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METHOD AND APPARATUS FOR RAPID AND SELECTIVE TISSUE ABLATION

WITH COOLING

Cross-Reference to Related Applications

[1001] This application claims benefit of priority to U.S. Provisional Application Serial No.

61/997,869, entitled "Methods and Apparatus for Rapid and Selective Tissue Ablation with

Cooling," filed June 12, 2014, which is incorporated herein by reference in its entirety.

Background

[1002] The embodiments described herein relate generally to medical devices for

therapeutic electrical energy delivery, and more particularly to systems and methods for

delivering electrical energy in the context of ablating tissue rapidly and selectively by the

application of suitably timed pulsed voltages that generate irreversible electroporation of cell

membranes, in conjunction with the application of suitable regional cooling to enhance

electroporation selectivity and efficacy.

[1003] In the past decade or two 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. It has been

known that the 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 apoptosis or cell death. Subsequently the tissue heals in

a natural process.

[1004] 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 the temperature increase in the tissue resulting

from this ablation process.

[1005] While pulsed DC voltages are known to drive irreversible electroporation under the

right circumstances, the examples of electroporation applications in medicine and delivery

methods described in the prior art do not sufficiently discuss specificity and rapidity of

action, or methods to treat a local region of tissue with irreversible electroporation while not

applying electroporation to adjoining regions of tissue.

[1006] Thus, there is a need for selective energy delivery for electroporation and its

modulation in various tissue types as well as pulses that permit rapid action and completion

of therapy delivery. There is also a need for more effective generation of voltage pulses and

control methods, as well as appropriate devices or tools addressing a variety of specific

clinical applications. Such more selective and effective electroporation delivery methods can

broaden the areas of clinical application of irreversible electroporation including therapeutic

treatment to reduce the volume of adipose or fat tissue and the treatment of tumors of various

types.

Summary

[1007] The embodiments described herein address the need for tools and methods for

rapid and selective application of irreversible electroporation therapy as well as pulse

generation and control methods. The process of irreversible electroporation can be induced

even without the flow of current when a polarizing high voltage is applied to generate a

suitably large electric field in a region of interest. The embodiments described herein can

result in well-controlled and specific delivery of electroporation in an efficacious manner.

[1008] In some embodiments, an apparatus includes a clamp, a first electrode head and a

second electrode head. The clamp includes a first arm and a second arm, each configured to

exert opposing forces to maintain a target tissue disposed therebetween. The first electrode

head is coupled to the first arm. The first electrode head includes a first electrically

insulating contact surface, a first electrode and a first cooling unit. The first contact surface is

configured to contact a first portion of the target tissue. The first cooling unit is configured to

maintain the first portion of the target tissue at a first target temperature. The second



electrode head is coupled to the second arm, and includes a second electrically insulating

contact surface, a second electrode and a second cooling unit. The second contact surface is

configured to contact a second portion of the target tissue. The second cooling unit is

configured to maintain the second portion of the target tissue at a second target temperature.

The first electrode and the second electrode are collectively configured to deliver a voltage

pulse to the target tissue.

Brief Description of the Drawings

[1009] FIG. 1A is a schematic illustration of an irreversible electroporation system that

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

voltages to selected subsets of electrodes, and one or more medical devices connected to the

controller.

[1010] FIG. IB is a schematic illustration of an irreversible electroporation system that

includes a DC voltage/signal generator and a controller according to an embodiment.

[1011] FIG. 2 is a schematic illustration of a waveform generated by the irreversible

electroporation system according to an embodiment, showing a balanced rectangular wave.

[1012] FIG. 3 is a schematic illustration of a waveform generated by the irreversible

electroporation system according to an embodiment, showing a balanced biphasic rectangular

wave.

[1013] FIG. 4 is a schematic illustration of a waveform generated by the irreversible

electroporation system according to an embodiment, showing a progressive balanced biphasic

rectangular wave.

[1014] FIG. 5 is a schematic illustration of a fat ablation electrode clamp device according

to an embodiment, where an electrode system is schematically shown clamped around target

tissue.

[1015] FIG. 6 is a schematic illustration of a fat ablation electrode clamp device according

to an embodiment, where different parts of the electrode system are shown schematically.

[1016] FIG. 7 is a schematic illustration of a fat ablation electrode clamp device according

to an embodiment, where multiple electrodes are shown on each clamp, the electrode heads



incorporating means for solid state cooling, and including a means for adjusting the

separation between electrode clamps.

[1017] FIG. 8 is a schematic illustration of an electrode head design according to an

embodiment incorporating means for solid state cooling.

[1018] FIG. 9 is a schematic illustration of an individual thermoelectric cooling unit.

[1019] FIG. 10 is a schematic illustration of a thermoelectric cooling module according to

an embodiment incorporating a multiplicity of thermoelectric cooling units.

[1020] FIG. 11 is a schematic illustration of electrode clamp device placement geometry

in relation to patient anatomy, according to an embodiment.

[1021] FIG. 12 is a schematic illustration of an electrode clamp device according to an

embodiment showing electrode heads with large aspect ratio.

[1022] FIG. 13 is a schematic illustration of electrode clamps according to an embodiment

with large aspect ratio electrode heads showing overall placement geometry in relation to

patient anatomy.

[1023] FIG. 14 is a schematic illustration of an electrode clamp device for irreversible

electroporation according to an embodiment, further incorporating means for sensing

separation or distance in the form of suitable sensors mounted away from the electrode heads.

[1024] FIG. 15 is a schematic illustration of an electrode clamp device for irreversible

electroporation according to an embodiment, further incorporating means for sensing

separation or distance in the form of suitable sensors mounted on the electrode heads.

Detailed Description

[1025] Medical systems, tools and methods are disclosed for the selective and rapid

application of DC voltage to drive electroporation. In some embodiments, an apparatus

includes a clamp, a first electrode head and a second electrode head. The clamp includes a

first arm and a second arm, each configured to exert opposing forces to maintain a target

tissue disposed therebetween. The first electrode head is coupled to the first arm. The first

electrode head includes a first electrically insulating contact surface, a first electrode and a



first cooling unit. The first contact surface is configured to contact a first portion of the target

tissue. The first cooling unit is configured to maintain the first portion of the target tissue at a

first target temperature. The second electrode head is coupled to the second arm, and

includes a second electrically insulating contact surface, a second electrode and a second

cooling unit. The second contact surface is configured to contact a second portion of the

target tissue. The second cooling unit is configured to maintain the second portion of the

target tissue at a second target temperature. The first electrode and the second electrode are

collectively configured to deliver a voltage pulse to the target tissue.

[1026] In some embodiments, an apparatus includes a voltage pulse generator configured

to produce a pulsed voltage waveform, and an electrode controller. The electrode controller

is configured to be operably coupled to the voltage pulse generator and a medical clamp. The

medical clamp includes a plurality of electrodes. The electrode controller is implemented in

at least one of a memory or a processor, and includes a feedback module, a cooling module

and a pulse delivery module. The feedback module is configured to determine a temperature

of a target tissue to which the medical clamp is coupled. The cooling module is configured to

produce a signal to a cooling unit of the medical clamp to maintain a portion of the target

tissue at a target temperature. The pulse delivery module is configured to deliver an output

signal associated with the pulsed voltage waveform to the plurality of electrodes.

[1027] In some embodiments, a non-transitory processor readable medium storing code

representing instructions to be executed by a processor includes code to cause the processor

to determine a temperature of a target tissue to which a medical clamp is coupled. The

medical clamp includes a plurality of electrodes. The code further includes code to produce a

signal based at least in part on the temperature of the target tissue. The signal is delivered to

a cooling unit of the medical clamp to maintain a portion of the target tissue at a target

temperature. The code further includes code to deliver an output signal associated with the

pulsed voltage waveform to the plurality of electrodes when the target tissue is at the target

temperature.

[1028] In some embodiments, a method includes receiving, at a feedback module of an

electrode controller, a signal associated with a temperature of a target tissue to which a

medical clamp is coupled. The medical clamp includes a plurality of electrodes. A signal

based at least in part on the temperature of the target tissue is produced. The signal is then

delivered to a cooling unit of the medical clamp to maintain a portion of the target tissue at a



target temperature. The method includes delivering an output signal associated with the

pulsed voltage waveform to the plurality of electrodes when the target tissue is at the target

temperature.

[1029] In some embodiments, an irreversible electroporation system includes a DC

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

selected multiplicity of electrodes. Further, the controller is capable of applying control

inputs whereby selected pairs of anode-cathode subsets of electrodes can be sequentially

updated based on a pre-determined sequence. In some embodiments, the controller can

further receive at least one temperature input, and based on a temperature input the controller

can modify or update a control parameter that can help to maintain a temperature value near a

region of interest. The 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.

[1030] Devices are disclosed for the selective electroporation ablation of particular tissue

type (e.g., adipose tissue) while preserving surrounding tissue of other types. In some

embodiments, the system can include a means for sensing electrode separation, and the

electrode voltage applied can be determined based on a sensed separation or distance

measure. This determination can be fully or partially automatic, or manual.

[1031] In some embodiments, a system uses temperature to selectively ablate tissue as the

threshold of irreversible electroporation is temperature-dependent, utilizing means such as the

suitable use of cooling fluid or solid state cooling methods to locally raise the irreversible

electroporation threshold electric field value and thereby selecting the predominant tissue

type or region it is desired to ablate. In contrast to the process of adipose tissue reduction by

freezing, also known as cryogenically induced lipolysis, which uses lower temperatures to

directly freeze adipose tissue, the lowered temperatures according to an embodiment assist in

the selective action of irreversible electroporation, a much more rapid process than freezing.

[1032] In some embodiments, an irreversible electroporation system includes a DC

voltage/signal generator and a controller that is configured to apply voltages to a selected

multiplicity or a subset of electrodes. In some embodiments, a temperature measurement

device such as a thermistor measures temperature at or near a portion of an electrode device.

The controller is capable of applying control inputs whereby the temperature at or near a



portion of the device is maintained within a narrow range of desired values. Preferably, the

temperature at or near an electrode or electrode head surface contacting a patient anatomy is

maintained at or near a value that is lower than body temperature. In some embodiments, the

application of DC voltage pulses is made only when the temperature is within a narrow range

of values around a desired value. In some embodiments, at least one control input for

temperature control takes the form of rate of flow of a cooling fluid, while in another

embodiment, the control input is a voltage that drives a thermoelectric heat pump. Further, in

some embodiments, the electrode clamp device disclosed here incorporates a sensor to

measure a separation distance, based on which the electroporation voltage value is selected.

[1033] A DC voltage for electroporation can be applied to subsets of electrodes identified

as anode and cathode respectively on opposite sides of an anatomical region it is desired to

ablate. The DC voltage is applied in brief pulses sufficient to cause irreversible

electroporation and can preferably be in the range of 0.5 kV to 60 kV and more preferably in

the range 1 kV to 10 kV, so that an appropriate threshold electric field value of at least

around 800 Volts/cm is effectively achieved in the tissue (for example, adipose tissue) to be

ablated. In some embodiments, the DC voltage generator setting for irreversible

electroporation is automatically identified by the electroporation system based on a sensed

distance measuring the spatial separation between electrodes of opposing polarities. In an

alternate embodiment, the DC voltage value is selected directly by a user from a suitable dial,

slider, touch screen, or any other user interface. In some embodiments, while transient

currents may be induced in the tissue upon voltage application or removal, there are no other

(steady state) currents as the electrodes are insulated from the subject anatomy. A region or

volume of tissue where the electric field is sufficiently large for irreversible electroporation to

occur is ablated during the DC voltage pulse application. At the same time, the application of

surface cooling raises the electroporation threshold of tissue near the surface and prevents the

occurrence of irreversible electroporation in this surface layer.

[1034] 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 "a

member" is intended to mean a single member or a combination of members, "a material" is

intended to mean one or more materials, "a processor" is intended to mean a single processor

or multiple processors; and "memory" is intended to mean one or more memories, or a

combination thereof.



[1035] As used herein, the terms "about" and "approximately" generally mean plus or

minus 10% of the value stated. For example, about 0.5 would include 0.45 and 0.55, about

10 would include 9 to 11, about 1000 would include 900 to 1100.

[1036] A schematic diagram of the electroporation system according to an embodiment is

shown in FIG. 1A. The system includes a DC voltage/signal generator 23 is driven by a

controller unit 2 1 that interfaces with a computer device 24 by means of a two-way

communication link 29. The controller can perform channel selection and routing functions

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

computer 24, and apply the voltages via a multiplicity of leads (shown collectively as 26) to

an electrode device 22. The electrode device 22, and any of the electrode 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.

[1037] Some of the leads 26 from the controller 2 1 can also carry control signals to adjust

temperature at or near the electrode device. In an alternate embodiment, the control signals

from the controller 21 can be routed to a different unit (not shown) such as a cooling pump

for example, to control cooling fluid flow rate). The electrode device 22 can also send

information and/or signals to the controller 21, such as temperature data from sensors

mounted on or near the electrode device. Such feedback signals are indicated by the data

stream 25, which can be sent via separate leads. While the DC voltage generator 23 sends a

DC voltage to the controller 2 1 through leads 27, the voltage generator is driven by control

and timing inputs 28 from the controller unit 21.

[1038] In some embodiments, the electrode controller can include one or more modules

and can automatically control the temperature of a target tissue, adjust a characteristic of the

voltage waveform based on the spacing between adjacent electrodes, or the like. For

example, FIG. IB shows an electroporation system according to an embodiment that includes

an electrode controller 900 and a signal generator 925. The electrode controller 900 is

coupled to a computer 920 or other input / output device, and is configured to be operably

coupled to a medical device 930. The medical device 930 can be one or more of the medical

clamps of the types shown and described herein. Further the medical device 930 can be

coupled to, disposed about and/or in contact with a target tissue T. In this manner, as



described herein, the electroporation system, including the electrode controller 900 and the

signal generator 925, can deliver voltage pulses to the target tissue for therapeutic purposes.

[1039] The controller 900 can include a memory 9 11, a processor 910, and an input /

output module (or interface) 901. The controller 900 can also include a temperature control

module 902, a feedback module 905, and a pulse delivery module 908. The electrode

controller 900 is coupled to a computer 920 or other input / output device via the input /

output module (or interface) 901.

[1040] The processor 910 can be any processor configured to, for example, write data into

and read data from the memory 9 11, and execute the instructions and/or methods stored

within the memory 9 11. Furthermore, the processor 910 can be configured to control

operation of the other modules within the controller (e.g., the temperature control module

902, the feedback module 905, and the pulse delivery module 908). Specifically, the

processor 910 can receive a signal including user input, temperature data, distance

measurements or the like and determine a set of electrodes to which voltage pulses should be

applied, the desired timing and sequence of the voltage pulses and the like. In other

embodiments, the processor 910 can be, for example, an application-specific integrated

circuit (ASIC) or a combination of ASICs, which are designed to perform one or more

specific functions. In yet other embodiments, the microprocessor can be an analog or digital

circuit, or a combination of multiple circuits.

[1041] The memory device 9 11 can be any suitable device such as, for example, a read

only memory (ROM) component, a random access memory (RAM) component,

electronically programmable read only memory (EPROM), erasable electronically

programmable read only memory (EEPROM), registers, cache memory, and/or flash

memory. Any of the modules (the temperature control module 902, the feedback module

905, and the pulse delivery module 908) can be implemented by the processor 910 and/or

stored within the memory 911.

[1042] As shown, the electrode controller 900 operably coupled to the signal generator

925. The signal generator includes circuitry, components and/or code to produce a series of

DC voltage pulses for delivery to electrodes included within the medical device 930. For

example, in some embodiments, the signal generator 925 can be configured to produce a



triphasic waveform having a pre-polarizing pulse followed by a polarizing pulse. The signal

generator 925 can be any suitable signal generator of the types shown and described herein.

[1043] The pulse delivery module 908 of the electrode controller 900 includes circuitry,

components and/or code to deliver an output signal associated with the pulsed voltage

waveform produced by the signal generator 925. This signal (shown as signal 909) can be

any signal of the types shown and described herein, and can be of a type and/or have

characteristics to be therapeutically effective. In some embodiments, the pulse delivery

module 908 receives input from other portions of the system, and can therefore send the

signal 909 to the appropriate subset of electrodes, as described herein.

[1044] The electrode controller 900 includes the temperature control module 902. The

temperature control module 902 includes circuitry, components and/or code to produce a

control signal (identified as signal 903) that can be delivered to the cooling unit (not shown)

of the medical device 930 to facilitate cooling of a portion of the tissue T.

[1045] In some embodiments, 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

could possibly be 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 electrodes

involved in an automated sequence, if any. 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 ablation sequence can be initiated by

holding down a hand-held trigger button that is possibly in a 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. In some embodiments,

the "armed" state of the trigger can depend on whether the electrode temperature is within a

desired range of values; if not, an appropriate control signal is applied to bring the

temperature back to the desired range. 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.



[1046] The waveforms for the various electrodes can be displayed and recorded on the

case monitor and simultaneously outputted to a standard data acquisition system. With the

high voltages involved with the device, the outputs to the data acquisition system are

protected from voltage and/or current surges. The waveform amplitude, period, duty cycle,

and delay can all be modified, for example via a suitable Ethernet connection.

[1047] In some embodiments, a system (generator and controller) according to an

embodiment can deliver rectangular-wave pulses with a peak maximum voltage of up to

about 10 kV into a load with an impedance in the range of 30 Ohm to 3000 Ohm for a

maximum duration of 200 µ . In some embodiments the maximum duration can be 100 µ .

The load can be part of the electrode circuitry, so that power is harmlessly dissipated in the

load. Pulses can be delivered in a multiplexed and synchronized manner to a multi-electrode

device 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 1 ms and 1000 ms. In one embodiment, the multiplexer controller is

capable of running an automated sequence to deliver the impulses/impulse trains (from the

DC voltage signal/impulse generator) to the tissue target as a sequence of pulses over

electrodes. The controller system is capable of switching between subsets of electrodes

located on the electrode device.

[1048] In some embodiments, the controller can have several pulse 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 (cathode and anode) sequentially along the length of an electrode clamp device.

The user can control the application of DC 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. In one embodiment, the user activates the device with a touch screen. 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 and the active electrodes.

[1049] In some embodiments, any of the systems described herein can select an

appropriate voltage value based on a distance measurement between electrodes of opposing

polarities. In this manner, the system can ensure that an electric field sufficient to cause

irreversible electroporation is applied up to the desired depth.



[1050] 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. 2 shows a square or rectangular wave pulse train

where the pulses 101 have a uniform height or maximum voltage. FIG. 3 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.

[1051] A train of multiple DC voltage pulses can be applied to ensure that sufficient tissue

ablation has occurred. Further, the user can repeat the delivery of irreversible electroporation

over several successive pulse trains for further confidence.

[1052] Yet another example of a waveform or pulse shape that can be generated by any of

the systems described herein is illustrated in FIG. 4, which shows a progressive balanced

rectangular pulse train. In this pulse train, each distinct biphasic pulse has 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.

[1053] The time duration of each irreversible electroporation rectangular voltage pulse

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

to 1 millisecond being more preferable and the range 50 microseconds to 300 microseconds

being still more preferable. The time interval between successive pulses of a pulse train

could be in the range of 10 microseconds to 1 millisecond, with the range 50 microseconds to

300 microseconds being more preferable. 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 being more preferable. As described in the foregoing, a

pulse train can be driven by a user-controlled switch or button, in one embodiment preferably

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 an alternate 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.

[1054] 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 without departing from the scope according to an embodiment, which is limited

only by the attached claims.

[1055] In some embodiments, an irreversible electroporation ablation system of the type

shown and described herein can be used for adipose tissue (or fat) ablation for the reduction

or elimination of adipose tissue. As mentioned earlier, various tissue or cell types have

different irreversible electroporation thresholds. Fat cells typically have an irreversible

electroporation threshold in the range of 800 Volts/cm. FIG. 5 shows an electrode clamp

device that externally clamps onto a fold of skin on a patient anatomy, with electrode clamp

arms 2 11 connected to a clamp head 210 including springs, screw or other tightening

mechanisms for firmly positioning the electrodes in a clamped position. The electrode clamp

arms end in electrode heads 212 that incorporate cooling coils 219 that carry a cooling fluid

at a temperature sufficient to cool and maintain the skin temperature at about approximately

50 degrees Fahrenheit. A cooling system and drive pump (not shown) with a controllable

fluid flow rate supply coolant to maintain the electrode temperature at or near a suitably low

value (such as, for example, 50 degrees Fahrenheit). The electrodes are shown clamping on

to tissue in the form of a layer of skin 215 with fatty tissue 214 beneath the skin. Each

electrode itself is located internally within its electrode head and the latter is made of

insulating material, so that no conductor touches the patient surface. FIG. 5 shows an

example of electric field lines 217 generated in the tissue when a DC voltage is applied across

the electrodes.

[1056] As shown in FIG. 5, since the patient-contacting surfaces are insulators, there is no

steady state charge transfer or direct current within the tissue. However, the polarizing

electric field applied in pulses can generate irreversible electroporation in the tissue and

generate induced or transient currents in the tissue. The irreversible electroporation threshold

of tissue increases as temperature decreases. Thus, by cooling the electrodes and the layer of

skin, the skin tissue's electroporation threshold can be increased beyond the approximately



800 V/cm threshold value of fat tissue. When a DC electric field of suitable strength is

applied, fat (indicated by 214 in FIG. 5) can therefore be selectively ablated by

electroporation while maintaining the integrity of skin tissue (indicated by 15 in FIG. 5) as

long as the applied electric field is in the range between the irreversible electroporation

thresholds of adipose tissue and the cooled skin tissue.

[1057] FIG. 6 is a schematic illustration of an electrode head of the electrode clamp device

showing the electrodes or electroporation probes 233 situated within an outer casing 231.

Coolant coils 235 within each electrode head keep the electrode head surface cold and

maintain the skin temperature at approximately 50 degrees Fahrenheit. The patient-

contacting surface 239 of each electrode head is an insulator, so that there is no direct current

transfer between the electrodes. The parallel electrodes act like capacitor plates for very brief

periods as DC voltage pulses are applied for irreversible electroporation. The electric field

237 generated between the electrodes in the tissue region serves to polarize the tissue and

generate irreversible electroporation in the fat or adipose tissue. The voltage pulses induce

brief transient currents in the tissue when the field changes but no steady state direct current.

Thus with this device, inductive irreversible electroporation can be generated. The applied

DC voltage can be made to depend on the distance between the electrodes. In one

embodiment, the electrode clamp can have a discrete number of possible relative positions of

the electrodes with pre-determined separation distances. Based on the separation, a sufficient

voltage that generates at least an approximately 800 Volts/cm electric field between the

electrodes can be computed by the electroporation system and applied for the selective

irreversible electroporation of adipose tissue.

[1058] FIG. 7 shows an electrode clamp device that externally clamps onto a fold of skin

on a patient anatomy, with electrode clamp arms 301 and 302 connected to a clamp head 314

including a screw mechanism 319 for firmly positioning the electrodes in a clamped position

around a portion of patient anatomy, with a fixed distance between electrode arms. The top

electrode arm 301 has disposed along it electrode heads 305, 306 and 307 respectively

aligned with electrode heads 315, 316 and 317 on the bottom electrode arm 302. In FIG. 7,

the lower electrode arm 302 is fixed to a mount (not shown) and the screw mechanism allows

for the vertical motion of electrode arm 301 relative to electrode arm 302, thereby permitting

adjustment of the separation distance between the arms over a range of values. In some

embodiments, the electrode heads can incorporate thermoelectric cooling modules for



keeping the patient-contacting face of each electrode at a cooled temperature significantly

below body temperature (for example, the patient contacting face of the electrode can be

maintained in a narrow range around 50 degrees Fahrenheit). This can be done with a

thermoelectric or solid state cooling module by applying an appropriate voltage or current to

the cooling module. Solid state cooling has the advantage of having no moving parts with

corresponding convenience of design and implementation.

[1059] As an example, referring to FIG. 7 bipolar leads 310, 311 and 312 attach to

electrode heads 305, 306 and 307 respectively in order to control the temperature on the

patient contacting electrode face of each electrode. When an appropriate voltage is applied

across a Peltier cooling module, it functions as a heat pump, transferring heat from one face

of the module to the other. Furthermore, each electrode head, or at least each electrode arm,

can incorporate a temperature sensing unit such as a thermistor 297 shown attached to leads

298 on electrode arm 302. The data from the temperature sensing unit is read by the

controller (not shown in FIG. 7) or to a computer where the temperature data is utilized to

generate an appropriate control signal for the purpose of maintaining electrode face

temperature by using any of a range of control schemes or methods, for example PID

(Proportional-Integral-Derivative) control.

[1060] FIG. 8 is a schematic illustration of an electrode head incorporating means for solid

state or thermoelectric cooling. A metal electrode 332 for high voltage DC application abuts

a ceramic cover 333 on one side (with the outside face of the ceramic cover being a patient

contacting face) and a thermoelectric or Peltier cooling module 331 on the other. The top

face of the cooling module 33 1 is adjacent to a ceramic cover 330, so that the entire electrode

head has ceramic faces on both top and bottom faces.

[1061] FIG. 9 schematically illustrates a thermoelectric or Peltier cooling unit, a

multiplicity of which can be arranged to form a Peltier cooling module. The thermoelectric

unit comprises a p-type semiconductor 401 (such as for example Lead Telluride) electrically

in series with an n-type semiconductor 402 (such as for example Bismuth Telluride) and

connected by a metallic connection 404. At the same time, the semiconductors 401 and 402

are thermally connected in parallel. The disjoint ends of the p-type semiconductor and the n-

type semiconductor are connected to metallic terminal electrodes 406 and 407 respectively

with negative and positive electric polarities or voltages respectively, and the electrodes 406

and 407 abut a ceramic cover 408. When a voltage is applied to the terminal electrodes (so



that terminal 406 is at a negative electric potential relative to terminal 407), a current flows

from the n-type semiconductor 402 through the series connection 404 and through the p-type

semiconductor 40 1. The respective charge carriers in each semiconductor move from the top

to the bottom, and correspondingly there is a heat flux that transports heat from the top face

404 of the Peltier cooling unit to the bottom face 408. Correspondingly 404 is turned into the

"cold" or lower temperature face and 408 into the "hot" or higher temperature face of the

Peltier cooling unit.

[1062] FIG. 10 schematically depicts a chain of Peltier cooling units connected to form a

thermoelectric cooling module. In this example, the module 453 comprises Peltier cooling

units 458, 459, 460, 461, 462, 463, 464 and 465 connected in a chain so as to spread

approximately uniformly over an area and such that all the units have for example a "hot

side" on the bottom and a "cold" side on the top. An appropriate voltage can be applied

across the end terminal leads 455 and 456 in order to drive a heat flux between the top and

bottom sides and maintain a cold surface.

[1063] Thermoelectric heat pump modules are commercially available, for example from

sources such as TE Technology, Inc. of Traverse City, Michigan, USA and appropriate

configurations convenient for the electrode clamp devices according to an embodiment can

be arrived at by those skilled in the art.

[1064] FIG. 11 schematically illustrates one geometry of use of the electrode clamp

device, wherein a portion 347 of skin and adipose tissue 342 disposed around a patient

anatomy 341 is clamped between electrode arms 344 and 345 for electroporation ablation.

FIG. 12 is an illustration of an electrode clamp device with electrode arms 301 and 302

wherein their respective electrode heads 326 and 327 are longitudinally disposed and have

large aspect ratios, as shown schematically therein. As shown in the geometry depicted

schematically in FIG. 13, such an arrangement could be used to clamp, in a lengthwise

disposition, a portion of skin and adipose tissue 342 disposed around a patient anatomy 341

between electrode arms 344 and 345 for electroporation ablation.

[1065] In some embodiments, the time for which a cold temperature is maintained at the

patient contacting surface of the electrode head is monitored and varied, so that the cooling

control is applied in time in a pulse-like format. This is done in order to maintain a surface

layer of tissue at a suitably low or cold temperature, while ensuring that deeper regions of



tissue undergo no more than marginal cooling. The thermal diffusivity D of skin tissue is

known to be in the range of 0.11 mm /s. From standard heat diffusion theory, in a time T the

depth x to which a temperature change applied at the surface is propagated is given (in two

dimensions) by x ~ ; in 20 seconds of cooling, we have x ~ 2 mm, about the thickness

of skin tissue. In one mode of operation of the system according to an embodiment, the

cooling of the electrodes is performed in discrete time intervals in the range of 10 seconds to

40 seconds, followed by a pulse train application, the entire duration of the pulse train being

in the range of less than about 8 seconds. Thus, the application of cooling could also be

performed in pulses. The next ablation in the same tissue region is performed, if necessary,

after another cooling pulse is applied over a discrete time interval, and so on. In some

embodiments, a heating pulse could follow a cooling pulse in order to ensure that the

temperature in the interior of the tissue does not fall below a threshold value. Such a heating

pulse can be applied when a thermoelectric or Peltier heat pump is used simply by reversing

the polarity of the (voltage) control signal to the heat pump, and the heating pulse could have

a duration in the range between 2 and 30 seconds.

[1066] FIG. 14 illustrates schematically one embodiment, where the electrode clamp

device with electrode arms 301 and 302 with respective electrode heads 305 and 35 further

has a sensor for measuring separation distance, in the form of an electromagnetic transmitter

352 on electrode arm 302 and an electromagnetic receiver coil 350 on electrode arm 301.

Leads 354 and 355 respectively connect to receiver 350 and transmitter 352. Based on the

signal intensity received by the receiver 350, the distance of separation d indicated by 355 in

the FIG. can be measured. For example, if the axes and centers of the transmitter and

receiver sensors are aligned, and a current flows through the transmitter (of radius a), the

magnetic field B at the center of the receiver is given by

' α 2

(1) B =
2(d + 2)3/ 2

where µ 0 is the magnetic permeability of free space. If the current in the transmitter is

sinusoidal with circular frequency ω , the time varying magnetic field induces a voltage in the

receiver given to a good approximation by

µ 0 Ι α 2 Α
(2) V = ω

2(d + 2)3/ 2



Where A is the area of the receiver. Thus by measuring the induced voltage V, the separation

distance d can be determined.

[1067] While in FIG. 14 the transmitter and receiver sensors for distance determination

were located at a separation away from the electrode heads to mitigate electromagnetic

interference with the metallic electrodes, in an alternate embodiment, the transmitter and

receiver sensors could be integrated within an electrode head, as shown schematically in FIG.

15. In FIG. 15, the transmitter 352 is incorporated in electrode head 315 of lower electrode

arm 302, while receiver sensor 350 is incorporated in electrode head 305 of upper electrode

arm 301. Also shown are other electrode heads 306, 307, 316 and 317. With this

arrangement, the induced voltage at the receiver is calibrated over a range of separations of

the electrode arms, in effect generating a lookup table. The electromagnetic interference of

the electrode heads is implicitly accounted for by this calibration process; subsequently,

given a measured induced voltage at the receiver, the separation distance can be determined

from the calibration data.

[1068] While the foregoing described one method of separation distance determination

based on an electromagnetic scheme purely for illustrative and exemplary purposes, it should

be apparent that a variety of other methods are available for this purpose such as for example

schemes based on the use of ultrasound transmitters and receivers or infrared transmitters and

receivers. Based on the teachings herein, those skilled in the art could arrive at an

implementation that may be convenient for a specific application.

[1069] With a separation distance between electrode heads thus determined, the applied

voltage to the electrode heads is then correspondingly determined based on a desired

irreversible electroporation threshold value. For example, if the distance between electrode

heads is measured to be 4 cm, and the desired irreversible electroporation threshold value is

an electric field of 800 Volts/cm, it is clear that a voltage of at least 3.2 kV (desired electric

field times distance) needs to be applied between the electrodes in order to meet or exceed the

threshold value for irreversible electroporation.

[1070] Some embodiments described herein relate to a computer storage product with a

non-transitory computer-readable medium (also can be 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 per se (e.g., a propagating electromagnetic wave carrying information on a

transmission medium such as space or a cable). The media and computer code (also can be

referred to 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: magnetic storage media such as hard disks, floppy disks, and magnetic tape; optical

storage media such as Compact Disc/Digital Video Discs (CD/DVDs), Compact Disc-Read

Only Memories (CD-ROMs), and holographic devices; 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.

[1071] 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 imperative

programming languages (e.g., C, Fortran, etc.), functional programming languages (Haskell,

Erlang, etc.), logical programming languages (e.g., Prolog), object-oriented programming

languages (e.g., Java, C++, etc.) or other suitable programming languages and/or

development tools. Additional examples of computer code include, but are not limited to,

control signals, encrypted code, and compressed code.

[1072] 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

alternate embodiments could be conceived or constructed by those skilled in the art based on

the teachings according to an embodiment. While specific methods of control and DC

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

disclosed together with temperature control, persons skilled in the art would recognize that

any of a wide variety of other control or user input methods can be implemented without

departing from the scope according to an embodiment. Likewise, while the foregoing

described a range of specific tools or devices for more effective and selective DC voltage



application for irreversible electroporation through an externally applied electrode clamp

device, other device constructions or variations could be implemented by one skilled in the

art by employing the principles and teachings disclosed herein without departing from the

scope according to an embodiment, in the treatment of excessive adipose tissue, tumor

ablation, or a variety of other medical applications.

[1073] Furthermore, while the present disclosure describes specific embodiments and

tools involving the use of temperature to selectively ablate tissue by taking advantage of the

temperature-dependence of the threshold of irreversible electroporation and the application of

specific cooling methodologies for exemplary purposes, it should be clear to one skilled in

the art that a variety of methods and devices for fluid pumping and control, for tissue or

electrode cooling, or even for tissue heating through the delivery of focused kinetic energy or

electromagnetic radiation could be implemented utilizing the methods and principles taught

herein without departing from the scope according to an embodiment.

[1074] Accordingly, while many variations of methods and tools disclosed here can be

constructed, the scope according to an embodiment is limited only by the appended claims.



Claims

1. An apparatus, comprising:

a clamp including a first arm and a second arm, the first arm and the second arm

configured to exert opposing forces to maintain a target tissue disposed between the first arm

and the second arm;

a first electrode head coupled to the first arm, the first electrode head including a first

electrically insulating contact surface, a first electrode and a first cooling unit, the first

contact surface configured to contact a first portion of the target tissue, the first cooling unit

configured to maintain the first portion of the target tissue at a first target temperature; and

a second electrode head coupled to the second arm, the second electrode head

including a second electrically insulating contact surface, a second electrode and a second

cooling unit, the second contact surface configured to contact a second portion of the target

tissue, the second cooling unit configured to maintain the second portion of the target tissue

at a second target temperature, the first electrode and the second electrode collectively

configured to deliver a voltage pulse to the target tissue.

2. The apparatus of claim 1, wherein at least one of the first target temperature or the

second target temperature is about 55 degrees Fahrenheit or less.

3. The apparatus of claim 1, wherein at least one of the first cooling unit or the second

cooling unit is any one of a cooling coil, a thermo-electric cooler or a heat pump.

4. The apparatus of claim 1, wherein the first electrode head includes a sensor

configured to measure a temperature of the first portion of the target tissue.

5. The apparatus of claim 1, wherein the clamp is configured to maintain a distance

between the first electrode head and the second electrode head within a predetermined range.

6. The apparatus of claim 1, wherein the clamp is includes an adjustment member

configured to adjust a distance between the first electrode head and the second electrode

head.



7. The apparatus of claim 1, further comprising:

a sensor configured to produce a distance signal associated with a distance between

the first electrode head and the second electrode head.

8. The apparatus of claim 7, wherein the sensor is any one of an electromagnetic sensor

or an ultrasound sensor.

9. The apparatus of claim 1, wherein the first electrode head includes a temperature

sensor configured to measure a temperature of the first portion of the target tissue, the

apparatus further comprising:

a sensor configured to produce a distance signal associated with a distance between

the first electrode head and the second electrode head.

10. An apparatus, comprising:

a clamp including a first arm and a second arm, the first arm and the second arm

defining a volume to receive a target tissue;

a first electrode head coupled to the first arm, the first electrode head including a first

electrically insulating contact surface, a first electrode and a first cooling unit, the first

contact surface configured to contact a first portion of the target tissue, the first cooling unit

configured to cool the first portion of the target tissue to a first temperature below a body

temperature; and

a second electrode head coupled to the second arm, the second electrode head

including a second electrically insulating contact surface, a second electrode and a second

cooling unit, the second contact surface configured to contact a second portion of the target

tissue, the second cooling unit configured to cool the second portion of the target tissue to a

second temperature below the body temperature, the first electrode and the second electrode

collectively configured to deliver a voltage pulse to the target tissue.

11. The apparatus of claim 10, wherein the first temperature is the same as the second

temperature.

12. The apparatus of claim 10, wherein at least one of the first cooling unit or the second

cooling unit is any one of a cooling coil, a thermo-electric cooler or a heat pump.



13. An apparatus, comprising:

a voltage pulse generator configured to produce a pulsed voltage waveform; and

an electrode controller configured to be operably coupled to the voltage pulse

generator and a medical clamp including a plurality of electrodes, the electrode controller

implemented in at least one of a memory or a processor, the electrode controller including a

feedback module, a cooling module and a pulse delivery module, the feedback module

configured to determine a temperature of a target tissue to which the medical clamp is

coupled, the cooling module configured to produce a signal to a cooling unit of the medical

clamp to maintain a portion of the target tissue at a target temperature, the pulse delivery

module configured to deliver an output signal associated with the pulsed voltage waveform to

the plurality of electrodes.

14. The apparatus of claim 13, wherein the target temperature is below a body

temperature.

15. The apparatus of claim 13, wherein the target temperature is below about 55 degrees

Fahrenheit.

16. The apparatus of claim 13, wherein the electrode controller is configured to interface

with an external device to program at least one of an amplitude of the output signal, a period

of the output signal, or a duration of the output signal.

17. The apparatus of claim 13, wherein the cooling unit includes any one of a cooling

coil, a thermo-electric cooler or a heat pump.

18. The apparatus of claim 13, wherein the cooling module is configured to produce the

signal based at least in part on the temperature of the target tissue.

19. The apparatus of claim 13, wherein:

the medical clamp includes a first arm and a second arm, the first arm and the second

arm defining a volume to receive the target tissue, the first arm spaced apart from the second

arm by a distance;

the feedback module is configured to receive a distance signal associated with the

distance; and



the pulse delivery module configured to adjust a characteristic of the output signal

based on the distance.

20. The apparatus of claim 19, wherein the characteristic of the output signal is any one of

an amplitude of the output signal, a period of the output signal, or duration of the output

signal.

21. A non-transitory processor readable medium storing code representing instructions to

be executed by a processor, the code comprising code to cause the processor to:

determine a temperature of a target tissue to which a medical clamp is coupled, the

medical clamp including a plurality of electrodes,

produce a control signal based at least in part on the temperature of the target tissue,

the signal delivered to a cooling unit of the medical clamp to maintain a portion of the target

tissue at a target temperature; and

deliver an output signal associated with the pulsed voltage waveform to the plurality

of electrodes when the target tissue is at the target temperature.

22. A method, comprising:

receiving, at a feedback module of an electrode controller, a temperature signal

associated with a temperature of a target tissue to which a medical clamp is coupled, the

medical clamp including a plurality of electrodes;

producing a control signal based at least in part on the temperature of the target tissue;

delivering the control signal to a cooling unit of the medical clamp to maintain a

portion of the target tissue at a target temperature; and

delivering an output signal associated with the pulsed voltage waveform to the

plurality of electrodes when the target tissue is at the target temperature.

23. The method of claim 22, wherein the target temperature of the target tissue is

maintained below a body temperature.

24. The method of claim 22, wherein the target temperature of the target tissue is

maintained below about 55 degrees Fahrenheit.



25. The method of claim 22, wherein the delivering the output signal is such that the

pulsed voltage waveform is greater than approximately one kilovolt.

26. The method of claim 22, wherein the control signal controls a flow rate of a coolant

fluid to the cooling unit.

27. The method of claim 22, wherein the control signal controls a current to a

thermoelectric cooler.

28. The method of claim 22, wherein the medical clamp includes a first arm and a second

arm, the first arm and the second arm defining a volume to receive the target tissue, the first

arm spaced apart from the second arm by a distance, the method further comprising:

receiving a distance signal associated with the distance; and

adjusting a characteristic of the output signal based on the distance.
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