltages, but each pulse such as 107 is larger in amplitude than its immediate predecessor

106. Other variations such as a progressive unbalanced rectangular pulse train, or indeed a

wide variety of other variations of pulse amplitude with respect to time can be conceived and

implemented by those skilled in the art based on the teachings herein.
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[0071] The time duration of each irreversible electroporation rectangular voltage pulse could

lie in the range from about 1 nanosecond to about 10 milliseconds, with the range about 10

microseconds to about 1 millisecond in some embodiments, and the range about 50

microseconds to about 300 microseconds in some embodiments, including all values and sub

ranges in between. The time interval between successive pulses of a pulse train could be in

the range of about 10 microseconds to about 1 millisecond, with the range about 50

microseconds to about 300 microseconds in some embodiments. The number of pulses

applied in a single pulse train (with delays between individual pulses lying in the ranges just

mentioned) can range from 1 to 100, with the range 1 to 10 in some embodiments.

[0072] As described in the foregoing, a pulse train can be driven by a user-controlled switch

or button or, in some embodiments, mounted on a hand-held joystick-like device. In one

mode of operation a pulse train can be generated for every push of such a control button,

while in another mode of operation pulse trains can be generated repeatedly during the

refractory periods of a set of successive cardiac cycles, for as long as the user-controlled

switch or button is engaged by the user.

[0073] All of these parameters can be determined by the design of the signal generator, and

in various embodiments could also be determined by user control as may be convenient for a

given clinical application. The specific examples and descriptions herein are exemplary in

nature and variations can be developed by those skilled in the art based on the material taught

herein.

[0074] FIG. 16 shows a portion of a user interface of the electroporation system for selection

(with graphical buttons 117 and 118) of anode and cathode electrodes, with two catheters

connected to the system. The proximal leads of the two catheters are schematically indicated

by 110 and 1 1 1, which each have two flexible electrodes, respectively 112, 115 and 113, 114.

The buttons 117 and 118 can enable the selection of appropriate electrodes on the catheters as

respectively anode or cathode with a "Continue" button 706. Once the selection is made, the

appropriate electrodes are colored differently to indicate anode or cathode electrodes as

shown marked respectively as anode electrode 115 and cathode electrode 113 on the two

catheters in FIG. 17.

[0075] FIG. 18 shows another embodiment of device of the present disclosure, where a first

or primary catheter with a multiplicity of flexible electrodes disposed along its shaft (with an

electrical lead attached to the inner surface of each electrode) includes multiple lumens

through which secondary catheters or microcatheters can be passed to emerge from a lateral

surface of the primary catheter, each secondary catheter also having a multiplicity of flexible

electrodes disposed along its shaft. In the illustration, the primary catheter device 131 has
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flexible electrodes 133, 135, 137 and 139 disposed along the length of its shaft, and the

device 131 has lumens 142 and 143 through which secondary catheter devices 145 and 146

are passed. The secondary catheters pass through the lumens and emerge from a lateral

portion of the primary catheter, in some embodiments on approximately opposite lateral sides

of the primary catheter 131.The secondary catheters 145 and 146 themselves have a

multiplicity of flexible electrodes disposed along their lengths, shown in FIG. 18 as

electrodes 150 and 151 on secondary catheter 145 and as electrodes 153 and 154 on

secondary catheter 146, respectively. Electrical leads 180 connect to the electrodes 133, 135,

137 and 139 of the primary catheter for delivery of high voltage pulsed signals. In one

embodiment the same leads 180 can also serve to record ECG signals. Likewise electrical

leads 171 and 173 connect to electrodes 150 and 151 on secondary catheter 145, while

electrical leads 175 and 177 connect to electrodes 153 and 154 on secondary catheter 146.

The distal region of the primary catheter 131 comprises a magnetic member 164, and

magnetic members such as 166 or 167 are also present within the primary catheter's shaft at

an approximately mid-length position. The distal regions of the secondary catheters 145 and

146 also comprise magnetic members 160 and 162 respectively. In some embodiments, the

magnetic member 164 comprises at least one permanent magnet, while the magnetic

members 160 and 162 comprise magnetizable material such as a ferromagnetic material,

while the magnetic members 166 and 167 can be either permanent magnets or electromagnets

activated by an electrical current, with their magnetic poles oriented laterally with respect to

the catheter shaft. Further the primary catheter can have a through lumen (not shown in FIG.

18) for introducing the catheter over a guidewire.

[0076] In use, as FIG. 19 illustrates, two primary catheters are introduced epicardially via a

subxiphoid approach as described for example in PCT Patent Application No.

WO20 140253 94, where a puncturing apparatus using a subxiphoid pericardial access location

and a guidewire-based delivery method to accomplish the placement of a multi-electrode

catheter around the pulmonary veins was described in detail. The two primary catheters

jointly encircle a set of four pulmonary veins, with two secondary catheters emerging from

each primary catheter so as to conjunctively wrap a set of electrodes around each individual

pulmonary vein. Four pulmonary veins marked A, B, C and D are shown in FIG. 19. Primary

catheter 206 wraps around one side (representing an outer contour) of pulmonary veins

marked A and C in FIG. 19, while primary catheter 207 wraps around one side (representing

an outer contour) of pulmonary veins marked B and D in FIG. 19. Secondary catheter 208

branches out from a proximal portion of primary catheter 206, wraps around the inner side of

pulmonary vein A and magnetically attaches to the mid-portion of primary catheter 206, with
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a distal magnetic member 231 on secondary catheter 208 attaching to a mid-portion magnetic

member 230 on primary catheter 206. Thus secondary catheter electrodes 215 and 216 and

primary catheter electrodes 220 and 22 1 collectively are wrapped in a closed contour around

pulmonary vein A. Secondary catheter 229 branches out from a middle portion of primary

catheter 206, wraps around the inner side of pulmonary vein C and magnetically attaches to

the distal portion of primary catheter 206, with a distal magnetic member 24 1 on secondary

catheter 229 attaching to a distal magnetic member 242 on primary catheter 206. Thus

secondary catheter electrodes 213 and 214 and primary catheter electrodes 210 and 2 11

collectively are wrapped in a closed contour around pulmonary vein C. The distal portion of

primary catheter 206 also magnetically attaches to the distal portion of primary catheter 207.

Secondary catheters 224 and 225 branch out from primary catheter 207 and wrap around

pulmonary veins B and D , with a distal magnetic member 234 on secondary catheter 224

attaching to a mid-portion magnetic member 235 on primary catheter 207 and a distal

magnetic member 238 on secondary catheter 225 attaching to a distal magnetic member 239

on primary catheter 207, respectively. In this manner, each pulmonary vein is wrapped by a

set of flexible electrodes for effective electroporation voltage delivery.

[0077] An example of a magnetic member configuration for the distal magnetic member 164

of the primary catheter device in FIG. 18 (or 239 or 242 in FIG. 19) is provided in FIG. 20.

The latter figure illustrates a catheter with a magnet assembly in its distal portion, such that a

first effective pole of the magnet assembly is oriented longitudinally and a second effective

pole of the magnet assembly oriented laterally. As shown, the catheter 303 comprises an

assembly of magnetized material in its distal portion comprising magnetic elements 305, 306

and 307 with respective magnetization orientations indicated by arrows 308, 309 and 310.

The assembly comprising the magnetic elements 305, 306 and 307 effectively forms a

magnetic member with a longitudinally oriented magnetic pole (denoted by arrow 308) and a

laterally oriented magnetic pole (denoted by arrow 310). If a second primary catheter has a

similar assembly of magnetic elements in its distal portion with an opposite orientation of its

longitudinal and lateral magnetic poles, the distal tips of the two primary catheters can attach

magnetically. As mentioned earlier, magnetic members in the mid-portion of the primary

catheter can for example be in the form of electromagnets, providing a means of attachment

of the distal tip of a secondary catheter to the mid-portion of a primary catheter, and this

attachment mechanism provides an exemplary means for configuring a set of primary and

secondary catheters as shown in FIG. 19. While the examples and attachment means

described herein provides one method of magnetic attachment, other similar methods can be
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conceived and implemented by one skilled in the art by following the embodiments disclosed

herein.

[0078] FIG. 2 1 shows an illustration of a two dimensional model of a cardiac atrium, with an

atrial tissue region 320 that has interior "blood pool" regions 321, 322, 323 and 324. Each

blood pool region represents a pulmonary vein and is surrounded by a thin annular such as for

example the ring-shaped region 337 around pulmonary vein 322. Four electrodes 331, 332,

333 and 334 are shown disposed around pulmonary vein 324 so as to surround it. With a

potential difference applied across some of the electrodes, simulation results can be obtained

based on realistic values of electrical material properties for the various regions.

[0079] A simulation result in the form of a shaded contour plot of the electric potential is

shown in FIG. 22 for the case where a DC voltage is applied across a single anode electrode

332 and a single cathode electrode 334 on opposite sides of the blood pool region 324, with a

potential difference of 750 V applied across anode and cathode. FIG. 23 shows the electric

field intensity as a shaded contour plot where regions with an electric field strength of

magnitude at least 200 V/cm (generally needed to cause irreversible electroporation ablation

of myocytes) are indicated in the shaded areas. It is apparent that these ablated regions,

indicated by region 341 around the anode electrode and region 342 around the cathode

electrode, cover a significant fraction of a contour around pulmonary vein 324.

[0080] Likewise, for the case when electrodes 33 1 and 332 are set to be anode electrodes and

electrodes 333 and 334 are defined to be cathode electrodes, with a potential difference of

about 750 V applied across anode and cathode, FIG. 24 shows the electric field intensity as a

shaded contour plot where regions with an electric field strength of magnitude at least about

200 V/cm are indicated in the shaded areas. It is apparent that in this case, the ablated region

encompasses the entire contour around the pulmonary vein 324. Thus, the catheter devices

with flexible electrodes, according to some embodiments, can be effectively utilized for rapid

ablation therapy by the application of irreversible electroporation voltages. As can be seen

from FIG. 24, the areas where electric field intensities are sufficiently large to generate

irreversible electroporation occur substantially in the region between the electrodes, thus

minimizing any potential damage to outer areas. Further, the applied voltage pulse level that

is required to generate effective ablation can be significantly reduced; in the above simulation

a voltage of about 750 V is seen to be sufficient to generate irreversible electroporation

everywhere in a region of interest. This further enhances the safety of the procedure by

reducing the likelihood of generating local electric fields that may be large enough to

generate sparking or local dielectric breakdown as well as reduce the intensity of muscular
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contractions. The need for precise positioning of the electrodes is also reduced, leading to an

overall faster therapeutic procedure.

[0081] FIG. 25 shows a portion of a user interface of the electroporation system for selection

(with graphical buttons 117 and 118) of anode and cathode electrodes, with two catheters

connected to the system. The proximal leads of the two catheters (and thus the respective

catheters themselves) are schematically indicated by 110 and 111, which each have four

flexible electrodes. For example, the catheter 11 1 has flexible electrodes labeled 361, 362,

371 and 372 in FIG. 25. Secondary catheter 360 branches out from a proximal portion of

catheter 1 1 1, while secondary catheter 366 branches out from a mid-portion of catheter 1 1 1.

Secondary catheter 360 has flexible electrodes 363 and 364 respectively, while secondary

catheter 366 has flexible electrodes 368 and 369 respectively. Electrodes 361, 362, 363 and

364 thus encircle the pulmonary vein labeled 381, while electrodes 368, 369, 372 and 371

encircle the pulmonary vein labeled 380.

[0082] The buttons 117 and 118 can enable the selection of appropriate electrodes on the

catheters as respectively anode or cathode with a "Continue" button 706. Once the selection

is made, the appropriate electrodes are colored differently to indicate anode or cathode

electrodes as shown in FIG. 17, where electrodes 372 and 368 have been marked respectively

as anode electrode and cathode electrode, respectively on primary catheter 1 1 1 and secondary

catheter 366. This selection has been shown for purely illustrative purposes. Other

embodiments of user interface and mode of electrode selection can be implemented by one

skilled in the art based on the teachings herein.

[0083] While various specific examples and embodiments of systems and tools for selective

tissue ablation with irreversible electroporation were described in the foregoing for

illustrative and exemplary purposes, it should be clear that a wide variety of variations and

additional or alternate embodiments could be conceived or constructed by those skilled in the

art based on the teachings disclosed herein. While specific methods of control and voltage

application from a generator capable of selective excitation of sets of electrodes were

disclosed, persons skilled in the art would recognize that any of a wide variety of other

control or user input methods and methods of electrode subset selection etc. can be

implemented without departing from the scope of the embodiments disclosed herein. Further,

while some embodiments the voltage signals used in the ablation process are DC voltages or

DC voltage pulses, in other embodiments the voltage signals can be AC voltages, or each

voltage pulse can itself include time-varying components. Likewise, while the foregoing

described a magnet-based scheme for positioning and attachment of catheters to each other, it

should be apparent that other methods could be implemented for this purpose, including
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mechanical means using small manipulator arms or catches, pneumatically driven means, and

so on, as can be conceived by those skilled in the art by employing the principles and

teachings disclosed herein without departing from the scope of the embodiments disclosed

herein.

[0084] Some embodiments described herein relate to a computer storage product with a non-

transitory computer-readable medium (also referred to as a non-transitory processor-readable

medium) having instructions or computer code thereon for performing various computer-

implemented operations. The computer-readable medium (or processor-readable medium) is

non-transitory in the sense that it does not include transitory propagating signals (e.g., a

propagating electromagnetic wave carrying information on a transmission medium such as

space or a cable). The media and computer code (also referred to herein as code) may be

those designed and constructed for the specific purpose or purposes. Examples of non-

transitory computer-readable media include, but are not limited to: flash memory, magnetic

storage media such as hard disks, optical storage media such as Compact Disc/Digital Video

Discs (CD/DVDs), Compact Disc-Read Only Memories (CD-ROMs), magneto-optical

storage media such as optical disks, carrier wave signal processing modules, and hardware

devices that are specially configured to store and execute program code, such as Application-

Specific Integrated Circuits (ASICs), Programmable Logic Devices (PLDs), Read-Only

Memory (ROM) and Random-Access Memory (RAM) devices.

[0085] Examples of computer code include, but are not limited to, micro-code or micro

instructions, machine instructions, such as produced by a compiler, code used to produce a

web service, and files containing higher-level instructions that are executed by a computer

using an interpreter. For example, embodiments may be implemented using Java, C++, or

other programming languages and/or other development tools.
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What is claimed is

1. An apparatus, comprising:

a shaft including a plurality of stepped sections along the length of the shaft; and

a plurality of electrodes disposed along the length of the shaft, each electrode

characterized by a geometric aspect ratio of the length of the electrode to the outer diameter

of the electrode, each electrode located at a different stepped section of the plurality of

stepped sections of the shaft, each electrode including a set of leads, each lead of the set of

leads configured to attain an electrical voltage potential of at least about 1 kV,

wherein the geometric aspect ratio of at least one electrode of the plurality of electrodes is

in the range between about 3 and about 20.

2. The apparatus of claim 1, wherein at least one electrode of the plurality of electrodes

includes a coiled length of an electrical conductor.

3. The apparatus of claim 1, the shaft further including a lumen formed therein, the

apparatus configured for, when a guidewire is disposed in the lumen during use, movement

along the guidewire.

4. A system, comprising:

a generator unit configured for generating pulses;

a controller unit operably coupled to the generator unit, the controller unit configured

for triggering the generator unit to generate one or more pulses;

a set of pacing leads operably coupled to the controller unit, the controller unit, the

generator unit, and the set of pacing leads configured for driving the one or more pulses

through the pacing leads; and

at least two medical devices including a first medical device and a second medical

device, each medical device operably coupled to the controller unit, each medical device

including a plurality of electrodes,

wherein the controller unit is further configured for:

selecting one or more first electrodes from the plurality of electrodes of the

first medical device and from the plurality of electrodes of the second medical device

as cathodes for applying the one or more pulses; and
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selecting one or more second electrodes from the plurality of electrodes of the

first medical device and from the plurality of electrodes of the second medical device

as anodes for applying the one or more pulses.

5. The system of Claim 4, further comprising a user interface operably coupled to the

controller unit, the user interface configured for receiving an indication of a voltage pulse

amplitude for at least one of the one or more pulses.

6. The system of Claim 4, the controller unit further configured to select the one or more

fist electrodes and to select the one or more second electrodes without user input.

7. The system of Claim 4, the controller unit further configured to record impedance

information from at least two electrodes of the selected one or more first electrodes and the

selected one or more second electrodes.

8. The system of Claim 4, wherein upon voltage application, the selected one or more

first electrodes have a polarity opposite to the polarity of the selected one or more second

electrodes.

9. The system of Claim 9, a distal end of the first medical device including a first

magnet, a distal end of the second medical device including a second magnet, the first magnet

and the second magnet of opposing magnetization directions upon alignment during use, the

first magnet and the second magnet configured for affecting close alignment of the distal end

of the first medical device and the distal end of the second medical device.

10. A device, comprising:

a primary catheter, including:

one or more electrodes disposed in an intermediate portion of the primary

catheter;

one or more electrodes disposed in a distal portion of the primary catheter;

two or more channels configured for passage of secondary catheters, each

channel continuous from a proximal portion of the primary catheter to a lateral exit

position on the primary catheter,

one or more magnetic members disposed in the intermediate portion of the

primary catheter; and
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a magnetic member disposed in the distal portion of the primary catheter;

at least two secondary catheters configured for passage through the primary catheter

device, each secondary catheter including:

one or more electrodes in its respective distal portion; and

a magnetic member in its respective distal portion;

for each electrode of the primary catheter and each electrode of the secondary

catheter, an electrical lead attached to the corresponding electrode, each lead configured for,

during use, being at an electrical voltage potential of at least 1 kV without resulting in

dielectric breakdown of the two or more channels of the primary catheter,

wherein a geometric aspect ratio of at least one of the electrodes of the primary catheter

device is in the range between about 3 and about 20.

11. The device of claim 10, wherein a geometric aspect ratio of at least one electrode of

one of the secondary catheter devices is in the range between about 3 and about 20.

12. The device of claim 10, wherein the magnetic member disposed in the distal portion

of the primary catheter includes one magnetic pole oriented substantially longitudinally and

one magnetic pole oriented substantially laterally with respect to the elongate axis of the

primary catheter.

13. The device of claim 10, wherein at least one magnetic member disposed in the

intermediate portion of the primary catheter device includes an electromagnet.

14. The device of claim 10, further comprising a lumen configured for, during use,

introducing of the device over a guidewire.

15. The device of claim 10, wherein the magnetic member in at least one secondary

catheter device includes magnetizable material.

16. A system, comprising:

a pulse generator unit configured to generated voltage pulses;

a controller unit operably coupled to the pulse generator unit, the controller unit

configured for triggering the pulses of the generator unit, the controller unit further

configured for applying voltages of one polarity to a set electrodes of a first medical device

and voltages of an opposite polarity to a set electrodes of a second medical device;
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a set of pacing leads operably coupled to the controller unit, the controller unit further

configured for driving pacing signals through the pacing leads; and

a primary catheter and a secondary catheter operably coupled to the controller unit,

the primary catheter including a first set of electrodes, the secondary catheter including a

second set of electrodes, the controller unit configured for driving voltages through any

electrode of the first set of electrodes and second set of electrode,

wherein the controller unit is further configured for selecting a sequence of pairs of

electrodes from the first set of electrodes and the second set of electrodes, for each pair of

electrodes:

an electrode of the pair of electrodes having an opposite polarity from the other

electrode of the pair of electrodes; and

an electrode of the pair of electrodes selected from the primary catheter, the other

electrode of the pair of electrodes selected from the secondary catheter,

the controller unit further configured for sequential application of voltage pulse trains

over the sequence of pairs of electrodes.

17. The system of claim 16, the system further including a user interface configured for

user-driven sequential application of the voltage pulse trains.

18. The system of claim 16, wherein the controller unit is configured for selecting at least

one pair of electrodes of the sequence of pairs of electrodes without user input.

19. The system of claim 16, the primary catheter and the secondary catheter each

including means configured for alignment of a distal end of the primary catheter with a distal

end of the secondary catheter.

20. A method, comprising:

epicardially inserting two primary catheters, each primary catheter including a first set

of electrodes disposed along its length;

positioning the primary catheters in conjoined form so as to substantially wrap around

the pulmonary veins epicardially in a single contour;

passing a secondary catheter through each primary catheter, each secondary catheter

extending out from a lateral side of its corresponding primary catheter, each secondary

catheter including a second set of electrodes;
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for each secondary catheter, wrapping the secondary catheter around a portion of a

pulmonary vein, and attaching the secondary to an intermediate portion or distal portion of its

corresponding primary catheter, such that the secondary catheter epicardially encircles the

pulmonary vein with a series of electrodes selected from the first set of electrodes of its

corresponding primary catheter, from the second set of electrodes of the secondary catheter,

or both;

selecting a set of pairs of electrodes from the first set of electrodes of the primary

catheters and from the second set of electrodes of the secondary catheters, each electrode of

each pair of electrodes having a cathode or an anode assignment;

recording electrocardiogram (ECG) signals from at least some electrodes of the first

set of electrodes of the primary catheters and the second set of electrodes of the secondary

catheters; and

identifying refractory intervals in at least one ECG signal and, in at least one

subsequent refractory interval, sequentially applying voltage pulse trains to the set of pairs of

electrodes.

21. The method of Claim 20, the selecting the set of pairs of electrodes based on

impedance recordings from at least some electrodes of the first set of electrodes of the

primary catheters and the second set of electrodes of the secondary catheters.

22. An apparatus, comprising:

a catheter shaft;

a set of flexible electrodes disposed along the length of the catheter shaft, each

flexible electrode characterized by a geometric aspect ratio of the length of the flexible

electrode to the outer diameter of the flexible electrode, each flexible electrode including a

set of conducting rings separated by spaces and disposed along the catheter shaft, the set of

conducting rings of each flexible electrode electrically connected together so as to electrically

define a common electrical potential for the each electrode, the catheter shaft including gaps

configured for separating adjacent flexible electrodes of the set of flexible electrodes; and

electrical leads attached to each of the flexible electrodes, each electrical lead

configured for attaining an electrical voltage potential of at least 1 kV,

wherein the geometric aspect ratio of at least one of the flexible electrodes is in the

range between about 3 and about 20.
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NOTE: Claim 9 of this application depends on itself and is improper. For the purposes of this Lack of Unity, claim 9 is understood to
depend from claim 4 to provide proper antecedent basis for the limitations of claim 9.

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group I, claims 1-3, 10-15, and 22, are drawn to an apparatus comprising a plurality of electrodes, wherein each electrode includes a set
of leads, each lead of the set of leads configured to attain an electrical voltage potential of at least about 1 kV, wherein the geometric
aspect ratio of at least one electrode of the plurality of electrodes is in the range between about 3 and about 20.

Group II, claims 4-9 and 16-19, are drawn to a system comprising a generator unit, a controller unit, a set of packing leads, and at least
two medical devices.

Group III, claims 20 and 2 1, are drawn to a method for rapid and safe pulmonary vein cardiac ablation.

The inventions listed as Groups l-lll do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons:

The special technical features of Group I, an apparatus, comprising: a shaft; and a plurality of electrodes disposed along the length of
the shaft, each electrode characterized by a geometric aspect ratio of the length of the electrode to the outer diameter of the electrode,
each electrode including a set of leads, each lead of the set of leads configured to attain an electrical voltage potential of at least about 1
kV, wherein the geometric aspect ratio of at least one electrode of the plurality of electrodes is in the range between about 3 and about
20, are not present in Groups II and III; the special technical features of Group II, a system, comprising: a generator unit configured for
generating pulses; a controller unit operably coupled to the generator unit, the controller unit configured for triggering the generator unit
to generate one or more pulses; a set of pacing leads operably coupled to the controller unit, the controller unit, configured for driving the
one or more pulses through the pacing leads; and at least two medical devices including a first medical device and a second medical
device, each medical device operably coupled to the controller unit, each medical device including a plurality of electrodes, wherein the
controller unit is further configured for: selecting one or more first electrodes from the plurality of electrodes of the first medical device
and from the plurality of electrodes of the second medical device for applying the one or more pulses; and selecting one or more second
electrodes from the plurality of electrodes of the first medical device and from the plurality of electrodes of the second medical device for
applying the one or more pulses, are not present in Groups I and III; and the special technical features of Group III, a method,
comprising: epicardially inserting two primary catheters, each primary catheter including a first set of electrodes disposed along its
length; positioning the primary catheters in conjoined form so as to substantially wrap around the pulmonary veins epicardially in a single
contour; passing a secondary catheter through each primary catheter, each secondary catheter extending out from a lateral side of its
corresponding primary catheter, each secondary catheter including a second set of electrodes; for each secondary catheter, wrapping
the secondary catheter around a portion of a pulmonary vein, and attaching the secondary to an intermediate portion or distal portion of
its corresponding primary catheter, such that the secondary catheter epicardially encircles the pulmonary vein with a series of electrodes
selected from the first set of electrodes of its corresponding primary catheter, from the second set of electrodes of the secondary
catheter, or both; selecting a set of pairs of electrodes from the first set of electrodes of the primary catheters and from the second set of
electrodes of the secondary catheters, each electrode of each pair of electrodes having a cathode or an anode assignment; recording
electrocardiogram (ECG) signals from at least some electrodes of the first set of electrodes of the primary catheters and the second set
of electrodes of the secondary catheters; and identifying refractory intervals in at least one ECG signal and, in at least one subsequent
refractory interval, sequentially applying voltage pulse trains to the set of pairs of electrodes, are not present in Groups I and II.

Groups I through III all share the technical feature of a primary catheter having a first set of electrodes for applying electrical pulses and
a secondary catheter include a second set of electrodes for applying electrical pulses. However this shared technical feature does not
represent a contribution over the prior art. Specifically US 2002/01 77765 A 1 to Bowe et al. disclose a primary catheter (catheter system
80 having outer ablation catheter 82; FIG. 8) having a first set of electrodes for applying electrical pulses (ablation electrode system 92;
FIG. 8) and a secondary catheter (inner mapping catheter 106; FIG. 8) include a second set of electrodes for applying electrical pulses
(mapping electrode system 112 including a plurality of band electrodes 114 and a tip electrode 116).

Groups I and III also share the technical feature of passing a secondary catheter through the primary catheter, each secondary catheter
extending out from a lateral side of the primary catheter. However this shared technical feature does not represent a contribution over
the prior art. Specifically US 2002/0177765 A 1 to Bowe et al. disclose passing a secondary catheter (catheter 106; FIG. 8) through the
primary catheter (FIG. 8 illustrates secondary catheter 106 passing through the primary catheter 82; para. [0064] "inner mapping
catheter 106 configured to fit into and slide within the lumen 86 of the outer ablation catheter 80 and to fit through the orifice 100
contained within the tubular wall 84"), the secondary catheter extending out from a lateral side of the primary catheter (FIG. 8 illustrates
placement of orifice 100 on a lateral side of the tubular wall 84 of the primary catheter 82).

Groups I I and III share the technical feature of a primary catheter having a first set of electrodes for applying electrical pulses and a
secondary catheter include a second set of electrodes for applying electrical pulses; and selecting one or more electrodes from the first
set of electrodes of the primary catheter and from the second set of electrodes of the secondary catheter, each electrode of each said
one or more electrodes having a cathode or an anode assignment. However this shared technical feature does not represent a
contribution over the prior art. Specifically US 2012/0136349 A 1 to Hastings discloses a primary catheter having a first set of electrodes
for applying electrical pulses (ablation catheter 100 includes a first catheter 106 having one or more electrodes 1 ; FIG. 6A) and a
secondary catheter include a second set of electrodes for applying electrical pulses (ablation catheter 100 includes a second catheter
108 having one or more electrodes 111; FIG. 6A); and selecting one or more electrodes from the first set of electrodes of the primary
catheter and from the second set of electrodes of the secondary catheter, each electrode of each said one or more electrodes having a
cathode or an anode assignment (FIG. 6A; para. [0061] "lead of the first catheter 106 includes one or more exposed elements 11 that
define an anode 110. The lead of the second catheter 108 includes one or more exposed elements 111 that define a cathode 112").
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