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TREATMENT PLANNING FOR

ELECTROPORATION-BASED THERAPIES

CROSS-REFERENCE TO RELATED

APPLICATIONS

This application claims priority to and the benefit of the

filing date of U.S. Provisional Application No. 61/252,445,

filed Oct. 16, 2009; and this application is a Continuation-in-

Part (CIP) of U.S. patent application Ser. No. 12/757,901,

filed Apr. 9, 2010, which claims priority to U.S. Provisional

Application Nos. 61/167,997, filedApr. 9, 2009, and 61/285,

618, filed Dec. 11, 2009; and this application is a CIP ofU.S.

patent application Ser. No. 12/609,779, which was filed Oct.

30, 2009 and which claims priority to U.S. Provisional Appli-

cation No. 61/157,670, filed Mar. 5, 2009, and which is a CIP

ofU.S. application Ser. No. 12/491,151, filed Jun. 24, 2009,

which claims priority to U.S. Provisional Application Nos.

61/075,216, filed Jun. 24, 2008, 61/171,564, filed Apr. 22,

2009, and 61/167,997, filed Apr. 9, 2009, and which is a CIP

of U.S. patent application Ser. No. 12/432,295, which was

filed Apr. 29, 2009, which claims priority to U.S. Provisional

Application No. 61/125,840, filed Apr. 29, 2008, each of

which is hereby incorporated by reference herein in its

entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention provides systems, methods, and

devices for electroporation-based therapies (EBTs). Embodi-

ments provide patient-specific treatment protocols derived by

the numerical modeling of3D reconstructions oftarget tissue

from images taken ofthe tissue, and optionally accounting for

one or more of physical constraints and/or dynamic tissue

properties. The present invention further relates to systems,

methods, and devices for delivering bipolar electric pulses for

irreversible electroporation without damage to tissue typi-

cally associated with an EBT—induced excessive charge deliv-

ered to the tissue and mitigate electrochemical effects that

may distort the treatment region.

2. Description of Related Art

Irreversible electroporation (IRE) and other electropora-

tion-based therapies (EBTs), such as electrogenetransfer or

electrochemotherapy, may often be administered in a mini-

mally invasive fashion. There are, however, several consider-

ations that may lead to an increase in the difficulty ofadmin-

istering such treatments. This includes typical applications

where deep targeted regions are treated by placing needle or

other electrodes deep into the tissue, where one can no longer

directly visualize the affected area. There is some evidence

that changes in the tissue’ s permeability, and therefore also its

electrical conductivity, allow one to visualize and monitor

affected regions in real-time. These changes are most pro-

nounced in homogeneous and image-dense tissues, such as

hyperechoic ultrasound tissues, where increased permeabil-

ity decreases the electroporated echogenicity. However,

many tumors and other tissues are far too heterogeneous or

exhibit properties that do not allow for simple visualization of

the electroporated areas. In addition, these changes for real-

time imaging typically only designate electroporated regions,

not necessarily those killed for IRE therapies.

In applying EBTs, ensuring adequate coverage of the tar-

geted region (e.g., any mass or lesion or undesirable tissue to

be affected, including margins beyondthe lesion itself), while

sparing healthy tissues is vital to therapeutic success. Due to

the limitations inherent in treating deep tissues without
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2

exposing them, it is critical for practitioners to develop and

implement treatment protocols capable of achieving their

clinical objectives.

Furthermore, typical electrodes and pulsing parameters

(number of pulses, pulse polarity, pulse length, repetition

rate, pulse shape, applied voltage, electrode geometry and

orientation, etc.) will have a large impact on the affected

areas. Typical therapeutic geometries dictated by current

electrode setups will be ellipsoidal in general shape. How-

ever, many tumors do not distinctly fit the shapes created by a

single setup ofan electrode. Therefore, successful implemen-

tation of EBTs typically requires a complex array of elec-

trodes and pulse parameters arranged in a specific manner to

ensure complete treatment of the targeted area while mini-

mizing effects to healthy tissue and sparing vital structures.

Such predictions of superimposing treatment regions for

complex protocols can be cumbersome. Therefore, treatment

planning techniques that aid or allow a practitioner to develop

general treatment protocols for most clinical tumors are typi-

cally used to effectively capitalize on the great therapeutic

potential for IRE and other EBTs.

Current treatment planning techniques from systems such

as the NanoKnife® utilize interpolations and analytical tech-

niques to aid practitioner treatment region predictions. The

interpolation techniques provide the physician with diagrams

of 3D numerical model solution predicted treatment areas

from very specific settings, including an exact number of

pulses, pulse length, voltage, and electrode setup (e.g., sepa-

ration distance, exposure length, and diameter) with dimen-

sions provided for the treatment areas in 2 planes and the

general shape. The predicted treatment dimensions are taken

from the experimental results of applying that specific set of

conditions in experimental subjects, typically in healthy,

homogeneous environments. It is from this diagram of

expected region, that the physician would set up their elec-

trodes the same way and use the same pulses and arrange

multiple applications to the point where they anticipate they

will have treated the entire volume.

There is room, however, for improvement in such systems.

If the targeted volume is smaller than the dimensions in the

diagram, the practitioner has no information about how much

to change the physical setup (exposure length, separation

distance, etc.), or pulse parameters (voltage, number of

pulses, etc.) in order to prevent damaging the surrounding

tissue. In another example, ifthe shape does not fit that ofthe

diagram, the practitioner will not be able to adjust the proto-

col to minimize damage beyond the targeted margin while

still treating the targeted area.

In another solution to facilitating practitioner treatment

planning, software is provided that uses a lookup table of

treatment dimensions or uses a calibrated analytical solution

to mimic the shape of numerical simulations. The lookup

table may be taken from a large compilation of simulations

run at varying physical and pulse parameters, where dimen-

sions of interest for predicted treatment regions are taken

based on a calibrated electric field threshold found to repre-

sent the affected margin of interest observed in experiments

on healthy tissue (IRE, reversible electroporation, no elec-

troporation, thermal damage).

Although the lookup table would allow a practitioner to

manipulate the above variables and receive real-time feed-

back on predicted dimensions, the geometry of the affected

region is often more complex than can be summarized with a

few dimensions. Therefore, analytical solutions for the shape

of the electric field distribution have been developed and are

the current state-of-the-art on the NanoKnife® system. These

solutions are able to mimic the shape of the electric field
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distribution from typical numerical simulations. The value of

electric field contour is then matched to that seen from the

numerical solution so that they both respond to their physical

and pulse conditions in approximately the same manner. A

calibration can then be used to adjust the size, and therefore

various electric field thresholds (IRE, reversible, no elec-

troporation, thermal damage) depicted to provide predicted

affected regions. The practitioner may then adjust the vari-

ables such as voltage and separation distance (currently the

only two that account for changes in predicted margins in the

NanoKnife® embodiment), and see how the predicted

affected margins vary in real-time. This provides the practi-

tioner a much better method to find and place an appropriate

electrode array with variable voltages to treat the entire

region. There is also an optimization autoset probes function

that places the probes and sets the voltage based on the num-

ber of probes selected and three dimensions input for the

targeted region (assuming it to be a perfect ellipsoid).

The current state-of-the-art provides a very basic, funda-

mental explanation to practitioners about predicted treatment

regions. Application of the current techniques in real-life

clinical and experimental scenarios in which EBTs will typi-

cally be used provides to the practitioner helpful but inflexible

tools.

For example, the analytical embodiment is a simple cross-

sectional view of predicted margins at the center of the elec-

trodes. This means that it cannot account for the falloff of

electric field distribution (and therefore affected margins) at

the tips of the electrodes. Although use of this approach can

mimic the shape and size of these regions in 2D, it is not

possible to accurately depict 3D scenario shapes in detail.

Further, the lookup table cannot easily provide an accurate 3D

shape, nor can the analytical solution be adapted.

True electroporation applications will increase the conduc-

tivity of the affected regions, which will in turn change the

size and shape ofthe electric field distribution. A comparison

of the electric field distribution (A,C) and conductivity map

(B,D) of two identical numerical models without (A,B) and

with (C,D) changing conductivity is shown in FIGS. 1A-D.

From these figures, one can see how the conductivity

increases from 0.1 S/m (the baseline level for the entire tissue

domain, constant in part B) up to 0.155 S/m, an increase of

55%, for regions experiencing predicted IRE (deep red in part

D), with regions experiencing varying extents of predicted

reversible electroporation filling in between this (cyan

through bright red). This change in conductivity in response

to electroporation effects results in an altered electric field

distribution, which may be seen in part C, where the distri-

bution is larger, especially at the region between the elec-

trodes. Changes in conductivity have been observed to reach

several times higher than the baseline conductivity in the

literature. These changes can be simulated in numerical solu-

tions, and the general size changes can be accounted for with

some accuracy in the analytical solutions by recalibrating

them, but their shape is fixed, and cannot accurately reflect the

predicted affected region’ s shape when considering changing

conductivity.

Tumors will often have different electrical and physical

properties than their neighboring tissues or even from their

native tissues of origin (e. g., cancerous astrocytes which may

not behave the same as normal ones). In addition, surrounding

tissues of different tissue types will also have different prop-

erties from each other (bone, muscle, fat, blood). These dif-

ferences in electrical properties will alter the electric field

distribution for a given application of EBTs. Because the

electric field to which the tissue is exposed is the primary

determinant in the effect on the cell, these changes will
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change the shape and size of the affected regions. Numerical

simulations are capable of modeling the electric field distri-

bution in such heterogeneous systems. However, the rigid

analytical solutions cannot be adjusted to account for such

differences, and therefore could not as accurately predict

affected regions for the different environments in clinical

cases. The analytical solution, e.g., could not predict the

differences between a tumor situated adjacent to the skull, the

quadriceps muscle, or the heart. Although lookup tables could

theoretically be developed for the dimensions of the affected

regions in a number of environments, the great variability

between the anatomy ofeach patient, each specific tumor, and

each exact tumor location relative to its environment is

impractical and futile.

FIGS. 2A-J demonstrate the effect of heterogeneous sys-

tems on electric field distribution. These figures show the

electric field and temperature distribution for a three-dimen-

sional numerical model. More particularly, FIG. 2] shows the

model setup, where two needle electrodes (1 mm in diameter)

are placed within the outer borders of a targeted region of

tissue, surrounded by a peripheral region. The red and black

regions on the electrodes represent the energized surfaces,

where 4200 V was applied to one electrode and the other was

set to ground. The thermal properties were set to represent a

targeted region of a tumor within fat. The electrical conduc-

tivity for the targeted (0t) and peripheral (op) tissues was

manipulated between 0.025 and 0.25 S/m to establish con-

ductivity ratios (ot/op; relative conductivities ofthe targeted/

peripheral region) of 0.1, 1, and 10. FIGS. 2A-I show the

numerical model outputs for conductivity ratios (ot/op) of

0.1 (A,D,G), 1 (B,E,H), and 10 (C,F,I) showing electric field

(A-F) during the pulse and temperature (G-I) distributions 1

second after the first pulse. The higher conductivity ratios

show progressively more area treated by IRE with less ther-

mal effects. Targeted tissue boundary may be seen as the solid

black line. Observing the electric field distribution at the

boundary shows that the shape is also changing (notjust size)

as a result of the heterogeneous environment. Existing treat-

ment planning systems are not capable ofaccounting for such

dynamic tissue properties in real time.

The current embodiment of the treatment planning soft-

ware still leaves it up to the practitioner to select a desired

number ofprobes, but provides no simple method ofshowing

how the optimized distributions will be shaped if the user

wants to directly compare using different numbers ofprobes

for a given lesion. The current system therefore also does not

select the optimal number of probes for the user, a question

that may be difficult to answer for more complex electrode

geometries.

Temperature changes associated with Joule-type resistive

heating ofthe tissue will also affect local regions conductivity

based on its temperature (typically increases by approxi-

mately 3%/0 C.). This will also change the size and shape of

the electric field distribution based on the parameters used;

including the number of pulses, pulse length, and repetition

rate for an entire protocol (more pulses of longer length with

higher repetition rates will all increase the thermally-associ-

ated conductivity changes, increasing this variation).

Because the current treatment planning tools are based on

simulations from the electric field distribution of a single

application of a pulse, these dynamic conductivity behaviors

also cannot be taken into account. Something that does would

have to be able to simulate the changes that occur as a result

of thermal effects on conductivity.

The current state of the art does allow the practitioner to

describe the size/shape ofthe lesion in very basic dimensional

terms (length, width, depth). This shape is then superimposed
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to scale with the predicted treatment regions, allowing a prac-

titioner to ensure appropriate distribution and coverage.

Although we have already pointed out the insufficiencies in

handling this third dimension, it should also be pointed out

that the basic ellipsoidal shape assumed by this system is

wholly inadequate at describing the complex, often irregular,

asymmetric geometries that tumors may take in clinical set-

tings. The practitioner is thus left currently with assessing

treatment protocol adequacy in 2D terms.

What is needed is a technique and system (or a series of

independent systems) that allows a practitioner to accurately

plan and implement in real time patient-specific treatment

protocols which are capable ofaccounting for dynamic tissue

properties and which can be used with accuracy and reliabil-

ity in the clinical or experimental setting for EBTs.

SUMMARY OF THE INVENTION

The numerous limitations inherent in the planning system

described above provide great incentive for a new, better

system capable of accounting for one or more ofthese issues.

If EBTs are to be seen as an accurate, reliable therapeutic

method, then treatment planning methods and packages

should be developed that can more accurately predict treat-

ment outcomes with these considerations taken into account

in a patient-to-patient basis.

The primary limitation to the above-mentioned, state-of-

the-art treatment planning system is its need to provide treat-

ment predictions in real-time, where a practitioner would be

capable ofchanging the voltage or geometry parameters of a

treatment protocol and immediately see how that impacts the

entire treatment region. However, as more complex tumor

shapes, sizes, and environments are encountered, real-time

evaluation ofsuperimposed treatment regions is cumbersome

at best and inadequate to develop reliable therapies. There-

fore, a more advanced system that allows treatment planning

in advance ofapplying the therapy would be ideal to handling

these detailed procedures. This allows for the adaptation of

numerical solutions to provide treatment regions.

Accordingly, embodiments of the invention provide treat-

ment planning systems, methods, and devices for determin-

ing a patient-specific electroporation-based treatment proto-

col comprising: a) a module operably configured to receive

and process information from medical images of a target

structure to prepare a 3-D reconstruction model of the target

structure; and b) a module operably configured to perform a

numerical model analysis using as inputs in the analysis the

3-D reconstruction and information from one or more of

physical constraints, tissue heterogeneities, dynamic effects

of electropermeabilization, dynamic thermal effects, or

effects resulting from multiple treatments; and c) a module

operably configured to construct one or more electrical pro-

tocols defining a treatment region and treatment parameters

for effectively treating the target structure.

Further included in embodiments ofthe invention are treat-

ment planning systems for determining a patient-specific

electroporation-based treatment protocol comprising: a) a

processing module operably configured for performing the

following stages: 1) receiving and processing information

from medical images ofa target structure and preparing a 3-D

reconstruction model of the target structure; 2) performing a

numerical model analysis using as inputs in the analysis the

3-D reconstruction and information from one or more of

physical constraints, tissue heterogeneities, dynamic effects

of electropermeabilization, dynamic thermal effects, or

effects resulting from multiple treatments; and 3) construct-

ing one or more protocols each providing a treatment region
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with parameters for electroporating the target structure; and

b) a processor for executing the stages of the processing

module.

Such treatment planning systems can comprise a process-

ing module capable ofperforming one ormore ofthe stages in

real time.

Information from medical images to be analyzed in treat-

ment systems according to embodiments ofthe invention can

be extracted from one or an array of images obtained from

pathologic specimens or one or more imaging modalities

chosen from radiographs, tomograms, nuclear scintigraphic

scans, CT, MRI, PET, or US. The information from one or

more ofthese sources can be compiled to prepare a 3D recon-

struction of the target area, which is represented by a surface

or a solid volume. The treatment planning systems according

to embodiments ofthe invention can have as a target structure

a) a targeted region or mass; or b) a targeted region or mass

with neighboring regions; or c) a 3D map of voxels to be

treated as independent elements in the finite modeling soft-

ware.

Preferred numerical model analysis for treatment systems

of the invention comprise finite element modeling (FEM).

Even more preferred as treatment planning systems, wherein

the numerical model analysis involves accounting for physi-

cal constraints, tissue heterogeneities, dynamic effects of

electropermeabilization, dynamic thermal effects, and mul-

tiple treatment effects.

Even further, self-optimization algorithms for constructing

the treatment protocols can also be incorporated into the

inventive methods, systems, and devices. For example, the

treatment planning systems can comprise a self-optimization

algorithm which is capable of repeatedly evaluating one or

more of physical constraints, placement of electrodes, elec-

tric field distribution simulations, and evaluation of outcome

success until one or more effective protocol is constructed. It

can also generate a predicted treatment time that will aid the

physician in determining the optimal protocol.

According to some embodiments of the invention, the

treatment planning systems can involve automatically, inter-

actively, or automatically and interactively with or without

user input determining the treatment region and parameters

for electroporating.

Such treatment planning systems can also be capable of

constructing protocols for an initial patient treatment or

retreatment with or without additional medical images.

Treatment systems according to embodiments ofthe inven-

tion can also be adapted to instruct an electrical waveform

generator to perform the protocol.

Such systems can further comprise an electrical waveform

generator in operable communication with the processing

module and capable ofreceiving and executing the treatment

protocol.

Instructions for implementing the treatment protocols can

comprise specifying a number of bipolar pulses to be deliv-

ered, a length of pulse duration, and a length of any delay

between pulses. Additionally, the generators of such treat-

ment systems can be operably configured for delivering a

bipolar pulse train.

Methods and devices incorporating one or more of the

features of the treatment planning systems according to the

invention are also considered embodiments.

In particular, treatment planning methods can comprise: a)

receiving and processing information from medical images of

a target structure and preparing a 3 -D reconstruction model of

the target structure; b) performing a numerical model analysis

using as inputs in the analysis the 3-D reconstruction and

information from one or more of physical constraints, tissue
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heterogeneities, dynamic effects of electroperrneabilization,

dynamic thermal effects, or effects resulting from multiple

treatments; and c) constructing an electroporation protocol

based on results of the analyzing; wherein the receiving,

processing, analyzing, and constructing is performed in real

time.

Other methods may comprise method steps for reducing

adverse effects of irreversible electroporation of tissue com-

prising administering electrical pulses through electrodes to

tissue in a manner which causes irreversible electroporation

of the tissue but minimizes electrical charge build up on the

electrodes, or minimizes charge delivered to the tissue, or

both. Adverse effects to be avoided may include, to name a

few, one or more ofthermal damage of the tissue, deleterious

electrochemical effects, or electrolysis.

Preferred methods according to the invention may com-

prise electrical pulses comprising a series of unipolar and

bipolar pulses with a net charge ofzero. More particularly, the

net charge of zero can be achieved by a change in potential

direction for each pulse, or a change in potential direction

within each pulse.

Further, electrical pulses generated in the methods can

together comprise a pulse protocol comprising a train of

unipolar pulses followed by a train of unipolar pulses of

opposite polarity, or a train ofbipolar pulses, or simultaneous

unipolar pulses ofopposite polarity which are offset from one

another by a desired amount, or a combination of protocols.

Electrical pulses used in the methods, systems, and devices

of the invention can have a waveform which is square, trian-

gular, trapezoidal, exponential decay, sawtooth, sinusoidal,

or ofalternating polarity, or comprise a combination ofone or

more waveforms.

Control systems for electroporation devices are also con-

sidered embodiments of the present invention. Such systems

can be configured to comprise: a) a processor in operable

communication with a control module; b) a control module

executable by the processor and in operable communication

with an electrical circuit, wherein the control module is oper-

ably configured for initiating switching ofthe circuit at a rate

ofbetween 10 ms to 1 ns; and c) an electrical circuit operably

configured to enable delivery of a voltage to an electrode and

switching ofthe voltage to a second electrode to cause revers-

ing of the polarity of the electric potential between the two

electrodes.

Similarly, electroporation system embodiments of the

invention can comprise: a) an electroporation device capable

ofdelivering a first unipolar electrical pulse; b) the electropo-

ration device further capable of, or a second electroporation

device capable of, delivering a second unipolar electrical

pulse which is opposite in polarity to the first unipolar pulse;

c) a processor in operable communication with a control

module; d) a control module executable by the processor and

in operable communication with the electroporation

device(s), wherein the control module is operably configured

for initiating delivery of the first unipolar electrical pulse at a

time 1 and for initiating delivery ofthe second unipolar elec-

trical pulse at time 2 offset from time 1 by 1 second to 1

nanosecond.

Electroporation devices can also be operably configured to

enable delivery of an electrical pulse to a first electrode,

switching ofthe pulse to a second electrode to cause reversing

of the polarity of the electric potential between the two elec-

trodes, and switching ofthe pulse back to the first electrode or

to zero, wherein a cycle of switching is established which

cycle is capable of being performed at a rate of between 10

milliseconds to 1 nanosecond.
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Such devices, systems, and methods can be configured to

provide for switching to occur between or within the electri-

cal pulse. Devices, for example, can be configured such that

the electrical pulses together comprise a pulse protocol com-

prising a train of unipolar pulses followed by a train of uni-

polar pulses of opposite polarity or a train of bipolar pulses.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. lA-D are schematic diagrams comparing the elec-

tric field distribution (A,C) and conductivity map (B,D) of

two identical numerical models without (A,B) andwith (C,D)

changing conductivity.

FIGS. 2A-I are schematic diagrams showing the numerical

model outputs for conductivity ratios ("ct/op) of 0.1 (A,D,G),

1 (B,E,H), and 10 (C,F,I); showing electric field (A-F) during

the pulse and temperature (G-I) distributions 1 second after

the first pulse.

FIG. 2] is a schematic diagram showing placement of the

electrodes in the targeted tissue for the set up illustrated in

FIGS. 2A-I.

FIG. 3 is a series of CT images showing the presence of a

tumor in the left thigh of the canine patient of Example I.

FIG. 4 is a CT image from FIG. 3, within which the region

of interest is traced.

FIG. 5 is a drawing of a 3D reconstruction of the target

region ofExample I, which was reconstructed by compiling a

series of axial traces to create a representative shape of the

targeted region in three dimensions.

FIG. 6 is the drawing of the 3D reconstructed geometry

shown in FIG. 5 visualized relative to the rest of the patient.

FIG. 7 is a graphic representation ofthe 3D reconstruction

of FIG. 5 as imported into and converted within Comsol

Multiphysics.

FIG. 8 is a graph from Duck, 1990, showing the relation-

ship between conductivity and %-water, which may also be

used to estimate a tissue’s electrical properties.

FIG. 9 is the drawing ofthe 3D reconstruction ofthe target

tumor of FIG. 5 visualized in relation to surrounding struc-

tures within the body, which is a tool useful for developing

treatment constraints.

FIG. 10 is a graphic representation ofthe 3D reconstruction

of FIG. 5 as imported into and converted within Comsol

Multiphysics and further including a demonstrative electrode

placement for an exemplary treatment protocol.

FIG. 11A is a schematic representation of an electric field

distribution map, showing a top view ofthe electrodes ofFIG.

10 in an energized state.

FIGS. 11B-D are schematic diagrams demonstrating fal-

loff of the electric field distribution in the third dimension,

showing an exemplary electric field distribution in the xz-

plane (FIG. 11B), in the xy-plane at the midpoint of the

electrodes, and in the xy-plane at the tips of the electrodes.

FIG. 12A is a schematic drawing showing a representative

geometry of the treatment area in which compiled ellipsoids

(shown in pink) illustrate the electroporation protocol devel-

oped to attain the desired treatment objectives.

FIG. 12B is a schematic drawing showing a top view ofthe

treatment area geometry shown in FIG. 12A, and further

demonstrating the electrode insertion paths.

FIGS. 13A-B are respectively schematic diagrams of an

electric field distribution and a corresponding conductivity

map demonstrating a homogeneous distribution that only

changes by 0.1% for visualization purposes when irreversible

electroporation is accomplished.

FIGS. 14A-B are respectively schematic diagrams of an

electric field distribution and a corresponding cumulative
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conductivity map demonstrating a treatment region where

more than two electrode pairs are energized and homoge-

neous distribution only changes by 0.1% for Visualization

purposes when irreversible electroporation is accomplished.

FIGS. 15A-B are respectively schematic diagrams of an

electric field distribution and a corresponding conductivity

map demonstrating a heterogeneous distribution that changes

from 0.67 S/m to 0.241 due to electropermeabilization caused

by electroporation.

FIGS. 16A-B are respectively schematic diagrams of an

electric field distribution and a corresponding conductivity

map demonstrating a heterogeneous distribution that changes

from 0.67 S/m to 0.241 S/m due to electropermeabilization.

FIGS. 17A-B are respectively schematic diagrams of an

electric conductivity map and corresponding potential ther-

mal damage resulting from electroporation at t:0 s.

FIGS. 18A-B are respectively schematic diagrams of an

electric conductivity map and corresponding potential ther-

mal damage resulting from the electroporation at t:30 s.

FIGS. 19A-B are respectively schematic diagrams of an

electric conductivity map and corresponding potential ther-

mal damage resulting from the electroporation at t:60 s.

FIGS. 20A-B are two-dimensional (2-D) diagnostic T1

post-contrast MRI scans in which the tumor was traced.

FIGS. 21A-H is a graphic representation of a three-dimen-

sional (3-D) solid representing a tumor volume and display-

ing the voltage configurations that would mainly affect tumor

tissue in this particular situation.

FIG. 22 is a graph showing a Bipolar IRE pulse (100 us

duration) with alternating polarity in the middle of the pulse.

FIG. 23A is a schematic diagram ofa representative circuit

model for switching polarity between pulses and multipolar

pulses.

FIG. 23B is a graph showing the shape of a bipolar pulse

that can be created using the electrical circuit of FIG. 23A.

FIGS. 24A-G are graphs showing various pulsing proto-

cols according to the invention, demonstrating exemplary

frequencies, pulse length, and time delay between pulses.

FIGS. 25A-B are schematic diagrams showing variations

in techniques for generating bipolar electrical pulses in accor-

dance with embodiments of the invention.

FIG. 25C is a schematic diagram of a representative circuit

model for generating and administering simultaneous, con-

tinuous, but offset pulses as shown in FIG. 25A.

FIG. 26A is a photograph showing the N-TIRE electrodes

with attached fiber optic probes, which were used in this

intracranial treatment ofwhite matter to measure temperature

during pulse delivery.

FIG. 26B is a graph showing temperature [0 C.] distribution

during an N-TIRE treatment in the white matter of a canine

subject.

DETAILED DESCRIPTION OF VARIOUS

EMBODIMENTS OF THE INVENTION

Irreversible electroporation (IRE) is a new focal tissue

ablation technique. The treatments are capable of sparing

major blood vessels, extracellular matrix and other sensitive

or critical structures. The procedure involves the delivery of

low-energy electric pulses through minimally invasive elec-

trodes inserted within the tissue. The target tissue is exposed

to external electric field distributions around the electrodes,

which alter the resting transmembrane potential of the cells.

The degree oftissue electroporation (i.e., no effect, reversible

electroporation and/or irreversible electroporation) depends

on the magnitude of the induced transmembrane potential.
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Numerical models for electric field optimization are avail-

able and typically include the physical properties ofthe tissue

and treatment parameters including electrode geometry and

pulse parameters (e.g., duration, number, amplitude, polarity,

and repetition rate). These models can also incorporate the

dynamic changes in tissue electric conductivity due to elec-

troporation and thermal effects.

In embodiments of the invention there is provided a

numerical model to visualize the IRE treated regions using

sequential independent combinations of multiple energized

and grounded electrodes. Specifically, in such models electric

conductivity changes due to electroporation and thermal

effects from an IRE pulse sequence are capable of being

incorporated into the analysis for developing and construct-

ing more effective treatment protocols. A particular embodi-

ment involves setting the resulting conductivity distribution

as the initial condition for the next pulse sequence, then

repeating this procedure sequentially until all the pulse

sequences are completed. In this manner, electric conductiv-

ity dependencies from previous pulses are incorporated and

more accurate electric field distributions are presented. It is

important to note that it is assumed that once a tissue is

irreversibly electroporated, the tissue conductivity would not

revert back. Consequently, a comprehensive IRE distribution

can be presented in which the conductivity changes due to the

previous pulses are considered. Suchmethods are most useful

when using three or more electrodes with electrode-pairs

being energized independently.

The electric conductivity map in certain circumstances can

be crucial in the treatment planning of irreversible electropo-

ration and other pulsed electric field therapeutic applications.

The conductivity map is what determines how the current

generated by the applied voltages/potentials will flow and the

magnitude of the electric field. Several factors affect this

distribution before, during and after the treatment including

tissue heterogeneities, electropermeabilization, thermal

effects and multiple treatments.

First, each tissue has its own “resting/unique” electric con-

ductivity before the application ofthe electric pulses. Thus, in

any particular organ or system there could be a mixture of

conductivities that need to be accounted for in the treatment

planning as in the case ofwhite matter, gray matter and tumor

tissue in the brain for example. Also, due to the permeabili-

zation of the cells in the tissue that are exposed to an electric

field threshold capable of altering the membrane structure,

there is an increase in conductivity as well (electroporation

effect). In addition, each ofthe tissue’s conductivity will vary

with changes in temperature as is the case for brain (3.2%

C'l) or liver (2% C'l).

The main region treated by irreversible electroporation

does not have sufficient increase in temperature to generate

thermal damage, however, at the electrode tissue interface

(where the electric field is highest) there is a significant

increase in temperature and thus the conductivity map is

altered. Capturing these and other dynamic effects can be

crucial since they represent more accurate/realistic treatment

geometries and pulse parameters that are not captured else-

where. Accounting for these effects in treatment planning

software is expected to lead to the optimization of pulse

parameters and minimize damage to surrounding healthy tis-

sue.

Numerical modeling methods, such as finite element mod-

eling (FEM), are more accurate and are actually where the

previous treatment planning systems derive their solutions

(the lookup table and analytical solutions are calibrated to

mimic the numerical solutions).



US 9,198,733 B2

11

The reason numerical solutions were not implemented pre-

viously is that software packages to do so can be expensive,

can take extensive periods to come up with a solution (inhib-

iting real-time feedback as was the goal above), and require

familiarity with complex software in order to develop proto-

cols (practically requiring an engineer to develop the plans).

Because the direction of EBTs is toward application in more

complex settings where more accurate solutions are desirable

and take priority over time for development, the system

described in this disclosure is one that can be performed with

numerical solutions by developing the treatment plan well in

advance (hours, days, weeks, or months) of its implementa-

tion.

Example I

General Stages of Planning Electroporation-Based

Treatments

A canine patient with a 360 cm3 tumor in the left thigh was

treated according to a treatment planning embodiment of the

invention. This treatment plan serves to demonstrate the com-

plexity and numerous steps typically involved in developing

and implementing a comprehensive treatment plan for elec-

troporation-based therapies. This description is intended to

provide guidance as to the formulation of a basic treatment

planning system, which canbe operably configured to include

one or more of the following stages:

Image Acquisition.

Images ofthe target lesion or of a portion of the body to be

treated can be acquired by taking an array of medical images

using one or more imaging modalities, including CT, MRI,

PET, or US to name a few.

As shown in FIG. 3, in preparation for isolating and recon-

structing a target region, an imaging modality such as com-

puted tomography CT can be used to determine the presence

of a tumor. Using an image or series of images, information

about or relating to the region of interest can be collected and

used to determine a targeted region, its location, its position,

any important or relevant nearby structures that must be

accounted for (such as blood vessels, nerves, collecting ducts,

etc.), and any relative basic dimensions (such as depth within

tissue, basic cross-sectional sizes, distance from other struc-

tures, etc.). The CT images shown in FIG. 3 have used axial

slices with TeraRecon software to compile the pixels into

voxels and develop other sectional slices as well as an overall

3D reconstruction ofthe scans based on radiodensity (though

individual regions of interest have not been isolated). Other

imaging modalities such as ultrasound or MRI may also be

used to assess the lesion.

Regions of Interest (ROI) Tracing.

The target ROI can be outlined in the images used to

identify the tumor, whether manually orby way ofa computer

program, to identify a potential treatment area. For example,

a computer program capable of detecting anomalies, such as

the OsiriX open-source image analysis software (Geneva,

Switzerland), could be used to outline the targeted region

(e. g., a tumor, site for electrogenetransfer, etc.). As shown in

FIG. 4, one of the CT scans from FIG. 3 is shown with the

region ofinterest traced. Tracing the region ofinterest in each

ofa series ofCT images compiling the 2D traces ofeach slice

would allow for compilation of 3D geometry for the target

region.

Visualizing and Reconstructing 3D Geometry.

The traced regions of interest from a series of axial CT

slices can be compiled and interpolated between the steps to

create a three-dimensional geometry that the practitioner
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could use to gain an understanding of the basic shape of the

target mass and/or its location relative to other tissues.

FIG. 5 shows a series of axial traces having been compiled

to create a representative shape ofthe targeted region in three

dimensions. This reconstruction may be maneuvered to

assess its general shape and thus allow determination of

potentially efiicient electrode insertion approaches.

If desired, the reconstructed geometry can also be visual-

ized relative to the rest ofthe patient. This allows one to assess

(in greater detail than the initial FIG. 3 images) physical

constraints such as bones preventing electrode insertion, rela-

tive location of sensitive structures, and orientation of the

lesion relative to the body, allowing a practitioner to evaluate

optimal electrode insertion approaches. For example, in FIG.

6, the long axis of the tumor is roughly parallel to the length

leg and femur, so a user may consider reducing the number of

electrodes and insertions used by orienting the electrodes

along this axis, or they may go with more electrodes perpen-

dicular to the top of the leg (since the femur prevents access

from the bottom of the leg).

Geometry Modeling.

The 3D geometry can then be imported into finite element

modeling software (FEM). Indeed, several geometries can be

imported using software such as Comsol Multiphysics (Com-

sol, Stockholm, Sweden), including: a) just the targeted

region or mass; b) the targeted region and other traced neigh-

boring regions (muscle, fat, bone, etc); or a 3D Map ofall the

voxels to be treated as independent elements in the finite

modeling software. The coordinate system from the medical

images can also be matched.

FIG. 7 shows a model of the 3D target geometry as

imported into numerical modeling software. More particu-

larly, the geometry developed and shown in FIG. 5 may be

converted to a surface or a solid and imported into numerical

modeling software. Here, the black shape is a converted

geometry within Comsol Multiphysics for the targeted region

reconstructed above. Its dimensions and volume have been

normalized to ensure its size matches that ofthe reconstructed

volume.

Assign Model Properties.

Any physical and/or thermal properties and/or electrical

properties can be assigned in numerous ways. For example,

the properties can be assigned arbitrarily; deduced by desig-

nating which of the target region or the other traced neigh-

boring regions are ofwhat tissue type and using properties of

these tissue types from the literature; experimentally mea-

sured with a “pre-pulse” (e.g., as described in US. patent

application Ser. No. 12/491,151, “Irreversible Electropora-

tion to Treat Aberrant Cell Masses;” or the properties can be

derived from an algorithm or coordination scheme based on

voxel or pixel value imported from the 3D map.

The assignment of properties to the model can be per-

formed within software and manually accounted for in place-

ments. If such properties are either assigned arbitrarily or are

deduced as described above, the different shapes depicted in

the model (e. g., FIG. 7) may each be assigned a different set

ofproperties to best represent the tissue or material used (such

as 0.025 S/m for the fatty tumor, and 0.5 S/m for the surround-

ing tissue).

In a preferred embodiment, the tissue properties are

derived from medical images. Due to the properties of tissue

and how the tissues are assessed by modern imaging tech-

niques, it may be possible to derive accurate estimations of a

tissue’s properties based on its response to the various imag-

ing modalities.

For example, for computed tomography, pixel values are

based on the radiodensity of the tissue at that point in the
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image (its attenuation). It is common practice to scale these

attenuations relative to distilled water according to the equa-

tion:

HU =mX 1000

#waier — flair

where “X, “water, and um are the linear attenuation coeffi-

cients of that point in the tissue, water, and air, respectively.

Essentially, this system normalizes the radiodensity of all

tissues relative to water.

A tissue’s Hounds Unit (HU) value may serve as a repre-

sentation of its relative water content, with larger absolute

value HU’s (because it can be negative as well) containing

less water. Thus, one could determine (with some noise) a

function of HU that goes in the domain from —1000 (air,

minimal radioattenuation) to +1000 (an equivalent difference

of higher radioattenuation), where the curve estimates the

water content. The data in Table I supports this concept.

 

 

TABLE I

Substance HU Conductivity, S/m (from literature)

Air —1000 0

Fat —120 0.025

Water 0 7

Muscle +40 0.5

Bone >+400 .0025

 

These are general evaluations of conductivity. It does not

matter what the conductivity of distilled water is, but it would

likely be taken to be that of physiological saline for conduc-

tivity estimation (1.2 S/m). From qualitatively assessing the

data in Table I, it can be seen that the closer a tissue’s HU is

to 0, the higher its conductivity. This is also reflected because

it is known that muscle has a higher water content than fat,

which is closer to the HU of0 and a higher conductivity, while

bone having the least water content of all, is the least conduc-

tive.

Although not a comprehensive table, the trends are clearly

evident that one may be able to fit an interpolation function

between HU and conductivity. With further exploration, it

may be seen that this may be a result of higher volumetric

water concentrations having higher conductivity. The idea

that higher percentage of water causes a tissue to have a

radiodensity more similar to that of water is an assumption,

but when taking it into account, the relationship between

conductivity and %-water may also be used to estimate the

tissue’s electrical properties, as described in Duck, 1990

(FIG. 8).

Evaluate any Physical Placement Constraints.

Potential physical placement constraints, such as vital

structures (nerves, brain, blood vessels, etc.), access orienta-

tion preferences (from head, from rear, supine, prone patient

positioning, etc.), and/or physical barriers (bones, sensitive

structures, etc.) can be identified. The potential constraints

can then be used to guide/constrain what angles are possible

for the electrodes and if the electrodes should be placed to

avoid certain areas more than others.

FIG. 9 shows a graphic 3D reconstruction of the target

tumor in relation to surrounding structures within the body,

which is useful for developing treatment constraints. The

physical location of the tumor relative to the rest of the body

(shown in FIG. 9 by arrows pointing out vasculature and

nerves, for example) can be demonstrated using the previ-
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ously prepared 3D geometric representation of the tumor.

This information may be used to constrain or direct where the

electrodes should be placed and give priority to regions that

should be spared relative to regions that would not cause as

significant of problems.

Placement of Electrodes.

Any number of electrodes could be placed into or around

the targeted region. Their number, location, orientation, and

size could all be adjusted independently.

FIG. 10 is a graphic 3D representation of the imported

tumor geometry with electrodes placed. Here, the geometric

representation ofthe targeted region is depicted in red, while

representations of electrodes are shown at two locations in

blue. The number, orientation, and location of these elec-

trodes is capable of being manipulated to satisfy the desired

treatment objectives.

Simulation of the Electric Field Distribution.

Simulation of the electric field distribution (e.g., numeri-

cally solved electric field distributions) are capable of being

correlated with experimental data to superimpose predicted

volumes ofaffected regions (treated, untreated, thermal dam-

age).

For example, FIG. 11 shows the electrodes depicted in FIG.

10 in an energized state. For the electrode on the left, a section

on the end has been set to a voltage while a section on the rest

has been set to ground with a section of insulation between,

creating a voltage gradient that surrounds the single needle.

For the pair ofelectrodes on the right, the entire length ofone

electrode has been set to a voltage while the other electrode

has been set to ground, creating a voltage gradient between

them.

The color maps are representative electric field isocontour

regions that may be used in determining predicted treatment

regions, reversible regions, or safety margins based on elec-

tric field thresholds. For example, if the protocol anticipates

an IRE electric field threshold of 500 V/cm, then the entire

volume of the tissue exposed to this electric field or higher

(depicted in green) would be the predicted treatment region.

In addition, if it were desired to ensure sparing of a sensitive

structure such as a nerve, and an exact resolution of the

above-predicted 500 V/cm IRE electric threshold was insuf-

ficient to guarantee sparing, a different electric field may be

used to predict a safety margin which would be used to ensure

that this threshold is not crossed by the sensitive structure

(such as 250 V/cm depicted in red).

Another factor to consider in any analysis for determining

proper placement of the electrodes and/or the charge needed

for a particular application is the expected behavior of the

electric field relative to the electrodes. As shown in FIGS.

11B-D, the electric field distribution is typically at a maxi-

mum at the cross-sectional region midway between the

lengths ofthe electrodes and tapers offtoward the ends ofthe

electrodes.

More particularly, the image shown in FIG. 11B shows the

electric field distribution between 35000 and 150000 V/m

looking at both electrodes simultaneously in the xz-plane.

The grey rectangles are the electrodes, running along the

z-axis, and separated by 1.5 cm (center-to-center) along the

x-axis. Here, one can see that the electric field is greatest at

z:0, and decreases as one moves towards the tips of the

electrodes. The 2-dimensional cross-sectional estimates are

calibrated to represent the electric field distribution at z:0,

and do not take into account the losses that occur over the

length of the electrode.

FIGS. 11C and D in comparison show x-y cross-sectional

plane view of the electric field distribution at z:0 and the x-y

cross-sectional plane view electric field distribution at z:1 cm
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(the tips of the electrodes), respectively. By comparing these

two distributions, it can be seen that the electric field distri-

bution decreases as distance from the center of the electrode

lengths increases. To accurately predict the treatment regions

in three dimensions, these differences should be taken into

account for the overall 3D nature oftreatments. The methods,

systems, and devices according to the invention include con-

sideration of this factor.

Evaluate Success of Outcome.

Determine whether the setup used appropriately meets its

treatment demands of affecting the desired regions while

preventing unacceptable effects on untargeted and sensitive

regions. This could be assessed qualitatively or quantitatively

with a fitness function.

Optimization.

The evaluation of physical constraints, placement of elec-

trodes, simulation ofthe electric field distribution, and evalu-

ation of outcome success can be repeated until a suitable

solution is developed. This optimization stage can be per-

formed manually (interactively) by a practitioner or automati-

cally. The Optimization Quality Function of Formula I dis-

cussed in more detail below could also be used for manual

optimization.

In this embodiment, the optimization phase of the system

was performed qualitatively and was iterated with the previ-

ous four steps until settling on the electrode array shown in

FIGS. 12A and B. In this embodiment, the resultant repre-

sentative geometry of compiled ellipsoids (shown in pink)

illustrates the satisfactory electroporation protocol developed

in order to attain the desired treatment objectives. In FIG.

12A, it can be seen that a highly complex array of electrodes

(blue) was selected, where some electrodes are inserted and

exposed an amount (such as l or 2 cm), to treat an amount of

depth with pulsing, before withdrawing them some and

repeating the pulsing. This was done to ensure complete

treatment along the depth ofthe treatment. The blue cylinders

depict discrete electrode placements for pulsing, and the ones

stacked on top of each other represent this aspect.

Further, as shown in FIG. 12B, a top view of the graphic

representation of the treatment area of FIG. 12A is provided,

in which the electrode insertion paths can be seen. Since the

electrodes were all running perpendicular, spacing dimen-

sions have been outlined to aid the placement of the elec-

trodes for the practitioner. The pulses would be administered

between each electrode and the electrodes in closest proxim-

ity to it. Electric pulse parameters are adjusted between each

electrode firing pair based on separation distance and the

desired treatment region (based on targeted volume and

avoidance of sensitive tissues). The dimensions in red are also

used as guidelines for the placement of the outer electrodes

relative to the margins of the tumor to prevent excessive

treatment of peripheral (untargeted) regions.

Implementation.

Once a desired solution has been developed, the generator

system for applying the designated pulsing protocol can be

set up for implementation of the desired protocol. More par-

ticularly, the practitioner could then place the electrodes

according to the prescribed protocol and let the generator

apply the pulses.

Also during implementation, the systems, methods, and or

devices according to the invention canbe operably configured

to monitor certain variables. One such variable can include

monitoring the temperature of the electrodes and/or sur-

rounding tissue in real time during treatment to ensure limited

to no thermal damage to the tissue being treated. Ifmonitored

in real time, adjustments could then be made, if necessary, to

avoid damage.
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One, multiple, or all phases of system embodiments

according to the invention can be performed manually or be

performed (in whole or in any number of parts) by an auto-

mated system capable ofperforming the phases for the prac-

titioner. Many of these steps can be performed without user

input, and could be blocked off into distinct automated pro-

cesses (with/without coupling to human-performed pro-

cesses) or could be linked together through a comprehensive

system. All ofthis is able to be done for an initial treatment, or

redone for any retreatments that may be necessary, with or

without new images (depending on case circumstances).

Example II

Comprehensive Package System: Treatment

Planning Software

Due to the great complexity and time required to develop

customized treatment protocols for each patient, it is desir-

able to automate one or more steps, or the entirety, of the

treatment planning process. Since Cassini Oval and other

analytical solutions are limited by their ability to incorporate

many of the complexities commonly found in treatment situ-

ations (such as heterogeneities, complex geometries, differ-

ent electrode dimensions and orientations, etc.), and because

the trend seems to be to move treatment planning towards a

simpler solution for practitioners so less time is wasted in

trying all the different available optionsia robust automatic

treatment planning system that incorporates numerous vari-

ables and runs a self-optimization algorithm to automatically

determine the optimal treatment parameters needed to be

used to treat a particular patient is highly desired.

Systems according to embodiments of the invention are

flexible in that such systems can be operably configured to

solve many scenarios numerically and to select the best elec-

trode geometry and pulse parameters for a given situation.

Alternatively or additionally, solutions may be obtained ana-

lytically, with tables, etc.

Embodiments of the systems according to the invention

can be operably configured to be run on an independent

system well in advance of treatment administration to allow

sufficient computation time, review, and possible re-working

of the protocol prior to treatment. The appropriate protocol

could then be uploaded directly to the pulse generator.

Model Creation.

Preferred embodiments of systems according to the inven-

tion include a model creation stage for establishing an initial

model of the target area.

Geometry:

Treatment geometries (information, such as tumor dimen-

sions, electrodes, and peripheral tissue dimensions, for

example) may be input manually, by analyzing medical

images that were taken and any reconstructions, from com-

puter analyses of medical images/tomography, or other (2D

and 3D) mapping techniques.

Properties: Conductivity values for the model subdomains

may be obtained by measuring them on the subject directly

(placing electrodes within tissue then applying a voltage and

measuring the current to get Z/o), by taking typical values

found in the literature for the tissue types, or by noninvasive

a measuring techniques such as functional Magnetic Reso-

nance Imaging (fMRI), Electrical Impedance Tomography,

etc; and combining these with the relevant equations (for

E-field distributions, it is the ratio between tissues/regions

that alters the field, absolute values will only be important

when considering thermal effects). Medical images that

already obtain the conductivity values (flVIRI) or coupled to
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conductivity values (analyzing and mapping a medical image

for the different tissues and coupling the regions to a conduc-

tivity value determined as described above) may then be used

as the geometries for a numerical/analytical model as the

various subdomains, to establish the initial model.

Electrodes.

Once the model geometry has been developed, a single or

any set of electrode options (type, number, dimensions, etc.)

may be selected to be used or allowed to be selected by the

program.

Running the Program.

After setting up the geometry and electrode options to

consider, the practitioner would essentially select a “GO”

button to let the program run through the many variations to

use and solve each using FEM or advanced analytical meth-

ods. The program would solve each scenario for various

effects (no effect, reversible electroporation, irreversible

electroporation, or thermal) and distributions within the

model. Thermal considerations will greatly increase the com-

putational cost ofthe model, but may be desired to determine

thermal damage and scarring, especially in very sensitive

structures.

Exemplary Optimization Quality Function.

The systems of embodiments of the invention can employ

a variety of algorithms (iterative, genetic, etc.) in order to

optimize the treatment parameters for the best possible result

for a particular patient scenario. Such systems can also be

operably configured to employ a function for evaluating the

quality ofeach solution, where desired results, D, (IRE and/or

REB throughout the targeted regions) are added; and the

undesired results, U, (thermal damage, IRE beyond targeted

region, etc.) are subtracted, with each aspect having its own

unique scaling (since IRE to entire targeted region is far more

important that avoiding IRE to healthy tissues). One such

function can include:

\IJ(EZEP,<I>, . . . ):A-flRE]D+B-[REB]D—C-

[Therm]D—E -[IRE]U—F-[REB]U—G- [Therm]U Formula I

wherein D:Desired/Targeted Volume (done as a percent-

age);
U:Undesired/Peripheral Volume (done as an absolute

value);

A, B, C, E, F, G:Scaling factors, with likely situations

including: 1)A & B>>C, E, F, and G (treatment success most

important); 2) G>>C (thermal to healthy worse than to tar-

geted; 3) B & F may be neglected in purely IRE treatments;

and 4) F can typically be assumed to be :0 since no negative

effects to the tissue would be associated with this parameter,

since it would either have no effect (without chemicals), or

will not have an effect on healthy cells (with selective chemi-

cals); but may matter in situations involving nonselective

chemicals;

ET:Electrode Type and geometry (single/dual, diameter,

length);

EP:Electrode Positioning (location and orientation in 3D

space);

¢:Applied voltage;

1p:Quality, the value of the protocol on the entire domain

of the targeted and surrounding volumes.

Additional Details on 1p(ET, EP, (1), . . . ):

This is the value function of a given treatment protocol for

the modeled domain previously mentioned as a function of

electrode type and geometry, electrode positioning, applied

voltage, and any other factors. More specifically: 1) ET (style,

number, dimensions), with style referring to the style of the

pulse, such as single, multi-unipolar, hybrid, proprietary, etc.,

with number referring to the number of probes used, and
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dimensions referring to the geometry and dimensions of all

exposed and insulated regions in all three directions for each

electrode used.

EP refers to the position ofeach or all electrodes in relation

to a reference point arbitrarily chosen within the (x, y, z)

domain of the model (location and orientation). In one

example, the center of the tumor could be selected as the

reference point and arbitrarily set to (0, 0, 0). The reference

point may also be selected ahead oftime or afterwards by the

practitioner that will be easy for the practitioner to physically

use at the time of treatment administration, such as some

anatomical landmark that can be used as a reference for where

the electrodes are and the electrode orientation. It is also

possible to match the coordinate system from the medical

images.

The 11) function may be solved for altered ET and EP, and

the (1) may then be scaled accordingly for the geometry (since

it the model geometry and properties that will affect the shape

ofthe distribution, the absolute value ofit may be scaled to the

applied voltage after this shape is found for each ET and EP).

This would dramatically reduce the number of iterations and

thus the computational cost.

In embodiments, the system can be operably configured to

iteratively adjust ET, EP, etc. and obtain the resulting 1p,

storing the top ones (or all those meeting some type of base-

line threshold criterion). The resulting stored solutions would

then be saved for presentation to the practitioner for conduct-

ing a review and visually assessing the value of each solution

for selecting the protocol that best meets the demands of the

therapy (could range on their arbitrary criterion such as the

best quality, most simple to administer and apply the EP in the

treatment, most robust, etc.)

The electrical parameters used (number of pulses, repeti-

tion rate, shape, pulse length, etc.) can be set as standardized

parameters for typical treatments, and optionally these

parameters can be flexible in case certain scenarios require

different valuesisuch as abdomino-thoracic procedures

requiring repetition rate to be synchronized with the patient’ s

heart rate to reduce the risk of pulse-induced arrhythmias. If

known or found experimentally, standard electrical param-

eters can be used to determine the best combination of treat-

ment parameters to use and have been applied to various

tissues/tumors to determine the electric field threshold of

each for this set of parameters, thus allowing treatment out-

come to be reviewed and not just electric field distributions.

Table II provides a list of exemplary electric parameters that

can be manipulated within the IRE treatments discussed

herein.

 

 

TABLE II

Parameters

Pulse length: ns-ms range

Number ofpulses: 1-50,000 pulses

Electric Field 1-5,000 V/cm

Distribution:

Frequency of 0.001 -1 000 Hz

Pulse

Application:

Frequency ofpulse signal: 0-100 MHz

Pulse shape: square, triangular, trapezoidal, exponential

decay, sawtooth, sinusoidal, alternating

polarity

Pulse type: Positive, negative, neutral electrode charge

pulses (changing polarity within pulse)

Multiple sets of pulse parameters for a

single treatment (changing any of the above

parameters within the same treatment to

specialize outcome)
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TABLE II-continued

 

Parameters

 

Electrode type: Parallel plate:

0.1 mm-70 cm diameter

(and larger for applications relating to

e. g., whole organ decellularization)

Needle electrode(s):

0.001 mm-I cm diameter

Single probe with embedded disk

electrodes: 0.001 mm-I cm diameter

Spherical electrodes:

0.0001 mm-I cm diameter

Needle diameter: 0.001 mm-I cm

Electrode length (needle): 0.1 mm to 30 cm

Electrode separation: 0.1 mm to 5 cm, or

even 5 cm to 20 cm, or 20 cm to 100 cm,

and larger (for reversible electroporation,

gene delivery, or positive electrode with

ground patch on patient’s exterior, e. g.)

 

Additional considerations, such as multiple pulse proto-

cols that create dynamic tissue properties as a function of

electric field, and temperature changes, may need to be inves-

tigated or added. Such dynamic properties are demonstrated

in FIGS. 13-19.

FIGS. 13A-B demonstrate a situation in which there would

be little to no change in the physical properties ofthe tissue as

a result of electroporation. More specifically, as shown in

FIG. 13A, an electric field distribution [V/cm] generated by

an applied voltage difference of 3000V over the upper two

electrodes is shown. FIG. 13B provides a conductivity map

[S/m] displaying a homogeneous distribution that only

changes by 0.1% for visualization purposes when irreversible

electroporation is accomplished. The white outline represents

the region of tissue that is exposed to an electric field magni-

tude that is sufficient for generating irreversible electropora-

tion.

FIGS. 14A-B demonstrate an electric field distribution and

conductivity map for a treatment region for a given situation

in which more than two electrode pairs are energized. In FIG.

14A, an electric field distribution [V/cm] generated by an

applied voltage difference of 3000V over the right two elec-

trodes is shown. FIG. 14B shows a conductivity map [S/m]

displaying a homogeneous distribution that only changes by

0.1% for visualization purposes when irreversible electropo-

ration is accomplished in this set up. In FIG. 14B, a cumula-

tive visualization of the treatment region is shown.

FIGS. 15A-B demonstrate a change in the shape and size of

the treatment region due to electroperrneabilization. More

particularly, in FIG. 15A, an electric field distribution [V/cm]

generated by an applied voltage difference of3000V over the

upper two electrodes is shown. FIG. 15B provides a conduc-

tivity map [S/m] displaying a heterogeneous distribution that

changes from 0.67 S/m to 0.241 due to electropermeabiliza-

tion as a result of electroporation. Of particular note in this

example, the shape and size of the treatment region is conse-

quently adjusted as a result of this change. In FIG. 15B the

shape and size of the planned treatment region is different

than in the above examples (FIGS. 13B and 14B) in which the

conductivity was assumed to remain constant throughout the

delivery of the pulses.

FIG. 16A provides an electric field distribution [V/cm]

generated by an applied voltage difference of3000V over the

right two electrodes, while FIG. 16B shows a conductivity

map [S/m] displaying a heterogeneous distribution that

changes from 0.67 S/m to 0.241 S/m due to electropermeabi-

lization. Ofparticular interest, the first set of pulses using the

top two electrodes increased the conductivity of the tissue

which in turn modified the electric field distribution (i.e.,

treatment region) for the second application of pulses (right

two electrodes) adjacent to the permeabilized region.
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The following examples are different than the previously

described examples in which the treatment region depended

on electroperrneabilization, and multiple electrode combina-

tions. In this case, a 2-D model of an irreversible electropo-

ration protocol is shown in which the electric parameters of

the protocol included 90 pulses, at 2000V, delivered at a

frequency of 1.5 Hz, using 100 us pulses. The 2D model

generates much higher temperatures and thus changes rela-

tive to the complete 3D model since the heat has a larger

volume in which to diffuse. Nevertheless, this case is reported

for illustration purposes and to show that in fact these

dynamic effects can be incorporated into treatment planning

models. Changes only due to temperature are incorporated in

this example to emphasize the importance of accounting for

these effects in the models.

To illustrate the thermal effect ofelectroporation on tissues

contacting the electrodes, FIGS. 17-19 are provided. FIG.

17A provides an electric conductivity [S/m] map at t:0 s in

which the irreversible electroporation area is 2.02 cm2. FIG.

17B shows a thermal damage assessment by the potential

increase in temperature due to the electric pulses which

occurs when greater than 0.53.

FIG. 18A provides an electric conductivity [S/m] map at

t:30 s in which the irreversible electroporation region is 2.43

cm2. FIG. 18B shows some thermal damage visualized at the

electrode-tissue interface 0.11 cm2.

FIG. 19A provides an electric conductivity [S/m] map at

t:60 s in which the irreversible electroporation area is 2.63

cm2. FIG. 19B shows significant thermal damage at the elec-

trode-tissue interface due to thermal effects 0.43 cm2.

Therapy Application.

Once the practitioner has selected a desired solution from

the options on the treatment planning software, the electrical

protocol (pulse characteristics, number, sequence, etc.) could

be saved and then uploaded to the pulse generator system. At

this point, the practitioner would have to do no more than

place the electrodes in the predetermined positions and hit

“START”, at which point the instrument carries out the pre-

scribed pulsing conditions.

Example III

Exemplary Methods for IRE Treatment Planning

Open source image analysis software (OsiriX, Geneva,

Switzerland) was used to isolate the brain tumor geometry

from the normal brain tissue. The tumor was traced in each of

the two-dimensional (2-D) diagnostic T1 post-contrast MRI

scans as shown in FIGS. 20A-B. Attempts were made to

exclude regions ofperitumoral edema from the tumor volume

by composite modeling ofthe tumor geometry using all avail-

able MRI sequences (Tl pre- and post-contrast, T2, and

FLAIR) and image planes.

As provided in FIGS. 21A-H, a three-dimensional (3-D)

solid representation ofthe tumor volume was generated using

previously reported reconstruction procedures. The tumor

geometry was then imported into a numerical modeling soft-

ware (Comsol Multiphysics, v.3.5a, Stockholm, Sweden) in

order to simulate the physical effects of the electric pulses in

the tumor and surrounding healthy brain tissue. The electric

field distribution was determined in which the tissue conduc-

tivity incorporates the dynamic changes that occur during

electroporation. In this model, a 50% increase in conductivity

was assumed when the tissue was exposed to an electric field

magnitude greater than 500 V/cm, which has been shown as

an IRE threshold for brain tissue using specific experimental

conditions. Currently, the threshold for brain tumor tissue is

unknown so the same magnitude as normal tissue was used

for treatment planning purposes.
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Based on the tumor dimensions and numerical simulations,

the voltage configurations that would mainly affect tumor

tissue were determined and are provided in Table III as well as

are displayed in FIGS. 21A-H.

22

form treatment zone. More specifically, in IRE treatments

there is an energized and grounded electrode as the pulses are

delivered. In embodiments, charge build-up on the surface of

the electrodes can be minimized by alternating the polarity

 

 

 

TABLE III

ELECTRODE NUMBER

VOLTAGE ELECTRODE EXPOSURE VOLT-TO-DIST PULSE OF

(V) GAP (CM) (CM) RATIO (V/CM) DURATION PULSES FREQUENCY

500 0.5 0.5 1000 50 us 2 x 20 ECG

synchronized

625 0.5 0.5 1250 50 us 4 x 20 ECG

synchronized

l5

IRE Therapy. between sets of pulses. It is believed that there are still elec-

Total intravenous general anesthesia was induced and

maintained with propofol and fentanyl constant rate infu-

sions. A routine left rostrotentorial approach to the canine

skull was performed and a limited left parietal craniectomy

defect was created. The craniectomy size was limited to the

minimum area necessary to accommodate placement of the

IRE electrode configurations required to treat the tumor, as

determined from pre-operative treatment plans. Following

regional durectomy, multiple biopsies ofthe mass lesion were

obtained, which were consistent with a high-grade (WHO

Grade III) mixed glioma.

After administration of appropriate neuromuscular block-

ade and based on the treatment planning, focal ablative IRE

lesions were created in the tumor using the NanoKnife®

(AngioDynamics, Queensbury, NY. USA), and blunt tip

electrodes. The NanoKnife® an electric pulse generator in

which the desired IRE pulse parameters (voltage, pulse dura-

tion, number ofpulses, and pulse frequency) are entered. The

NanoKnife® is also designed to monitor the resulting current

from the treatment and to automatically suspend the delivery

of the pulses if a current threshold is exceeded.

The electrodes were inserted into the tumor tissue in prepa-

ration for pulse delivery. The blunt tip electrodes were con-

nected by way of a 6-foot insulated wire (cable) to the gen-

erator. After foot pedal activation, the pulses were conducted

from the generator to the exposed electrodes.

The two sets of pulse strengths were delivered in perpen-

dicular directions to ensure uniform coverage of the tumor

and were synchronized with the electrocardiogram (ECG)

signal to prevent ventricular fibrillation or cardiac arrhyth-

mias (Ivy Cardiac Trigger Monitor 3000, Branford, Conn.,

USA). The sets of pulses were delivered with alternating

polarity between the sets to reduce charge build-up on the

surface of the electrodes. In addition, shorter pulse durations

than those used in previous IRE studies were used in order to

reduce the charge delivered to the tissue and decrease resis-

tive heating during the procedure. Previous calculations and

experimental data from previous intracranial IRE experi-

ments ensured that no thermal damage would be generated in

normal brain. The temperature measured near the electrodes

showed a maximum 0.5° C. increase after four sets oftwenty

50-us pulses when using similar parameters to the ones in

Table I. In addition, the charge delivered during the procedure

was typical or lower than that used in humans during electro-

convulsive therapy, a treatment for depression that also uses

electric pulses.

Example IV

Treatment Systems, Methods, and Devices Using

Bipolar Electric Pulses

It has been found that alternating polarity of adjacent elec-

trodes minimizes charge build up and provides a more uni-
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trode surface effects that can be associated with negative

outcomes.

Further, the use of bipolar pulses (net charge of zero) as

seen in FIG. 22 is a way to further minimize the charge

delivered to the tissue. FIG. 22 is a graph showing a Bipolar

IRE pulse (100 us duration) with alternating polarity in the

middle of the pulse in order to minimize charge delivered to

the tissue. In this manner, negative effects can be prevented,

reduced, or avoided as part of IRE treatment in the brain,

including deleterious electrochemical effects and/or exces-

sive charge delivered to the tissue as in electroconvulsive

therapy.

In one experiment, a superficial focal ablative IRE lesion

was created in the cranial aspect of the temporal lobe (ecto-

sylvian gyrus) using the NanoKnifeB (AngioDynamics,

Queensbury, NY.) generator, blunt tip bipolar electrode (An-

gioDynamics, No. 204002XX) by delivering 9 sets of ten 50

us pulses (voltage-to-distance ratio 2000 V/cm) with altemat-

ing polarity between the sets to prevent charge build-up on the

stainless steel electrode surfaces. These parameters were

determined from ex-vivo experiments on canine brain and

ensured that the charge delivered during the procedure was

lower than the charge delivered to the human brain during

electroconvulsive therapy (an FDA approved treatment for

major depression).

Other undesirable consequences ofvarious electroporation

protocols have also been experienced. More specifically, with

the application of electric potentials, electrical forces may

drive ions towards one electrode or the other. This may also

lead to undesirable behavior such as electrolysis, separating

water into its hydrogen and oxygen components, and leading

to the formation of bubbles at the electrode-tissue interface.

These effects are further exacerbated for multiple pulse appli-

cations. Such effects may cause interference with treatment

by skewing electric field distributions and altering treatment

outcomes in a relatively unpredictable manner. By altering

the polarity between the electrodes for each pulse, these

effects can be significantly reduced, enhancing treatment pre-

dictability, and thus, outcome. This alternating polarity may

be a change in potential direction for each pulse, or occur

within each pulse itself (switch each electrode’s polarity for

every pulse or go immediately from positive to negative

potential within the pulse at each electrode).

FIG. 23A is a schematic diagram ofa representative circuit

model for switching polarity between pulses and multipolar

pulses. As shown in FIG. 23A, a basic circuit according to

embodiments of the invention may contain a) a generator

supply circuit containing a voltage source and capacitor bank

to accumulate sufiicient charge for pulse delivery; b) a simul-

taneous switching mechanism; c) electrodes for pulse deliv-
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ery (here, 2 electrodes are shown); and d) a parallel capacitor-

resistor equivalent to represent the behavior of biological

tissues. FIG. 23B shows an exemplary bipolar pulse that can

be created using the circuit of FIG. 23A.

The circuit can be operably configured to function in the

following representative manner. At Time 0, the switches are

in position 0. The voltage source would be used to charge an

array of capacitors to the desired electric potential for a given

pulse. At Time t1, the switches move to position 1. This causes

rapid initiation of capacitor discharge, generating a high-

slope AV between the electrodes placed in the tissue (the first

half of a square wave). This gives electrode 1 a “negative”

voltage and electrode 2 a “positive” voltage (based on their

relative electric potentials). The capacitor(s) continue deliv-

ering the electric charge over time, causing a logarithmic

decay of the electric potential to which the tissue is exposed.

At Time t2, the switches move to position 2. This changes

which electrode is connected to which end of the circuit,

rapidly reversing the polarity ofthe electric potential, making

electrode 1 “positive” and electrode 2 “negative.” The peak of

this reversal is the same as the remaining charge on the

capacitors after the decay between t1 and t2. The remaining

charge on the capacitors continues to decay. At Time t3, the

switches return to position 0. This disconnects the circuits,

creating a rapid drop in the electric potential between the

electrodes, returning AV to zero. Alternatively, at Time t3, the

switch could return to position 1, then alternate between

positions 1 and 2 for a desired period oftime to deliver several

bipolar pulses in rapid succession. Such switching circuitry

would enable delivery of a bipolar pulse train comprising

individual pulses having a duration ranging from 10 ms to 1

ns, much faster than any human could achieve.

It should be mentioned that the electric potential difference

is arbitrary, and the polarity of any ofthe pulses in the above-

mentioned example are for demonstration only, and are not

the sole method of obtaining multipolar pulses. Alternative

approaches are possible and this basic circuitry representa-

tion may be adapted to generate any series ofcomplex pulses

by changing the pattern of switch behavior.

For instance, unipolar pulses may have their polarity

reversed every pulse or after any number ofpulses by moving

the switches from position 0 to 1 for pulse delivery, then back

to 0 (first pulse); then from position 0 to 2 for delivery, then

back to 0 (second pulse of opposite polarity). As shown in

FIGS. 24A-D, a unipolar pulse ofany polarity can be reversed

after one or more pulses up to any number of desired pulses

for a particular application. For example, a time delay

between the unipolar pulse and the reversed polarity unipolar

pulse can be any desired duration as well, including from 5

times the pulse length (FIG. 24A), to 3 times the pulse length

(FIG. 24B), to 1 time the pulse length (FIG. 24C), to no delay

(or effectively no delay) at the time of switching (FIG. 24D).

As shown in FIGS. 24E-G, the pattern of alternating

between pulse polarities can be repeated any number oftimes

to accomplish a desired result. For example, the bipolar pulse

of FIG. 24D is shown repeated at timing intervals of 3 times

the pulse length (FIG. 24E), to 2 times the pulse length (FIG.

24F), to 1 time the pulse length (FIG. 24G). The delay

between bipolar pulses can also be zero (or effectively zero)

and/or the bipolar pulses can be repeated any number oftime

to establish a particular desired pulsing protocol or pattern.

The pulses could also be made multipolar by switching

from position 0 to 1 (first polarity), then to position 2 (re-

versed polarity), then back to position 1 (returning to initial

polarity), and so on, all within the same pulse.

Even further, the bipolar pulses can be configured in a

manner to deliver a charge to the tissue where the net effect of
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the pulse is something other than zero. For example, the

magnitude ofthe positive portion ofthe pulse can be different

than the magnitude ofthe negative portion ofthe pulse. More

specifically, the pulse can be 90% positive and 10% negative

or 90% negative and 10% positive. Indeed, any ratio of posi-

tive:negative charge can be used, including from 0:100

(mono-polar and positive) to 100:0 (mono-polar and nega-

tive). Specifically, 50:50 (net charge of zero) is preferred, but

90: 10, 80:20, 75:25, 60:40 and the reverse can be used

depending on the desired effect.

Additionally, the time between any switch could be used to

alter the length of any pulse or change the pulse repetition

rate. And, if varying combinations of different capacitor

banks were used in the system, then depending on which ones

were connected, it would be possible to change the applied

voltage to the electrodes between pulses or within a pulse (of

any polarity).

The shape and type ofpulse can also be varied forparticular

applications. In various embodiments, the individual electric

pulses can be unipolar while in other embodiments, the indi-

vidual electric pulses can be bipolar. In certain preferred

embodiments, a train of unipolar pulses is delivered in one

direction, followed by a subsequent pulse train of opposite

polarity. Depending on the outcome desired, the waveforms

ofthe electric pulses are triangular, square, sinusoidal, expo-

nential, or trapezoidal. Other geometric shapes are contem-

plated as well. In some embodiments, an electrode is con-

nected to a system for employing electrical impedance

tomography (EIT), computed tomography (CT), Magnetic

Resonance Imaging (MRI), or ultrasound to image the tissue

prior to treatment by applying small alternating currents that

themselves do not damage the tissue.

A large variety of other parameters can influence the effi-

ciency of membrane poration, such as the shape of the elec-

trical pulses, polarity, size of target cells, and thermal condi-

tions during and after the pulses.

Another method for avoiding excessive charge build up in

tissues being treated by electroporation is to deliver counter-

acting pulses simultaneously from one or more pulse genera-

tor. In embodiments, the pulses delivered by the generators

can overlap in time for some portion ofthe pulse and be offset

from one another.

FIG. 25A illustrates the concept of overlapping the equal

but opposite charges delivered from separate pulse genera-

tors. In particular, a first pulse generator administers a first

positive pulse for a desired amount of time. Here, the pulse

has a duration in the 10 ns to 10 ms range. At some time after

the first pulse is generated, a second pulse from a second pulse

generator is administered. In this example, the second pulse is

ofthe same magnitude as the first pulse yet opposite in polar-

ity. By overlapping the pulses, or simultaneously applying the

pulses, the net effect during the overlap is that the tissue does

not experience a charge. In effect the overlap of the pulses

creates a delay and the charge delivered to the tissue is only

the portion ofeach pulse that is outside ofthe overlap, i.e., the

offset.

FIG. 25B illustrates one example of administering oppos-

ing polarity pulses from two pulse generators simultaneously,

but offset and with no overlap. As shown, a first positive

electrical pulse is initiated by a first pulse generator. At a

desired time following administration of the first pulse, a

second pulse equal in magnitude to the first pulse but opposite

in charge is initiatedusing a second pulse generator. It is noted

that in this figure that although a summation of the two indi-

vidual signals offset by a delay (pulse duration) is shown, one

of skill in the art could easily incorporate additional signals in

order to manipulate additional pulse parameters. Further, and
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as with all embodiments described in this specification, the

positive and negative applied voltages do not have to be of

equal magnitude.

In one such embodiment, electrical pulses are delivered in

a series of two pulses of alternating polarity (from millisec-

ond to nanosecond range). Use of alternating polarities

reduces or eliminates charge buildup on the electrode(s). For

example, two NanoKnifeTM (AngioDynamics, Queensbury,

NY.) devices can be linked to the same electrode array, and

programmed to deliver synched or slightly offset pulses to the

electrodes. The first pulse can generate a 2500 V/cm electric

field of 500 ns duration. This pulse is followed immediately

(yet slightly offset) by the onset of a second pulse, which

generates a —2500 V/cm electric field for 500 ns. The net

effect of the pulses in the tissue is a net charge of zero and an

additional benefit is avoiding the need for complex circuitry

as the need for abrupt switching of the polarity is obviated.

Also during implementation of a desired treatment proto-

col, the systems, methods, and or devices according to the

invention can be operably configured to monitor certain vari-

ables, such as temperature of the electrodes and/or surround-

ing tissue. Ifmonitored during the procedure and in real time,

adjustments to the protocol, including adjustments to the

type, length, number, and duration ofthe pulses, could then be

made, if necessary, to avoid damage of the tissue being

treated.

It is important to note that bipolar pulses are only effective

for electroporation if each pulse within the train is long

enough in duration to charge the plasma membrane to a

permeabilizing level. If this is not the case, the pulses offset

each other from fully charging the plasma, and supra-poration

effects dominate when the pulse amplitude is increased.

Additionally, a delay can be included between pulses within

the train, or the total number ofpulses within the train can be

controlled, to limit the Joule heating in the tissue while still

delivering a lethal dose ofenergy. Embodiments ofthe inven-

tion are equally applicable to any electroporation-based

therapy (EBT), including therapies employing reversible

electroporation, such as gene delivery therapy and electro-

chemotherapy, to name a few. One of skill in the art is

equipped with the skills to modify the protocols described

herein to apply to certain uses.

The repetition rate of pulse trains can also be controlled to

minimize interference with, and allow treatment of vital

organs that respond to electrical signals, such as the heart. The

concept of alternating polarity of pulses can be extended to

the use ofmultiple electrodes. For example, a combination of

three electrodes can be used to deliver three sequential sets of

alternating polarity pulses to a target tissue. More specifically,

ElectrodeA can be used to deliver a 500 ns pulse at 1000V at

a starting time (T:0) and a 500 ns pulse at —1000V at T:1 us.

Electrode B can be used to deliver a 500 ns pulse at 1000V at

T:500 ns, and a 500 ns pulse at —1000V at T:1.5 us. Elec-

trode C can be used to deliver a 500 ns pulse at 1000V at T:1

us, and a —1000V pulse at T:2.0 us. Of course, this concept

can be applied using any numbers of electrodes and pulse

times to achieve highly directed cell killing.

Example V

Monitoring Temperature During Electroporation

Procedures

One of the main advantages of N—TIRE over other focal

ablation techniques is that the pulses do not generate thermal

damage due to resistive heating, thus major blood vessels,

extracellular matrix and other tissue structures are spared. See
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B. Al-Sakere, F. Andre, C. Bernat, E. Connault, P. Opolon, R.

V. Davalos, B. Rubinsky, and L. M. Mir, “Tumor ablation

with irreversible electroporation,” PLUS ONE, vol. 2, p.

e1135, 2007; and J. F. Edd, L. Horowitz, R. V. Davalos, L. M.

Mir, and B. Rubinsky, “In vivo results of a new focal tissue

ablation technique: irreversible electroporation,” IEEE Trans

Biomed Eng, vol. 53, pp. 1409-15, July 2006, both of which

are incorporated by reference herein in their entireties. The

inventors have found that with real time temperature data

measured at the electrode-tissue interface, the non-thermal

aspect of the technique can be confirmed. One such way to

measure temperature in-vivo during the pulse delivery is to

use fiber optic probes.

In an experiment performed by the inventors, temperatures

were measured in the brain during an N—TIRE procedure

using the Luxtron® m3300 Biomedical Lab Kit Fluoroptic®

Thermometer (LumaSenseTM Technologies, Santa Clara,

Calif. USA). STB medical fiber optic probes (LumaSenseTM

Technologies, Santa Clara, Calif. USA) were placed at the

electrode-tissue interface and 7.5 mm along the insulation.

FIG. 26A is a photograph showing the N—TIRE electrodes

with attached fiber optic probes, which were used in this

intracranial treatment ofwhite matter to measure temperature

during pulse delivery.

After insertion of the electrodes, four sets of twenty 50 us

pulses were delivered with a voltage-to-distance ratio of 1000

V/cm between the electrodes. The electrode exposure and

separation distance were each 5 mm. The polarity of the

electrodes was alternated between the sets to minimize charge

build-up on the electrode surface. These parameters were

determined from previous in-vivo N—TIRE procedures which

showed sufficient ablation of tissue. The NanoKnife® was

synchronized with the dog’ s heart rate in order to prevent any

ventricular defibrillation or arrhythmias.

For treatment planning purposes, in order to model accu-

rate N—TIRE treatment, it is beneficial to incorporate changes

in conductivity due to permeabilization of the tissue (as

described in detail in the treatment planning section of this

specification), as well as incorporate information relating to

temperature changes. See P. A. Garcia, J. H. Rossmeisl, R. E.

Neal, II, T. L. Ellis, J. Olson, N. Henao-Guerrero, J. Robert-

son, and R. V. Davalos, “Intrracranial Non-Thermal Irrevers-

ible Electroporation: In vivo analysis,” Journal ofMembrane

Biology, p. (in press), 2010, which is incorporated by refer-

ence herein in its entirety. Conductivity changes due to ther-

mal effects could have important implications with a number

of different treatment parameters, including electrode geom-

etry and pulse parameters (i.e., duration, number, amplitude,

and repetition rate, etc.).

FIG. 26B is a graph showing temperature [0 C.] distribution

during an N—TIRE treatment in the white matter of a canine

subject. More particularly, what is shown is the temperature

distribution measured by the probe located at the electrode-

tissue interface and 7.5 mm above the insulation. It is impor-

tant to note that the starting temperature was approximately

33° C. due to the anesthesia effects and this is neuro-protec-

tive during brain procedures in general and that the total pulse

delivery took around 300 seconds. For the probe at the inter-

face, four sets of mild increase in temperatures are seen. The

probe in the insulation also shows some very mild increase in

temperature that is probably due to heat conduction from the

treatment region.

The changes in the temperature resulting from N—TIRE are

less than 0.5 ° C. and they are not sufficient to generate thermal

damage. This confirms that any cell death achieved by the

procedure was a direct result of N—TIRE since at the elec-

trode-tissue interface the highest thermal effects are expected
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to be achieved. It is also apparent from this data that it can be

assumed in numerical modeling that electrical conductivity

changes due to electroporation only and not temperature.

The present invention has been described with reference to

particular embodiments having various features. It will be

apparent to those skilled in the art that various modifications

and variations can be made in the practice of the present

invention without departing from the scope or spirit of the

invention. One skilled in the art will recognize that these

features may be used singularly or in any combination based

on the requirements and specifications of a given application

or design. Other embodiments ofthe invention will be appar-

ent to those skilled in the art from consideration ofthe speci-

fication and practice of the invention. It is intended that the

specification and examples be considered as exemplary in

nature and that variations that do not depart from the essence

of the invention are intended to be within the scope of the

invention.

The invention claimed is:

1. A treatment planning system for determining a patient-

specific electroporation-based treatment protocol compris-

ing:

a processing module operably configured for performing

the following stages:

receiving and processing information from medical

images of a target structure and preparing a 3-D

reconstruction model of the target structure;

performing a numerical model analysis using as inputs

in the analysis the 3-D reconstruction and electrical

conductivity; and

constructing one or more protocols each providing a

treatment region with parameters for electroporating

the target structure; and

a processor for executing the stages ofthe processing mod-

ule.

2. The treatment planning system of claim 1, wherein the

processing module is capable ofperforming the stages in real

time.

3. The treatment planning system of claim 2, wherein the

processing module further comprises functionality for moni-

toring electrode or tissue temperature in real time and for

considering electrode or tissue temperature in the analysis.

4. The treatment planning system of claim 1, wherein the

information from medical images is extracted from an array

of images obtained from one or more imaging modalities

chosen from radiographs, tomography, nuclear scintigraphy,

CT, MRI, fMRl, PET, or US.

5. The treatment planning system of claim 1, wherein the

numerical model analysis comprises finite element modeling

(FEM).

6. The treatment planning system of claim 5, wherein the

target structure is a targeted region or mass; or is a targeted

region or mass with neighboring regions; or is a 3D map of

voxels to be treated as independent elements in the finite

modeling software.

7. The treatment planning system of claim 1, wherein the

3D reconstruction is a surface or a solid volume.

8. The treatment planning system of claim 1, wherein the

numerical model analysis involves accounting for physical

constraints, tissue heterogeneities, dynamic effects of elec-

tropermeabilization, dynamic thermal effects, and multiple-

treatment effects.

9. The treatment planning system of claim 1, further com-

prising a self-optimization algorithm for constructing the pro-

tocols.

10. The treatment planning system ofclaim 9, wherein the

self-optimization algorithm is capable of repeatedly evaluat-
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ing one or more of physical constraints, placement of elec-

trodes, electric field distribution simulations, and outcome

success of the protocols, and evaluation of outcome success

until one or more effective protocol is constructed.

11. The treatment planning system of claim 1, wherein the

treatment region and parameters for electroporating are deter-

mined automatically, interactively, or automatically and

interactively with or without user input.

12. The treatment planning system of claim 1, capable of

constructing protocols for an initial patient treatment or

retreatment with or without additional medical images.

13. The treatment planning system of claim 1, further

adapted for instructing an electrical waveform generator to

perform the protocol.

14. The treatment planning system of claim 13, further

comprising an electrical waveform generator in operable

communication with the processing module and capable of

receiving and executing the treatment protocol.

15. The treatment planning system ofclaim 14, wherein the

generator is operably configured for delivering a bipolar pulse

train.

16. The treatment planning system of claim 13, wherein

instructing comprises specifying a number of bipolar pulses

to be delivered, a length of pulse duration at any pole, and a

length of any delay between pulses.

17. The treatment planning system of claim 1, wherein the

electrical conductivity is provided as a conductivity map.

18. A treatment planning method comprising:

receiving andprocessing information from medical images

of a target structure and preparing a 3-D reconstruction

model of the target structure;

performing a numerical model analysis using as inputs in

the analysis the 3-D reconstruction and electrical con-

ductivity;

and constructing an electroporation protocol based on

results of the analyzing;

wherein the receiving, processing, analyzing, and con-

structing is performed in real time.

19. The treatment planning system ofclaim 18, wherein the

electrical conductivity is provided as a conductivity map.

20. The method ofclaim 18, wherein the information from

medical images is extracted from images obtained from one

ormore imaging modalities chosen from radiographs, tomog-

raphy, nuclear scintigraphy, CT, MRI, fMRl, PET, or US.

21. The method of claim 18, wherein the numerical model

analysis comprises finite element modeling (FEM).

22. The method ofclaim 21, wherein the target structure is

a targeted region or mass; or is a targeted region or mass with

neighboring regions; or is a 3D map ofvoxels to be treated as

independent elements in the finite modeling software.

23. The method ofclaim 18, wherein the 3D reconstruction

is a surface or a solid volume.

24. The method of claim 18, wherein the numerical model

analysis involves accounting for physical constraints, tissue

heterogeneities, dynamic effects of electroperrneabilization,

dynamic thermal effects, or multiple-treatment effects.

25. The method of claim 18, wherein the electroporation

protocol is determined automatically, interactively, or auto-

matically and interactively with or without user input.

26. The method of claim 18, capable of constructing pro-

tocols for an initial patient treatment or retreatment with or

without additional medical images.

27. The method ofclaim 18, further comprising instructing

an electrical waveform generator to perform the electropora-

tion protocol.
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28. The method of claim 27, wherein the instructing com-

prises specifying a number of bipolar pulses to be delivered,

a length of pulse duration at any pole, and a length of any

delay between pulses.

29. The method of claim 27, wherein the instructing com- 5

prises instructions for delivering a bipolar pulse train.

30. The method ofclaim 18, further comprising monitoring

electrode or tissue temperature in real time and considering

electrode or tissue temperature in the analyzing.
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