1 SYSTEM FOR DETECTI NG PRECANCEROUS AND CANCERQUS TI SSUE TECHNI CAL FI ELD
The present invention relates generally to the 5 detection of abnornmal or
cancerous tissue and, nore particularly, to the detection of changes in

el ect rophysi ol ogi cal characteristics of abnormal or cancerous tissue
related to the functional, structural, land topographic relationships of the
ti ssue during the devel opnent of 10 malignancy. These neasurenents may be

made in the abyeres reRdHETEE!ARENGE@NCERAVERARDOSAGELROHS hRFdaykal agents
to reveal and accentuate el ectrophysiol ogical characteristics indicative
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indicative of abnormal or cancerous tissue.
BACKGROUND ART
15 Cancer is a leading cause of death in both men and
women in the United States. Difficulty in detecting abnormal
pre-cancerous or cancerous tissue before treatment options
become non-viable is one reason for the high mortality rate.
Detecting the presence of abnormal or cancerous tissues is
20 difficult, in part, because such tissues are largely located
deep within the body, thus requiring expensive, complex,
invasive, and/or uncomfortable procedures. For this reason,
the use of detection procedures is often restricted until a
patient is experiencing symptoms related to the abnormal
25 tissue. Many forms of cancers or tumors, however, reguire
extended periods of time to attain a detectable size (and thus
to produce significant symptoms or signs in the patient}). It
is often too late for effective treatment by the time the
cancer or tumor is detected using <currently available
30 diagnostic modalities.

One proposed method for early detection of
cancercus and pre-cancerous tissue includes measuring of the
electrical impedance of biological tissue. For example, U.S.
Patent No. 3,949,736 discloses a low-level electric current

35 passed through tissue, with a measurement of the voltage drop

across the tissue providing an indirect indication of the



Pat ent No. 3,949,736 discloses a |lowlevel electric current 35 passed
through tissue, wth a neasurenent of the voltage drop across the tissue
providing an indirect indication of the 2 overall tissue inpedance. This
nmet hod teaches that a change in inpedance of the tissue iis associated with
an abnormal condition of the cells conposing the tissue, indicating a
tunor, carcinoma, or other abnornmal biological condition. This disclosure,
however, does not discuss either an increase or decrease in inpedance
associated with abnormal cells, nor does it specifically address tunor
cells. One disadvantage of this and sinmplar systens is that the inherent DC
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di agnosi ng pre-cancerous and cancerous conditions. Another disadvantage of
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such as the bowel, or in ductal structures, such as the breast
or prostate. Epithelial tissue maintains a transepithelial
electropotential (TEP} that may be altered by the malignancy
process. Early in the malignant process, the epithelium may
lose its transepithelial potential, particularly when compared
to epithelium some distance away from the developing
malignancy. Thus, the , combination of transepithelial
electropotential measurements with impedance may be more
accurate in diagnosing pre-cancerous and cancerous conditions.
Ancther disadvantage of the above referenced system
is that the frequency range 1is not defined. Certain
information may be obtained about cells according to the range
of frequencies selected. Different frequency bands may be
associated with different structural or functional aspects of

the tissue. See, for example, F.A. Duck, Physical Properties

of Tissues, London: Academic Press, 2001; K. R. Foster, H.P.
Schwan, Dielectric properties of tissues and biological

materials: a critical review, Crit. Rev. Biomed. Eng., 1583,

17(1): 25-104. For example at high freguencies, such as > 1
GHz, molecular structure has a dominating effect on the
relaxation characteristics of the impedance profile.

Relaxation characteristics include the delay in response of a



17(1): 25-104. For exanple at high frequencies, such as > 1 GHz, nol ecul ar
structure has a domnating effect on the relaxation characteristics of the
i npedance profile. Relaxation characteristics include the delay in response
of a 3 tissue to a change in the applied electric field. For exanple, an
applied AC current results in a voltage change across the tissue which wll
be del ayed, or phase shifted, because of the inpedance characteristics of
the tissue. Relaxation and dispersion characteristics of tissue vary
according to the frequency of the applied signal. At |ower frequencies, such
as <100 Hz, or the so called a-dispersgon range, alterations in ion
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of the cebplrogyllepl asm &Rd Feeh@dScy range between a few kHz and 1 MHz,
or the so-called PB-dispersion range, cell structure dominates
the relaxation characteristics of the epithelial impedance
profile. Within this range at low kHz frequencies, most of
the applied current passes between the cells through the
paracellular pathway and tight Jjunctions. At higher
frequencies in the pB-dispersion range the <current can
penetrate the cell membrane and therefore passes both between
and through the cells, and the current density will depend on
the composition and volume of the cytoplasm and cell nucleus.

Characteristic alterations occur in the ion
transport of an epithelium during the process of malignant
transformation affecting the impedance characteristics of the
epithelium measured at frequencies in the a-dispersion range.
Later in the malignant process, structural alterations with
opening of the tight Jjunctions and decreasing resistance of
the paracellular pathways, together with changes in the
composition and volume of the cell cytoplasm and nucleus,
affect the impedance measured in the P-dispersion range.
Another disadvantage of the above referenced system

is that the topography of altered impedance is not examined.

By spacing the measuring electrodes differently, the



affect the inpedance neasured in the J3-di spersion range. Another

di sadvant age of the above referenced system is that the topography of
altered i npedance is not exam ned. By spacing the nmeasuring el ectrodes
differently, the 4 epitheliumcan be probed to different depths. The depth
that is neasured by two surface electrodes is approximately half the

di stance between the el ectrodes. Therefore, electrodes 1mm apart wl|
nmeasure the inpedance of the wunderlying epitheliumto a depth of
approximately 500 mcrons. It is known, for exanple, that the thickness of
bowel epitheliumincreases at the edge 4€f a devel oping tunor to 1356 208
conpar ed végithel@und 12ann Ber nBkobeyelto Qi fifeirehlt, depties. Pather nsepdth
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comparing the measured impedance between electrodes spaced
approximately 2.8 mm apart with the impedance of electrodes
spaced approximately 1.4 mm apart, information about the
deeper and thickened epithelium may be obtained. See, for
example, L. Emtestam & 5. Ollmar. Electrical impedance index
in human skin: measurements after occlusion, in 5 anatomical
regions and in mild dirritant contact dermatitis. Contact
Dermatitis 1993; 28 (2): 104-108.

Another disadvantage of the above referenced
methods is that they do hot probe the specific conductive
pathways that are altered during the malignant proccess. For
example, potassium conductance 1is reduced in the surface
epithelium of the colon early in the malignant process.

Other patents, such as U.S. Patent Nos. 4,955,383 and
5,09%,844, disclose that surface electropotential measurements
may be wused to diagnose cancer. Empirical measurements,
however, are difficult to interpret and use in diagnosis. For
example, the above referenced inventions diagnose cancer by
measuring voltage differences (differentials} Dbetween one
region of the breast and another and then comparing them with
measurements in the opposite breast. Changes in the measured

surface potential may be related to differences in the



exanpl e, the above referenced inventions di agnose cancer by neasuring

vol tage differences (differentials) between one region of the breast and
anot her and then conparing themw th neasurenents in the opposite breast.
Changes in the nmeasured surface potential may be related to differences in
the 5 inpedance characteristics of the overlying skin.  This fact is

i gnored by the above referenced and simlar inventions, resulting in a

di agnostic accuracy of 72%or less. J. Cuzick et al. Electropotenti al
measurenents as a new diagnostic nodality for breast cancer. Lancet 1998;
352(9125): 359-363; M Faupel et al. Elgctropotential evaluation as a new
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be possible with a combination cof DC potential measurements
and AC impedance measurements. The above referenced system
diaghoses cancer by only measuring decreased impedance
(increased conductance) over a cancer.

Another potential source of information for the
detection o©f abnormal tissue is the measurement of transport
alterations in the mucosa. Epithelial cells line the suxfaces
of the body and act as a barrier to isolate the body from the
outside world. Not only do epithelial cells serve to insulate
the body, but they also modify the body’s environment by
transporting salts, nutrients, and water across the cell
barrier while maintaining their own cytoplasmic environment
within fairly narrow limits. One mechanism by which the
epithelial 1layer withstands the constant battering is by
continuous preliferation and replacement of the barrier. This
continued cell proliferation may partly explain why more than
80% of cancers are of epithelial cell origin.

It is known that the addition of serum to quiescent
fibroblasts results 1in rapid cell membrane depolarization.
Cell membrane depolarization is an early event that may be
assoclated with cell division, Depolarization induced by
growth factors appears biphasic in some instances, but cell

division may be stimulated without depolarization. Cell



It is known that the addition of serumto quiescent fibroblasts results in
rapid cell nenbrane depol arization. Cell nenbrane depolarization is an
early event that may be associated with cell division. Depolarization

i nduced by growh factors appears biphasic in sone instances, but cel

di vision may be stinulated w thout depolarization. Cell 6 nenbrane .

depol arization is tenporally associated with Na+ influx, and the influx
persists after repolarization has occurred. Al though the initial Na+ influx
may result in depolarization, the increase in sodiumtransport nay not
cease once the cell nenbrane has been epol ari zed, possibly due to Na/K
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mai ntai ning the voltage o The Cel | rane ere ore
pot enti al gmrliifetretdoti oreldst ween relatlvely depolarized when compared

to those that are quiescent or non-diwviding. Differentiation
is associated with the expression of specific ion channels.
Additional studies indicate that cell membrane depolarization
occurs because of alterations in iconic fluxes, intracellular
ionic  composition, and  transport mechanisms  that are
associated with cell proliferation.

Intracellular Ca* (ca®;) and intracellular pH (pH;)
are increased by mitogen activation. Cell proliferation may
be initiated following the activation of phosphatidylinositol
which releases two second messengers, 1,2-diacylglycerol and
inosotol~1,4,5-triphosphate, which trigger Ca®*; release from
internal stores. Cca®’; and pH; may then alter the gating of
varicus 1ion <channels 1in the <c¢cell membrane, which are
responsible for maintaining the voltage of the cell membrane.
Therefore, there is the potential for interaction between
other intracellular messengers, ion transport mechanisms, and
cell membrane potential. Most studies have been performed in
transformed and cultured cells and not in intact epithelia
during the development of cancer, so that it 1s largely
unknown how up-regulated proliferation affects cell membrane
potential, transepithelial potential, epithelial impedance,

and ion transport during carcinogenesis.



other intracellular nmessengers, ion transport nechani sns, and cell nenbrane
potential. Mst studies have been perforned in transfornmed and cul tured
cells and not in intact epithelia during the devel opnment of cancer, so that
it is largely wunknown how up-regul ated proliferation affects cell nenbrane
potential, transepithelial potential, epithelial inpedance, and ion
transport during carcinogenesis. 7 It was known that cancer cells are
relatively depol arized conpared to non-transfornmed cells. It has been
suggested that sustained cell nenbrane depol arization results in continuous
cellular proliferation and that nmalignanf transformation results as a
consequence of susuainedasdepakﬁnizath@ﬂ @ntter f acéll® ohréheredbtively

repol ari ze jaft ce di vi si C.D. Cone Jr. n|f| d t heory on t he basic
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cancer in CF1 mce. The VA (api cal nenbrane voltage) neasured W th
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155-158; C.D. Cone, Jr. The role of the surface electrical
transmembrane potential in normal and malignant mitogenesis.

Ann. N.Y. Acad. Sci. 1974; 238: 420-435, A number of studies

have demonstrated that cell membrane depolarization occcurs
during transformation and carcinogenesis. Other studies have
demonstrated that a single ras-mutation may result in altered
ion transport and cell membrane depolarization. Y. Huang,

S.G. Rane, Single channel study of a Ca(2+)-activated K+

current associated with ras induced cell transformation. J.
Physiol. 1993; 461: 601-618. For example, there 1is a

progressive depoclarization of the colonocyte cell membrane
during 1,2 dimethylhydrazine (DMH)-induced colon cancer in CF
mice. The V, (apical membrane voltage) measured with
intracellular microelectrodes 1in histologically "normal"
colonic epithelium depolarized from -74.9 mV to -61.4 mV after
6 weeks of DMH +treatment and to -34 mV by 20 weeks of
treatment.

While epithelial <cells normally maintain their
intracellular sodium concentration within a narrow range,
electronmicroprobe analysis shows that cancer cells exhibit
cytoplasmic sodium/potassium ratios that are three to five

times greater than those found in their non-transformed ones.



colonic epitheliumdepolarized from-74.9 nV to -61.4 nV after 6 weeks of
DVH treatnent and to -34 nV by 20 weeks of treatnent. Wiile epithelial
cells normally maintain their intracellular sodiumconcentration within a
narrow range, el ectronm croprobe analysis shows that cancer cells exhibit
cytoplasm c sodium potassiumratios that are three to five tinmes greater
than those found in their non-transforned ones. 8 These observations partly
explain the electrical depolarization observed in malignant or
pre-malignant tissues, because of the |oss of K+ or Na+ gradients across
the cell nenbrane. In addition to cell ﬁenbrane depol ari zati on, and
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apoptosis include the influx of Ca2+ non-selective Cat+-perneable cation
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composition. Other specific ion transport alterations have
been described in c¢olon, prostate, breast, uterine cervix,
meianoma, urothelium, and pancreas during proliferation,
differentiation, apoptosis, and carcinogenesis.

Apoptosis or physioclogical cell death is down-
regulated during the development of malignancy. Ion transport
mechanisms affected by apoptosis include the influx of Ca®,
non-selective Ca?*-permeable cation channels, calcium-activated
chloride channels, and K'-Cl -cotransport. J.A. Kim et al.
Involvement of Ca2+ influx in the mechanism of tamoxifen-
induced apoptosis in Hep2G human hepatoblastoma cells. Cancer
Lett. 1999; 147(1-2): 115-123; A.A. Gutierrez et al.
Activation of a Ca2+-permeable cation channel by two different
inducers of apoptosis in a human prostatic cancer cell line.

J. Physiol. 1999; 517 (Pt. 1}): 95-107; J.V. Tapia-Vieyra, J.

Mas-Oliva. Apoptosis and cell death channels 1in prostate
cancer. Arch. Med. Res. 2001; 32(3): 175~185; R.C, Elble,
B.U. Pauli. Tumor Suprression by a Proapoptotic Calcium-

Activated Chloride Channel in Mammary Epithelium. J. Biol.
Chem. 2001; 276(44): 40510-40517.

Loss of cell-to~cell communication occurs during
carcinogenesis. This results in defective electrical coupling

between cells, which i1s mediated via ilons and small molecules



J. Physiol. 1999; 517 (Pt. 1): 95-107; J.V. Tapia-Vieyra, J. Ms-diva.
Apoptosis and cell death channels in prostate cancer. Arch. Med. Res. 2001,
32(3): 175-185; R C. Elble, B.U Pauli. Tunor Suprression by a Proapoptotic
Cal cium Activated Chloride Channel in Mammary Epithelium J. Biol. Chem
2001; 276(44): 40510-40517. Loss of cell-to-cell conmunication occurs during
carci nogenesis. This results in defective electrical coupling between
cells, which is nediated via ions and small nolecules 9 through gap
junctions, which in turn influences the electrical properties of epithelia.
Pol yps or overtly malignant |esions may glevelop in a background of
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to di agnose cancer, howeve
colonic polYP, that are usually depolarized. Electrical

depolarization has been found in biopsies of malignant breast
tissue. Recéntly alterations in impedance have been found to
be associated with the pre-malignant or cancerous state in
breast and bowel.

DC electrical potential alterations have  been
reported to be useful to diagnose non-malignant conditions
such as cystic fibrosis, cancer in animal models, human cells
or isolated tissue, and in man. Differences in impedance
between normal tissue and cancer have been described in animal
models in vitro and have been applied to in wvivo cancer
diagnosis. DC potential measurements have not been combined
with impedance measurements to diagnose cancer, however,
because electrophysiological alterations that accompany the
development of cancer are generally not fully characterized.
Transepithelial depolarization is an early event during
carcinogenesis, which may affect a significant region of the
epithelium (a "field defect"). This depolarization is
accompanied by functional changes in the epithelium including
ion transport and impedance alterations. Early on in the
process these take the form of increased impedance because of
decreased specific electrogenic ion transport processes. As

the tumor begins to develop in the pre-malignant epithelium,



because el ectrophysiol ogical alterations that acconpany the devel opnment of
cancer are generally not fully characterized. Transepithelial

depol arization is an early event during carcinogenesis, which my affect a
significant region of the epithelium(a "field defect”) . This

depol ari zation is acconpanied by functional changes in the epithelium
including ion transport and inpedance alterations. Early on in the process
t hese take the form of increased i npedance because of decreased specific

el ectrogenic ion transport processes. As the tunor begins to develop in the
pre-malignant epithelium 10 structurakgchanges occur in the transforned
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changes and other factors. In the absence of knowledge about
the physiological variables which influence transepithelial
potential and impedance these kinds of measurements may not be
reliable to diagnose pre-malignancy or cancer. Furthermore a
detailed understanding of the functional and morphological
alterations that occur during carcinogenesis permits
appropriate electrical probing for a specifically identified
ion transport change  that is altered during cancer
development. For example knowledge that electrogenic sodium
absorption 1is reduced during cancer development in the colon
permits the use of sodium channel blockers (e.g., amiloride)
or varying sodium concentration in the ECM to examine whether
there is an inhibitable component o¢f sodium conductance. By
varying the depth of the measurement (by measuring the voltage
drop across differently space electrodes), it is possible to
obtain topographic and depth information about the cancerous
changes in the epithelium.

The diagnostic accuracy of current technology using
DC electropotentials or impedance alone has significant
limitations. Sensitivity and specificity for DC electrical

measurements in the breast have been reported as 90% and 55%



permts the use of sodium channel blockers (e.g., amloride) or varying
sodi um concentration in the ECMto exam ne whether there is an inhibitable
conponent of sodi um conductance. By varying the depth of the measurenent
(by measuring the voltage drop across differently space electrodes), it is
possible to obtain topographic and depth information about the cancerous
changes in the epithelium The diagnostic accuracy of current technol ogy
using DC electropotentials or inpedance alone has significant I|imtations.
Sensitivity and specificity for DC el ectrical measurenments in the breast
have been reported as 90% and 55% 11 regpectively and 93% and 65% f or
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than 90% which will lead to improved clinical utility.

Thus, there remains a need for effective, practical
methods of detecting abnormal tissue.
SUMMARY OF THE INVENTION

To overcome problems and inadequacies assoclated with
prior methods, abnormal or cancerous tissue is characterized
using DC measurements and impedance measurements in
combination. DC measurements provide information about the
functional state of the epithelium and can detect early pre-
malignant changes and an adjacent malignancy. Impedance
measurements at different frequencies using differently spaced
electrodes provide depth and topographic information to give
both structural (high frequency range) and functional (low
frequency range) information about the tissue being probed.
Abnormal or cancerous tissue can be detected and characterized
by detecting and measuring transport alterations in mucosal
tissues, using ionic substitutions and/or pharmacological and
hormonal manipulations to determine the presence of abnormal
pre-cancerous or cancerous cells. A baseline level of
transepithelial DC potential, impedance, or other
electrophysiological property that is sensitive to alterations
in transport in épithelia is measured in the tissue to be

evaluated. An agent may be introduced to enhance the



el ectrodes provide depth and topographic information to give both
structural (high frequency range) and functional (low frequency range)

i nformati on about the tissue being probed. Abnormal or cancerous tissue can
be detected and characterized by detecting and measuring transport
alterations in nucosal tissues, using ionic substitutions and/or

phar macol ogi cal and hornonal mani pul ations to determ ne the presence of
abnormal pre-cancerous or cancerous cells. A baseline |evel of
transepithelial DC potential, inpedance, or other el ectrophysiol ogical
property that is sensitive to alterationf in transport in epitheliais
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al terati on21l¥RE2tt@hseplhhet Fansexd Wil dIC Hvdyeat ledpeasies iBPefaBCei ssue
(or other ske%eomghel stcalchgfngé&yram}sm%gfc%fﬂ bpREt JRKRat!

FReR &Y
possible to detect alterations I1n the transport) are then neasured. sed
on the agemefﬂﬁctodUCemakandlthexn@aideedteletﬂmaﬁhysibeogtc@mspamanbher

t he condltl nsgor{pe %Is%ﬂgnl h glne&mgégmgﬁoghggﬁgﬁe?tenkarggugSV|ded

for deternlnlng a -condrtion of & select e region o

| east tmoandrthatmpasarag elect ragiess aylodierdt ethramepeexi khey cbaddtionn
contact wit st surface of the selected region of the tissue.
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current across the tissue or epithelium. For example, current
may be passed between the urethra and surface of the prostate,
accessed per rectum; between the abdominal wall and the bowel
mucosal surface; between the skin surface of the breast and
the central breast ducts accessed by central duct catheter or
ductoscope. A plurality of measuring electrodes is located in
contact with or in proximity with the first surface of the
selected region of tissue as well. A signal is established
between the current-passing electrodes. One or more of the
measuring electrodes measures impedance associated with the
established signal. Alternatively a three electrode system
may be used for measurements whereby one electrode is used for
both current injection and voltage recording. An agent is
introduced into the region of tissue. The condition of the
tissue is determined based on the effect of the agent on
measured DC transepithelial potential impedance or other
electrophysiological characteristics. The electrocdes in the
described methods and apparatus can be used in contact with,
in proximity to, over, or inserted into the tissue being
examined. It should be understood that where the method is

described in an embodiment as encompassing one of these



bet ween the current-passing el ectrodes. One or nore of the neasuring

el ectrodes neasures inpedance associated with the established signal.
Alternatively a three el ectrode system nmay be used for measurenents whereby
one electrode is used for both current injection and voltage recording. An
agent is introduced into the region of tissue. The condition of the tissue
is determ ned based on the effect of the agent on neasured DC
transepithelial potential inpedance or other el ectrophysiol ogical
characteristics. The electrodes in the described nmethods and apparatus can
be used in contact with, in proximty ti@ over, or inserted into the tissue
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i nvestigated, a nunber of methods may be used to adm nister
phar macol o@i%%ue:or Aor rAdveainaggdaud cabne agestpl ardy nePhod lntroduced to

manlpulate the tissue. Pharmacological agents may include
agonists of specific ion transport and electrical activity,
antagonists of specific ion transport and electrical activity,
ionic substitutions, and/or hormonal or growth factor
stimulation or inhibition of electrical activity.

Depending on the location of the +tissue to be
investigated, a number of methods may be used to administer
the pharmacological or hormonal agents. One exemplary method
includes introducing the agent directly to the tissue being
investigated, via either direct contact or injection. Another
exemplary method includes applying the agent to the skin
surface, wherein the agent acts transcutaneously, or through
the skin. Yet another exemplary method includes
electroporation, wherein the epithelium or surface is made
pernmeable by the passage of alternating current via electrodes
in contact or penetrating the organ or epithelium of interest.
The agent then passive diffuses into the organ and its
constituent cells. Additional exemplary methods include via
inhalation, oral administration, lavage, gavage, enema,
parenteral injection into a vein or artery, sublingually or
via the buccal mucosa, or via intraperitoneal administration.

One skilled in the art will appreciate that other methods are



i ncludes introducing the agent directly to the tissue being investigated,
via either direct contact or injection. Another exenplary nethod includes
applying the agent to the skin surface, wherein the agent acts trans
cutaneously, or through the skin. Yet another exenplary nethod incl udes

el ectroporation, wherein the epitheliumor surface is nade perneable by the
passage of alternating current via electrodes in contact or penetrating the
organ or epitheliumof interest. The agent then passive diffuses into the
organ and its constituent cells. Additional exenplary nethods include via
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geometrical (depth) information about the epithelium under
examination to diagnose pre-malignancy and cancer. In one
embodiment, systems and methods of the present invention use
electrodes with  specially formulated ECMs to provide
functional information about the epithelium to diagnose pre-
malignacy and cancer.

Additional objects and advantages of the invention
will be set forth in part in the description which follows,
and in part will be obvious from the description, or may be
learned by practice of the invention. The objects and
advantages of the invention will be realized and attained by
means of the elements and combinations particularly pointed
out in the appended claims.

It 1is to be understood that both the foregoing
general description and the following detailed description are
exemplary and explanatory only and are noé restrictive of the
invention, as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and constitute a part of this specification, illustrate one
embodiment of the invention and together with the description,
serve to explain the principles of the invention. In the

Figures:



and in part will be obvious fromthe description, or may be |earned by
practice of the invention. The objects and advantages of the invention wll
be realized and attained by neans of the elenents and conbi nati ons
particularly pointed out in the appended clains. It is to be understood
that both the foregoing general description and the follow ng detail ed
description are exenplary and explanatory only and are not restrictive of
the invention, as clainmed. BRI EF DESCRI PTI ON OF THE DRAW NGS The

acconpanyi ng draw ngs, which are incorporated in and constitute a part of
this specification, illustrate one enbd8inent of the invention and together

with the descripti@igurgerverto expl ai g8 t&ehgfatict plesgdmt B bnventaren. In
the Figures: 15 Figure 1 is a schematic diagramof a DC and AC i rrpedance
measur i ng %v%%%edW%l@?%ﬁ’t‘rWQ hAgH1efboBPRERELERE FAENDIAES FIPIHFERS on;

Figure 2 idg usid 3r@scaR exeaRLasY; enbodi ment of a device suitable for use
with systens and net hods consistent wth the present invention; Figure 3

i 1lustrates anot heFigksfplarylénssartent aé‘f exeHRYREE @mkzoai@m@nfcoro@s@ Wwith
System angeRidods: CNR Skaht u L Lifles PLESRN! 2hBVEUMR, Fadill Rt et and

4B |Ilustrat es other exenplary enbodi nen evice suita use

wi t h syst enislarithe peelseds cioneh’siem wth the present invention; Figures 5A
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with 'the present invention;

Figures 4A and 4B 1illustrates other exemplary
embodiments of a device suitable .for use with systems and
methods consistent with the present invention;

Figures 5A and 5B illustrate the short «circuit
current associated with human colonic epithelium ex-vivo;

Figure 6 is a photomicrograph illustrating
electrophysiologic and histologic alterations that may be
present in colenic cancer;

Figure 7 illustrates measurements of epithelial
electropotential in a patient with rectal cancer;

Figure 8 illustrates varying ionic content and the
effect on transepithelial <conductance in human breast
epithelium;

Figure 9 illustrates measurements of cell membrane
potential in human breast epithelial cells;

Figure 10 illustrates the effect of increasing
estradiol on the transepithelial potential in benign and
malignant breast epithelia;

Figure 11 illustrates conductance and
electropotential measurements made over the surface of the
breast in women with and without breast cancer;

Figure 12 illustrates the measurement of
electropotential at the surface of the breast, and variation

of the measurement during menstrual cycle ;



Figure 7 illustrates neasurenents of epithelial electropotential in a

patient with rectal cancer; Figure 8 illustrates varying ion

¢ content and

the effect on transepithelial conductance in hunman breast epithelium

Figure 9 illustrates neasurenents of cell nenbrane potentia
breast epithelial cells; Figure 10 illustrates the effect of
estradiol on the transepithelial potential in benign and nal

in human
I ncr easi ng
I gnant breast

epithelia; Figure 11 illustrates conductance and el ectropotenti al
measur enents nade over the surface of the breast in wonen with and w t hout
breast cancer; Figure 12 illustrates thegneasurenent of electropotential at
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menstrual cycle ; 16 Figure 13 illustrates neasurenents of cell nenbrane
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condi tions; nﬁiﬂl %%strates measurenents of electropotential in a
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Reference will now be made in detail to an embodiment

of the invention, an example of which is illustrated in the

accompanying drawings. Wherever possible, the same reference

numbers will be used throughout the drawings to refer to the

same or like parts.

In order to combine DC transepithelial measurement

with impedance measurements, it may be necessary

to obtain

baseline measurement of the DC potential using the voltage
sensing electrodes, referenced to a low impedance surface
electrode, or the blood stream via an IV, or the interstitial
body fluid wvia a needle electrode or electrode that
permeabilizes the overlyilng epidermis or other epithelium, or
other body reference point. The electrodes may contain
different dionic concentrations, pharmacological agents, or
hormones in their ECMs. As used in this description, an ECM
is a medium that permits transmission of electrical signals
between the surface being measured and the electrode. An
agent includes any ionic concentration, pharmacological agent,
hormone, or other compound added to the ECM or otherwise
introduced to the tissue under investigation, selected to
provide further information about the condition of the tissue.
In another enmbodiment the concentrations of agents may be
changed using a flow through system.

In order to measure the depth of the impedance

alteration, a voltage drop is made between electrodes with



sensing el ectrodes, referenced to a | ow i npedance surface electrode, or the
bl ood streamvia an IV, or the interstitial body fluid via a needle

el ectrode or electrode that perneabilizes the overlying epiderm s or other
epithelium or other body reference point. The el ectrodes may contain
different ionic concentrations, pharnmacol ogi cal agents, or hornones in
their ECMs. As used in this description, an ECM is a nediumthat permts
transm ssion of electrical signals between the surface being nmeasured and
the el ectrode. An agent includes any ionic concentration, pharmacol ogi cal
agent, hornone, or other conpound adddd to the ECM or otherw se introduced
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stinmulation, which nodul ates, inhibits or_stinulates
differently spaced electrodes. Pharmacological agents include
agonists of specific ion transport and electrical activity,
antagonists of specific ion transport and electrical activity,
ionic substitutions, and/or hormonal or growth factor
stimulation, which modulates, inhibits or stimulates
electrical activity.

Depending on the location of the +tissue to be
investigated, a number of methods may be used to administer
the pharmacolcocgical or hormonal agents. One exemplary method
includes introducing the agent directly to the tissue being
investigated, via either direct contact or injection. Another
exemplary method includes applying the agent to the skin
surface, wherein the agent acts transcutaneously, or through
the skin. Another exemplary method includes electroporatiocn,
wherein the epithelium or surface is made permeable by the
passage of alternating current via electrodes in contact with
or penetrating the organ or epithelium of interest. The agent
then passively diffuses into the organ and its constituent
cells. Additional exemplary methods include via irhalation,
oral administration, lavage; gavage, enema, parenteral
injection into a vein or artery, sublingually or via the
buccal mucosa, or via intraperitoneal administration. One

skilled in the art will appreciate that other methods are



electrical activity. Depending on the |location of the tissue to be

i nvestigated, a nunber of nethods nay be used to adm nister the

phar macol ogi cal or hornonal agents. One exenplary nmethod includes
introducing the agent directly to the tissue being investigated, via either
direct contact or injection. Another exenplary nethod includes applying the
agent to the skin surface, wherein the agent acts trans cutaneously, or
through the skin. Another exenplary nethod includes el ectroporation,
wherein the epitheliumor surface is nade perneable by the passage of
alternating current via electrodes in d8ntact with or penetrating the organ
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investigated tissue. For example, research has indicated that
specific ion transport processes are altered during the
development of cancer. For example, a loss of electrogenic Na'
transport, an up-regulation in Na/H exchange, a down-
regulation in K' conductance, a decrease in basal C1-
absorption, and a down-regulation in c¢~-AMP (cyclic adenosine-
37,5 ~cyclic monophosphate) stimulated Cl1™ secretion have been
observed.

Thus, by administering agents appropriate to the
particular epithelial tissue and measuring the associated
electrophysiological characteristics, it is possible toc detect
abnormal  pre-cancerous or  cancerous tissue while the
development of such tissue 1s at an early stage. The method
and system of the present invention is applicable to any
epithelial derived cancer, such as, but not 1limited to,
prostate, colon, breast, esocphageal, and nasopharyngeal
cancers, as well as other epithelial malignancies, such as
lung, gastricg, uterine cervix, endometrial, skin, and bladder.

Specifically, in cancers affecting mucosal or
epithelial tissues, transport alterations may be sufficiently
large to suggest that they are a consequence of an early

mutation, affecting a large number of cells (i.e., a field



transport, an up-regulation in Na/H exchange, a down- regulation in K+
conductance, a decrease in basal - absorption, and a down-regulation in
c-AWP (cyclic adenosine- 3,5 -cyclic nonophosphate) stinulated O -
secretion have been observed. Thus, by adm nistering agents appropriate to
the particular epithelial tissue and neasuring the associ ated

el ectrophysi ol ogi cal characteristics, it is possible to detect abnornal
pre-cancerous or cancerous tissue while the developnment of such tissue is
at an early stage. The nethod and system of the present invention is
applicable to any epithelial derived d8ncer, such as, but not linmted to,
pr ost at e, defdomn), . br east thiesophageal thegndmags dehasypigeidied cancposentakanvel | as
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These variations, and others, are described below.

One probe or other device includes a plurality of
miniaturized electrodes in recessed wells. Disposable
commercially available silicon chips processing, such as
filtering, may perform surface recording and initial
electronic processing. Each ECM solution or agent may be
specific to the individual electrode and reservoir on the
chip. Thus, for one measurement, a particular set of
electrodes is used. For another measurement, for example, at
a different ionic concentration, a different set of electrodes
is wused. While this produces some variations, as the
electrodes for one measurement are not located at the same
points as for another, this system provides generally reliable
results.

An alternative approach 1s to use fewer electrodes
and use a flow-through or microfluidic system to change
solutions and agents. Specifically, solutions or agents are
changed by passing small amounts of electrical current to move
solution or agent through channels and out through pores in
the surface of the probe. In this embodiment, the electrode
remains in contact with the same region of the epithelium,

thus eliminating region-to-region variation in measurement.



commercially available silicon chips processing, such as filtering, may
performsurface recording and initial electronic processing. Each ECM
solution or agent may be specific to the individual electrode and reservoir
on the chip. Thus, for one measurenment, a particular set of electrodes is
used. For anot her neasurenent, for exanple, at a different ionic
concentration, a different set of electrodes 1is used. Wile this produces
some variations, as the electrodes for one measurement are not | ocated at
the sane points as for another, this system provides generally reliable
results. An alternative approach is to20se fewer electrodes and use a
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above, to nove fluid to the surface of the el ectrodes.
introduced to reduce skin impedance. The agent may be
introduced using a microfluidic approach, as described above,
to move fluid to the surface of the electrodes.
Alternatively, surface electrodes that Jjust penetrate the
stratum corneum may be used to decrease impedance.

Regardless of the configuration of the device, Figure
1 is a schematic of a DC and AC impedance measurement system
100 used in cancer diagnosis, consistent with the present
invention. The system 100 interfaces with a probe device 105
including muiltiple electrodes, wherein the actual
implementation of the probe device 105 depends on the organ
and condition under test. The probe device 105 may
incorporate the electrodes attached to a glove, needle, body
cavity, endoscopic, or surface probe. A reference probe 110
may take the form of an intravenous probe, skin surface probe,
or epithelial surface reference probe depending on the test
situation and organ under investigation.

To avoid stray capacitances, the electrodes may be
connected via shielded wires to a selection switch 120 which
may select a specific probe 105 following a command from the
Digital Signal Processor (DSP) 130. The selection switch 120
also selects the appropriate filter interfaced to the probe

105, such that a 1low pass filter is used during DC



Al ternatively, surface electrodes that just penetrate the stratum corneum
may be used to decrease inpedance. Regardl ess of the configuration of the
device, Figure 1 is a schematic of a DC and AC i npedance neasurenent system
100 used in cancer diagnosis, consistent wwth the present invention. The
system 100 interfaces with a probe device 105 including nultiple
el ectrodes, wherein the actual inplenentation of the probe device 105
depends on the organ "and condition under test. The probe device 105 nay
incorporate the electrodes attached to a glove, needle, body cavity,
endoscopic, or surface probe. A refereritle probe 110 nmay take the formof an
i Nt ravenomsapudéeeniski N suahd@cler probesn dhtepimkbHehtal souf f acdghef epesse
pr obe depgnf%n on the test situation and,or% n under investigation. To
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depending on the context of the measurement. This processing
of the signal will be controlled by the DSP following commands
from the CPU. The signals then pass to a multiplexer 150, and
are serialized before conversion from an analogue to a digital
signal by the ADC. A programmable gain amplifier 160 matches
the input signal to the range of the ADC 170. The output of
the ADC 170 passes toc the DSP 130. The DSP 130 processes the
information to calculate the DC potential and its pattern on
the epithelial or skin surface as well as over the region of
suspicion. In addition the impedance at wvarying depth and
response of the DC potential and impedance to different ECM
concentrations of ions, drug, hormones, or other agent are
used to estimate the probability of cancer. The results are
then sent to the CPU 180 to give a test result 185,
Alternatively the signal interpretation may partly or
completely take place in the CPU 180. An arbitrary waveform
generator 190 or sine wave frequency generator will be used to
send a composite waveform signal to the probe electrodes and
tissue under test. The measured signal response (in the case
of the composite wave form stimulus) may be deconvolved using
FFT (Fast Fourier Transforms) in the DSP 130 or CPU 180 from

which the impedance profile is measured under the different



of the signal will be controlled by the DSP foll ow ng conmands fromthe
CPU. The signals then pass to a nmultiplexer 150, and are serialized before
conversion froman anal ogue to a digital signal by the ADC. A progranmabl e
gain anplifier 160 matches the input signal to the range of the ADC 170.
The output of the ADC 170 passes to the DSP 130. The DSP 130 processes the
information to calculate the DC potential and its pattern on the epithelial
or skin surface as well as over the region of suspicion. In addition the

i npedance at varying depth and response of the DC potential and inpedance
to different ECM concentrations of ior® drug, hornones, or other agent are
used to esksmatoondie iphebabiAnt yneérsahceralibratiesul tefaréncd hamsseng to
the CPU 180 to:ﬁége,a test result 185. Alternatively the signal
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Figure 2 illustrates a glove that my be usedq, ,for _exanp|le, in diagnosis of
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current passing electrodes. The individual electrodes may be recessed and
ECMs wi t h T8FRFEREnENCo g% t Vohh may fhereredcppposition may be used to

pharmacologically, electrophysiologically, or hormonally probe
the epithelium under test. Spacing of the electrodes may be
greater for the prostate configuration than for other organ
systems so that deeper tissue may be electrically probed and
the impedance of the deeper tissue evaluated. The electrodes
will  be interfaced via electrical wire, or wireless
technology, with the device described in figure 1 above.
Figure 3 1s a schematic of an endoscopic probe,
consistent with the present invention, which may be placed in
contact with the epithelium endoscopically. This probe may
either be placed passively in contact with the epithelium or
held in place by pneumatic suction over the region of
interest. Ports are in place for the exchange of solutions or
for fluid exchange and suction. Guard rings may Dbe
incorporated to prevent cross-talk between electrodes and to
force current from the contact surface into the epithelium. In
this configuration there are four current passing electrodes
each positioned radially 90° apart. This permits current to be
passed and the voltage response to be measured in
perpendicular fields. This enables the effects of surface

asymmetry on impedance (such as occurs with aberrant crypt



phar macol ogi cal |y, el ectrophysiologically, or hornonally probe the

epi t hel i um under test. Spacing of the electrodes nay be greater for the
prostate configuration than for other organ systens so that deeper tissue
may be electrically probed and the inpedance of the deeper tissue

eval uated. The electrodes wll be interfaced via electrical wre, or
wreless technology, with the device described in figure 1 above. Figure 3
is a schematic of an endoscopic probe, consistent with the present

i nvention, which may be placed in contact with the epithelium
endoscopically. This probe may either 2% placed passively in contact with
t he epit hdbicdam or thel d be pl ameabyrpdeursidat raidieds onmay er behe sleghahyof
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For examp BV Aier APdss. TBENREPBRy 100 6nSY rEbath EHATIoSta B 420 o FackR obe
400 may beleetebesced tskian sulifaaverlustrotest 69detharskirBufdl f atf one
el ectrode, or qther ground. In one, enbodinment, illustrated in Figure 4A,
t he refergﬁggdﬁgeat' 1llustrated in Figure 44, tge reference 1s a
nipple electrode or ductal probe 430, illustrated in greater
detail at close-up 440. One advantage of this configuration
is that DC electropotential and impedance can be measured
between the nipple electrode 430 and the probe 400, The
measurement is thus a combination of the DC potentials and
impedance of the breast ductal epithelium, non-ductal breast
parenchyma, and the skin.
Referring to close-up 440, the ductal probe is
inserted into one of several ductal orifices that open onto
the surface of the nipple. Ductal probe 443 is shown within a
ductal sinus 444, which drains a larger collecting duct 445.
Another advantage of using a nipple electrode is that
a solution for irrigating the ductal system may be exchanged
through the probe, permitting introduction of pharmacclogical
and/or hormonal agents. As shown in magnified nipple probe
443, 4437’ fluid can be exchanged through a side port. Fluid
may be infused into the duct and aspirated at the proximal end
{away from the nipple) of the nipple probe. Different
electrolyte solutions may be infused into the duct tc measure
altered permeability of the ductal epithelium to specific ions
or the epithelium may be probed with different drugs to

identify regions of abnormality. Estradiol, oxr other hormonal



ni ppl e el ectrode or ductal probe 430, illustrated in greater detail at

cl ose-up 440. One advantage of this configuration is that DC

el ectropotential and i npedance can be neasured between the nipple electrode
430 and the probe 400. The neasurenent is thus a conbination of the DC
potentials and inpedance of the breast ductal epithelium non-ductal breast
parenchyma, and the skin. Referring to cl ose-up 440, the ductal probe is
inserted into one of several ductal orifices that open onto the surface of
the nipple. Ductal probe 443 is shown within a ductal sinus 444, which
drains a larger collecting duct 445. A her advantage of using a nipple
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with the electrolyle solution within fhe Sartorius cup, establishing
made between the cup and a surface breast probe.

Figure 4B illustrates the probe 400 of Figure 4A in
greater detail. The skin contact of the surface 450 is placed
in contact with the breast. The surface electrodes 451
measure DC or AC voltages. The current passing electrodes 452
are used for impedance measurements. Probe 400 may also
include one or more recessed wells containing one or more
ECMs.

Further embodiments of this technique may involve the
use of spaced electrodes to probe different depths of the
breast, and the use of hormones, drugs, and other agents to
differentially alter the impedance and transepithelial
potential from benign and malignant breast tissue, measured at
the skin surface. This enables further improvements in
diagnostic accuracy.

EXAMPLE 1. COLON CANCER

In colon cancer, the following electrophysiological
changes have been observed during the development of the
abnormal tissue: loss of electrogenic Nat+ transport, up-
regulation in Na/H exchange, down-regulation in K" conductance,
decrease in basal Cl~ absorption, and down-requlation in c-AMP

(cyclic adenosine-3’,5'-cyclic monophosphate) stimulated C1°7
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efifects on pre-cancerous or cancerous tissue. For example,
glucocorticoids or mineralocorticoids, administered Dby
injection or orally, increase the transepithelial

electropotential (TEP) of normal colon, but have a lesser
effect on pre-cancerous or cancerous tissue. These steroids
up~regulate electrogenic sodium absorption, thereby decreasing
sodium specific impedance in normal colon.

The measured TEP decreases in response to a topically
applied amiloride (a sodium channel blocker) in normal colonic
mucosa. This response is reduced by approximately 50% in pre-
cancerous mucosa or by greater than 75% in cancerous mucosa.
In addition, the loss in sodium conductance results in an
increase of impedance of the surface epithelium. This ion
transport alteration may be measured by determining the change
in TEP as well as the basal impedance. In abnormal pre-
cancerous or cancerous tissue, the TEP is lower, the response
of the TEP to amiloride is less, and the increase in impedance
{observed in normal colon in response to amiloride) is less in
abnormal pre—-cancerous Or = cancerous tissue. Similar
pharmacological agents may be introduced that alter the effect
of chloride or potassium ion transport, which affect abnormal
pre-cancerous or cancerous tissue in a different manner than

in normal colon tissue.

secretion.

A



effects on pre-cancerous or cancerous tissue. For exanple, glucocorticoids
or mneralocorticoids, admnistered by injection or orally, increase the
transepithelial electropotential (TEP) of normal colon, but have a | esser
effect on pre-cancerous or cancerous tissue. These steroids up-regulate

el ectrogeni ¢ sodi um absorption, thereby decreasing sodiumspecific

i npedance in normal colon. The neasured TEP decreases in response to a
topically applied amloride (a sodium channel blocker) in normal colonic
mucosa. This response is reduced by approximately 50% i n pre- cancerous
mucosa or by greater than 75%in cancer2fus nucosa. In addition, the loss in
sodi um conduct ancelt esi$t simpoabant ncteaswtef iMeedande ofinpkeandef ace

epithelium, This ion transport alteration nay be neasure determ nin
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away fromthe suspected tunor to npore accurately identify the cancerous or

pre-canceP@E@al pre~cancerous and cancer tissue. Direct comparison
between these different regions can used to make a more
accurate diagnosis of cancer or premalignancy.

In one embodiment, electrophysiological measurements
are performed using a series of two or more electrodes
attached to an examining glove or probe. Some factors
influencing the spacing of the electrode and the signal used
include the depth of penetration desired and permeabilization
of the surface epithelium using penetrating agents. A probe
that permits wvariable frequency signals and varying electrode
placement provides the most versatile arrangement, but a probe
or glove providing a single frequency signal and/or static
electrode placement may alsc be used.

Sodium: Sodium conductance and absorptive properties
in the surface cells of the colonic epithelium are markedly
attenuated in some pre-cancerous and cancerous cells. By
measuring the impedance of the colonic epithelium using low
frequency sine waves and closely placed electrodes, it is
possible to determine the electrophysioclogical activity of the
surface cells. Passive electrodes, placed between current-
passing electrodes, measure the impedance, while ECMs of
different sodium concentration may be used to reveal

alterations of the specific ionic permeabilities of the



tissue. There are al so pharmacol ogi cal differences between nornal
pre-cancerous and cancer tissue. Direct conparison between these different
regions can used to nake a nore accurate diagnosis of cancer or
premal i gnancy. I n one enbodi nent, el ectrophysiological neasurenents are
performed using a series of two or nore electrodes attached to an exam ning
gl ove or probe. Sone factors influencing the spacing of the el ectrode and
the signal used include the depth of penetration desired and
permeabi |l i zation of the surface epitheliumusing penetrating agents. A
probe that permits variable frequency28ignals and varying el ectrode
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from >2.0 to <1.0. Both the ratio and absolute number change.
Measuring the ratio effectively normalizes the measurement for
the particular individual and epithelial region under test.

A number of ECMs and pharmacological agents may be
employed to characterize the sodium transport characteristics
of colonic tissue. In one exemplary method, initial
measurements are made using an electrolyte solution containing
10 mM KCI 1in the ECM, either in g¢gel or solution, which
interfaces between the electrode and the bowel wall.
Measurements are taken relative to an intravenous reference
electrode or a low impedance skin electrode, having a minimal
offset voltage relative to the underlying extracellular fluid
and bloodstream. The TEP 4is then measured at increasing
levels of sodium, both in the absence and presence of
amiloride or similar agent, such as benzamil, (10 pM - 1 mM)
to block electrogenic sodium transport. The difference
between the two measurements will be the TEP attributable to
the electrogenic sodium transport across the bowel epithelium.
The electrogenic component of spdium transport is diminished
by 40-50% in colonic epithelium that is at-risk or pre-

cancerous.



conductive to sodiumare replaced by cells fromthe deeper epitheliumthat
do not have as high a conductance. Therefore, the ratio of surface Na+
conduct ance /deep Na+ conductance goes from>2.0 to <1.0. Both the ratio
and absol ute nunber change. Measuring the ratio effectively normalizes the
measurenent for the particular individual and epithelial region under test.
A nunber of ECMs and pharnmacol ogi cal agents nay be enployed to characterize
the sodiumtransport characteristics of colonic tissue. In one exenplary
met hod, initial mneasurements are nmade using an el ectrolyte solution
containing 10 MM KO in the ECM eithé8 in gel or solution, which
interfaces betweerditehe el methede andfdme vaawehgwalthe Measiiigirenésdasée taken
rel ative tgﬂan in rayggfﬁé reference, electrode or a |ow inpedance skin

el ect r odeP"AEYF Y Q91 POLERE s QUTIBIt GESHERRENT e WG HHKE HRIAT yPRRY

extracel | gkamdreliwel BNdobl qadelnRars HreobEBtea Lhah NBasyr edeatrbig) easing
| evel s of sodium both in the absence and presence of amloride or simlar

agent, suERNER1BEMZandiLignentym concanfrationgl ok ekdectagdiite sead(en

transport godhe, digkf exignce cnhRet wern sthe {gﬂoneﬁasdtgt%%q%sasﬁﬁge&ﬁoagﬁl? P

attributable to the electrogenic sodiumtransport ac
epi t hel i ureasThenetiect bogenitheconmrammenefiitsodagnns anspder | differentshed

by 40-50%.] i C, j t i i - ri o] re- n Qus.. 28. One
met hod 1 ot PHSEgHAme (Ee (APHERAy M dek Bk BaT S ABRERRE Fopfou
nmeasur enethhvohetsideausifigwenbroaghnoselweids ochamger veyssemssoshat sy wi t h

each electrﬁde, containing different concentra ionﬁ,ﬁf el ectrol yte and/ or
agent, soSPhabiPhe SEHEMEESn iB3Not PEct BHYIP geldP4afi nd' Si¥asut 8ffent but
t he measueeBEptodssUrs under different conditions with different el ectrodes

and ECMs. Anot her nethod involves a flowthrough solution change system
wher eby Potassium: Measurements similar to that described

above, with reference to sodium, are performed with reference
to potassium. Specifically, an early decrease in potassium
conductance i1s assocciated with at-risk or pre-cancerous
colonic epithelium. As cancer develops, potassium conductance
becomes up regulated and potassium secretion may be enhanced.
The decrease, and then increase, in potassium conductance
enables not only identificaticn of abnormal tissue, but also
the determination of the condition of the tissue, as either
normal, at-risk, pre-cancerous, Or cancerous.

Impedance measurements may be performed at varying
concentrations of potassium, using signals of varying
frequency, and using variably spaced electrodes, thus
providing an impedance profile including the superficial and
deep epithelium. For example, one method of determining an
impedance profile, with reference to potassium, is as follows:
A TEP measurement is made using increasing concentrations of K'
and all measurements are performed using ECM containing
amiloride or another blocker of the electrogenic Na' pump to
remove the contribution of electrogenic Na' transport to TEP.
Using the well method described above, the ECM in each well
contains a combination of amiloride, bethanacol, forskolin,

and 3-isobutyl-l-methylxanthine (IBMX). Bach of the four



sol ution changes may be automated while using fewer electrodes. Potassium
Measurenents simlar to that described above, wth reference to sodium are
performed with reference to potassium Specifically, an early decrease in
pot assi um conductance is associated with at-risk or pre-cancerous colonic
epithelium As cancer devel ops, potassium conductance becones up regul ated
and potassium secretion may be enhanced. The decrease, and then increase,

i n potassium conductance enables not only identification of abnormnal

tissue, but also the determ nation of the condition of the tissue, as
either nornmal, at-risk, pre-cancerous,2br cancerous. |npedance neasurenents
may be pemfedised abntvaiysng vaonoent r & i anmaehpettdssisunbatsicag $0gaalds of
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vol t age- sen5|t|ve K+orih%nnels in the cell nmenbrane. Specifi cal

bethanaCOFeéﬁﬁ olin increases adenyl cyclase, thereby raising
intracellular c-AMP opening up K'-channels, IBMX, a
phosphodiesterase inhibitor, may be used to raise c-AMP.

Other agents, such as theophylline, may alsoc be used to raise

Cc-AMP. Agents, such as dibutyrl c-AMP, may be used to
increase c-AMP directly. These agents maximally increase
potassium conductance and secretion, permitting the

identification of reduced potassium secretion and conductance
associated with at-risk or pre-cancerous tissue.

Another such method employs measurements with a
series of varying KCl concentrations in contact with the
colonic mucosa, such as 10, 20, 40, and 80 mM KCl. Electrodes
containing 10 pM - 1 mM amiloride in the ECM are used to
measure TEP and impedance, both in the presence and absence of
K*-channel blockers, such as 20 mM TEA (tetraethyl ammonium)
and 5 mM barium. The TEP is lower than normal in the at-risk
and pre-cancerous tissue. The impedance is lower than normal
in the cancerocus tissue. In transitional tissue or tissue
adjacent to developing cancer, impedance may be higher than
normal.

Chloride: Similar to the methods for sodium and
potassium described above, chloride conductance can be used to

determine abnormal pre-cancerous and cancerous tissue.



carbacol) raises intracellular Ca2+ which opens Ca2+ sensitive K+ channels,
as well as increasing chloride secretion opening up C- channels. Oher
muscari ni ¢ agoni sts nmay produce simlar results. Forkskolin increases
adenyl cycl ase, thereby raising intracellular c-AWM opening up K+-channels.
| BMX, a phosphodi esterase inhibitor, may be used to raise c-AMP. O her
agents, such as theophylline, may al so be used to raise c¢-AMP. Agents, such
as dibutyrl c-AMP, may be used to increase c-AWP directly. These agents
maxi mal |y i ncrease potassium conductance and secretion, permtting the

i dentification of reduced potassi um sed®etion and conduct ance associ ated
with at- r¢hk0mdepres©@m!@rt@usetl ssumirsAnoitislysush mehbodbespl oys  the
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to cancerous, the overall chloride conductance increases and
is accompanied Dby increased Cl1° secretion. The surface/base
ratio may become less discriminatory, however, because normal
epithelial morphology is lost in a malignant tumor.

As with potassium, chloride-dependent TEP is measured
using increasing concentrations of Cl . Measurements are made
in the presence of an ECM containing a sodium pump blocker
agent, such as amiloride, in order to negate the contribution
of electrogenic Na* transport, and agents, such as bethanacol,
forskolin, and IBMX to maximally open Cl™ conduction channels
in the surface cells of the colon. The wells have Cl-
concentrations varying between 15 and 120 mM, while
maintaining the concentrations of Na and K ions and keeping
osmolality constant. In at-risk and pre-cancerous tissue, the
Cl™ is reduced. Additionally, the TEP is lower than normal.
In cancerous tissue, the basal €l secretion and Cl1°
conductance is increased.

Drug Provocation: In addition to the ionic

manipulations described above, the colon responds to a number
of different hormones, growth factors, and diets by changing
‘the 1lon transport characteristics of the epithelium. For

example, aldosterone (a mineralocorticoid) and dexamethasone



from i npedance neasurenents, can be used to characterize colonic tissue as
either normal, at-risk, pre-cancerous, or cancerous. Specifically, at-risk
and pre-cancerous epithelium exhibits an overall decrease in chloride
conductance, with an increase in the surface/base ratio. As the tissue
progresses to cancerous, the overall chloride conductance increases and 1is
acconpani ed by increased C - secretion. The surface/base ratio nay becone

| ess discrimnatory, however, because normal epithelial norphology is |ost
in a malignant tunor. As with potassium chloride-dependent TEP is neasured
usi ng increasing concentrations of C-31Measurenents are nmade in the
presence ¢4 an ECMcoawptrainbhd)a sodiauh pinprbasekeeleagesseniachs@dium
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characteristics of the epithelium may be used to enhance
differences between normal and abnormal colon tissue in
impedance measurements and/or other measurements of the
electrical characteristics. A high-potassium, low-sodium diet
will produce similar effects in a normal bowel. Other agents
may be administered directly to the surface of the bowel and
produce similar effects 1in normal epithelium. Carbenoxolone,
for example, when administered rectally, increases TEP in
normal bowel, but has a lesser effect on pre-cancerous or
cancerous tissue. It causes an increase in TEP because it
inactivates 11P-HSD (ll-beta hydroxysteroid dehydrogenase).
Cortisecl has mineralocorticoid effects on the bowel and
increases electrogenic sodium absorption and therefore
increases TEP in normal but not in abnormal or cancerous bowel
epithelium.

Figure 5A demonstrates the short circuit current of
human colonic epithelium ex-vivo. The figure demonstrates the
time course along the x-axis while varying the potassium
gradient across the tissue. The potassium permeability of the
apical membrane of human colonic mucosa (PX,) was determined in
surgical specimens of controls and grossly normal-appearing

mucosa obtained 10-30 cm proximal to colorectal adenocarcinomas.



In at-risk, pre-cancerous, or cancerous tissue, however, this response is
significantly different. The hyperpolarization and increase in sodium
conductance is markedly di m nished. The increase in the potassium
conductance in the basal cells of the crypt is nuch | ess than occurs in
normal colon. Thus, agents and treatnents that affect the ion transport
characteristics of the epitheliumnmay be used to enhance differences

bet ween nornmal and abnormal colon tissue in inpedance neasurenents and/ or
ot her neasurenents of the electrical characteristics. A high-potassium

| ow-sodiumdiet wll produce simlar 82fects in a nornmal bowel. O her
agents IrEye bemackgai swasedmduneet! y iho theisyr f ackambetbe bawel arhe
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y elevating the K in the serosal” bathing solution. e api cal” “sodi um
(Na+) corehmtianeod wapibhdckiEd whehnelsmM Emi |anicde-bEardng colon the
reduction in Isc is to -65 pA/cm®. The serosal bath was remained
constant at 125 mM [K].
Figure 5B demonstrates that AI,, determined with
l respect to the I . at 125 mM mucosal K, is a linear function of
the concentration gradient, A[K]. Because the voltage across
the apical membrane 1s zero under these conditions and the
paracellular pathway is nonselective, the P¥, (apical potassium
permeability) can be calculated using the Fick equation -
i.e., Isc = FxP¥,A[K] where F is the Faraday constant and A[K]
is the concentration difference for K' across the epithelium.
Figure 5b demonstrates mean % sem values for I in both normal
and premalignant human distal colon. The apical K' permeability
of controls was 9.34 x 107°m/sec and this was significantly
reduced by 50% in premalignant human mucosa to 4.45 x
10" %cm/sec. P¥, could also be calculated for the change in I
when the X' channels were blocked with TEA, assuming complete
block. This resulted somewhat lower values of 6.4 x 10 %m/sec
and 3.8 x 10°°cm/sec corresponding to a 40% reduction in PX,.
These observations show that there is a field change
in the K' permeability and conductance of human colon, during

the development of cancer. Impedance measurements, DC



protocol reduces the equivalent circuit nodel of the epithelium to an

api cal nmenbrane conductance and el ectronotive force in parallel with the
paracel | ul ar pathway as has been verified by mcroelectrode studies.

I ncreasing serosal K caused the 'Sc to beconme negative (-140 pA/cn?) in
normal colon after which 30 mm nucosal TEA caused an abrupt increase in |Isc
corresponding to block of apical K channels. In cancer-bearing colon the
reduction in Isc is to -65 pAlcn2. The serosal bath was remai ned constant
at 125 mM[K]. Figure 5B denonstrates that Al.., determned with respect to
the I's, at 125 mM nucosal K, is a |lined@3 function of the concentration
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useful togdpanaPSLEEOL8N 0 mV with a much higher conductance than the
surrounding epithelium. The surrounding or adjacent epithelium
is also depolarized at about -20 mV but has a higher impedance
than the cancer or normal epithelium. Note that the darker
layer, the epithelium (e}, is on the top surface. This is one
cell 1layer thick, but form crypts, like inverted test tubes
with proliferation and secretory function at the base and
differentiated cells and absorptive function at the mouth. The
inferior layer (m) is the muscle layer of the bowel. This
small tumor has already invaded the muscle layer. More distant
epithelium is also depolarized but to a lesser degree at -40
mV. Potassium conductance is decreased in this
morphologically normal-appearing epithelium. Chloride
secretion is also decreased compared to the tumoxr, which may
actively secrete chloride. The sodium conductance, Gua , is
decreased and the Na/H exchanger is upregulated. The colonic
mucosa tends to be thickened with elongated crypts in the
region of the developing cancer (adjacent zone). Most of the
impedance resides in the epithelial layer, and therefore a
higher impedance Dbelow 750pm indicates an epithelial

thickening associated with cancer. Recognizing the



cancer. Figure 6 is a photom crograph which illustrates sonme of the

conpl exities associated with el ectrophysiol ogi cal and histol ogical
alterations that occur in the devel opnment of colonic cancer. The cancer is
a 10 mmin dianeter, invasive and an ulcerated lesion that could easily be
m ssed at col onoscopy (because it is a depressed |esion). The cancer is
depol arized to O nV with a nuch hi gher conductance than the surrounding
epithelium The surrounding or adjacent epithelium is also depolarized at
about -20 nV but has a higher inpedance than the cancer or nornal
epithelium Note that the darker |ayeB4 the epithelium(e), is on the top

surface. dhécticphgngolerilcallayerpdttett, bhabies macraipighodiiskes nysdead t est
tubes wth kge&%gé{ ergtion and_secretory, function at the base and
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i nvaded the nuscle layer. Mre distant epitheliumis also depolarized but
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decreased conpared to the tundr, which may actively secrete c e. The
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upr egul at : col ani osa .t tq.,be thickened with.,elo ted crypts
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denonstrat es neasurenents of surface nucosal epithelial) electropotenti al

r ef er encetl e rwteatded] ("run-down") of 5-10 mV in the first 5-10

minutes, although the relative electropotential differences
from region to region remain similar.

The "starburst" at the lower end of the figure, 2-3
cms from the anal canal and 5 cms from the anal verge has an
electropotential of +10 mV measured over the surface of the
tumor (left hand column "Normosol Ringers’s™). Normosol
Ringer’s is a physiological saline solution containing
approximately 5mM K. The normal mucosal surface
electropotential is -50 to -70mV in the rectum. As measurement
are taken some distance from the tumor the bowel remains
depolarized even up to 20 cm from the edge of the tumor where
readings of -40 to -45 mV are observed. This region is
depolarized relative to normal colon where levels of less than
~50mV are observed.

When electropotential measurements are made in normal
colon using an ECM with a higher K' concentration an increase
in electropotential {increased positivity) of 20 mV or greater
is frequently observed. This is because the normal colon is
selectively permeable to KXK' and the increased &BCM K
concentration sets up a diffusion potential for K' across the
ion-selective conductance pathways. In the cancer bearing

colon K+ conductance decreases in the region of the developing



surface on a freshly exci sed speci nen of pelvic colon and rectumfroma
45-year-old male with an ul cerated rectal carcinonma. Follow ng resection

t he specinmen was i Mmedi ately opened in a longitudinal direction and surface
el ectropotential nmeasurenents were made using different ECMs. Fol |l owi ng
excision there is usually a decrease in the electropotential ("run-down")
of 5-10 nV in the first 5-10 mnutes, although the relative

el ectropotential differences fromregion to region remain simlar. The
"starburst” at the lower end of the figure, 2-3 cnms fromthe anal canal and
5 cns fromthe anal verge has an el ecBbopotential of +10 nV rreasured over
the surf anencdf dhevellurey ddnef tdiaatceol Batm” Nor mosoit R ngers 6"Hielsr nosol

Ringer's is a .0l Q@i cal_ salipe solution co in roxwratel 5mvi
K S The R AEIER Jsu ke B BBt BBt i de T O ranFSHhy S e
rectum Aﬁsr@@@mﬁmrlty r@r%ﬂaaig@n isoBedimebaneedf eoarth émlélhq«mwel
remai ns depol arized even up to 20 cmfromthe edge of the tunor where
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el ectropotential neasurenents are nade in normal colon using an vvith a
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essentially no change in the peasured el ectropotential when
suggesting ~that a diffusion gradient for a different ion
{(other than K') is set-up in the vicinity of the tumor.

Depolarization in combination  with altered K'
conductance and permeability may be used to diagnose the
presence of cancer or increased risk of cancer. Altered K'
conductance is observed before tumors develop in the bowel.
Combination with simultaneous impedance measurements increases
diagnostic accuracy.

EXAMPLE 2. BREAST CANCER

As mentioned above, impedance and DC electrical
potential have been used separately at the skin’s surface to
diagnose Dbreast cancer. In the current invention, the
impedance characteristics of the ovexlying skin or epithelium
are measured and factored in to the diagnostic interpretation
of the data. For example the surface potential may be more
positive (or less negative) than the reference site because of
increased conductance of the overlying skin, rather than
because of an underlying tumor.

The electrodes are placed over the suspicious region
and the passive DC potential is measured. Then AC impedance
measurements are made as discussed below. The variable
impedance properties of the overlying skin may attenuate or

increase the measured DC surface electropotentials.



the ECMis changed from5 to 30 nM K+ (change fromleft colum (" Nornosol
Ringer's") to mddle colum "30 mM KC1" in figure). Up to 20 cmfromthe
tumor the change in electropotential does not exceed 15 nV (-45 to -30mv)
20 cnms fromthe edge of the tunor. A further increase in the K+
concentration of the ECM results in snmall increases in positivity away from
the tunmor or an anonal ous decrease in positivity near or at the tunor,
suggesting that a diffusion gradient for a different ion (other than K+) is
set-up in the vicinity of the tunor. Depolarization in conbination with
altered K+ conductance and perneablllﬂg may be used to di agnose the
presence.&ﬁt&xnaﬂyvaiy,lncreasammmdamcaf neaseremdtter ed ak+ cobfifeterice i s

observed before t.unors devel e Cbnblnatlon W th 51nultaneous
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used sep at t he ski 'gﬁ;urface to _di agnose breast _cancer. In the
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AIternat|mﬁésurednm&daM@esmﬂasumeﬁeaés at different frequencies may

initially include %Cgu@% %Bosggsﬁgtélggowwettlng" of the skin surface
there 1s pseudo-exponential decay in the skin surface
potential using the above referenced approach. Jons in the
ECM diffuse through the skin and make it more conductive,
particularly because of <changes 1in the skin parallel
resistance. The time constant for this decay is inversely
proportional to the concentration and ionic strength of the
gel. Once the skin is rendered more conductive by the ECM the
capacitive coupling of the surface to the underlying potential
of the tumor or the surrounding epithelium is lost so that the
measured potential now reflects an offset and diffusion
potential at the electrode-ECM-skin interfaces.

The use of pharmacological and/or hormonal agents,
however, in combination with both impedance and DC electrical
potential, provides an even more effective method for
detecting abnormal pre-cancerous or cancerous Dbreast tissue.
Breast cancer develops within a background of disordered
proliferation, which primarily affects the terminal ductal
lobular wunits (TDLUs). The TDLUs are lined by epithelial
cells, which maintain a TEP. In regions of up-regulated
proliferation, the ducts are depolarized. The depolarization
of ducts under the skin surface is capacitively coupled with

the overlying skin, which results in skin depolarization. When



sine wave on top of an applied DC voltage. Phase, DC voltage and AC voltage
w Il be nmeasured. The resistance of the skin or other epitheliumat AC and
a different resistance at DC are neasured. Under DC conditions since there
is no phase shift we are able to neasure the transepithelial potential at
the surface. The capacitive properties of the skin allow the underlying
breast epithelial and tunmor potential to be neasured at the skin surface.
Once the ECMresults in "wetting" of the skin surface there is

pseudo- exponenti al decay in the skin surface potential using the above
referenced approach. lons in the ECM &fffuse through the skin and make it
nmore conductimer devetliops ain yabersmise obfchangegulatidie pkohi Har e
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following sublingual administration of 17-f-estradiol (4 mg).
This agent produces a rapld response, which peaks at
approximately 20 minutes. The electrophysiological response
depends, in part, on the stage of the patient’s menstrual
cycle, as well as the condition of the breast tissue.
Specifically, in normal breast tissue, a rise in TEP will
occur during the follicular (or early) phase. In pre-
cancerous or cancerous tissue, this response is abrogated.
Post-menopausal women at risk for breast cancer may have an
exaggerated TEP response to estradicl because of up-regulated
estrogen receptors on epithelial cell surfaces.

Figure 8 demonstrates the effect of varying the ionic
content of the bathing Ringers solution on transepithelial
conductance. The human breast epithelial cells were grown as
monoclayers on Millipore filters and grew to confluence in 7 to
10 days. The epithelia were then mounted in modified Ussing
chambers and the DC conductances were measured using a voltage
clamp. The conductance was measured by passing a 2 pA current
pulse for 200 milliseconds and measuring the DC voltage
response and calculating the transepithelial conductance (y-
axis), and plotting it against time (x-axis). The conductance

was measured first in standard Ringer solution, then in a



the overlying breast skin becones further depol arized conpared w th other
regi ons of the breast and the inpedance of the cancerous breast tissue
decreases. El ectrophysi ol ogical responses in TEP and i npedance change under
the influence of hornones and nenstrual cycle. For exanple, the

el ectrophysi ol ogi cal response of breast tissue to 17-R-estradi ol has been
observed to be different in pre-cancerous or cancerous tissue than in
normal breast tissue. In one nmethod of present invention, estradiol is
introduced directly into the duct or systematically follow ng sublingual
admini stration of 17-f3-estradiol (4 mgB. This agent produces a rapid

r esponse, soduiwdr foesks atRirggepr,oxi nathelny 28turmed esto Théaadaetr opdrysgirgl ogi cal
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against tine (x-axis) . The conductance s neasured first in standard
R?nger S %ﬁqéﬁ;rqﬁﬁgli%p%_3§onductance g@ maﬁignant human breast

epithelia grown  as a monolayer. . The conductance is
significantly lower in the malignant epithelial cells. The Na*
and K' components of conductance are approximately, 4 and 1
mS.cm™ respectively.

In malignant tumors as opposed to monolayers of
malignant epithelial cells the tight junction between cells
break down and the tumor becomes more conductive than either
benign or malignant epithelial monolayers. This observation
may be exploited in the diagnosis of breast cancer. The lower
conductance o©f the epithelium around a developing tumor,
together with a region of high conductance at the site of the
malignancy, may be used to more accurately diagnose breast
cancer. Using electrodes with ECMs with different ionic
composition will permit the specific ionic conductances to be
used in cancer diagnosis. For example a high conductance
region with a surrounding area of 1low K-conductance 1is
indicative of breast cancer, A high conductance area with a
surrounding region of normal conductance may be more
indicative of fibrocystic disease (a benign process).

Figure 9 demonstrates measurements of cell membrane
potential (¥) in human breast epithelial cells. Measurements

were made using a potentiometric fluorescent preobe, and



sodiumfree R nger, then returned to standard Ringer, then in a
potassiumfree Ringer and finally returning to standard R nger solution
whil e nmaintaining normal osnolality during the studies. The upper plot
(filled squares and solid line) denonstrates the conductance of benign
human breast epithelia grown as a nonol ayer. The conductance is higher in
the benign epithelial cells. The Na" and K+ conponents of conductance are
approximately, 10 and 5 nS.cm 2 respectively. The lower plot (filled circles
and dotted line) denonstrates the conductance of malignant hunan breast
epithelia grown as a nonol ayer. The coB8uctance is significantly lower in
the mal i gredritomegsirtiie] | al  oeldssireTeatha+ wiaihch K+acerrpmaﬂn‘.ﬂwam1’edcon1;him;ance
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probe, anthe sum of the apical (luminal) cell membrane potential (Vn)

and the basolateral (abluminal) cell membrane potential (V).

Therefore Vy= Vp +Vp,{changes in Vx and Vg, will therefore alter

Vr or transepithelial potential}.

Figure 9 demonstrates that benign breast epithelial
cells have a ¥ of approximately =~50 mV in the absence of
estradiol and -70 mV when estradiol is added toc the culture
media. Malignant and transformed cells have a ¥ of between -31
and -35 mV in the absence of estradiol and approximately 50 mV
when estradiol is present in the culture medium.

The difference in the electrical properties may be
exploited to diagnose breast cancer in wvivo. Surface
electropotential measurements are a combination of the
transepithelial potential, tumor potential and overlying skin
potential. Physiological doses of estradiol may be
administered to the patient to increase ¥ and the sustained
effect of estradiol results in an increase in transepithelial
potential and tumor potential measured as an increase in
surface electropotential. The increase following sustained
exposure {(as opposed to the instantaneous response) is less in

malignant than benign breast tissue.



39 rationmetric measurements, which are calibrated using valinonycin and
K+-gradients. 'Vs were neasured in the presence (closed circles) and
absence (open circles) of estradiol (the active netabolite of estrogen).
Each synbol is the mean neasurenent. The upper error bar is the standard
error of the mean, and the |l ower error bar is the 95% confidence |evel for
t he observations. The addition of estrogen to cultured breast epithelial
cells results in an instantaneous increase in 'F (data not shown) as well
as transepithelial potential see figure 10. Transepithelial potential (VT)
of an epitheliumis the sumof the ap#4fal (lumnal) cell nenbrane potenti al

(VA) and the basgkat ghahl(jablb@n‘i m@lt)gdcethaﬂenbraﬂgepotenihgﬁaﬁﬁﬁwous
Therefore VI= VA +V§I:ichan es in VA.and VBL wi|l therefore alter VT or
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less in malignant than beni gn breast tissue.
on Millipore filters and grew to confluence in 7 to 10 days.
The epithelia were then mounted in modified 0551ng chambers
and the TEP was measured using a voltage clamp. Increasing
doses of estradiol between 0 and 0.8 uM were added {x-axis).
The transepithelial potential was measured after each addition
and the TEP was measured {(y-axis).

The different dose response is apparent for benign
and malignant epithelia. Malignant epithelia have a lower TEP
but undergo an instantaneous increase in TEP of approximately
9 mV (becomes more electronegative and reaches a level of < 6
mv) after exposure to only 0.1 pM estradiol and then
depolarize to approximately -2 mV with increasing doses of
estradiol up to about 0.5 pM. Benign epithelia have a lesser
response to increasing doses of estradiol and do not peak
until almost 0.3 pM and then remain persistently elevated
{(higher electro negativity), unlike the malignant epithelia,
with increasing doses of estradiol.

This difference in dose response may be exploited to
diagnose breast cancer. Estradiol, or other estrogens, at a
low dose will be administered systemically, transcutaneously,
or by other route. The instantaneous response of the surface

electropotential and impedance may then be used to diagnose



It should be noted that the instantaneous response, illustrated in Figure
10, is greater in malignant epithelia, whereas the chronic or sustained
exposure to estradiol results in a |lower increase in TEP (transepitheli al
el ectropotential) in malignant cells. Concurrent measurenment of surface

el ectropotential and i npedance allow the nore accurate diagnosis of cancer.
Figure 10 denonstrates the instantaneous effect of increasing doses of
estradiol on the transepithelial potential (TEP) of benign and mali gnant
human breast epithelial cells. The cells were grown as nonol ayers on
MIllipore filters and grew to confluendd in 7 to 10 days. The epithelia
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with a biopsy proven malignancy, while closed symbols
represent measurements made in patients whose subsequent
biopsy proved to be a benign process such as fibrocystic
disease. Malignant lesions are often associated with
sufrounding breast epithelium that demonstrates up-regulated
proliferation. These regions ("adjacent region") are
depolarized and may have a lower conductance than either over
the region of malignancy. This decreased conductance may be
because of decreased K' -conductance of the adjacent and pre-
malignant epithelium as I have observed in human colon.

Each of the three groups of symbols represents
measurements from over a suspicious lesion or region, then the
adjacent region, and then over normal breast in an uninvolved
quadrant of the breast. The first two symbols (circles) in
each of the three groups are impedance measurements where the
median value is plotted against the left y-axis as conductance
in mS.cm™®. The second two symbols (squares) is the surface
electrical potential measured in mV and plotted against the
right y-axis; each division egquals 5mV. The third two symbols
(triangles) is the electrical index for benign and malignant
lesions and is in arbitrary units and is derived from the

conductance and surface potential measurement. It 1is



breast cancer with inproved accuracy over existing diagnostic nodalities
usi ng i npedance or DC neasurenent alone. Figure 11 shows conductance
measurenents nmade at 2000 Hz at the surface of the breast. At this
frequency the influence of the overlying skin inpedance is |less. There is
still however some variabl e conponent of skin inpedance, which results in
significant variability of the nmeasurenent as evidenced by the overl apping
error bars. Each synbol represents the nedi an neasurenent with error bars
the standard deviation of the nmean. Open synbols represent nmeasurenents
made in patients with a biopsy proven4galignancy, while, closed synbols
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I'S It should be understood that the surface potential

measurement of breast tissue varies based on the position of
the woman in her menstrual cycle. Figure 12 illustrates this
variance, This figure demonstrates electropotential
measurements taken over the surface of each breast at 8
different locations with an array of 8 electrodes on each
breast referenced to an electrode on the skin of the upper
abdomen. Measurements are taken with error bars equal to the
standard error of the mean. ¥Filled circles and filled squares
represent the median value from the left and right breast
respectively. The vertical dotted line is the first day of
each menstrual cycle.

It can be seen that the median values for each breast
tend to track one another with lower values in the first half
of menstrual cycle (follicular phase) and higher values in the
latter part of cycle (luteal phase). Although the measured
electrical wvalues are not completely superimposed, because of
other factors affecting the electropotential of the breast, it
can be seen that the lowest levels of electropotential are
observed 8-10 days before menstruation and the rise to the
highest levels around the time of menstruation. This may be

because estradiol levels are higher in the second part of



42 imedi ately apparent that there is |less overlap in the error bars
(standard devi ation of the nean). Therefore breast cancer can be nore
accurately diagnosed using a conmbination of surface potential neasurenent
and AC i npedance neasurenents. Further enhancenents of this technique wll
i nvol ve the use of spaced electrodes to probe different depths of the
breast, and the use of the hornones, drugs and ot her agents to
differentially alter the inpedance and transepithelial potential from

beni gn and mal i gnant breast tissue, and neasured at the skin surface. This
will enable further inprovenents in di‘@gnosti c accuracy. It should be
under st oodensaruahe avglitacangot@meatily madéecenent dirdmsdast tisvukasaries

based on t{g L&l af, the wonan in her nenstrual cycle. Figure 12
illustrat eg ?ﬁ)@ 1%/éa%p‘ilggnc'e. This figure denonstrates el ectropotenti al
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peak change 1in potential is less over a malignant region,
relative to normal areas of the breast}. Secondly, estradiol
or another agent that changes the electropotential of the
breast may be administered systemically, topically
(transdermal), or by other means, and the drug or hormone-
induced change in surface potential may be used as a
provocative test to diagnose breast cancer.

In these ways breast cancer can be more accurately
diagnosed using a combination of surface potential measurement
and AC-impedance measurements.

EXAMPLE 3. NASCPHARYNGEAL CANCER

Using methods similar to those described with respect
to colon cancer, it 1is possible to use pharmacological and
hormonal agents to enhance electrophysiological alterations
caused by nascopharyngeal cancer. One exemplary method would
be a nasopharyngeal probe that would include wells providing
for varying concentrations of K' and would perform simple DC
measurements.

EXAMPLE 4. PROSTATE

Figure 13 represent measurements of cell membrane
potential (y) in human prostatic epithelial cells under

different growth conditions. A  Voltage-sensitive  FRET



because estradiol |evels are higher in the second part of 43 nenstrual
cycle and directly affect breast surface electropotential. The cyclical
pattern of electropotential activity when a breast cancer or proliferative
lesion is present is quite different. Simlarly higher |evels of surface

el ectropotential are observed when neasurenents were nmade in the afternoon
conpared with the norning. This information can be exploited in a nunber of
di fferent ways. Measurenent of the surface potential and inpedance at
different tinmes during cycle enables a nore accurate diagnosis because of a
different cyclical change in surface ddectropotential (i.e., the peak to
peak chan@gluorqrtenrit i @eheirgyl ebsarfmr)a pabbgnant wegi on, usedfiati vefam

nor mal ar f. the breast).. Secondl stradi.Ql , 0 not h agent _ t,hat
changes tRE TSI N TP o P He T TIeBESr gl thel @i T tot SrEgToocent
syst em catoyporiapiscal Cg,-fMPEANgdewnak)n) oandy mMISENC,ABANS(OxumbIt)he Thiaig or

hor none- i nduced ghan I.n surface_potential ngy be ,used as a rovocative
test to d?xol%?)]se %r‘%&gfb%ﬁceﬂ'ﬁspﬁ_ft hSe W@%aéﬁd@%cg _CEH be“bt e
accur at el Yermch- 20N 058 Ued #1013 £0 FhinRRl %c%d%%@&etﬂétﬁm irRh PERSAgEENt
and AC- i npedance neasurenments. EXAMPLE 3. NASOPHARYNGEAL CANCER Usi ng

met hods ssensirite tdictderideddonbediw bkonekpeict trancoucedcahbeought a s
possi bl e to_use phar ol ogi cal and . hormonal. agents to enhance, .

ol oot r ophRF BPERICR | ANCSPACFERSS B by RasohharGHERE Labsr® dib
exenpl ar yosehdodowothsl dJdit sd deasopiedangsedl Heobeel hatmerddahd Nnehetspbywel | s
providing for_ varyi ng concentrations of K+ and would perform sinple DC

measur enefPRI1ERAPLENG . BROSPAFENERquMPEY TREFNE Se fe T aBa R mitFie ot cel |

nmenbrane filuorescence microscope and a digital imaging system. The
ratio measurements are callbrated using Gramicidin D to
depolarize the cell membrane and then varying the external K'-
concentration. The calibrated cell membrane potential in mV is
depicted on the y-axis.

The filled bars indicates the y of exponentially
growing prostatic epithelial cells before they  reach
confluence, whereas the open bars depict the y of the cells
once they reach confluence and cell growth slows. The first
two bars demonstrate that prostatic epithelial cells are
depolarized when rapidly growing and hyperpolarize by about 20
mV when they reach confluence. The second pair of bars
demonstrate that exponentially growing cells are depolarized
even in growth factor deprived culture conditions (stripped
serum) and hyperpolarize less in the absence of growth factors
on reaching confluence. The final pair of bars demonstrate
that cells grown in the presence of the active metabolite of
testosterone, DHT {dihydroxytestosterone), are slightly
hyperpolarized during exponential growth, but depolarize on
reaching confluence.

These differences in cell membrane potential support
the notion that growth conditions of prostatic epithelia in
vivo will 1likely influence the cell membrane potential of

prostatic epithelial cells. Cell membrane potential will



potential (y) in human prostatic epithelial cells under different growth
conditions. A Voltage-sensitive FRET 44 (fluorescent energy transfer) probe
was used for potentionetric ratio neasurenents. It has two fluorescent
conmponents: CC2-DMPE (Coumarin) and DI SBAC2(3) (Oxonol) . The oxonol
distributes itself on opposite sides of the cell nenbrane in a Nernstian
manner according to the 4r. The voltage sensitive distribution of oxonol is
transduced through a ratiometric fluorescence signal via the counmarin which
is bound to the outside surface of the cell nmenbrane thereby anplifying
the fluorescence. Measurenents were nadg using a fluorescence m croscope

and a di gidgluditRgyi BHeSYstABepitielialli OpBast £MENhe A R eeRl | B at aghdisi ng
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menbr ane potential support

represent the measurement of surface electropotential (y-axis)
starting at 1 cm from the anal verge to 8 cm along the
anterior aspect of the rectum ({(x-axis). The wvalues increase
from approximately -28 mV to -70 mV oﬁer the prostate and drop
(depolarize) to approximately -52 mvV over the top of the
prostate, and referenced to the bloodstream. When the ECM is
changed to a solution with the same osmolality, but with a K
concentration of 30 mM. The electropotential of the surface of
the rectal mucosa depolarizes to 30 mV (open circles joined by
a dotted line). This indicates significant K' permeability of
the overlying rectal mucosa. The higher region of electro-
negativity over the prostate is consistently seen when the
prostate is healthy.

Figure 15 demonstrates measurement made in a patient
with a previously biopsied prostate cancer. The symbols and
axes are the same as in figure 14. The region of electro-
negativity is lower over the cancerous prostate. In this case
electropotential measurements of between -26 and -27 mV were
made over the cancerous lobe of the prostate i.e., 30 to 40 mV
lower than observed over healthy prostate. When the ECM was
changed to a solution with a X'-concentration of 30 mM a
depolarization of 8 -9 mV was observed, or about a third of

that observed in healthy prostate. This indicates a decrease



the notion that growth conditions of prostatic epitheliain vivo wll
likely influence the cell nenbrane potential of prostatic epithelial cells.
Cell nmenbrane potential will 45 influence the transepithelial potenti al
neasured at the prostate surface. Alteration in the DC potential neasured
trans-rectally in conbination with i npedance will be used to diagnose
prostate cancer. Figure 14 denonstrates el ectropotential neasurenent nade
over the prostate of a patient with a nornal prostate. The patient was
under goi ng a col onoscopy for screening, which was negative and had a nor nal
PSA. The ECM (el ectroconductive mnedi uif contained 5 nM K+ and physi ol ogi cal
concent r att ons ofK" -eohénckiret rol yt asd ThermMeabisditty rcles arzbisol i dhlei ne

represen:ﬁ%({]%a{@a%%ﬁem&l lgagr&n ‘g?glefl‘"‘f otsr‘,io_potenti al (y-axis) starting at
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EXAMPLE 5. CHEMOPREVENTATIVE AND THERAPEUTIC USE
In addition to the ilonic, pharmacologic, and hormonal
agents described above, the system and method of the present
invention may be used with cancer preventative and therapeutic
agents and treatments. Specifically, electrical measurement
of altered structure and function provides a method for
evaluating a patient’s response to the drugs without requiring
a biopsy and without waiting for the cancer to further
develop. Patients who respond to a given chemopreventative or
therapeutic agent would likely show restoration of epithelial
function to a more normal state. Patients who do not respond
would show minimal change or may even demonstrate progression
to a more advanced stage of the disease. This system and
method, thus, may be used by either clinicians or drug
companies in assessing drug response or by clinicians in
monitoring the progress of a patient’s disease and treatment,
or monitoring the process of carcinogenesis (cancer
development), before an overt malignancy has fully developed.
Furthermore an understanding of the physiological
basis of the altered impedance permits more accurate
diagnosis. For example impedance may increase or decrease

because of several factors. Increased stromal density of



| ower than observed over healthy prostate. When the ECM was changed to a
solution with a K+-concentration of 30 mMMa depolarization of 8 -9 nV was
observed, or about a third of that observed in healthy prostate. This

i ndi cates a decrease 46 in K+-conductance and perneability of both the
prostate and overlying rectal nucosa. These changes in the normal DC
electrical profile of the prostate will be used separately or in
conbination with AC i npedance neasurenents to di agnose prostate cancer
Identification of depolarization of the prostate relative to the higher
polarity of the surrounding rectal nucdda together with decreased
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malignant or malignant tissue is another significant
difference, which enhances the diagnostic accuracy of my
invention over the above referenced one.

Other embodiments of the invention will be apparent
to those skilled in the art from consideration of the
specification and practice of the invention disclosed herein.
It 1is intended that the specification and examples be
considered as exemplary only, with a true scope and spirit of

the invention being indicated by the following claims.



devel opnment), before an overt malignancy has fully devel oped. Furthernore an
under st andi ng of the physiological basis of the altered inpedance permts
nore accurate diagnosis. For exanple inpedance nmay increase or decrease
because of several factors. Increased stromal density of 47 breast tissue
may alter inpedance. This is a non- sgﬁcific change, which may not have any
bearing on the probability of malignancy. On the other hand a decrease in
pot assi um perneability of the epithelia around a devel oping malignancy
woul d i ncrease inpedance and would be nore likely associated with a
devel opi reLABME:er than a non-specific inpedance change. Additiona
information is obtained fromny nethod by probing the tissue to different
dept hs usi ng spaced voltage-sensing el ectrodes. The use of

el ect rophysi ol ogi cal, pharnmacol ogi cal and hornonal manipulations to alter

i npedancel . di fArer gppapdtys i HoRord@le reAfpaRedtHed cANELE 1Pt OBE, HAlsSuemal i gnant
or malignant tissue is another significant_  difference, which enhances the
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from consideration of the specification and practice of the invention
di scl osedriegrE tits qomprg siii¥eénded t hat the specification and exanpl es be

considered as exenplary only, with a true scope and spirit of the invention
bei ng i ndi cat ed Byrshe paltowiingsckakds. e U tmdasVsfot. app hppar atos f or

detern1nL§¥E54yaég¥u§i&dgq Qf, Ehgsggitg%lﬁgnepitheliun1using a conbi nation of
el'e an

surface ctrical” nmeasur enment I npedance spectroscopy, the
apparatus comy i 3ing; 42 f11,5t ;Rai g, ol $Paged: hestradss LoLapplying an
resulting electrical signal at different points on the

epithelium;

a means for applying the electrical signal to the

first pair of electrodes at s plurality of frequencies;

a means for measuring the resuiting electrical signal
at the second pair of electrodes at said plurality of

frequencies;

a means for obtaining a measure of the impedance of a
part of the epithelium based on the resulting electrical

signal; and

a means for obtaining a difference signal representing

a change in impedance with frequency,

wherein each electrode o¢f the second pair of
electrodes includes an electroconductive medium
concentration that differs from the other for estimating

the specific ionic conductance of said epithelium.

2. The apparatus of claim 1, further comprising:

one or more additional pairs of electrodes placed at



el ectrical signal to the epithelium a second pair of spaced el ectrodes for
detecting a resulting electrical signal at different points on the
epithelium a neans for applying the electrical signal to the first pair of
el ectrodes at a plurality of frequencies; a nmeans for neasuring the
resulting electrical signal at the s§8ond pair of electrodes at said
plurality of frequencies; a neans for-obtai ning a neasure of the inpedance
of a part of the epitheliumbased on the resulting electrical signal; and
a nmeans for obtaining a difference signal representing a change in

i npedancedin fdrdrtequernay ionher eham eaalidel Ettsoderof skkhensecoatr paiof of

el ectrodes. i ncl udes an el ectroconductive nedium concentration that differs
from the DtFErF 96 ‘esti9mating the specific ionic conductance of said

epithelium 2. The apparatus of claim1, further conprising; one or nore
addi ti onal paﬁ?smSanléEF%oH@%SbFéE%daatr%@PlEﬁqqeFéﬁFtheg%i6ﬁ§nﬁﬁan sai d

first or secand Pl LfditelRelr edess 8RdeBelBANS{ Oraf@asuring a resulting
el ectrical signal between said additional pairs of el ectrodes; and a neans

for estimting apdafpedance £origiffgyenty Layenanel spbd epiddgldym by
subtracting the inpedance values fromtwo pairs of said electrodes at each
frequencylavers Tied appadat egiviekiwm mbly, whetskatéagh ©fe saimbeskeeed pair
of electr i a | ectr-oconduct | I u t
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estimating said specific ionic conductance of said epithelium

3. The apparatus of claim 1, wherein each of said second
pair of electrodes includes an electroconductive medium
({ECM} at a concentraticn, and each said ECM is at a
different concentration for estimating said specific ionic

conductance of said epithelium.

4. The apparatus of claim 1, wherein said means for

applying said electric signal includes:

a signal generator for producing simultaneously a
plurality of low and high frequency c¢onstant alternating

current signals; and

a connection means for supplying such signals to said

first pair of electrodes.

5. The apparatus of <c¢laim 1, wherein the means for

measuring the resulting electrical signal includes:

at least one adjustable gain voltage amplifier.

6. The apparatus of claim 1, wherein said means for



4. The apparatus of claim1l, wherein said neans for applying said electric
signal includes: a signal generator for producing simultaneously a
plurality of | ow and high frequency constant alternating current signals;
and a connection neans for supplying such signals to said first pair of

el ectrodes. 5. The apparatus of cl ai , Wherein the means for nmeasuring
the resulting electrical signal includés: at |east one adjustable gain
voltage anplifier. 6. The apparatus of claim1l, wherein said neans for 50
obtaining the difference signal includes a m croprocessor conputing device.
7. The apparatnisigof tied aidnfGereheeeisigaild MhElWpFoOCas S0lcrgpapdtsisig devi ce
includes a | owpass filter. 8. The apparatus of claim®6, wherein said

ni cr opr ocELYBIE NG MFYESRg devi ce incl udes at |east one of a band- pass

filter and a high pass filter. 9. An apparatus for determ ning the condition
of a tissue, conprising: neans for neasuring at |east one electrical
property _of an area of said tissue using a first electroconductive nedi um
nmeans for/ measiys mPRHFiaFH PeasStabhelel BEErRERI SPFoPErIBPRGOCESSE ar ea of

tissue usidygha iSRCQRG: Rl 8GLhagRAdYCT bye aedi pim tdat differs in its ionic
concentration fromsaid first electroconductive nediunm and neans for

conparing said neasurenents to determne the condition of said tissue. 10.
The apparatus of claim9, wherein said at |east one electrical property is

DC potentdal . rhl Ji% ARRA At S 0f 1 &l &1 MBe WORT €10 S AL A /2a%kene
computing device includes at least one of a band-pass

filter and a high pass filter.

9. An apparatus for determining the condition of a

tissue, comprising:

means for measuring at least one electrical property
of an area of said tissue using a first electroconductive

medium;

means for measuring said at least one electrical
property of said area of tissue using a second
electroconductive medium that differs in its ionic

concentration from said first electroconductive medium; and

means for comparing said measurements to determine the

conditicon of said tissue.

10. The apparatus of claim 9, wherein said at least one

electrical property is DC potential.

11. The apparatus of claim 9, wherein said at least one

electrical property is impedance,



el ectrical property is inpedance. 51 12. The apparatus of claim9, further
conprising neans for neasuring a plurality of electrical properties of said
area, wherein said at | east one electrical property is DC potential and
said at |east one electrical property is inpedance. 13. An apparatus for
determ ning the condition of a nucosgl or epithelial tissue, conprising:
nmeans for neasuring at |east one el ec 1i cal property of an area of said
tissue using a first electroconductive nmedium at |east one agent; neans
for neasuring said at |east one electrical property of said area after said
agent i s Hdm ritst espgdiraand  afearis ifors ,c dqaathiatg chaipd: e agiu iRt $otro
determne the condition of said tjissye. 14. The apparatus of cIaLg|13,
wherei n SFAFH N1%adt BhBTa&FE¥t r9kal® F&ﬁércf"-y[ igrgg,eﬁB%%ﬁti%q, SP3Y The

appar at usafa Clihérdh ¥hedaehR saladtatodeasicOneicLl egtépepty PLEPSLLY iS

i npedance. 16. The apparatus of claim 13, further conprising neans for
measur i nPE Piurad! | fpdofsei@ctati cAPapEopere i €destranalarkeerArty sdde,
wherein sgid at, least one electrical property is DC potential and said at

| east one ectrical property is inpedance. 52 17. An apparatus for
determning the condition of a nucosal or epithelial tissue, conprising:
nmeans for making a first neasurenent of at |east one electrical property of

an area 0JT3 .SalAgl tla}?’éﬁ:a %Isng %rfl rcfjettetr?n:i%(i%trc.joc%ﬂ%uc'[clo\rll i@%humofnegns for
maki ng a second nedsurement of sal a eas
mucosal or epithelial tissue, comprising:

means for measuring at least one electrical property
of an area of said tissue using a first electroconductive

medium;
at least one agent;

means for measuring sald at least one electrical

property of said area after said agent is administered; and

means for comparing said measurements to determine the

condition of said tissue.

14. The apparatus of claim 13, wherein said at least one

electrical property is DC potential.

15. The apparatus of claim 13, wherein said at least one

electrical property is impedance.

16. The apparatus of claim 13, further comprising means
for measuring a plurality of electrical properties of an
area of tissue, wherein said at least one electrical
property 1is DC potential and said at least one electrical

property is impedance.



one electrical property of said area at a subsequent time to said first
nmeasurenent; and neans for conparing said first and second neasurenents

determ ne the condition of said tissue. 18. The apparatus of claim17,

wherein said at |least one electrical property is DC potential. 19. The
apparatus of claim 17, wherein said at_|east one electrical property is

i npedance. 20. The apparatus of clainPd7, further conpri si ng neans
measuring a plurality of electrical properties of said area, wherein said

at

el ectrical? proper tapdasratupedaiCe.determining the condition of a

mucosal or epithelial tissue, comprising:

means for making a first measurement of at least one
electrical property of an area of said tissue using a first

electroconductive medium;

means for making a second measurement of said at least
one electrical property of said area at a subsequent time

to said first measurement; and

means for comparing said first and second measurements

to determine the condition of said tissue.

18. The apparatus of claim 17, wherein said at least one

electrical property is DC potential.

19. The apparatus of claim 17, wherein said at 1least one

electrical property is impedance.

20. The apparatus of claim 17, further comprising means
for measuring a plurality of electrical properties of said
area, wherein said at least one electrical property is DC
potential and said at least one electrical property 1s

impedance.

for

| east one electrical property is DC potential and said at | east one

to



