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ELECTROPORATION TO INTERRUPT 
BLOOD FLOW 

CROSS-REFERENCE 

[0001] This application claims the bene?t of US. Provi 
sional Application No. 60/532,588, ?led Dec. 24, 2003, 
Which application is incorporated herein by reference. 

FIELD OF THE INVENTION 

[0002] This invention relates to the ?eld of electrode 
devices useful to disrupt blood How in order to carry out 
treatments. 

BACKGROUND OF THE INVENTION 

[0003] In many medical procedures, such as the treatment 
of benign or malignant tumors, it is important to be able to 
ablate the undesirable tissue in a controlled and focused Way 
Without affecting the surrounding desirable tissue. Over the 
years, a large number of minimally invasive methods have 
been developed to selectively destroy speci?c areas of unde 
sirable tissues as an alternative to resection surgery. There are 
a variety of techniques With speci?c advantages and disad 
vantages, Which are indicated and contraindicated for various 
applications. For example, cryosurgery is a loW temperature 
minimally invasive technique in Which tissue is froZen on 
contact With a cryogen cooled probe inserted in the undesir 
able tissue (Rubinsky, B., ed. Cryosurgery. Annu. Rev. 
Biomed. Eng. Vol. 2. 2000. 157-187.). The area affected by 
loW temperature therapies, such as cryosurgery, can be easily 
controlled through imaging. HoWever, the probes are large 
and dif?cult to use. Non-selective chemical ablation is a tech 
nique in Which chemical agents such as ethanol are injected in 
the undesirable tissue to cause ablation (Shiina, S., et al., 
Percutaneous ethanol injection therapy for hepatocellular 
carcinoma: results in l46patients.AJR, 1993. 160: p. 1023 
8). Non-selective chemical therapy is easy to apply. HoWever, 
the affected area cannot be controlled because of the local 
blood How and transport of the chemical species. Elevated 
temperatures are also used to ablate tissue. Focused ultra 
sound is a high temperature non-invasive technique in Which 
the tissue is heated to coagulation using high-intensity ultra 
sound beams focused on the undesirable tissue (Lynn, J. G., et 
al., A new methodfor the generation ofuse offocused ultra 
sound in experimental biology. J. Gen Physiol., 1942. 26: p. 
179-93; Foster, R. S., et al., High-intensity focused ultra 
sound in the treatment of prostatic disease. Eur. Urol., 1993. 
23: p. 44-7). Electrical currents are also commonly used to 
heat tissue. Radio frequency ablation (RF) is a high tempera 
ture minimally invasive technique in Which an active elec 
trode is introduced in the undesirable tissue and a high fre 
quency alternating current of up to 500 kHZ is used to heat the 
tissue to coagulation (Organ, L. W., Electrophysiological 
principles of radiofrequency lesion making. Appl. Neuro 
physiol., 1976. 39: p. 69-76). In addition to RF heating tradi 
tional Joule heating methods With electrodes inserted in tissue 
and dc or ac currents are also common, (EreZ, A., ShiZer, A. 
(Controlled destruction and temperature distribution in bio 
logical tissue subjected to monoactive electrocoagulation) J. 
Biomech. Eng. 1980:102(1):42-9). Interstitial laser coagula 
tion is a high temperature thermal technique in Which tumors 
are sloWly heated to temperatures exceeding the threshold of 
protein denaturation using loW poWer lasers delivered to the 
tumors by optical ?bers (BoWn, S. G., Phototherapy of 
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tumors. World. J. Surgery, 1983. 7: p. 700-9). High tempera 
ture thermal therapies have the advantage of ease of applica 
tion. The disadvantage is the extent of the treated area is 
dif?cult to control because blood circulation has a strong 
local effect on the temperature ?eld that develops in the 
tissue. The armamentarium of surgery is enhanced by the 
availability of the large number of minimally invasive surgi 
cal techniques in existence, each With their oWn advantages 
and disadvantages andparticular applications. This document 
discloses another minimally invasive surgical technique for 
tissue ablation, irreversible electroporation. We Will describe 
the technique, evaluate its feasibility through mathematical 
modeling and demonstrate the feasibility With in vivo experi 
mental studies. Electroporation is de?ned as the phenomenon 
that makes cell membranes permeable by exposing them to 
certain electric pulses (Weaver, J. C. andY. A. ChiZmadZhev, 
Theory of electroporation: a revieW. Bioelectrochem. Bioen 
erg., 1996. 41: p. 135-60). Electroporation pulses are de?ned 
as those electrical pulses that through a speci?c combination 
of amplitude, shape, time length and number of repeats pro 
duce no other substantial effect on biological cells than the 
permeabiliZation of the cell membrane. The range of electri 
cal parameters that produce electroporation is bounded by: a) 
parameters that have no substantial effect on the cell and the 
cell membrane, b) parameters that cause substantial thermal 
effects (Joule heating) and c) parameters that affect the inte 
rior of the cell, eg the nucleus, Without affecting the cell 
membrane. Joule heating, the thermal effect that electrical 
currents produce When applied to biological materials is 
knoWn for centuries. It Was noted in the previous paragraph 
that electrical thermal effects Which elevate temperatures to 
values that damage cells are commonly used to ablate unde 
sirable tissues. The pulse parameters that produce thermal 
effects are longer and/or have higher amplitudes than the 
electroporation pulses Whose only substantial effect is to 
permeabiliZe the cell membrane. 
[0004] There are a variety of methods to electrically pro 
duce thermal effects that ablate tissue. These include RF, 
electrode heating, and induction heating. Electrical pulses 
that produce thermal effects are distinctly different from the 
pulses Which produce electroporation. The distinction can be 
recognizing through their effect on cells and their utility. The 
effect of the thermal electrical pulses is primarily on the 
temperature of the biological material and their utility is in 
raising the temperature to induce tissue ablation through ther 
mal effects. 

[0005] The effect of the electroporation parameters is pri 
marily on the cell membrane and their utility is in permeabi 
liZing the cell membrane for various applications. Electrical 
parameters that only affect the interior of the cell, Without 
affecting the cell membrane Were also identi?ed recently. 
They are normally referred to as “nanosecond pulses”. It has 
been shoWn that high amplitude, and short (substantially 
shorter than electroporation pulsesinanoseconds versus 
millisecond) length pulses can affect the interior of the cell 
and in particular the nucleus Without affecting the membrane. 
Studies on nanosecond pulses shoW that they are “distinctly 
different than electroporation pulses” (Beebe S J. Fox P M. 
Rec U. Somers K. Stark R H. Schoenbach K H. Nanosecond 
pulsed electric field (nsPEF) e?‘ects on cells and tissues: 
apoptosis induction and tumorgrowth inhibition. PPPS-200l 
Pulsed PoWer Plasma Science 2001. 28th IEEE International 
Conference on Plasma Science and 13th IEEE International 
Pulsed PoWer Conference. Digest of Technical Papers (Cat. 
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No. 01CH37251). IEEE. Part vol. 1, 2001, pp. 211-15 vol. 1. 
Piscataway, NJ, USA. Several applications have been iden 
ti?ed for nano-second pulses. One of them is for tissue abla 
tion through an effect on the nucleus (Schoenbach, K. H., 
Beebe, S. J ., Buescher, K. S. Method and apparatus for intra 
cellular electro-manipulation US. Patent Application Pub 
No. US 2002/0010491 A1, Jan. 24 2002). Another is to regu 
late genes in the cell interior, (Gunderson, M. A. et al. Method 
for intracellular modi?cation Within living cells using pulsed 
electrical ?eldsiregulate gene transcription and entering 
intracellular US Patent application 2003/0170898 A1, Sep. 
11, 2003). Electrical pulses that produce intracellular effects 
are distinctly different from the pulses Which produce elec 
troporation. The distinction can be recogniZing through their 
effect on cells and their utility. The effect of the intracellular 
electrical pulses is primarily on the intracellular contents of 
the cell and their utility is in manipulating the intracellular 
contents for various usesiincluding ablation. The effect of 
the electroporation parameters is primarily on the cell mem 
brane and their utility is in permeabiliZing the cell membrane 
for various applications, Which Will be discussed in greater 
detail later. 

[0006] Electroporation is knoWn for over half a century. It 
Was found that as a function of the electrical parameters, 
electroporation pulses can have tWo different effects on the 
permeability of the cell membrane. The per'meabiliZation of 
the membrane can be reversible or irreversible as a function of 
the electrical parameters used. In reversible electroporation 
the cell membrane reseals a certain time after the pulses cease 
and the cell survives. In irreversible electroporation the cell 
membrane does not reseal and the cell lyses. A schematic 
diagram shoWing the effect of electrical parameters on the 
cell membrane per'meabiliZation (electroporation) and the 
separation betWeen: no effect, reversible electroporation and 
irreversible electroporation is shoWn in FIG. 1 (Dev, S. B., 
Rabussay, D. P., Widera, G., Hofmann, G. A., Medical appli 
cations of electroporation, IEEE Transactions of Plasma Sci 
ence, Vol28 No 1, February 2000, pp 206-223) Dielectric 
breakdown of the cell membrane due to an induced electric 
?eld, irreversible electroporation, Was ?rst observed in the 
early 1970s (Neumann, E. and K. Rosenheck, Permeability 
changes induced by electric impulses in vesicular mem 
branes. J. Membrane Biol., 1972. 10: p. 279-290; CroWley, J. 
M., Electrical breakdown of biomolecular lipid membranes 
as an electromechanical instability. Biophysical Journal, 
1973. 13: p. 711-724; Zimmermann, U., J. Vienken, and G. 
PilWat, Dielectric breakdown of cell membranes,. Biophysi 
cal Journal, 1974. 14(11): p. 881-899). The ability of the 
membrane to reseal, reversible electroporation, Was discov 
ered separately during the late 1970s (Kinosita Jr, K. and T. Y. 
Tsong, Hemolysis of human erythrocytes by a transient elec 
tric?eld. Proc. Natl. Acad. Sci. USA, 1977. 74(5): p. 1923 
1927; Baker, P. F. and D. E. Knight, Calcium-dependent 
exocytosis in bovine adrenal medullary cells with leaky 
plasma membranes. Nature, 1978. 276: p. 620-622; Gauger, 
B. and F. W. Bentrup, A Study of Dielectric Membrane Break 
down in the Fucus Egg, J. Membrane Biol., 1979. 48(3): p. 
249-264). 
[0007] The mechanism of electroporation is not yet fully 
understood. It is thought that the electrical ?eld changes the 
electrochemical potential around a cell membrane and 
induces instabilities in the polariZed cell membrane lipid 
bilayer. The unstable membrane then alters its shape forming 
aqueous pathWays that possibly are nano-scale pores through 
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the membrane, hence the term “electroporation” (Chang, D. 
C., et al., Guide to Electroporation and Electrofusion. 1992, 
San Diego, Calif.: Academic Press, Inc.). Mass transfer can 
noW occur through these channels under electrochemical 
control. Whatever the mechanism through Which the cell 
membrane becomes permeabiliZed, electroporation has 
become an important method for enhanced mass transfer 
across the cell membrane. 

[0008] The ?rst important application of the cell membrane 
permeabiliZing properties of electroporation is due to Neu 
mann (Neumann, E., et al., Gene transfer into mouse lyoma 
cells by electroporation in high electric fields. J. EMBO, 
1982. 1: p. 841-5). He has shoWn that by applying reversible 
electroporation to cells it is possible to suf?ciently permeabi 
liZe the cell membrane so that genes, Which are macromol 
ecules that normally are too large to enter cells, can after 
electroporation enter the cell. Using reversible electropora 
tion electrical parameters is crucial to the success of the 
procedure, since the goal of the procedure is to have a viable 
cell that incorporates the gene. 
[0009] FolloWing this discovery electroporation became 
commonly used to reversible per'meabiliZe the cell membrane 
for various applications in medicine and biotechnology to 
introduce into cells or to extract from cells chemical species 
that normally do not pass, or have dif?culty passing across the 
cell membrane, from small molecules such as ?uorescent 
dyes, drugs and radioactive tracers to high molecular Weight 
molecules such as antibodies, enZymes, nucleic acids, HMW 
dextrans and DNA. It is important to emphasize that in all 
these applications electroporation needs to be reversible since 
the outcome of the mass transport requires for the cells to be 
alive after the electroporation. 
[0010] FolloWing Work on cells outside the body, reversible 
electroporation began to be used for permeabiliZation of cells 
in tissue. Heller, R., R. Gilbert, and M. J. JarosZeski, Clinical 
applications of electrochemotherapy. Advanced drug deliv 
ery revieWs, 1999. 35: p. 119-129. Tissue electroporation is 
noW becoming an increasingly popular minimally invasive 
surgical technique for introducing small drugs and macro 
molecules into cells in speci?c areas of the body. This tech 
nique is accomplished by injecting drugs or macromolecules 
into the affected area and placing electrodes into or around the 
targeted tissue to generate reversible per'meabiliZing electric 
?eld in the tissue, thereby introducing the drugs or macro 
molecules into the cells of the affected area (Mir, L. M., 
Therapeutic perspectives of in vivo cell electropermeabiliza 
tion. Bioelectrochemistry, 2001. 53: p. 1-10). 
[0011] The use of electroporation to ablate undesirable tis 
sue Was introduced by Okino and Mohri in 1987 and Mir et al. 
in 1991. They have recogniZed that there are drugs for treat 
ment of cancer, such as bleomycin and cys-platinum, Which 
are very effective in ablation of cancer cells but have di?icul 
ties penetrating the cell membrane. Furthermore, some of 
these drugs, such as bleomycin, have the ability to selectively 
affect cancerous cells Which reproduce Without affecting nor 
mal cells that do not reproduce. Okino and Mori and Mir et al. 
separately discovered that combining the electric pulses With 
an impermeant anticancer drug greatly enhanced the effec 
tiveness of the treatment With that drug (Okino, M. and H. 
Mohri, E?‘ects ofa high-voltage electrical impulse and an 
anticancer drug on in vivo growing tumors. Japanese Journal 
ofCancer Research, 1987. 78(12): p. 1319-21; Mir, L. M., et 
al., Electrochemotherapypotentiation of antitumour e?‘ect of 
bleomycin by local electricpulses. European Journal ofCan 
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cer, 1991. 27: p. 68-72). Mir et al. soon followed With clinical 
trials that have shown promising results and coined the treat 
ment electrochemotherapy (Mir, L. M., et al., Electrochemo 
therapy, a novel antitumor treatment: first clinical trial. C. R. 
Acad. Sci., 1991. Ser. III 313(613-8)). 
[0012] Currently, the primary therapeutic in vivo applica 
tions of electroporation are antitumor electrochemotherapy 
(ECT), Which combines a cytotoxic nonpermeant drug With 
permeabiliZing electric pulses and electrogenetherapy (EGT) 
as a form of non-viral gene therapy, and transdermal drug 
delivery (Mir, L. M., Therapeutic perspectives of in vivo cell 
electropermeabilization. Bioelectrochemistry, 2001. 53: p. 
1-10). The studies on electrochemotherapy and electrogene 
therapy have been recently summariZed in several publica 
tions (JarosZeski, M. J ., et al., In vivo gene delivery by elec 
troporation. Advanced applications of electrochemistry, 
1999. 35: p. 131-137; Heller, R., R. Gilbert, and M. J. JarosZ 
eski, Clinical applications of electrochemotherapy. 
Advanced drug delivery revieWs, 1999. 35: p. 119-129; Mir, 
L. M., Therapeutic perspectives of in vivo cell electroperme 
abilization. Bioelectrochemistry, 2001. 53: p. 1-10; Davalos, 
R. V., Real Time Imagingfor Molecular Medicine through 
electrical Impedance Tomography of Electroporation, in 
Mechanical Engineering. 2002, University of California at 
Berkeley: Berkeley. p. 237). A recent article summariZed the 
results from clinical trials performed in ?ve cancer research 
centers. Basal cell carcinoma (32), malignant melanoma 
(142), adenocarcinoma (30) and head and neck squamous cell 
carcinoma (87) Were treated for a total of 291 tumors (Mir, L. 
M., et al., E?‘ective treatment of cutaneous and subcutaneous 
malignant tumours by electrochemotherapy. British Journal 
of Cancer, 1998. 77(12): p. 2336-2342). 
[0013] Electrochemotherapy is a promising minimally 
invasive surgical technique to locally ablate tissue and treat 
tumors regardless of their histological type With minimal 
adverse side effects and a high response rate (Dev, S. B., et al., 
Medical Applications of Electroporation. IEEE Transactions 
on Plasma Science, 2000. 28(1): p. 206-223; Heller, R., R. 
Gilbert, and M. J. JarosZeski, Clinical applications ofelec 
trochemotherapy. Advanced drug delivery revieWs, 1999. 35: 
p. 119-129). Electrochemotherapy, Which is performed 
through the insertion of electrodes into the undesirable tissue, 
the injection of cytotoxic drugs in the tissue and the applica 
tion of reversible electroporation parameters, bene?ts from 
the ease of application of both high temperature treatment 
therapies and non-selective chemical therapies and results in 
outcomes comparable of both high temperature therapies and 
non-selective chemical therapies. 
[0014] In addition, because the cell membrane permeabili 
Zation electrical ?eld is not affected by the local blood How, 
the control over the extent of the affected tissue by this mode 
of ablation does not depend on the blood ?oW as in thermal 
and non-selective chemical therapies.;. In designing elec 
troporation protocols for ablation of tissue With drugs that are 
incorporated in the cell and function in the living cells it Was 
important to employ reversible electroporation; because the 
drugs can only function in a living cell. Therefore, in design 
ing protocols for electrochemotherapy the emphasiZe Was on 
avoiding irreversible electroporation. The focus of the entire 
?eld of electroporation for ablation of tissue Was on using 
reversible pulses, While avoiding irreversible electroporation 
pulses, that can cause the incorporation of selective drugs in 
undesirable tissue to selectively destroy malignant cells. 
Electrochemotherapy Which employs reversible electropora 
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tion in combination With drugs, is bene?cial due to its selec 
tivity hoWever, a disadvantage is that by its nature, it requires 
the combination of chemical agents With an electrical ?eld 
and it depends on the successful incorporation of the chemi 
cal agent inside the cell. 
[0015] An important concern in the studies of electro 
chemotherapy and electrogenetherapy in living tissue is the 
effect of electroporation on blood ?oW. Martin et al., have 
found that When reversible electroporation is used for intro 
ducing genes into cells on the blood vessel Wall the blood 
vessels remain intact and their response to stimuli Where 
indistinguishable from those of control vessels (Martin, J. B., 
Young, J. L., Benoit, J. N., Dean, D. A., Gene transfer to 
intact Mesenteric arteries by electroporation, Journal of vas 
cular research, 2000, Vol 37:372-380). Ivanusa et al have 
found using MRI that With certain electroporation pulses, 
Which appear to be in the irreversible electroporation range, 
that the electroporation transiently but signi?cantly reduced 
tumor blood ?oW (Ivanusa, T., Beravs, K., CemaZar, M., 
Jevtic, V., Demsar, F., Sersa, G. MRI macromolecular con 
trast agents as indicators of changed tumor blood ?ow, 
Radiol. Oncol. 2001; 35(2): 139-47). These ?ndings are very 
different from those described here. 
[0016] Sersa et al performed studies Whose goal Was to 
determine the effect of electrochemotherapy, reversible 
elctroporation With bleomycin or cisplatin, on tumor blood 
?oW (Sersa, G., Sentjurc, M., Ivanusa, T, Beravs, K., Kotnik, 
V., Coer, A., SWaITZ, H. M., CemaZar, M. Reduced blood ?ow 
and axygenation in SA-l tumours after electrochemotherapy 
with cisplatin, Br J. Cancer, 2002: 87(9): 1047-54) (Sersa, G., 
CemaZar, M., Miklavcic, D. Tumor blood ?ow modifying 
efects of electrochemotherapy: a potential targeted mecha 
nism radiol. Oncol 2003: 37(1): 43-8). In the ?rst of the 
papers they report reduced blood ?oW that persisted for sev 
eral days When using reversible electroporation With cispl 
atin. In the second paper they report complete shut doWn of 
blood ?oW after 24 hours When using reversible electropora 
tion With bleomycin and 50% reduction in blood ?oW When 
using reversible electroporation With cisplatin. 
[0017] The present inventors have found through histologi 
cal analysis of electroporated tissue that in regions of tissue 
Which are irreversible electroporated the local blood ?oW 
completely ceases, Whereas outside that area the blood How is 
not affected. This has the effect of local blood ?oW cessation 
and the appearance of global blood ?oW reduction. The appli 
cations of local blood ?oW cessation With irreversible elec 
troporation are disclosed and described here. 
[0018] Irreversible electroporation has been considered 
detrimental to conventional electrochemotherapy. HoWever, 
the present invention shoWs that it can be used to disrupt 
blood ?oW. Once blood How to an area is stopped the cells in 
that area die. Thus, the method can be used in various treat 
ments as described here. 

SUMMARY OF THE INVENTION 

[0019] The present invention comprises a method for dis 
rupting blood ?oW, involving the placement of electrodes into 
or near the vicinity Where the undesirable How of blood is 
occurring and using the electrodes to provide electrical 
pulses. The length of time of the electrical pulses, the voltage 
applied and the resulting membrane permeability are all con 
trolled Within de?ned ranges. The invention may further com 
prise monitoring blood How in a speci?c area and determining 
desired results have been achieved once the How being moni 
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tored has been determined to have stopped ?owing. Cells 
Which have been deprived of blood ?oW die and may be left in 
situ and may be removed by natural processes such as the 
body’s oWn immune system. The invention may further com 
prise infusing a material such as a chemotherapeutic agent 
and/or a marker in blood prior to interrupting blood ?oW. 
Such may be timed to trap the material in a targeted cite and 
may be used to ablate tumor cells. 

[0020] This concept of disrupting blood ?oW via irrevers 
ible electroporation is different from other forms of electrical 
therapies and treatments. Irreversible electroporation is dif 
ferent from intracellular electro-manipulation Which sub stan 
tially only affects the interior of the cell and does not cause 
irreversible cell membrane damage. Irreversible electropora 
tion is not electrically induced thermal coagulationiWhich 
induces cell damage through thermal effects but rather a more 
benign method to destroy only the cell membrane of cells in 
the targeted tissue. Irreversible electroporation Which irre 
versible destroys the cell membrane is also different from 
electrochemotherapy in Which reversible electroporation 
pulses are used to introduce drugs into the living cells and in 
Which the drugs subsequently affect the living cell. 
[0021] An electrical pulse can either have no effect on the 
cell membrane, effect internal cell components, reversibly 
open the cell membrane after Which cells can survive, or 
irreversibly open the cell membrane. When the membrane of 
a cell is irreversibly opened the cell dies. When a su?icient 
number of cells in an area are killed (e.g. blood vessel cells) 
blood How to that area is disrupted. When blood How to other 
cells is disrupted those cells die. Others have generally con 
sidered irreversible electroporation of tissue to be undesirable 
due to the possibility of instantaneous necrosis of the entire 
tissue affected by the electrical ?eld, regardless of its diseased 
or healthy state. Irreversible electroporation is detrimental in 
certain applications, such as gene therapy or electrochemo 
therapy, Where the sole purpose of the electric pulses is to 
facilitate the introduction of the drug or gene into the cells of 
a tissue Without killing the cell (Mir., L. M. and S. OrloWski, 
The basis ofeleclrochemolherapy, in Electrochemotherapy, 
eleclrogenelherapy, and Zransdermal drug delivery: Electri 
cally mediated delivery ofmolecules to cells, M. J. JarosZeski, 
R. Heller, R. Gilbert, Editors, 2000, Humana Press, p. 
99-1 18). 
[0022] In contrast, irreversible electroporation to disrupt 
blood How can provide useful treatments. The method is 
carried out using electrical pulses to serve as the active means 
for tissue destruction by a speci?c means, i.e. by fatally 
disrupting the cell membrane. Electrochemotherapy may be 
selective, but it does require the combination of chemical 
agents With the electrical ?eld. Irreversible electroporation to 
disrupt blood ?oW, although non-selective, may be used to 
stop bleeding or for the ablation of undesirable tissue (such as 
a tumor) as a minimally invasive surgical procedure With or 
Without the use of adjuvant drugs. Its non-selective mode of 
tissue ablation is acceptable in the ?eld of minimally invasive 
surgery and provides results Which in some Ways are compa 
rable to cryosurgery, non-selective chemical ablation and 
high temperature thermal ablation. 
[0023] An aspect of the invention is a method Whereby 
blood How is disrupted by applying pulses of very precisely 
determined length and voltage. This may be done While mea 
suring and/or observing changes in electrical impedance in 
real time and noting decreases at the onset of electroporation 
and adjusting the current in real time to obtain irreversible 
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cellular damage Without thermal damage. In embodiments 
Where voltage is applied, the monitoring of the impedance 
affords the user knoWledge of the presence or absence of 
pores. This measurement can shoW the progress of the pore 
formation and indicate the occurrence of irreversible pore 
formation, leading to cell death and blood ?oW disruption. 
[0024] An aspect of this invention is that the onset and 
extent of electroporation of cells in tissue can be correlated to 
changes in the electrical impedance (Which term is used 
herein to mean the voltage over current) of the tissue. At a 
given point, the electroporation becomes irreversible. A 
decrease in the resistivity of a group of biological cells occurs 
When membranes of the cells become permeable due to pore 
formation. By monitoring the impedance of the biological 
cells in a tissue, one can detect the average point in time in 
Which pore formation of the cells occurs, as Well as the 
relative degree of cell membrane permeability due to the pore 
formation. By gradually increasing voltage and testing cells 
in a given tissue one can determine a point Where irreversible 
electroporation occurs and at Which blood How is disrupted. 
This information can then be used to establish that, on aver 
age, the cells of the tissue have, in fact, undergone irreversible 
electroporation and blood How has been disrupted. This infor 
mation can also be used to control the electroporation process 
and thereby control blood ?oW by governing the selection of 
the voltage magnitude. 
[0025] The invention provides the simultaneous irrevers 
ible electroporation of multitudes of cells providing a direct 
indication of the actual occurrence of electroporation and an 
indication of the degree of electroporation averaged over the 
multitude su?icient to disrupt blood How. The discovery is 
likeWise useful in the irreversible electroporation of cells 
Which make-up vessels and of cells in blood. The bene?ts of 
this process include a high level of control over the beginning 
point of irreversible electroporation and the control of blood 
How to and out of very speci?c areas. 

[0026] A feature of the invention is that the magnitude of 
electrical current during electroporation of the tissue 
becomes dependent on the degree of electroporation so that 
current and pulse length are adjusted Within a range predeter 
mined to obtain irreversible electroporation of targeted cells 
of the blood and blood vessels While minimiZing cellular 
damage to surrounding cells and tissue. 
[0027] An aspect of the invention is that pulse length and 
current are precisely adjusted Within ranges to provide more 
than mere intracellular electro-manipulation Which results in 
cell death and less than that Which Would cause thermal 
damages to the surrounding tissues. 
[0028] Another aspect of the invention is that the electropo 
ration may be carried out With or Without adding drugs or 
other materials of any sort to the blood. Another aspect of the 
invention is monitoring blood ?oW into and/ or out of an area 
and adjusting any or all of current, voltage, pulse length or 
number of pulses in real time to obtain a residual degree of 
blood ?oW restriction into or out of the area. 

[0029] Another aspect of the invention comprises infusion 
of a drug and/or image marking agent into blood and then 
disrupting blood How to a targeted area so that the drug and/or 
image marker are trapped in the targeted area. 

[0030] Another aspect of the invention is measuring blood 
How in real time provides an indirect indication of electropo 
ration of a targeted area. Another feature of the invention is 
that measuring current and/or blood How (in real time) 
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through a circuit gives a measurement of the average overall 
degree of electroporation obtained. 
[0031] Another aspect of the invention is that the precise 
electrical resistance of the tissue is calculated from cross-time 
voltage measurement With probe electrodes and cross-current 
measurement With the circuit attached to electroporation 
electrodes. 
[0032] Another aspect of the invention is that the precise 
electrical resistance of the tissue is calculated from cross-time 
voltage measurement With probe electrodes and cross-current 
measurement With the circuit attached to electroporation 
electrodes. 
[0033] Another aspect of the invention is that electrical 
measurements of the tissue can be used to map the electropo 
ration and blood ?oW distribution of the tissue. 
[0034] Unlike electrical impedance tomography or detec 
tion of reversible electroporation Which needs to be done 
during or close to the time the reversible electroporation 
pulses are appliedibecause of the transient nature of the 
reversible electroporation; in reversible electroporation it is 
possible and perhaps even preferential to perform the current 
or EIT measurements a substantial time (several minutes or 
more) after the electroporation to verify that it is indeed 
irreversible. 
[0035] Another aspect of the invention is treating cancer by 
infusing a chemotherapeutic agent into blood, and applying 
current pulses as described here to disrupt blood How and 
thereby trap the chemotherapeutic agent in a target area. 
[0036] Yet another aspect of the invention is infusing a 
higher than normal concentration of a chemotherapeutic 
agent into a blood vessel immediately upstream of a targeted 
area and applying current When the agent reached the targeted 
area to disrupt blood How and trap the agent in the tumor. 
[0037] Still another aspect of the invention is to infuse a 
marker molecule With a chemotherapeutic agent into a blood 
vessel upstream of a targeted area folloWed by current appli 
cation su?icient to disrupt ?oW When the marker is deter 
mined to be at the targeted area. 
[0038] In another aspect of the invention an organ is ?ushed 
such as With normal saline solution, then ?xed, and thereafter 
subjected to histology to examine the effects of prior irrevers 
ible electroporation on cells of that organ. 
[0039] These and further features, advantages and objects 
of the invention Will be better understood from the description 
that folloWs. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0040] The invention is best understood from the folloWing 
detailed description When read in conjunction With the 
accompanying draWings. It is emphasiZed that, according to 
common practice, the various features of the draWings are not 
to scale. On the contrary, the dimensions of the various fea 
tures are arbitrarily expanded or reduced for clarity. Included 
in the draWings are the folloWing ?gures: 
[0041] FIG. 1. is a graph shoWing a schematic relationship 
betWeen ?eld strength and pulselength applicable to the elec 
troporation of cells. 
[0042] FIGS. 2 A, 2B and 2C are each images of irrevers 
ibly electroporated areas for tWo-electrode con?gurations 
using 10 mm center-to-center spacing as folloWing for FIGS. 
2A, B and C: (2A) 0.5 mm (857V); (2B) 1.0 mm (1295V); 
(2C) 1.5 mm (1575V) diameter electrodes With a 680V/cm 
threshold for irreversible electroporation. 
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[0043] FIGS. 3A, 3B, and 3C are images shoWing irrevers 
ibly electroporated regions using a 680 V/ cm threshold for a 
tWo-electrode con?rmation With 1 mm diameter and 876V 
and 5 mm spacing for FIG. 3A; lll6V and 7.5 mm for FIG. 
3B; and 1295V and 10 mm spacing for FIG. 3C. 
[0044] FIGS. 4A, 4B and 4C are images shoWing the effect 
of electrode diameter for a 4-electrode con?guration With 10 
mm spacing Wherein FIG. 4A is for 0.5 mm diameter and 
940V; FIG. 4B is for 1.0 mm diameter and l404V and FIG. 
4C is for 1.5 mm and 1685V. 
[0045] FIGS. 5A, 5B and 5C are images shoWing the effect 
of electrode spacing for a 4-electrode con?guration Wherein 
the electrode is 1 mm in diameter and FIG. 5A shoWs results 
With a 5 mm and 910V; FIG. 5B 7.5 mm and l 175V and FIG. 
5C 10 mm and 1404V. 

[0046] FIG. 6 is an image shoWing the irreversible (1295V, 
680V/cm threshold) as compared to the reversible region 
(1300V, 360V/ cm threshold) using virtually the same electri 
cal parameters. 1300V is the most common voltage applied 
across tWo electrodes for ECT. The most common voltage 
parameters are eight 100 ps pulses at a frequency of 1 Hz. 
Applying a single 800 ps pulse provides a conservative esti 
mate of the heating associated With a procedure. The one 
second space normally betWeen pulses Will enlarge an area 
amount of heat to be dissipated through the tissue. 
[0047] FIG. 7 is an image shoWing reversible electropora 
tion With 1 mm electrodes, 10 mm spacing. A voltage of 189V 
applied betWeen the electrodes induces reversible electropo 
ration Without any irreversible electroporation by not surpass 
ing the 680V/cm irreversible electroporation threshold any 
one in the domain. The shaded area is greater than 360 V/cm. 
[0048] FIGS. 8A and 8B shoW a comparison of the effect of 
blood How and metabolism on the amount of irreversible 
electroporation. FIG. 8A no blood ?oW or metabolism. FIG. 
8B Wb:l kg/m3, cb:3640 J/(kg K), T1537o C., and q"'-33.8 
kW/m3 . 

[0049] FIG. 9 is a schematic vieW of a liver betWeen tWo 
cylindrical Ag/AgCl electrodes. The distance betWeen the 
electrodes Was 4 mm and the radius of the electrodes is 10 
mm. The electrodes Were clamped With special rig parallel 
and concentric to each other. The liver lobe Was compressed 
betWeen the electrodes to achieve good contact. 
[0050] FIG. 10 is a photo of a vieW of a liver Which Was 
electroporated by irreversible electroporation With tWo cylin 
drical surface electrodes of 10 mm in diameter. Histology 
shoWs that the dark area is necrotic. 
[0051] FIG. 11 is a photo of a cross section through an 
electroporated liver. Histology shoWs that the dark area is 
necrotic. The distance betWeen the tWo Al plates that hold the 
liver is exactly 4 mm. The electroporation electrodes Were 10 
mm in diameter and centered in the middle of the lesion. 
[0052] FIG. 12 shoWs the liver of calculated temperature 
distribution (C), upper panel, and electrical potential gradient 
(electroporation gradient) (V/ cm), loWer panel, for the in vivo 
experiment. The FIG. 12 also shoWs conditions through a 
cross section of a liver slab through the center of the elec 
troporated area. Height of the slab is 4 mm. 
[0053] FIG. 13 combines FIGS. 11 and 12 to shoW a com 
parison betWeen the extent of tissue necrosis (dark area) and 
the temperature and voltage gradient distribution in the elec 
troporated tissue. It is evident that most of the dark area Was 
at a temperature of about 42 C folloWing the 40 milliseconds 
electroporation pulse. The edge of the dark area seems to 
correspond to the 300 V/cm electroporation gradient line. 


















