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MONITORING ELECTROLYSIS

INTRODUCTION

[0001] The manipulation of tissue by electrolysis has an
increasing role in the treatment of many diseases and
conditions. For example, electrolysis may be used in the
ablation of tissue. Tissue ablation with minimally invasive
surgery finds use in the treatment of solid neoplasms. A
variety of biophysical and biochemical processes are used
for the purpose of tissue ablation, including, for example
thermal ablation with heating, cooling or freezing, elec-
troporation, injection of chemical agents, photodynamic
effects, sonoporation effects and many others. Electrolysis
provides a safe and effective method for ablating tissue
limited only by a lack of an effective means to monitor the
extent of tissue ablation in the body.

SUMMARY OF THE INVENTION

[0002] Methods and compositions are provided for moni-
toring and optimizing electrolysis, for example, tissue elec-
trolysis. Aspects of the methods include monitoring elec-
trolysis of a tissue in a subject using an imaging technique
or a measurement technique, e.g., a bulk spectroscopic
measurement technique. Imaging techniques of interest
include electrical impedance-based tomography and mag-
netic electrical impedance tomography. Electrical imped-
ance-based imaging methods include imaging the electrical
impedance of a tissue of the subject undergoing electrolysis,
and monitoring the electrolysis based on one or more
electrical impedance images of the tissue. Another modality
to monitor electrolysis is by magnetic resonance imaging
(MRI)-based methods which include imaging pH changes in
a tissue of the subject undergoing electrolysis by magnetic
resonance imaging, and monitoring the electrolysis based on
one or more magnetic resonance images of the pH changes
in the tissue. Measurement techniques of interest include
bulk measurements of electrical properties and their changes
with electrolysis or bulk changes in magnetic resonance
readings and their changes with electrolysis. Devices and
systems thereof that find use in practicing the methods are
also provided.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] The invention is best understood from the follow-
ing detailed description when read in conjunction with the
accompanying drawings. The patent or application file con-
tains at least one drawing executed in color. Copies of this
patent or patent application publication with color drawing
(s) will be provided by the Office upon request and payment
of the necessary fee. 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
features are arbitrarily expanded or reduced for clarity.
Included in the drawings are the following figures.

[0004] FIG. 1. Electrical Impedance Tomography System
(a) EIT System Schematic (reproduced from [29]) (b) Sche-
matic of Experimental EIT Chamber for Electrolysis Experi-
ments (¢) EIT Chamber With Central Electrolysis Electrode
in Our Experimental Setup.

[0005] FIG. 2. Anode Centered Electrolysis Experiment.
EIT images: (a) after 1 minute, (b) after 3 minutes, (c) after
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19 minutes. Optical images: (1) after 1 minute, (2) after 3
minutes, (3) after 19 minutes, (4) after 19 minutes with
increased contrast.

[0006] FIG. 3. Cathode Centered Electrolysis Experiment.
EIT images: (a) after 2 minute, (b) after 6 minutes, (c¢) after
36 minutes. Optical images: (1) after 2 minute, (2) after 6
minutes, (3) after 36 minutes, (4) after 36 minutes with
increased contrast

[0007] FIG. 4. Two Electrodes Electrolysis Experiment.
EIT images: (a) after 1 minute, (b) after 3 minutes, (c¢) after
6 minutes, (d) after 12 minutes. Optical images: (1) after 1
minute, (2) after 3 minutes, (3) after 6 minutes, (4) after 12
minutes.

[0008] FIG. 5. Bacterial Viability Experiment. EIT
images: (a) After 15 minutes, (b) After 30 minutes, (c) After
45 minutes. (d) Optical image of growth patterns after 24
hour incubation.

[0009] FIG. 6. Experimental setup and control images for
different experimental modalities for monitoring electrolysis
by magnetic resonance imaging (MRI). a) Experimental
setup; b) T1 control study; ¢) T2 control study; d) PD control
study; e) Phenolphthalein 1%; f) Hagen wide range pH
indicator dye; g) E. coli control study.

[0010] FIG. 7. Comparative MRI imaging results. Each
row corresponds to a sequence modality (Top to bottom:
T1,T2, PD). Each column corresponds to a stimulation
voltage (Left to right: 3V, 6V, 9V).

[0011] FIG. 8. Comparative pH dyes and bacterial viabil-
ity results. Each row corresponds to a control modality. Top
to bottom: Phenolphthalein 1% pH indicator; Hagen pH
indicator; E. coli bacterial viability. Each column corre-
sponds to a stimulation voltage. Left to right: 3V, 6V, 9V.

[0012] FIG. 9. Comparative pH dyes and bacterial viabil-
ity results. Each row corresponds to a control modality. Top
to bottom: Phenolphthalein 1% pH indicator; Hagen pH
indicator; E. coli bacterial viability. Each column corre-
sponds to a stimulation voltage. Left to right: 3V, 6V, 9V.

DETAILED DESCRIPTION OF THE
INVENTION

[0013] Methods and compositions are provided for moni-
toring and optimizing electrolysis, for example, tissue elec-
trolysis. The monitoring is based on the concept that elec-
tromagnetic properties of materials change with exposure to
an electrolytic process, and that the magnetic resonance
properties of materials change with exposure to an electro-
Iytic process. Aspects of the methods include imaging the
electrical impedance of a material undergoing electrolysis,
and monitoring or optimizing the electrolytic process based
on the electrical impedance images. In addition, devices and
systems thereof that find use in practicing the subject
methods are provided. These and other objects, advantages,
and features of the invention will become apparent to those
persons skilled in the art upon reading the details of the
compositions and methods as more fully described below.
[0014] Before the present methods and compositions are
described, it is to be understood that this invention is not
limited to particular method or composition described, as
such may, of course, vary. It is also to be understood that the
terminology used herein is for the purpose of describing
particular embodiments only, and is not intended to be
limiting, since the scope of the present invention will be
limited only by the appended claims.
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[0015] Where a range of values is provided, it is under-
stood that each intervening value, to the tenth of the unit of
the lower limit unless the context clearly dictates otherwise,
between the upper and lower limits of that range is also
specifically disclosed. Each smaller range between any
stated value or intervening value in a stated range and any
other stated or intervening value in that stated range is
encompassed within the invention. The upper and lower
limits of these smaller ranges may independently be
included or excluded in the range, and each range where
either, neither or both limits are included in the smaller
ranges is also encompassed within the invention, subject to
any specifically excluded limit in the stated range. Where the
stated range includes one or both of the limits, ranges
excluding either or both of those included limits are also
included in the invention.

[0016] Unless defined otherwise, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
invention belongs. Although any methods and materials
similar or equivalent to those described herein can be used
in the practice or testing of the present invention, some
potential and preferred methods and materials are now
described. All publications mentioned herein are incorpo-
rated herein by reference to disclose and describe the meth-
ods and/or materials in connection with which the publica-
tions are cited. It is understood that the present disclosure
supersedes any disclosure of an incorporated publication to
the extent there is a contradiction.

[0017] As will be apparent to those of skill in the art upon
reading this disclosure, each of the individual embodiments
described and illustrated herein has discrete components and
features which may be readily separated from or combined
with the features of any of the other several embodiments
without departing from the scope or spirit of the present
invention. Any recited method can be carried out in the order
of events recited or in any other order which is logically
possible.

[0018] It must be noted that as used herein and in the
appended claims, the singular forms “a”, “an”, and “the”
include plural referents unless the context clearly dictates
otherwise. Thus, for example, reference to “a cell” includes
a plurality of such cells and reference to “the peptide”
includes reference to one or more peptides and equivalents
thereof, e.g. polypeptides, known to those skilled in the art,
and so forth.

[0019] The publications discussed herein are provided
solely for their disclosure prior to the filing date of the
present application. Nothing herein is to be construed as an
admission that the present invention is not entitled to ante-
date such publication by virtue of prior invention. Further,
the dates of publication provided may be different from the
actual publication dates which may need to be independently
confirmed.

Methods

[0020] In some aspects of the present disclosure, methods
are provided for monitoring and optimizing electrolysis. As
used herein, electrolysis refers to the passage of an electric
current through a material from a first electrode having a first
polarity to a second electrode having a second polarity,
through the migration of charged ions within the material
between the first and second electrodes. Electrolysis is used
for a variety of purposes, including the destruction of
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biological (e.g., pathological) tissue, the promotion of
inflammatory processes in tissue, the extraction of metals
from ores, the cleaning of archaeological artifacts, and the
coating of materials with thin layers of metal (electroplat-
ing). While the detailed description herein is focused on
monitoring and optimizing tissue electrolysis, it is envi-
sioned that the subject methods, devices and systems will
find use in monitoring and optimizing any electrolysis
process.

[0021] A summarized above, according to certain embodi-
ments, the electrolysis process (e.g. the onset of electrolysis,
the extent or progression of electrolysis, the cessation of
electrolysis, etc.) is detected by measuring and by imaging
the electrical impedance of the material. In certain aspects,
such methods include imaging the electrical impedance of a
tissue of the subject undergoing electrolysis, and monitoring
the electrolysis based on one or more electrical impedance
images of the tissue.

[0022] As used herein, “electrical impedance” refers to the
degree to which an electrical circuit resists electrical-current
flow when voltage is impressed across its terminals. Put
another way, electrical impedance is a measurement of the
conductivity and permittivity of a given material. Impedance
expressed in OHMS is the ratio of the voltage impressed
across a pair of terminals to the current flow between those
terminals. In direct-current (DC) circuits, impedance corre-
sponds to resistance. In alternating current (AC) circuits,
impedance is a function of resistance, inductance, and
capacitance. Inductors and capacitors build up voltages that
oppose the flow of current. This opposition is referred to as
reactance, and must be combined with resistance to define
the impedance. The resistance produced by inductance is
proportional to the frequency of the alternating current,
whereas the reactance produced by capacitance is inversely
proportioned to the frequency.

[0023] A number of techniques have been developed that
generate images of the electrical impedance of a material,
any of which may be employed in the subject methods. For
example, the material may be imaged using electrical imped-
ance tomography when contact electrodes are used and
magnetic impedance tomography when non-contact electro-
magnetic coils are used. As used herein, electrical imped-
ance tomography (“EIT”, also referred to as electrical
impedance imaging, applied potential tomography (APT),
and conductivity imaging) refers to an imaging technique
that relies on differences in bio-electrical properties within
the target material, e.g. a biological tissue, to characterize
different regions within it and subsequently output an image
correlating to such characterization.

[0024] Generally speaking, an EIT image is generated by
placing a series of electrodes in a predetermined configura-
tion in electrical contact (e.g., galvanically coupled) with the
target material to be imaged, e.g. biological tissue. A low
level electrical sinusoidal current is injected through one or
more of the electrodes and a resulting voltage is measured at
the remaining electrodes. This process may be repeated
using different input, or drive, electrodes, and electrical
currents of different frequencies. By comparing the various
input currents with their corresponding resulting voltages, a
map of the electrical impedance characteristics of the inte-
rior regions of the material being studied, e.g. a biological
tissue, can be imaged. Note that it is also possible to map the
impedance characteristics of regions of a material by impos-
ing a voltage and measuring a resulting current, or by
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injecting and measuring combinations of voltages and cur-
rents. By correlating the impedance map obtained through
an EIT scan with one or more reference, or control, values
e.g. known impedance values for different types of materials
and structures or the impedance value of the material being
imaged that was taken at an earlier point in time, discrete
regions in the resulting image can be identified as being a
particular type of material (i.e., malignant tumors, muscle,
fat, etc.), as having a particular pH that is distinct from that
of the rest of the material, etc. EIT is well developed in the
art; see, for example, U.S. Pat. No. 5,919,142, the full
disclosure of which is incorporated herein by reference.

[0025] As a second example, electrical impedance may be
imaged using magnetic electrical impedance tomography
(MEIT). MEIT is a modification of EIT that incorporates
aspects of magnetic resonance current density imaging
(MRCDI) in order to obtain the benefits of both procedures.
In MEIT, images are generated by placing a series of
electrodes around the material to be imaged, e.g. biological
tissue, for the application of current. Note that in contrast to
traditional EIT, the electrodes are not contacted with the
material, i.e. they are not galvanically coupled with the
material. The material, e.g. the patient or object, is placed in
a strong magnetic field, and a magnetic resonance imaging
sequence is applied which is synchronized with the appli-
cation of current through the electrodes. The electric poten-
tials of the surface of the object or patient are measured
simultaneously with the magnetic resonance imaging
sequence, as in EIT. Then, the magnetic resonance imaging
signal containing information about the current and the
measured potential are processed to calculate the impedance
of the material. MEIT is well known in the art, and is
described in greater detail in, for example, U.S. Pat. No.
6,397,095, the full disclosure of which is incorporated
herein by reference.

[0026] According to certain embodiments, the electrolysis
process (e.g. the onset of electrolysis, the extent or progres-
sion of electrolysis, the cessation of electrolysis, etc.) is
detected by measuring and imaging pH changes in a tissue
of the subject undergoing electrolysis by magnetic reso-
nance imaging (MRI). In certain aspects, such methods
include imaging pH changes in a tissue of the subject
undergoing electrolysis by magnetic resonance imaging, and
monitoring the electrolysis based on one or more magnetic
resonance images of the pH changes in the tissue.

[0027] MRI uses magnetic fields and radio waves to
produce images of tissues (e.g., images of thin slices of
tissues, or “tomographic images”). Normally, protons within
tissues spin to produce tiny magnetic fields that are ran-
domly aligned. When surrounded by the strong magnetic
field of an MRI device, the magnetic axes align along that
field. A radiofrequency pulse is then applied, causing the
axes of all protons to momentarily align against the field in
a high-energy state. After the pulse, some protons relax and
resume their baseline alignment within the magnetic field of
the MRI device. The magnitude and rate of energy release
that occurs as the protons resume this alignment (T1 relax-
ation) and as they wobble (precess) during the process (T2
relaxation) are recorded as spatially localized signal inten-
sities by a coil (antenna). Computer algorithms analyze
these signals and produce anatomic images.

[0028] The relative signal intensity (brightness) of tissues
in an MRI image is determined by factors such as the
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radiofrequency pulse and gradient waveforms used to obtain
the image, intrinsic T1 and T2 tissue characteristics, and
tissue proton density.

[0029] By controlling the radiofrequency pulse and gra-
dient waveforms, computer programs produce specific pulse
sequences that determine how an image is obtained
(weighted) and how various tissues appear. Images can be
T1 (spin-lattice)-weighted, T2 (spin-spin)-weighted, or pro-
ton density-weighted. For example, fat appears bright (high
signal intensity) on T1-weighted images and relatively dark
(low signal intensity) on T2-weighted images; water and
fluids appear relatively dark on T1-weighted images and
bright on T2-weighted images. T1-weighted images opti-
mally show normal soft-tissue anatomy and fat (e.g., to
confirm a fat-containing mass). T2-weighted images opti-
mally show fluid and abnormalities (e.g., tumors, inflam-
mation, trauma). In practice, T1- and T2-weighted images
provide complementary information, so both may be
employed for characterizing abnormalities.

[0030] Details regarding MRI and diagnostic and thera-
peutic uses thereof are found, e.g., in Westbrook & Roth
(2011) MRI in Practice (John Wiley & Sons) (ISBN-10:
1444337432; ISBN-13: 978-1444337433).

[0031] In certain aspects, imaging pH changes in a tissue
of the subject undergoing electrolysis by magnetic reso-
nance imaging includes imaging pH fronts in the tissue
undergoing electrolysis. As demonstrated in Example 2
below, the present inventors have discovered that electroly-
sis may be imaged/monitored by detecting pH fronts in a
tissue undergoing electrolysis. According to certain embodi-
ments, when the imaging technique employed is magnetic
resonance imaging, the magnetic resonance images are
produced using a sequence selected from: a T1 weighted
sequence, a 12 weighted sequence, proton density (PD)-
weighted sequence, and combinations thereof. For example,
a T1-weighted sequence, a T2-weighted sequence, or a T1-
and a T2-weighted sequence may be employed.

[0032] Inimaging a material by electrical impedance or by
MRI, the electrical impedance or MRI measurements may
be reconstructed into an image, or map, of the electrical
impedance or magnetic resonance of the material and hence
of the various regions therein. Towards this end, an image
reconstruction algorithm may be employed. For example,
when the imaging technique is electrical impedance-based
imaging, an image reconstruction algorithm may be used to
determine the impedance distribution within a region of
interest given a set of current-induced voltage measurements
taken at the region’s surface (either internal or external). In
practicing the subject methods, any convenient reconstruc-
tion algorithm may be applied to determine the impedance
distribution.

[0033] For example, the Newton-Raphson method may be
employed. In the Newton Raphson method, a region of
interest within the body is identified and geometrically
defined. A pattern of electrode placements suitable to this
region is then determined, and the absolute electrode posi-
tions are measured. Accompanying this electrode arrange-
ment is the data collection algorithm which defines the
ordering of the current source/sink and voltage measurement
electrode pairs during an image scan. Decisions involving
the electrode geometry and data collection algorithm are
based upon the imaging region geometry and the specific
application, and will ultimately determine the overall attain-
able image quality.
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[0034] These pre-procedure definitions are then used to
create a mathematical model representing the real imaging
region of interest. The model is designed to reflect all
relevant bio-electrical physical behavior expected of the real
imaging region. That is to say, if the exact impedance
distribution of the real region were known, it could be
entered into the model and be expected to produce the same
voltage measurements as the real system given identical
electrode placement and data collection algorithms. This
model may then be used as a testing tool for possible
impedance distribution candidates by comparing the mea-
sured voltages from the real and model regions. The smaller
the overall difference in voltage measurements between real
and modeled systems, the more closely the modeled imped-
ance distribution represents the real distribution.

[0035] Reconstructing an image then become an iterative
process involving an initial distribution guess, a testing of
that guess via comparison of modeled and real voltage
measurements, and a refining of the initial guess based on
the comparison results. This process is repeated until the real
and modeled measurements are suitably close.

[0036] One major component of the Newton-Raphson
technique is the modeling method chosen. In practicing the
subject methods, any convenient modeling method that finds
use in the Newton-Raphson technique may be employed.
For example, a finite element approach may be employed,
referred to hereafter as an impedance mapping technique.
Briefly, this approach approximates a bioelectrical con-
tinuum as a set of connected electrically homogeneous
elements with enforced boundary continuity. Each element
represents an impedance “pixel”. The more elements, the
better the image resolution. As a second example, a front
tracking technique may be employed. In the front tracking
technique, the region of interest is broken down into a
number of electrically homogeneous zones defined by a
finite number of simply connected boundary segments. The
placement of the segment endpoints then define the shape of
each zone, with more segments allowing a finer shape
resolution. The mathematical method of solution for this
model description is known as the boundary element
method.

[0037] A second major component of the Newton-Raph-
son technique is the guess refining algorithm. The two things
that characterize the type of guess refining algorithm used in
the Newton-Raphson method are the parameters which are
being refined, and the method of that refinement. Impedance
mapping techniques adjust the impedance of each element,
whereas the front tracking method adjusts the location of
boundary segment endpoints, and therefore the shape of the
electrically homogeneous zones. The method of refinement
in each case is based on a differential matrix, or Jacobian
calculation. This matrix represents the unit change in each
measured voltage given a unit change in each element
impedance (impedance mapping) or segment end position
(front tracking).

[0038] One of the major advantages of front tracking over
impedance mapping techniques is a drastic decrease in the
necessary number of electrodes needed to produce compa-
rable images. Inverse problems of this type are mathemati-
cally constrained in that they require at least as many
independent voltage measurements as there are adjusting
parameters (i.e. elemental impedances or segment end posi-
tions). Many imaging applications, such as localized can-
cers, have fairly simple geometries which can be described
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well by a small number of shape segments using front
tracking. In contrast, impedance mapping would require a
comparatively large number of elements, and therefore
electrodes, to achieve similar morphological distinction.
Front tracking also naturally enforces the expected step
changes in impedance across tumor or organ boundaries.
Impedance mapping algorithms tend to smooth these bound-
aries, degrading important morphology features.

[0039] One challenging aspect of the front tracking
method not present in impedance mapping is the need to
“seed” electrically homogeneous zones. That is, before the
front tracking algorithm can begin refining a given shape, it
needs to know where, how many, and how big the initial
zone guesses should be.

[0040] A solution to this problem is achieved by combin-
ing aspects of the two reconstruction algorithms. A typical
sequence demonstrating this would begin by using imped-
ance mapping to roughly identitfy probable homogeneous
zones within the region of interest. These areas would be
seeded and the front tracking algorithm would take over in
further refinement of each zone’s shape until the overall
difference between modeled and physical surface voltages
was acceptable. Thus, by exploiting the specific strengths of
each algorithm, a technique more effective than either the
front tracking or impedance mapping technique alone is
realized. This combined technique is hereinafter referred to
as a hybrid technique.

[0041] As demonstrated in the working examples herein,
electrical impedance measurements may be used as a proxy,
or surrogate, reading of localized changes in pH in a region
of a material. Without wishing to be bound by theory, it is
believed that this is because changes in pH produce changes
in the conductivity of the material. Moreover, it is believed
that electrolysis causes a localized change in the pH, elec-
trical impedance can be used to detect and monitor elec-
trolysis in a material.

[0042] Imaging technologies that rely on measurements of
electrical impedance, e.g. EIT and MEIT, make it possible to
produce images of inaccessible regions within a target
material based on the spatial variation of the electrical
properties of the target material. As such, upon the discovery
that electrical impedance measurements may be used to
monitor electrolysis within a tissue, such imaging technolo-
gies became available as tools for imaging medical manipu-
lations that include tissue electrolysis.

[0043] As used herein, tissue electrolysis refers to the
delivery of a current between an anode and cathode in a
tissue. As used herein, the term “tissue” refers to a plurality
of cells. The cells may be of the same or of a number of
different types. These cells are preferably organized to carry
out a specific function. Tissue includes tissue present within
a living organism as well as removed tissue and may refer
to in vivo or in vitro situations. Further, the tissue may be
from any organism including plants and animals or a tissue
developed using genetic engineering and thus be from an
artificial source. In one embodiment the tissue is a plurality
of cells present within a distinct area of a human. Non-
limiting examples of tissues of the subject methods include:
brain tissue, lung tissue, heart tissue, muscle tissue, skin
tissue, kidney tissue, cornea tissue, liver tissue, abdomen
tissue, head tissue, leg tissue, arm tissue, pelvis tissue, chest
tissue, prostate tissue, breast tissue, esophagus tissue, GI
tract tissue and trunk tissue.
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[0044] There are a number of applications of electrolysis
known in the art. For example, tissue electrolysis may be
employed to produce focal, i.e. localized, necrosis, e.g. for
the purposes of ablating tissue, e.g. tumor tissue. Electrolytic
ablation provides the advantage of safety even when con-
ducted close to major vessels. In some instances, electrolytic
ablation may be coupled with radiofrequency in a process
referred to as Bimodal electric tissue ablation (BETA), so as
to produce larger ablation zones compared to EA or radiof-
requency alone while reducing the time required for abla-
tion. Tissue electrolysis for the purposes of tissue ablation is
described in e.g. U.S. Pat. No. 7,875,025 and Granvante et
al. “Experimental application of electrolysis in the treatment
of liver and pancreatic tumours: principles, preclinical and
clinical observations and future perspectives.” Surg. Oncol.
2011 June; 20(2):106-20.

[0045] As another example, electrolysis may be used in
the treatment of ischemic diseases, e.g. ischemic diseases of
the eye, for example to treat diabetic retinopathy and isch-
emia of the retinal and choroidal tissues. As described in,
e.g., U.S. Pat. No. 8,655,452, the treatment is based on
selective and fractional electrolysis of the vitreous humor to
produce oxygen and optionally active chlorine while simul-
taneously controlling pH. Oxygen or active chlorine can
suppress or reverse the onset of diabetic retinopathy, other
retinovascular diseases, and choroidal neovascularization.

[0046] As another example, electrolysis may be used to
promote tissue repair. Without wishing to be bound by
theory, it is believed that in this application of tissue
electrolysis, e.g. intratissue percutaneous electrolysis (Elec-
trolysis Percutaneous Intratissue (EPI)), the electrolysis pro-
motes inflammation that promotes phagocytosis and repair
of affected tissue. See, for example, Abat et al. “Clinical
results after ultrasound-guided intratissue percutaneous
electrolysis (EPI®) and eccentric exercise in the treatment
of patellar tendinopathy.” Knee Surg Sports Traumatol
Arthrosc. 2014 Jan. 30 and Gensler W. “Electrochemical
healing similarities between animals and plants.” Biophys J.
1979 September; 27(3):461-6.

[0047] In some instances, the one or more electrical
impedance images or the one or more magnetic resonance
images are used to monitor the electrolysis. For example, in
some embodiments, an EIT image, MEIT image, or MRI
image is generated and the image is used to extrapolate the
amount of tissue ablated by an electrolysis process.

[0048] In some instances, the one or more electrical
impedance images or the one or more magnetic resonance
images are used to optimize the electrolysis. For example, a
map of electrical impedances essentially allows the user to
visualize when electrolysis is beginning. When electrolysis
begins the user can stabilize the amount of current being
applied and thereby avoid applying unsafe amounts of
current. The electrical impedance and magnetic resonance
imaging technologies make it possible for the region of
tissue undergoing electrolysis to be visualized based on
changes in equivalent electrical impedance of the cells or pH
changes within tissue being monitored.

[0049] In certain aspects, algorithms such bulk measure-
ments or classifiers using the same or similar principles are
employed to monitor electrolysis, obviating any need to
produce an image in order to monitor electrolysis.
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Devices and Systems

[0050] Also provided are devices and systems for practic-
ing one or more of the above-described methods. The
subject devices and systems thereof may vary greatly.
Devices and systems of interest include those mentioned
above with respect to the methods of EIT, MEIT, and MRI.
According to certain embodiments, a system for performing
tissue electrolysis in an individual is provided. The system
includes an electrolytic device and an electrical impedance
measuring device. The measuring device may be an electri-
cal impedance imaging device, or a measurement device that
takes bulk measurements of electrical properties and moni-
tors their changes with electrolysis, or monitors bulk
changes in magnetic resonance readings and their changes
with electrolysis.

[0051] When the imaging technique employed is electrical
impedance-based imaging, the subject devices and systems
may include one or more of an electrical impedance imaging
device, an electrolytic device, a power source, e.g. as
described herein or as known in the art. The terms “electrical
impedance imaging device” as used herein refers to any
device as described herein or as known in the art that finds
use in imaging electrical impedance in a material, for
example, an electrical impedance tomography (EIT) device,
a magnetic resonance electrical impedance tomography
(MEIT) device”, etc. In some embodiments, the subject
imaging device comprises 2 or more, 3 or more, 4 or more,
5 or more, 6 or more, 7 or more, 8 or more, 9 or more, 10
or more, 50 or more, 100 or more, 200 or more, 400 or more
electrodes, for example, 2, 4, 8, 16, 32, 64, 128, 256, or 512
electrodes and typically not more than about 600 electrodes.
By “electrode” is intended to mean any electrically conduc-
tive material, preferably a metal, most preferably a non-
corrosive metal that is used to establish the flow of electrical
current or voltage from that electrode to another electrode,
e.g. in electrical impedance tomography or magnetic reso-
nance electrical impedance tomography. Electrodes serve as
an electrically conductive means for transmitting electrical
current that can be referred to in any manner, e.g. current or
voltage. Electrodes are made of a variety of different elec-
trically conductive materials and may be alloys or pure
metals such as copper, gold, platinum, steel, silver, silver
chloride, and alloys thereof. Further, the electrode may be
comprised of a non-metal that is electrically conductive such
as a silicon-based material used in connection with micro-
circuits. Typical electrodes used in tissue electrolysis are
preferably rod-shaped, flat plate-shaped or hollow needle-
shaped structures. Electrodes may be used to deliver elec-
trical current continuously or to deliver pulses. The elec-
trodes may be very application-specific and be comprised of
parallel stainless steel plates, implanted wires, needle pairs
and needle arrays. Examples of arrangements of electrodes
are well known in the art; see, for example, U.S. Pat. No.
6,501,984. In some instance, the electrode may be an
electrically conductive solid ring electrode; see, for
example, U.S. Pat. No. 6,940,286, which describes methods
and an apparatus for obtaining a representation of the
distribution of electrical impedance within a multiphase flow
with an electrically continuous or discontinuous principle
flow contained within an electrically conductive solid ring
electrode; the full disclosures of which is incorporated
herein by reference. Those skilled in the art will design
specific electrodes, coils, or antennae that are particularly
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useful in connection with the desired results of obtaining
electrolysis in accordance with the present invention.
[0052] When the imaging technique employed is magnetic
resonance imaging (MRI), the subject devices and systems
may include one or more of a magnetic resonance imaging
device, an electrolytic device, a power source, e.g. as
described herein or as known in the art. Any suitable device
for producing magnetic resonance images may be employed.
For example, the magnetic resonance imaging device may
be a device marketed and sold by GE Healthcare (e.g., a
Discovery, Optima, Brivo, or Signa MRI device), Hitachi
Medical Systems (e.g., an Oasis or Echelon MRI device),
Toshiba Medical Systems (e.g., a Vantage MRI device),
Siemens Healthcare (e.g., a Magnetom MRI device), and
Philips Healthcare (e.g., an Ingenia, Achieva, Multiva, or
Sonalleve MRI device).

[0053] The terms “electrolysis device” or “electrolytic
device” as used herein refer to any device as described
herein or as known in the art that finds use in the electrolysis
of'tissue. The device preferably includes a first electrode and
a second electrode wherein the first and second electrodes
are connected to a source of electricity in a manner so as to
provide the electrodes with positive and negative charges
respectively. In some instances, the electrode providing the
current to the tissue is the cathode. In other instances, the
electrode providing the current to the tissue is the anode.
Non-limiting examples of electrolytic devices that find use
in the subject methods, devices and systems include those
disclosed in U.S. Pat. No. 7,875,025, U.S. Pat. No. 8,655,
452, and U.S. Pat. No. 7,819,864.

[0054] The electrolytic device may also include a means
for hindering the flow of electricity between the two elec-
trodes except through one or more specific openings. For
example, the means for hindering flow can be non-conduc-
tive material which has one or more openings therein
wherein the openings are designed so as to specifically hold
a biological cell or group of biological cells. Thereby the
electrical current must flow through the opening and through
the cells to the other electrode. The device also preferably
includes a means for measuring the flow of electrical current
between the electrodes. The means for measuring can
include a volt meter, amp meter or any device known to
those skilled in the art which is capable of measuring the
flow of electrical current in any manner. Further, in some
embodiments, the device includes a means for adjusting the
amount of electrical current flow between the electrodes.
Thereby the voltage, current or other desired parameter of
electrical current flow can be specifically adjusted based on
the measured flow so as to obtain optimum electrolysis of
the cell or cells positioned between the electrodes.

[0055] The terms “power source”, “source of electricity”
and the like, are used interchangeably herein to describe any
means for providing electrical power, current or voltage
thereby creating a flow of electrical current between the
electrodes. The device preferably is capable of providing for
a controlled mode and amplitude and may provide constant
DC current or AC current, provide pulse voltage or continu-
ous voltage. In some instances, the devices are capable of
exponentially decaying voltage, ramp voltage, ramped cur-
rent, or any other combination. For example, a power supply
may be used in combination with a chip of the type used in
connection with microprocessors and provide for high-speed
power amplification in connection with a conventional wall
circuit providing alternating voltage. The pulse shape may
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be generated by a microprocessor device such as a Toshiba
laptop running on a LabView program with output fed into
a power amplifier. A wide range of different commercially-
available power supplies can provide the desired function.

[0056] For example, the power supply may be a compo-
nent of an electrolysis device. In such instances, the elec-
trical stimulation delivered for electrolysis is usually quoted
in terms of the current supplied to a region, with a magnitude
of current typically within a range of about 1 pAmp/cm? to
100 mAmp/cm® e.g. 100 pAmp/cm® to 5 mAmp/cm?, for
example, 100 pAmp/cm?® to 500 pAmp/cm?, 500 pAmp to 1
mAmp, 1 mAmp-5 mAmp; where the surface area is the
surface area of the electrode. However, the range is ampli-
fication-specific and can be extended outside the range for
any desired application. The current may be direct current or
alternating current; more usually, the current will be direct
current. Typically, the current will be applied continuously,
e.g. for 1 second or more, 10 seconds or more, 20 seconds
or more, 30 seconds or more, 40 seconds or more, 50
seconds or more, 1 minute or more, 2 minutes or more, 4
minutes or more, 5 minutes or more, 10 minutes or more, or
15 minutes or more. In certain aspects, the current is applied
for hours (e.g., 1 or more hours, 2 or more hours, 3 or more
hours, 4 or more hours, 5 or more hours, 12 or more hours,
etc.) or days (e.g., 1 or more days, 2 or more days, 3 or more
days, 4 or more days, 5 or more days, etc.). This is in contrast
to electroporation, in which microsecond pulses of pre-
scribed electric field strength, e.g. 100-10,000 volts/cm, are
delivered; see, for example, U.S. Pat. No. 6,725,087 to
Rubinsky. As will be appreciated by the ordinarily skilled
artisan, other ranges of currents and lengths of stimulation
may be utilized to promote electrolysis, depending on the
desired results.

[0057] As a second example, the power supply may be a
component of the electrical impedance imaging or magnetic
resonance imaging device. For example, the stimulation
signal, when applied to the tissue, produces a potential field
in the volume which is then detected by the measurement
electrodes. Electrical stimulation for the purposes of elec-
trical impedance imaging is typically a subsensory stimula-
tion, e.g. about 50 nAmps-500 pAmps, e.g. of alternating
current delivered over milliseconds, e.g. about 1-10 milli-
seconds. Other combinations of current and time may be
applied as well, depending on the desired results. See, for
example, U.S. Pat. No. 5,381,333, U.S. Pat. No. 5,919,142,
U.S. Pat. No. 6,236,886, U.S. Pat. No. 6,387,671, and U.S.
Pat. No. 6,397,095, the disclosures of which are incorpo-
rated herein by reference.

[0058] In addition to the above components, the devices
and systems may further include instructions for practicing
the methods of the present disclosure. These instructions
may be present with the subject devices and systems in a
variety of forms, one or more of which may be present in the
subject device or system. One form in which these instruc-
tions may be present is as printed information on a suitable
medium or substrate, e.g., a piece or pieces of paper on
which the information is printed, in the packaging of the
device or systems, in a package insert, etc. Yet another
means would be a computer readable medium, e.g., diskette,
CD, etc., on which the information has been recorded. Yet
another means that may be present is a website address
which may be used via the internet to access the information
at a removed site. Any convenient means may be present in
the subject device or system.
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EXAMPLES

[0059] The following examples are put forth so as to
provide those of ordinary skill in the art with a complete
disclosure and description of how to make and use the
present invention, and are not intended to limit the scope of
what the inventors regard as their invention nor are they
intended to represent that the experiments below are all or
the only experiments performed. Efforts have been made to
ensure accuracy with respect to numbers used (e.g. amounts,
temperature, etc.) but some experimental errors and devia-
tions should be accounted for. Unless indicated otherwise,
parts are parts by weight, molecular weight is weight aver-
age molecular weight, temperature is in degrees Centigrade,
and pressure is at or near atmospheric.

Example 1—Monitoring Flectrolysis Using
Electrical Impedance Tomography (EIT)

[0060] Tissue ablation with minimally invasive surgery is
important for treatment of many diseases and has an increas-
ing role in treatment of solid neoplasms. A variety of
biophysical and biochemical processes are used for this
purpose. They include thermal ablation with heating, cool-
ing or freezing, electroporation, injection of chemical
agents, photodynamic effects, sonoporation effects and
many others.

[0061] Electrolysis, the passage of a low amperage direct
ionic current through the tissue, between two electrodes, is
a biochemical/biophysical process that has been considered
for tissue ablation since the 19th century [1]. Electrolysis
affects the ionic species in tissue, which change into com-
pounds that can ablate cells. Electrolysis is currently limited
by the lack of an effective means to monitor the extent of
tissue ablation deep in the body.

[0062] The work of Nordenstrom and colleagues [2, 3] is
among the early modern work on electrolysis. Important
recent work was published on understanding the effects of
electrolysis on tissue through histology, mathematical mod-
eling of involved electrochemical processes, and clinical
work, e.g. [4-14] and [15-18]. It has been shown that the
electrolysis-induced pH changes can be used to reliably
monitor the extent of tissue ablation [19]. These findings
have led to several basic studies on quantifying the process
of electrolysis through the use of transparent gels with pH
dyes [11, 20, 21].

[0063] Electrical impedance tomography (EIT) is used in
a variety of scientific fields, from geology, to semiconductor
characterization, to medical imaging. EIT produces an
image of the electrical properties of the examined media. In
a typical EIT application, electrodes are placed around the
volume of interest, and small, sinusoidal currents are
injected into the tissue, while voltages are measured on its
boundary. Using the finite element method, the complex
impedance of the analyzed domain is modeled, and a solu-
tion for the most likely impedance configuration that fits the
measurements is obtained [26-28]. ElT-based techniques
have been applied to monitor minimally invasive surgery
procedures such as cryosurgery [29], tissue viability [30, 31]
and electroporation [32],[33].

[0064] The present study reports the first use of electrical
impedance tomography (EIT), an imaging technique that
produces a map of electrical properties, as a means to image
dynamic changes in local pH level of a biological sample
during an electrolytic process. This study uses a pH dye
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stained agar-gel based phantom as a model for a living
tissue, from an electrochemical standpoint. To investigate
the concept, EIT reconstructed images were compared to
optical images acquired using pH-sensitive dyes embedded
in the agar phantom. In addition to validating the EIT-based
approach using pH-sensitive dyes, we demonstrate a bio-
logical application of our EIT work by comparing a spatial
map of bacterial viability exposed to electrolysis with the
EIT image of the phantom during electrolytic treatment. The
experimental findings demonstrate the feasibility of using
EIT, and more broadly, electrical impedance imaging, as a
means to image dynamic changes in local pH level of a
biological sample during an electrolytic process, and hence,
for example, to monitor electrolytic surgery in real time. The
study has relevance to real time control of minimally-
invasive surgery with electrolytic ablation.

Materials and Methods

[0065] A. Tissue Model

[0066] The tissue model consists of a physiological saline
based agar gel phantom with electrical conductivity
designed to simulate that of a tissue. To construct the
phantom, 0.5% Bacto-Agar (Fisher Scientific) was mixed
with 0.9 g/I Sodium Chloride (Fisher Scientific) in distilled
water. The solution was then brought to a boil and poured
into the Petri dishes. The conductivity of the agar phantom
was measured to be approximately 0.14 S/m which is close
to the range of hepatic tumor conductivity [34]. During the
experiments, the EIT electrode holder was placed in the Petri
dish with the electrodes galvanically coupled to the gel
phantom (FIG. 1).

[0067] B. Experimental Model

[0068] To test the feasibility of EIT as a means to monitor
the onset and extent of electrolysis in tissue, the following
experiment was devised: 1) a reference EIT image of the
tissue phantom is taken; 2) electrolytic stimulation is
applied; and 3) another EIT reference of the tissue phantom
is taken. We leverage the differential nature of EIT images
to represent the changes in conductivity, which are used as
surrogates to regions of altered pH level. As a control study,
we use pH sensitive dyes in order to estimate the boundary
of the region where the pH has changed due to electrolysis.
We use a digital camera (Casio Exilim EX-ZR100) to
acquire optical images of the experimental chamber and
correlate these images with the EIT reconstruction images.
The results of several representative studies are presented in
the following section: in each study we have repeated
experimental steps 2) and 3), above, multiple times, in order
to observe the evolution of the pH front over time.

[0069] C. Bacterial Model

[0070] Lyophilized E. coli of HB101 strain (BioRad) were
grown in LB broth overnight and plated on LB broth based
agar gel filled petri dishes. The LB broth for the overnight
growth consisted of 1% BactoTryptone (BD), 0.5% Yeast
Extract (BD), 1% NaCl (Sigma Aldrich) and 1.5% Agarose
(Sigma Aldrich). For pouring the plates, we held the sodium
salt from the broth, in order to control the conductivity of the
resulting gel. 6 mm glass beads (Sigma Aldrich) were used
for plating to ensure uniform coverage. After plating, the
beads were removed and the plates were incubated for 15
minutes at 37° C. The conductivity of the gel was measured
around 0.2 S/m. At the experimental stage, the petri dish was
separated from its lid and the EIT electrode array was
lowered into the gel. On top of the EIT chamber, a 2
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electrode holder with auxiliary electrodes was introduced
into the gel. For the bacteria-focused experiments, only the
auxiliary electrodes were used for stimulation, as opposed to
the pH-sensitive dye experiments where we have also used
the EIT electrodes for electrolytic stimulation. The stimu-
lation sequence was applied using a specified current and
time parameters, with EIT snapshots being taken in the
process as a monitoring step. After the stimulation, the petri
dishes were covered and incubated for 24 hours. To evaluate
viability we have visually inspected the petri dishes for areas
where bacterial growth was inhibited.

[0071] D. EIT Instrumentation

[0072] An EIT data acquisition system consists of a col-
lection of electrodes, which are used to inject known sinu-
soidal AC current into the observed sample. Due to the
sample’s conductivity, a potential develops on the sample.
This potential is measured on the boundary using the elec-
trodes not used for current injection. A schematic of a typical
EIT system is presented in FIG. 1.a. In this work, we have
used the EIT system described in [34], with N=32 electrode
surrounded circular chamber. We used an adjacent stimula-
tion scheme [35], leading to each data set containing (N-
(N=-3))/2=464 independent measurements. After the data has
been acquired, the data processing module of an EIT system
attempts to reconstruct a conductivity map of the domain of
interest from a set of known injected current measured
resulting voltages, typically at the boundary of the geometric
domain. In a typical EIT reconstruction algorithm, a map of
impedance is guessed and the voltages resulting from
injected currents calculated by solving Laplace equation in
the domain. These voltages are compared to the measured
voltage and the difference is then used as feedback for an
iterative scheme. The guessed map of impedance is the
updated, until the calculated and measured voltages agree
within a certain tolerance. Here, a modified Newton-Raph-
son (NR) method was used for reconstructing the image
from the input data due to its excellent convergence prop-
erties [36]. This method attempts to iteratively minimize a
cost function representing the overall voltage measurement
discrepancy between the input (measured) voltages and the
reconstruction algorithm’s internal model. The Jacobian
needed for the NR method was calculated using a sensitivity
matrix approach [37]. Total Variation regularization was
used to overcome the ill conditioning of the Jacobian matrix
[38].

[0073] E. Experimental Setup

[0074] The system is composed of 32 stainless steel elec-
trodes mounted on a holder (Diameter=75 mm) lowered into
a circular Petri dish (diameter=85 mm) chamber (FIG. 1.c).
The chamber contains the pH dye infused agar gel phantom
which is imaged using EIT and optical digital camera. All
the EIT stimulation currents had amplitude of 350 pA.

Results

A. Anode Centered Experiment

[0075] In this experiment, a thin, stainless steel rod (diam-
eter 0.6 mm) was placed in the center of the agar gel filled
chamber. The central rod was connected using a copper wire
to the positive terminal of the power supply and acted as the
anode during this part of the experiment. For the cathode, all
the 32 electrodes of the EIT were connected to each other by
closing the switches S1 . . . S32 presented schematically in
the diagram on FIG. 1.5. The negative power supply termi-
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nal was then connected to the unified EIT electrodes. The
EIT electrodes acted a distributed cathode in this case. As a
control study we have employed two pH sensitive dyes: 1%
phenolphthalein (Sigma-Aldrich) which turns pink/purple
above pH 8.8 and acts as a basic indicator, and 2.4% pH
indicator (Fresh water test-kit, API) which turns yellow at
pH 6.0. Both pH indicators were added to the agar gel
phantom before its solidification.

[0076] A photo of the experimental chamber is presented
in FIG. 1c. The protocol of our experiment involved taking
a control set of images: EIT and optical, before every
electro-stimulation step. The electro-stimulation included a
sequence of direct current injections at 1 mA of the follow-
ing durations: [1 min, 1 min, 1 min, 1 min, 1 min, 5 min, 10
min]. These parameters are typical to tissue ablation elec-
trolytic processes, at the lower range of the parameters [3,
40]. FIG. 2 summarizes the results of our experiment by
showing a sequence of image pairs: each EIT image is
accompanied by its matching optical image which we used
as a validation method.

[0077] The current was delivered at 1 mA, and the deliv-
ered charge dosage was 1.14c, which falls within a range of
a typical electro-chemo therapy stimulation charge dosage
[3, 40]. FIGS. 2.a-2.c show the EIT images at selected time
points whereas FIGS. 2.1-2.3 show the corresponding opti-
cal images. FIG. 2.4 shows the final result of the gel model
after the EIT electrodes have been removed. It can be seen
that the EIT images of the pH from near the central elec-
trodes are in good correspondence with the pH indicator
dye: the central spot around the anode grows over time in
both the optical and the EIT images. The data shows a good
qualitative correspondence between the EIT reconstructed
images and their optical counterparts. We have chosen to
include representative images corresponding to times t=1
minutes, t=3 minutes and t=19 minutes. The contrast of the
image in FIG. 2.4 was increased to show the altered pH
indicator at the perimeter, close to the distributed anode.
[0078] The color bar presented to the right of the figure
facilitates interpretation of the EIT results: the EIT images
are taken in differential mode which means that the images
show differences relative to a reference image taken before
any electrolytic stimulation was applied. Warmer colors
correspond to increased conductivity while colder colors
correspond to decreased conductivity in the sample.
[0079] B. Cathode Centered Experiment

[0080] In this part of the experiment, we have reversed the
roles of the anode and the cathode. The same pH indicators
were used as before: 1% phenolphthalein which turns pink/
purple above pH 8.8 and acts as a basic indicator, and 2.4%
pH indicator (Fresh water test-kit, API) which turns yellow
at pH 6.0. As in the previous section, both pH indicators
were added to the agar gel phantom before its solidification.
The protocol of this experiment involved taking another
control set of images: EIT and optical, before every electro-
stimulation step. The electro-stimulation included a
sequence of direct current injections at 1 mA of the follow-
ing durations: [1 min, 1 min, 1 min, 1 min, 1 min, 1 min, 5
min, 5 min, 5 min, 10 min, 10 min]. FIG. 3 presents the
results of the experiment by showing a sequence of image
pairs: each EIT image is accompanied by its matching
optical image which we used as a validation method. The
overall charge dosage was charge dosage was 2.16 C. While
this dosage falls within a range of a typical electro-chemo
therapy procedure, it is a larger charge dosage compared to
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the anode centered experiment. We have administered more
charge in the cathode-centric experiment because the altered
pH front indicated by the pH-sensitive dye (phenolphtha-
lein) was growing slower in the cathode-centered case. A
possible explanation to this difference is the relative size of
the H* and the OH™ ions, and this discrepancy is discussed
in more detail in a later section (Bacterial Sterilization
Model). FIGS. 3.a-3.c show the EIT images at selected time
points whereas FIGS. 3.1-3.3 show the corresponding opti-
cal images. FIG. 3.4 shows the final result of the gel model
after the EIT electrodes have been removed. It can be seen
that the EIT images are in good correspondence with the pH
indicator dye: the central spot around the cathode grows
over time in both the optical and the EIT images. Moreover,
while it is too subtle to see in the optical images, the EIT
imaging clearly shows a circular feature at the periphery of
the EIT chamber. This peripheral region with reduced pH
level can be clearly distinguished in FIG. 3.4 by its distin-
guished yellowish color. It can only be seen after the EIT
electrodes have been removed. The data shows a good
qualitative correspondence between the EIT reconstructed
images and their optical counterparts. Representative images
corresponding to times t=2 minutes, t=6 minutes and t=36
minutes are included. An accumulation of liquid, presumed
to be water can be observed around the cathode in the form
of a growing bubble. We have attributed it to the osmotic
effects of electrolysis reported by other researchers. FI1G. 3.4
shows the optical image after the EIT electrodes have been
lifted at the end of the experiment. The contrast of the image
in FIG. 3.4 was increased to show the altered pH indicator
at the perimeter, close to the distributed anode. Strikingly,
EIT was able to detect the changes in pH along the distrib-
uted anode much earlier than they could be detected opti-
cally without image processing techniques.

[0081]

[0082] In this part of the experiment, instead of using the
EIT electrodes as a distributed electrode, we have utilized
two graphite electrodes made of pencil lead (Pentel super
HB 0.7 mm). The electrodes, mounted in a horizontal holder
were placed perpendicularly to the gel phantom. The elec-
trodes were inserted 5 mm deep into the gel. We have used
a 5% pH indicator (RC Hagen wide range). As in the
previous experiments, the pH indicator was added to the
agar gel phantom before its solidification. The protocol of
this experiment involved taking another control set of
images: EIT and optical, before every electro-stimulation
step. The electro-stimulation included a sequence of direct
current injections at 2 mA of the following durations: [1 min,
1 min, 1 min, 1 min, 1 min, 1 min, 1 min, 5 min]. FIG. 4
presents the results of the experiment by showing a sequence
of image pairs: each EIT image is accompanied by its
matching optical image which we used as a validation
method. The calculated current density at each one of the
electrodes can be estimated as I/A=2 mA/(2nrd)=21.26
mA/(cm"2) which falls within a range of a typical electro-
chemo therapy stimulation current density. FIGS. 4.a-4.c
show the EIT images at selected time points whereas FIGS.
4.1-4.3 show the corresponding optical images. It can be
seen that the EIT images are in good correspondence with
the pH indicator dye: the central spot around the anode (red)
grows over time in both the optical and the EIT images, and
the same is observed for the spot around the cathode (blue).
We have chosen to include representative images corre-
sponding to times t=1 minutes, t=3 minutes, t=6 minutes and

C. Two Internal Electrodes Experiment
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t=12 minutes. It is notable that both the optical and the EIT
approaches are able to image the collision of the basic and
the acidic fronts (FIGS. 4.4 and 4.4).

[0083] D. Bacterial Sterilization Model

[0084] To confirm the efficacy of our method in a biologi-
cal model, we have used EIT for imaging electrolysis in an
agar dish plated with £. Coli bacteria. The liquid bacterial
culture was first plated as described in our methods, and then
a current of 2 mA was administered using the auxiliary
electrodes. The total administered charge dosage was 5.4 C
which falls within a range of a typically delivered charge
during an electro-chemo therapy stimulation [3, 40]. FIG. 5
shows a comparison between the EIT imaging data and a
bacterial viability pattern captured using an optical, digital
camera after 24 hour growth period. FIGS. 5.a-5.¢ indicate
two growing regions of increased conductivity, around the
auxiliary electrodes through which electrolytic stimulation
was applied. We have chosen to include representative
images corresponding to times t=15 minutes, =30 minutes
and t=45 minutes. FIG. 5.4 shows the optical image of the
viability pattern taken 24 hours post-stimulation. It is inter-
esting to note that both the EIT images as well as the optical
image exhibit asymmetry with regards to the anodic and the
cathodic regions under our experimental conditions. The
brighter upper spots in the EIT images, in particular in the
one shown in FIG. 5.c indicates that the conductivity of the
anodic region has changed to a larger degree than the
conductivity of the cathodic region. This discrepancy can be
attributed to the relative radii of protons (H+, 0.88 fm) and
hydroxide ions (OH-, 110 pm). Due to their relative smaller
size, the protons are more mobile hence contributing to a
larger extent to the conductivity increase around the anode.
The increased mobility causes the bactericidal pH region
around the anode to be larger than around the cathode. This
is supported by the viability observations presented in FIG.
5.d. To clarify, the circular pattern of dots around the
bacterial culture dish corresponds to the EIT electrodes
imprinted in the gel when the EIT chamber was lowered.

Discussion

[0085] In summary, we report experimental findings that
support the hypothesis that electrolysis induced pH-changes
lead to local conductivity changes in a physiological gel
tissue model. It is these changes in conductivity that can be
captured in real time by EIT. Our results indicate the
feasibility of using EIT as a means to monitor dynamic
changes in local pH level of a biological sample during an
electrolysis process. Our work uses agar-based gel model
with conductivity in the range of a biological tissue, and is
validated vs. optical images utilizing pH indicator dyes. In
addition we demonstrate the relevance of our work in the
biological context by correlating bacterial viability data with
EIT measurements.
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Example 2—Monitoring Flectrolysis Using
Magnetic Resonance Imaging (MRI)

Materials and Methods

[0124] Experimental Outline

[0125] The experiment was designed to allow for a com-
parison between different images of pH fronts produced by
the electrolysis of a physiological saline solution phantom.
The images were generated by various MRI sequences and
compared with: a) optical images acquired using pH-sensi-
tive dyes embedded in a physiological saline agar solution
phantom treated with electrolysis; and b) a bacterial E. coli
model, grown on a phantom and treated by applying the
same electrolysis protocol. Each experimental study was
carried out separately.

[0126] A. Tissue Model

[0127] The tissue model consists of a physiological saline
based agar gel phantom with electrical conductivity
designed to simulate that of a tissue. To construct the
phantom, 1% Bacto-Agar (Fisher Scientific) was mixed with
0.9 g/1 Sodium Chloride (Fisher Scientific) in distilled water.
The solution was then brought to a boil and poured into 85
mm diameter Petri dishes. The same dish dimension was
used in all of the studies. The conductivity of the agar
phantom was measured to be approximately 0.14 S/m which
is close to the range of hepatic tumor conductivity>”.
[0128] B. Experimental Procedure

[0129] The experimental setup is shown in FIG. 6a. We
have used two disposable graphite electrodes made of pencil
lead (Pentel super HB 0.7 mm), to avoid contamination with
products of electrolysis from the electrodes. The electrodes,
mounted in a horizontal holder were placed perpendicularly
to the gel phantom in the Petri dish. The electrodes were
inserted 7 mm deep into the gel at a distance of 2 cm
between their centers. The electrodes are connected to
constant voltage batteries. We used 3V, 6V and 9 V batteries.
The electrolysis process lasted 15 minutes. While typical
electrolysis stimulation is administered using a fixed current
source, we have used a fixed voltage source and have taken
current measurements during the procedure (data not shown)
for charge dosage estimation purposes. The overall delivered
charge dosages over the 15 minutes stimulation period were
approximately 0.9 C, 1.8 C and 2.9 C, for 3V, 6V and 9V,
respectively. These charge dosages fall within the range of
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a typical electrolytic ablation therapy stimulation® >*. Iden-
tical experiments were done separately for MRI imaging, pH
dyes based optical imaging and the E. coli viability model.
[0130] C. MRI Experimental Model

[0131] The phantom models were scanned, before and
after electrolysis in a clinical 1.5 T MRI system (Philips
Achieva SE) using a SENSE pediatric coil. The specific
MRI parameters of each sequence are listed in Table 1. The
mean acquisition time for each sequence was 3 minutes.
Images shown in the paper were taken in the following
order: TIW, T2W and PD. For later comparison with the MR
images produced after electrolysis, FIGS. 65, 6¢ and 6d
show the baseline images for the sequences introduced
above, respectively. In repeated experiments (results not
shown) we changed the order and the time after the end of
electrolysis at which the various sequences were taken and
found no measurable effect of the time at which the images
were acquired on the dimensions of the affected region.
[0132] D. pH-Sensitive Dye Model

[0133] As a control study, we used 2 distinct, pH sensitive
dyes in order to estimate the boundary of the region where
the pH has changed due to electrolysis. The dyes employed
were 1) Phenolphtalein 1% by Sigma (turns pink in pH range
of 8.2-12) and 2) Nutrafin pH wide range by Hagen (indi-
cates pH by color in the range of 4.5-9). The dye manufac-
turer instructions prescribed the concentration of the last
dye. We used a digital camera (Casio Exilim EX-ZR100) to
acquire optical images of the experimental chamber before
and after electrolysis and correlate these images with the
images acquired using MRI and bacterial viability. For later
comparison with images produced after electrolysis, FIGS.
6e and 6f, show the baseline images prior to electrolysis for
the two dyes used, respectively.

[0134] E. Bacterial Model

[0135] Lyophilized E. coli of HB101 strain (BioRad) were
grown in LB broth overnight and plated on LB broth based
agar gel filled petri dishes. The LB broth for the overnight
growth consisted of 1% BactoTryptone (BD), 0.5% Yeast
Extract (BD), 1% NaCl (Sigma Aldrich) and 1.5% Agarose
(Sigma Aldrich). 6 mm glass beads (Sigma Aldrich) were
used for plating to ensure uniform coverage. After plating,
the beads were removed and the plates were incubated for 15
minutes at 37°. The conductivity of the gel was measured
around 0.2 S/m. After electrolysis the Petri dishes were
covered and incubated for 24 hours. We used a digital
camera (Casio Exilim EX-ZR100) to acquire optical images
of the areas where bacterial growth was inhibited and
correlated these images with the images acquired using MRI
and gels with pH dyes. For later comparison with images
produced after electrolysis, FIG. 6g shows the baseline
images for an untreated with electrolysis, cell growth plate.

Magnetic Resonance Imaging of Electrolysis

[0136] During electrolysis, pH fronts caused by evolution
of protons (H*) and hydroxide (OH") ions at the electrodes
diffuse from the electrodes outward> **. Fundamental stud-
ies on tissue ablation by electrolysis have shown that pH
changes are indicative of electrolytic tissue ablation'®. It was
found that pH dyes marked gels**>-?>, could be used to study,
monitor and image electrolysis.

[0137] Magnetic Resonance Imaging (MRI) has been used
to study pH changes in biomedical settings with various
methods and for various applications. For example, the
effect of intracellular pH, as well as blood and tissue oxygen
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tension on T1 relaxation in the rat brain has been studied*”.
Measurements of pH changes due to ischemia in the brain,
in relation to amine and amide protons have been reported®
29. Measurements of pH changes due to kidney failure with
an MRI-CEST pH responsive contrast agent, lopamidol
have been presented®. A range of MRI-active pH indicators
for food applications has been evaulated®" 2. It has been
shown that calf muscle T2 changes correlate with pH, PCr
recovery and oxidative phosphorylation®*. Schilling et al.
found that changes in intracellular pH affect the relaxation
time of T2 in brain tissue**. While reports exist on the use
of MRI for detecting changes in pH, not until the present
study has MRI been used to monitor the development of pH
fronts during electrolysis. This study confirmed our hypoth-
esis that pH fronts produced by electrolysis can be detected
with MRI, and this approach may be applied to monitor cell
ablation during electrolysis. Various approaches may be
used to detect pH changes in tissue with MRI. We chose to
explore our hypothesis with basic T1 weighted and T2
weighted based sequences for water.

[0138] An experimental study was conducted using a pH
dye-stained physiological saline agar-gel based phantom as
a model for a living tissue from an electrochemical stand-
point. In the study, images obtained with MRI were com-
pared to optical images acquired using pH-sensitive dyes.
The MRI imaging sequences used were T1 weighted (T1W),
T2 weighted (T2W) and Proton Density (PD). The optical
images were acquired using pH-sensitive dyes embedded in
the agar phantom exposed to electrolysis. In addition to
validating the MRI-based approach using pH-sensitive dyes,
we demonstrate a biological application of the MRI-based
approach by comparing a spatial map of bacterial viability
exposed to electrolysis with the MRI image of the phantom
during electrolytic treatment.

MRI Experimental Results

[0139] The agar plates were scanned before the adminis-
tration of electrolytic treatment with the following
sequences: T1W, T2W and PD. The gel plates were then
electrolytically treated for 15 minutes using three different
voltages: 3V, 6V, and 9V. After administering the treatment,
the plates were immediately positioned in a pediatric head
coil, and inserted into the MR scanner. MR sequences with
the same pre-treatment parameters were then acquired. The
MRI parameters are presented in Table 1.

TABLE 1

12
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T2W, and PD, respectively. All the images are for a standard
Petri dish with the same diameter, 8.5 cm. The electrolysis
was administered via the same device, positioned at the
same place for all the experiments, as constrained by the
application rig in FIG. 6a. The position of the electrodes can
be seen in some images as the two black traces (void of
signal) at the centerline of the Petri dish. The distance
between the electrodes was 2 cm. In all the images the anode
is on the left and the cathode is on the right.

[0141] The first row of FIG. 7 shows images taken with
the T1W sequence. The signal from the treated volume is
iso-intense to hypo-intense. It is iso-intense for the lower
voltage of 3V and becomes slightly hypo-intense with the
increasing applied voltage. The pH change front is barely
distinguishable for the 9V treatment. The second row shows
results obtained with the T2W sequence. The margin of the
electrolysis-affected region is marked with dotted yellow
line. Hypo-intense signal can be seen in the treated region,
with the signal intensity decreasing with increasing voltage.
The affected region near the anode is larger than near the
cathode. The altered pH front appears diffused in the anode-
affected region and well-delineated in the cathode affected
region. The interface between the cathode affected region
and the anode affected region is distinct and visible. It is also
note-worthy that in the cathode-affected region, the intensity
adjacent to the cathode decreases with increasing voltage.
The images produced with PD sequences, presented in the
third row, show a generally similar pattern to that described
for the T2W sequence produced images. Images produced
with the PD sequence show a hypo-intense signal with lower
intensity relative to the T2W sequence produced images.

pH Dye Experiment

[0142] For the pH dye experiments we have infused the
agar gel phantom described in our methods with two pH
sensitive indicator dyes. FIG. 8 shows results obtained from
the pH dye experiments. To facilitate the comparison of
results, FIG. 8 brings together images obtained for the three
voltages and results from the two-pH dyes infused gels. The
three columns are for voltages of 3V, 6V and 9V, from left
to right, respectively. The first row shows results obtained
with phenolphthalein staining. The phenolphthalein stain
produces a distinct pink color in the pH range from 8.2 to 12.
The first row shows, as expected, an impression in only the
cathode region on the right. The margins of the marked

MRI Parameters

# of Recon.
TR TE FOV Slice Num. excitations Matrix
Sequence Coil [ms] [ms] [mm] thickness slices NSA size
TIW SENSE-Pediatric 500 17 120 2 mm 4 2 512
TSE Head coil
T2W SENSE-PED- 1000 100 120 2 mm 4 2 512
TSE HEAD
PD SENSE-PED- 5000 30 120 2 mm 4 2 512
HEAD
[0140] To facilitate comparison of results, FIG. 7 brings regions indicate a minimal pH of 8.2. For a voltage of 3V,

together images obtained for the three voltages and the three
MRI sequences. The three columns are for the voltages of
3V, 6V and 9V, from left to right, respectively. The rows
from top to bottom are for the following sequences: T1W,

the change of pH front takes a circular shape, most likely of
a pH of 8.2. Increasing the voltage increases the size of the
change in pH-affected area. Similar to the MRI images, the
cathode-affected front collides with the anode produced
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front at a line between the electrode and cathode. The outer
margin of the lesion that has a circular shape is most likely
at a pH of 8.2, while the central line could be at any pH in
the range of pH 8.2 to pH 12. It is interesting to note that
immediately near the electrode for the 9V voltage the
intensity of the image is reduced compared to a region
further away from the electrode.

[0143] The second row shows the results of pH staining
using the Hagen wide range pH testing kit. The cathodic
region on the left is marked with a distinct blue color which
indicates a basic pH in the vicinity of 8.3, while the anodic
region on the right is marked with pink color which corre-
sponds to pH level of 6.4. We have used the color-matching
card provided by the manufacturer to establish the pH
ranges. For 3V, the pH change affected regions have a
circular shape. Increasing the voltage increases the size of
the affected region. Just as for the other pH dye, and MRI
images, the larger voltages lead to colliding pH fronts, which
can observed as a straight line. Several interesting phenom-
ena can be seen in the Hagen stained samples. First, for
voltages of 6V and 9V, the areas immediately adjacent to the
electrodes appear discolored relative to the surrounding
stained areas. Furthermore, on the cathode side at 6V and 9V
there is a drop of fluid, which was observed on the top of the
gel. For 9V, some of the dye has leaked into this drop and
stained it.

Bacterial Viability Experiment

[0144] To demonstrate the relevance of our work to a
biological model, electrolytic stimulation was applied to an
agar dish plated with E. coli bacteria. The third row in FIG.
8 shows optical images of a bacterial viability pattern after
treatment with 3V, 6V and 9V for 15 minutes, captured using
a digital camera after 24 hour growth period. The anodic
region on the right is marked with a clear bactericidal region
increasing in area with increasing voltage. The cathodic
region on the left is significantly smaller in terms of bacte-
ricidal area and is barely observable in the 3V image.

Discussion

[0145] As can be observed in the T1W images (FIG. 7 first
row), the treated volume exhibits hypointense to isointense
signal, which indicates that the effect of electrolysis is
minimal on T1W signal. A T1-weighted sequence produces
an image where the signal contrast is determined by the
differences in T1 relaxation times. The tissue signal in a T1
weighted imaging mode is inversely proportional to its T1
relaxation time. A short echo time (TE) is used to minimize
T2-weighting together with a short repetition time (TR). A
T1-weighted image is typically characterized by dark fluid
signal due to the long T1 relaxation time of water. This result
is consistent with previous studies of proton relaxation times
in water as a function of pH>® and show that T1 in water does
not change in the range of from pH 2 to pH 12.

[0146] Visible changes are produced by electrolysis in T2
weighted images (FIG. 7, second row). In the T2-weighted
imaging mode, the signal contrast is determined by differ-
ences in T2 relaxation times. The tissue signal in a T2
weighted image is proportional to its T2 relaxation time. A
long repetition time (TR) is used to minimize T1-weighting
together with a long echo time. The results in FIG. 7 are also
consistent with previous findings showing that T2 in water
is strongly affected by changes in pH and it increases
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symmetrically around pH 7 with an increase and decrease in
pH.?® Shilling et al.>* provide an explanation for observed
changes in T2 with changes in pH in the brain (which is
consistent with the findings of Meiboom et. al.*) by noting
that the effect of pH on spin-spin relaxation time (T2) might
be) explained by the fact that at pH 7.0, i.e., in the neutral
environment, water molecules build larger hydrogen-bound
mediated clusters than in the acid or base ranges. The
reduced mobility leads to a prolonged correlation time for
the dipolar interactions, which leads to a shortening of T2.%?
FIG. 7 shows that the electrolysis affected region near the
anode is larger than that near the cathode. This difference
makes physical sense and can be attributed to the relative
radii of protons (H*, 0.88 fm) and hydroxide ions (OH™, 110
pm). Due to their relative smaller size, the protons are more
mobile hence contributing to a larger extent to the conduc-
tivity increase around the anode. The increased mobility
causes the pH region around the anode to be larger than
around the cathode.

[0147] Proton Density (PD) is defined as the number of
proton spins per unit volume of a tissue. Proton density may
differ from the true water content due to short T2 compo-
nents, which are not seen in MRI. So PD-weighted imaging
where the T1 and T2 effects are minimized leads to images
whose contrast is determined primarily by the spin (proton)
density. This requires a short TE and long TR. In FIG. 7, the
third row shows the process of electrolysis generated PD
MRI images, which correspond well with the T2W images.
This confirms that the observed images are related to the
electrolysis caused diffusion of protons and hydroxide ions.

[0148] In FIG. 8, the first and the second rows show the
results of the process of electrolysis obtained with pH
stained dyes. While the optical pH results cannot be quan-
titatively compared with the MR images, because the pH
dyes have a restricted range, both the MRI and pH dyes
images show similar phenomena and trends. The observed
affected zone increase in both modalities with an increase in
voltage, which is consistent with the increased production of
electrolytic compounds with voltage. The anode and cathode
electrolysis affected regions meet at the same location in
both the pH dye images and the MRI images. The pH dye
results, in particular the second row of FIG. 8, show some
additional interesting physical phenomena. The effect relates
to the observed drops of water on the surface of the gel,
during electrolysis with 6V and 9V. It is known that in an
electric field, water moves by electro-osmosis from the
anode to the cathode®. Therefore, during electrolysis, the gel
near the anode tends to dehydrate while water accumulates
near the cathode. This is the source of the water observed in
the second row of FIG. 8. This electro-osmotic migration of
water may be responsible for the discoloration adjacent to
the cathode observed with both MRI and pH dyes.

[0149] FIG. 8 (row three) shows viability results from
electrolysis treated £. Coli, grown on the surface of the gel.
This part of the work is clinically relevant because elec-
trolysis is becoming an important method for sterilizing
surfaces and wounds, considering the growing antibiotic
resistances of microorganisms>®. The pattern of cell ablation
observed here is consistent with electrolytic ablation and
further supports the idea that the MRI detected changes are
relevant to electrolysis. FIG. 8 (row three) shows that the
extent of cell ablation increases with the voltage and charge
delivered as expected from a pH ablation process driven by
electrolysis. It is also well established that the electrolytic
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products of the anode are more effective at cell ablation than
the products of the cathodeS. This is also confirmed in this
study, which shows a much larger ablation zone near the
anode than near the cathode.

[0150] A comparison between MRI images, pH dye based
images and bacterial viability data shows that all the experi-
ments, produce qualitatively similar results with respect to
the effect of voltage on the affected area and with respect to
the difference between the anodic and cathodic regions. A
quantitative comparison is not possible because the pH dyes
and the bacterial viability images represent limited ranges of
pH. However, the results from the different imaging tech-
niques show that increasing the voltage (charge delivered)
increases the affected area in both the anode and cathode
affected volume, the anodic front advances faster than the
cathodic front, and the anode and cathode affected regions
meet on the line perpendicular to the line connecting the
electrodes.

[0151] FIG.9 summarizes the results. The first row shows
the T2W MR image onto which we have superimposed the
outline of the pH dye image (rows two and three) and the
outline of the viability experiment (row four). It is interest-
ing that the interface between the anode and the cathode
affected zones lie on the same line in the MRI image and the
pH dye image—suggesting that they both represent the same
phenomenon. The overall shape of the pH dye image is
similar to the MRI image. The affected zone observed with
MRI is larger than that observed with dyes, because the
range of changes that can be observed with MRI is not
restricted by a certain pH dye value. The extent of cell
ablation is substantially less than the extent of the region in
which MRI detects changes in pH. In the past, studies on the
effect of electrolysis on cell death were carried out using pH
probes or pH dyes. This study demonstrates for the first time
that MRI may be used in fundamental research on the effect
of electrolysis on cells, as well as in a clinical setting to
monitor therapeutic tissue ablation by electrolysis.

Conclusion

[0152] The present study demonstrates that electrolysis-
induced pH changes can be detected with MRI. The results
indicate the feasibility of using MRI as a means to monitor
dynamic changes in local pH level of a biological sample
during an electrolysis process. This work used an agar-based
gel model with conductivity in the range of a biological
tissue, and is validated vs. optical images utilizing pH
indicator dyes. In addition we demonstrate the relevance this
approach in the biological context by correlating bacterial
viability data with MRI measurements. It may be interesting
to work on developing different MRI techniques for detect-
ing pH, using MRI markers. It should be also possible to
develop MRI sequences that detect discretely various ranges
of pH, because T2 seems to be very sensitive to pH. This
study demonstrates for the first time that MRI may be used
in fundamental research on the effect of electrolysis on cells,
as well as in a clinical setting to monitor therapeutic tissue
ablation by electrolysis.
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[0191] The preceding merely illustrates the principles of
the invention. It will be appreciated that those skilled in the
art will be able to devise various arrangements which,
although not explicitly described or shown herein, embody
the principles of the invention and are included within its
spirit and scope. Furthermore, all examples and conditional
language recited herein are principally intended to aid the
reader in understanding the principles of the invention and
the concepts contributed by the inventors to furthering the
art, and are to be construed as being without limitation to
such specifically recited examples and conditions. More-
over, all statements herein reciting principles, aspects, and
embodiments of the invention as well as specific examples
thereof, are intended to encompass both structural and
functional equivalents thereof. Additionally, it is intended
that such equivalents include both currently known equiva-
lents and equivalents developed in the future, i.e., any
elements developed that perform the same function, regard-
less of structure. The scope of the present invention, there-
fore, is not intended to be limited to the exemplary embodi-
ments shown and described herein. Rather, the scope and
spirit of the present invention is embodied by the appended
claims.

What is claimed is:

1. A method comprising:

monitoring electrolysis of a tissue in a subject using an
imaging technique selected from the group consisting
of:

electrical impedance-based imaging,
method comprises:

wherein the

imaging the electrical impedance of a tissue of the
subject undergoing electrolysis; and

monitoring the electrolysis based on one or more
electrical impedance images of the tissue, and

magnetic resonance imaging (MRI), wherein the

method comprises:

imaging pH changes in a tissue of the subject under-
going electrolysis by magnetic resonance imag-
ing; and
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monitoring the electrolysis based on one or more
magnetic resonance images of the pH changes in
the tissue.

2. The method according to claim 1, wherein the imaging
technique is electrical impedance-based imaging.

3. The method according to claim 2, wherein the electrical
impedance-based imaging comprises electrical impedance
tomography (EIT).

4. The method according to claim 3, wherein the imaging
comprises magnetic electrical impedance tomography
(MEIT).

5. The method according to claim 1, wherein the imaging
technique is magnetic resonance imaging (MRI).

6. The method according to claim 5, wherein imaging pH
changes in the tissue of the subject undergoing electrolysis
comprises imaging pH fronts in the tissue undergoing elec-
trolysis.

7. The method according to claim 5 or claim 6, wherein
the magnetic resonance images are produced using a
sequence selected from: a T1 weighted sequence, a T2
weighted sequence, a proton density (PD)-weighted
sequence, and combinations thereof.

8. The method according to any one of claims 1 to 7,
wherein the method further comprises comparing the one or
more electrical impedance images or magnetic resonance
images to a reference image.

9. The method according to claim 8, wherein the reference
image is an electrical impedance image or magnetic reso-
nance image of the tissue obtained at an earlier time.

10. The method according to claim 9, wherein the method
comprises:

imaging the electrical impedance or pH changes of the

tissue at a second time point;

comparing the electrical impedance image or magnetic

resonance image of the pH changes in the tissue at a
first time point to the electrical impedance image or
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magnetic resonance image of the pH changes in the
tissue at the second time point; and

monitoring the electrolysis based on the comparison.

11. The method according to claim 10, wherein the first
time point is prior to the start of electrolysis, and the second
time point is after the start of electrolysis.

12. The method according to claim 10, wherein the first
time point is after the start of electrolysis, and the second
time point is after the first time point.

13. The method according to any one of claims 1 to 12,
wherein the electrolysis is cathode-based.

14. The method according to any one of claims 1 to 13,
wherein the tissue is selected from the group consisting of:
brain tissue, lung tissue, heart tissue, muscle tissue, skin
tissue, kidney tissue, cornea tissue, liver tissue, abdomen
tissue, head tissue, leg tissue, arm tissue, pelvis tissue, chest
tissue, prostate tissue, breast tissue, esophagus tissue, GI
tract tissue and trunk tissue.

15. The method according to any one of claims 1 to 14,
wherein the electrolysis is electrolytic surgery to ablate
tissue.

16. The method according to claim 15, wherein the tissue
to be ablated is a soft tissue neoplasm.

17. The method according to any one of claims 1 to 13,
wherein the electrolysis is electrolytic surgery to treat an
ischemic disease of the eye.

18. The method according to any one of claims 1 to 13,
wherein the electrolysis is electrolytic surgery to promote
wound repair.

19. A system for performing tissue electrolysis in an
individual, the system comprising:

an electrolytic device, and

an electrical impedance measuring device.

20. A system for performing tissue electrolysis in an
individual, the system comprising:

an electrolytic device, and

a magnetic resonance imaging device.
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