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Some thoughts on science and existence...

Al formular cualquier filosofia primera consideracion siempre debe ser: ;Qué
podemos saber? Es decir, qué podemos estar seguros de saber, o seguros de que
sabemos que sabiamos, si realmente es de algun modo “cognoscible”. ;O lo
habremos olvidado todo y tenemos demasiada vergiienza de decir algo? Descartes
insinu6 el problema cuando escribié: “Mi mente jamas puede conocer mi cuerpo,
aunque se ha hecho bastante amiga de mis piernas”. Por “cognoscible”, dicho sea de
paso, no quiero decir aquello que pueda ser conocido por medio de la percepcion de
los sentidos o que puede ser comprendido por la mente, sino mas bien aquello que
puede decirse que es Conocido o que posee un Conocimiento o una Conocibilidad, o
algo que al menos puedas mencionar a un amigo.

(Podemos en realidad ‘“conocer” el universo? Dios santo, no perderse en
Chinatown ya es bastante dificil. Sin embargo, el asunto es el siguiente: ;Habra algo
alla fuera? ;Y por qué? ;Por qué tendran que hacer tanto ruido? Por utimo, no cabe
duda de que la caracteristica de la “realidad”es que carece de esencia. Esto no quiere
decir que no tenga esencia, sino simplemente que carece de ella. (La realidad a la
que me refiero es la misma que describié Hobbes, pero un poco mas pequeiia.) Por
lo tanto, el dictum cartesiano, “Pienso, luego existo”, podria expresarse mejor por
“;Eh, alli va Edna con el saxofon!”. Asi pues, para conocer una sustancia o una idea,
debemos dudar de ella y asi, al dudar, llegamos a percibir las cualidades que posee
en su estado finito, que estan en, o son realmente “la misma cosa”, o “de la misma
cosa”, o de algo, o de nada. Si esto estd claro, podemos dejar por el momento la
epistalmologia.

“Como acabar de una vez por todas con la cultura”

Woody Allen
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GENERAL INTRODUCTION AND OUTLINE OF THE THESIS

Mortality caused by cardiovascular diseases represented 37% of the overall
mortality in Catalonia in 1994. Among these deaths, 27% were due to ischemic
heart disease '. Myocardial ischemia results in four basic clinical syndromes which
are angina pectoris, myocardial infarction, heart failure, and sudden cardiac death
?. Ischemia is defined as a desiquilibrium between the oxygen required for the
normal cellular metabolic function and that supplied by the coronary blood flow °.
In the past few years other ischemia related syndromes have been characterised
such as: myocardial stunning, hibernation, preconditioning, or silent ischemia *.

From the basic pathophysiology point of view acute myocardial ischemia
causes a series of metabolic, ionic, neurohumoral, and structural alterations that
result in changes in the electrophysiological and mechanical function of the heart.
These changes are manifested in membrane patches, single cells, isolated fibres, or
intact hearts as alterations in the functional characteristics of ionic channels and
pumps. The electrophysiological consequences are alterations in resting membrane
potential, action potential, conduction, refractoriness, automaticity, in the
electrical passive properties, and finally the development of arrhythmias.
Knowledge of the basic alterations taking place during acute and chronic
infarction is mandatory for development of new diagnostic and therapeutic targets.

The main objective of this thesis is to study the alterations of the passive
electrical properties of the myocardium during coronary artery occlusion. More
specifically, their role on the pathogenesis of arrhythmias and on the transmission
of injury currents during the acute and chronic stages of infarction. Since
myocardial infarction is a dynamic process that spans various weeks or even
months, the thesis focuses on two time windows, namely: a) the acute stages of
infarction -i.e. the first 4 hours after the onset of myocardial ischemia, and b) the
chronic stages of myocardial infarction -one to two months after the onset of
coronary occlusion.

Due to the interdisciplinary character of this thesis, the first chapter is a broad
review of the basic concepts of cardiac electrophysiology. A special effort is made
in distinguishing between the active and passive electrical properties of the
myocardium, giving emphasis on the role of the passive electrical properties in the
normal cardiac function. Finally, the electrophysiological alterations taking place
during the acute and chronic stages of myocardial infarction are reviewed in detail.

In the second chapter a description of the materials and methods used
throughout the thesis is provided. However, the experimental protocol followed in
each of the studies which form the thesis is detailed in each corresponding chapter.
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The third chapter is dedicated to the study of the alterations of tissue electrical
impedance that take place during the acute stages of myocardial infarction. An
analysis of the biological meaning of both the resistivity and the phase angle
components of tissue impedance measured at 1 kHz is made. The alterations of
both these parameters during the initial stages of the ischemic insult are correlated
with the incidence of ventricular arrhythmias occurring during this period.
Moreover, a correlation with the changes in the epicardial electrical potentials is
performed. Specifically, the changes in ST segment elevation which have been
related to the circulation of injury currents during acute ischemia are considered.

In the fourth chapter, the passive electrical properties of the chronic transmural
myocardial infarction are studied. For a more complete characterisation of the
passive electrical properties of normal and infarcted myocardium, tissue
impedance is measured in a broad range of frequencies. The biological meaning of
the impedance spectrum of both tissues is discussed. The role of the characteristic
impedance of necrotic tissue in determining the transmission of injury currents
during acute peri-infarction is studied in detail in vivo and in vitro. In view of the
results, the possible role of the infarct scar in the genesis of arrhythmias during
either chronic infarction or during acute peri-ischemia is discussed.

In view of the distinct impedance spectra which characterise normal and
chronically infarcted tissues, in chapter five a catheter based system is developed
for the distinction of these tissues by intracavitary recording of the endocardial
tissue impedance spectrum.

Chapter six deals with the clinical application of the results obtained in the
acute infarction model. The study is conformed by a series of experiments
designed to asses the performance of a silicon based impedance sensor in detecting
the onset of myocardial ischemia by measurement of tissue impedance.

Finally, in chapter seven the overall conclusions of the thesis are drawn.
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Chapter 1

ELECTRIC IMPEDANCE BACKGROUND

Propagation of the electric -E(®)- and magnetic -B(w)- fields of a given
frequency (o) through a medium is determined by the conductivity -c(®)-, the
permittivity -g€(w)-, and the permeabilty -wW(w)- of the medium at the given
frequency.

The total electric current density (J) in a medium with static conductivity G,
and dielectric constant € is given by equation 1.1 '.

(1.1)

2D .
oo =O'E+W=(G+_]CO8)E

Where E is electric field, D is the displacement vector, and © is the frequency of
the sinusoidal electromagnetic field. The total current density has an ohmic
component which describes the transport of free charges within the material and a
displacement component which describes the movement of bound charges. The
complex conductivity of the medium (&) is defined as E/J = -0 = o+ jwe .
Alternatively, the medium may be characterised by a complex dielectric constant
defined as ¢ = o /jo.

From this equation three types of electrical behaviour may be defined: a) the
displacement current (jogE) is much larger than the conduction current (cE),
therefore the medium behaves like a dielectric; b) the conduction current is greater
than the displacement current, therefore the medium may be classified as a
conductor; c) both currents are of the same order of magnitude and the medium is
considered as a quasi-conductor. Biological materials show marked conductive
properties due to their high ionic composition as well as a dielectric behaviour
caused by both the presence of induced and permanent dipoles (charged
molecules) and the capacitative nature of the cell membranes.

Measurement of tissue electrical impedance (Z) may be used for determining
the conductivity and permittivity of biological tissues. Electrical impedance is
defined as the voltage (V) measured across the tissue divided by the sinusoidal
current (I) of a given frequency applied through it (Z=V/I). Since the cell
membranes have capacitative properties > the voltage and the current are complex
phasors. Consequently, impedance (Z) will be a complex number (Z=R+jX) where
R is the resistance (in phase component of V respect to I) and X is the reactance
(in quadrature component of V respect to I). Alternatively, impedance may be



Background

expressed in terms of the modulus (M) and phase angle (¢): Z=M(cos(¢) +jsin(¢)).
Tissue electrical impedance is not an intrinsic property of the tissue since the
applied current distribution depends on the geometrical configuration of the
electrodes and on the boundary conditions of the sample under measurement. The
relationship between the conductivity and permitivitty and the macroscopic
electrical impedance is a geometrical factor named the cell constant. The cell
constant can be determined experimentally by measuring the resistance of a
medium of known resistivity with the same experimental set up, or may be
determined theoretically by solving Laplaces equation with the appropriate
boundary conditions °.

ANATOMICAL BACKGROUND

Myocardial tissue anatomy: Myocytes are roughly cylindrical in shape with a
diameter of 15 to 20 um and a length of 100 wum. A more detailed analysis of the
cells reveals a complex three-dimensional geometry with multiple columnar end
processes *. Through these end processes a single cell is connected to as many as
ten other myocytes. The coupled cells form fibre-like arrays that are referred to as
cardiac fibres. Throughout the whole heart, the fibres may be organised to form
discrete layers or sheets °. Measurement of transmural fibre orientation shows that
the fibres rotate about 180° from endocardium to epicardium >°. The elongated
form of myocytes as well as their organisation into fibres has as a result that
cardiac tissue exhibits an anatomical ’ and functional anisotropy .
Consequently, there are differentiated electrophysiological properties in the
longitudinal and transversal cell axis directions.

Until the 1950’s myocardial tissue was thought to be a syncytium (i.e. a cellular
structure whose intracellular space formed a continuous medium) '*. However, in
1954 Sjostrand and Anderson proved by means of high resolution microscopy, that
cardiac muscle is composed of well defined individual cells separated by
specialised zones known as intercalated discs *°. In addition, from the
electrophysiologic point of view, Wiedmann had observed that intracellular
subthreshold pulses injected in Purkinje fibres could be recorded in the
intracellular space of myocytes which were various cell lengths away '°. This
study, and further experiments in which radioactive K’ ions injected in the
intracellular space diffused along various cell lengths gave evidence for the low-
resistance connection of cardiac cells '”. In summary, both the structural and the
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electrical series of experiments founded the concept that myocardial cells are
electrically connected by specialised junctions.

The structure responsible for intracellular communication is the gap junction.
Gap junctions are one of the three types of intercellular junction linking cardiac
muscle cells '®. The other two types of junctions, fascia adherens and desmosomes,
are concerned with cellular adhesion. The intercalated disk is a specialised cell
organelle which contains the intercellular junctions and is located in the blunted
step like ends of the myocytes. Gap junctions are a specialised location were
membranes of neighbouring cells meet within 3 nm and are linked by hydrophilic
channels that connect the intracellular spaces of the two cells. Their function is
related to the transfer of ions and small molecules. A characteristic of gap junction
channels is that they are minimally ion selective. In fact, the pore is large enough
to allow the passage of low molecular weight dyes and adenosine triphosphate
(ATP).

The molecular structure of gap junction channels consist of hexameric
assemblies of a protein named connexin. Connexin-43 is the principal junctional
protein in mammalian myocardium, but connexin-40 and connexin-45 are also
present in the gap junction connections of the specialised conduction tissues.
Connexins group to form a hexameric structure containing a central pore. This
structure is termed a connexon or connexin hemichannel. A working gap junction
channel is formed when a connexon in one cell becomes localised in a cell
membrane and matches sterically with a connexon from a neighbouring cell .

Cell membrane: Cells are surrounded by a plasma membrane whose main
function is to control the passage of ions and molecules into and out of the cell.
Observations performed with electron microscopy reveal that the membrane is a
heterogeneous structure of about 75 A in thickness composed mainly (about 70%)
of lipids, phospholipids, glicolipids and cholesterol.

The membrane lipids are organised in two hydrophobic lipid layers that are
orientated such that the polar groups face the intracellular or extracellular aqueous
media. This orientation is thermodynamically favourable, and as a consequence,
the hydrophobic lipid tails constitute the membrane interior that behaves like a
dielectric of about 30 A in thickness "°. The capacitance of the structure formed by
the lipid bilayer can be calculated by considering the membrane dimensions and by
assuming that the relative dielectric constant is three (i.e. the same value as for
oil). Values of cell membrane capacitance (c,,) calculated in this manner range
from 0.9 pF/cm® to 12 uF/ecm® ***'. The electrical resistance of the cell membrane
(t) is in the order of 1000 Qcm’. This relatively low value, as compared to the
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resistance of other lipid bilayers, is attributed to the presence in biological
membranes of other composites such as proteins, water molecules, ions, and
carbohydrates *. Of these composites, the proteins determine the function of the
membrane in each particular type of cell. More specifically, the membrane
proteins determine the active transport of ions and metabolites between
intracellular and the extracellular spaces, the intracellular communication by
means of specialised unions, etc.

The fluid-mosaic model was proposed in 1966 by Singer and Nicolson to
describe the dynamics of the proteins in the cell membrane *. According to this
model, the proteins float within the membrane bilayer as if they were immersed in
a fluid, and in some instances are capable of rotating. Some large proteins such as
the (Na, K)-ATPase, the Ca-ATPase and various ion channel proteins inserted in
the lipid bilayer protrude through the entire membrane thickness. Other smaller
proteins such as the G proteins or the adenylate cyclase enzyme are inserted in
only the inner or outer leaflet of the lipid bilayer.

ACTIVE ELECTRICAL PROPERTIES OF THE MYOCARDIUM
Cellular electrophysiology

Resting membrane potential: When a microelectrode is inserted into an
quiescent cardiac cell, a DC potential between 50 and 100 mV is found between
the intracellular and extracellular compartments >. Specifically, in ventricular and
atrial cells the resting membrane potential (V,) is between -80 and -90 mV, in the
sinoatrial nodal cells between -50 and -60 mV, and in the Purkinje cells between -
90 and -95 mV *.

The origin of this transmembrane potential difference lies in both the different
ionic composition of the intracellular and extracellular spaces, and in the selective
permeability of the cell membrane to the various types of ions. As shown in Fig
1.1, the extracellular space has a high Na" and CI” concentration (145 mM and 120
mM, respectively) and a low concentration of both K (about 4 mM) and of Ca*"
(about 2 mM). By contrast, the intracellular space of ventricular cells has a high
K" concentration (150 mM), and low concentrations of Na* (about 15 mM) and CI’
(about 4 mM). The free intracellular Ca** concentration is about 10”7 M, however,
it may reach values as high as 10° M during contraction. Furthermore, the total
intracellular Ca*" is much higher, but most of it is bound to molecules or is
sequestered by the mitochondria and the sarcoplasmatic reticulum.
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Figl.1 Intracellular and extracellular ion distributions in a myocardial cell. Polarity
and magnitude of the resting potential are also given. Arrows give direction of the net
electrochemical gradient. The Na+-K+ pump and the Ca-Na exchanger are located in
the cell surface. The Ca-ATPase/Ca pump is located in the sarcoplasmatic reticulum
(SR) and on the cell membrane.

The ionic concentration gradients between intracellular and extracellular spaces
are maintained by the action of ion-transport mechanisms located in the cell
membrane at the expense of metabolic energy. The major transport mechanism is
the sodium pump that extracts Na' out of the cell against the Na" electrochemical
gradient (Fig 1.1). This pump is normally linked to K’ so that while Na' is
removed from the cell, K is introduced into the cell. Thus, the pump is a Na'-K"
coupled pump, which means that in the absence of K" ions, Na' ions cannot be
extracted out of the cell. The coupling ratio between the amount of Na™ pumped
out and the amount of K" pumped in, can theoretically vary from 3:3, to 3:2, to 3:1.
However, in normal conditions the rate is three to two, and thus, the pump directly
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creates a transmembrane potential. The enzyme associated to the Na'-K" pump is
the (Na, K)-ATPase and has been identified in virtually all types of tissue .

The mechanisms by which the transmembrane gradients of CI" and Ca®" are
maintained are less well known. Evidence seems to support that CI is not actively
transported, i.e. there is no CI" pump, which means that it is distributed passively
in accordance with the existing membrane potential .

The mechanisms responsible for the removal of the positively charged Ca*" ion
from the myoplasm are not unique. The sarcoplasmatic reticulum membrane
contains a Ca®" -activated ATPase that actively pumps two Ca®" ions from the
myoplasm to the sarcoplasmatic reticulum lumen at the expense of one ATP *'.
This pump ATPase is capable of pumping down the intracellular calcium ion
concentration to less than 107 M. Sequestration of Ca*" by the sarcoplasmatic
reticulum is an essential mechanism for muscle relaxation.

Another mechanism involved in homeostasis is the Ca/Na exchange reaction **.
This exchange reaction exchanges one internal Ca** ion for three external Na™ ions
via a membrane carrier molecule. ATP facilitates this reaction but is not
hydrolysed. The energy consumed for the pumping of the Ca®" against its large
electrochemical gradient is obtained from the Na' electrochemical gradient. By
this mechanism, the energy that is required for the Ca*" ion movement is derived
from the (Na, K)-ATPase. Thus, the Na-K pump that uses ATP to maintain the Na"
electrochemical gradient, indirectly helps to maintain the Ca®" electrochemical
gradient.

Given an unequal distribution of ions (p) across a membrane, the two factors
that influence the distribution of the ions are chemical concentration gradients
(VC,) and electric field (V®). To quantitatively analyse the genesis of the resting
membrane potential, the Nernst-Plank equations (equation 1.2) which describe the
ionic flux (j,) when both types of forces are present must be considered.

(1.2)

7 CF
-]p = —Dp(VCp +?V(D)

Where T is the absolute temperature, R is the gas constant, F is Faraday’s constant,
Z, is the valence of the ion p, and D, is Fick’s constant. The first term of this
equation is Fick’s law which describes the ion flux due to the existence of ionic
concentration gradients. The second term gives the ionic flux in the presence of an
electric field.

To understand how the interaction of both concentration gradients and electric
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fields give rise to an equilibrium potential when there is an unequal distribution of
ions, the Nernst-Plank equations should be solved in the following simplified
situation in which only two types of ion exist. If one considers that there is a
different intracellular and extracellular concentration of a given salt (e.g.: NaCl)
and the membrane is only permeable to one of the ions (e.g. Na"), then a diffusion
of Na" will occur from the compartment of highest concentration to that of lowest
concentration. The result will be that an electric field will begin to build up across
the membrane which will tend to oppose the concentration gradient. When
equilibrium is reached, both the electric field force and the force due to the
concentration gradient will be exactly opposed, and the net ionic flux across the
membrane will be zero. If this condition is imposed to the Nernst-Plank equations,
the electric field at which equilibrium occurs can be calculated from Nernst
potential (Veq):

53 [Cp ]J (1.3)

V. :loglo[l |
! Zp Cpi

Where [C,]e and [C,]; are the extracellular and intracellular concentrations of the
ion p.

The ions which have high enough concentrations, high enough diffusional
potentials, and high enough membrane conductances to be able to significantly
influence the membrane resting potential under normal conditions are Na", K,
Ca*, and CI. By applying the Nernst equation, the following equilibrium
potentials can be calculated for each type of ion: Ex, = 60 mV; Ex =-94 mV; Ec, =
129 mV; and E¢; = -80 mV, respectively. Any ion whose equilibrium potential is
different from the cellular resting potential is not in equilibrium, and must
therefore be pumped at the expense of metabolic energy.

The selective permeability of the membrane to the different types of ions is the
other characteristic that determines the resting membrane potential, and is caused
by the fact that each ion flows through specialised channels. Therefore, there is a
tendency for the ions more permeable to the membrane to move along their
concentration gradient, whereas those with lower permeability to remain. At a
given membrane potential -V,,- each ionic species (p) is submitted to a driving
force which is the difference between its equilibrium potential (E,) and the
membrane potential: (V, -E,). In the particular case of Na' which has an
equilibrium potential of 60 mV, the driving force considering a resting potential of
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-80 mV is 140 mV. Similarly, the driving force for potassium is 14 mV. This
calculation can be performed in the same manner for the rest of the ions. The
electric current transported by each ion (I,) can be calculated from Ohm’s law, i.e.
the product of the membrane conductance for that specific ion (g,) times the
driving potential (V,, -E,).

INa = gNa (Vm 'ENa) (1 4a)
Ik = gk (Vi -Ex) (1.4b)
ICa = 8ca (Vm 'ECa) (1 4C)

The following example illustrates how the combination of the transmembrane
ionic gradient and the selective permeability of the membrane to the different ions
determines the resting potential. If CI, Ca®", and other minor ions are neglected,
the maintenance of a constant transmembrane potential requires that the K* current
is equal and opposite to the Na" current. Since in resting conditions the membrane
is mainly permeable to K, the resting potential approaches the value of the Nernst
equilibrium potential of the potassium ion (i.e. -94 mV).

Finally, a modified version of the Nernst potential known as the Goldman-
Hodgkin-Katz equation (equation 1.5) must be used to accurately determine the
value of the resting potential in terms of the intracellular and extracellular ionic
concentrations and the respective ionic channel permeabilities.

RT, P [K], +P[Na], +P.[Cl] +... (1.5)
V.=—In
F  PJ[K] +P[Na] +P,[CI], +...

Where P, is the membrane permeabilty to each ionic species defined as
DnRT/FAx, in which D is the mobility in the membrane, 1 is the membrane
solution partition coefficient, and Ax is the membrane thickness. For a more
precise calculation of the resting potential, the contribution of the pumps has to be
included in the Goldman-Hodgkin-Katz equation. Mullins Noda performed this
calculation in 1963 .

Transmembrane action potential and propagation of excitation: One of the
main characteristics of myocardial cells is that they are excitable *°. Specifically,
when a constant current is applied to the intracellular space the membrane
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electrical capacitance begins to charge up and this brings the resting
transmembrane potential to a less negative value. At a given value of
transmembrane potential, named the threshold potential, there is an abrupt change
in the membrane properties. The sequence of changes in the transmembrane
potential occurring from there on are what is defined as the transmembrane action
potential (Fig 1.2).

The action potential is characterised by a very rapid shift of intracellular
potential to a positive value known as overshoot potential. This phase of
depolarisation is known as phase 0 of the action potential and takes place in about
2-3 ms. Some cardiac cells (Purkinje system and ventricular myocytes) have a
second phase of partial repolarisation denominated phase 1. There is then a
plateau phase of maintained depolarisation or of very slow repolarisation called
phase 2, followed by a fast repolarisation of transmembrane potential named phase
3. Phase 4 is the interval during which transmembrane potential remains at resting
potential values.
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Fig 1.2 Phases of the action potential.
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In addition to eliciting action potentials at certain degrees of stimulation, some
cells have the ability to initiate an electrical impulse spontaneously *'*. This
characteristic is referred to as automaticity and is the basis of impulse generation
within the cells that form the sinoatrial (SA) node. In these types of cells, phase 4
of the action potential just described is characterised by a slow depolarisation that
lasts until the threshold potential is attained.

Another fundamental characteristic of excitable cell membranes is the
refractory period of the cell. This concept is defined as the time interval during
which the cell membrane does not allow reexcitation . From the onset of the
action potential, ventricular myocardial cells in normal conditions remain in
refractory state about 90% of the total action potential duration.

The underlying molecular mechanisms responsible of the generation of the
action potential are the ionic channels and pumps that reside in the cell membrane.
The generation of the action potential is the consequence of abrupt sequential
changes in the conductance of the ionic channels which results in large movements
of ions between the intracellular and extracellular spaces ***°. The initial
alterations of these channel conductances may be brought about by changes on the
ionic composition of both intra-extracellular spaces (voltage dependant
conductances) or may depend on time (time dependant conductances). Once the
channel conductances have been activated, the ionic currents are determined by the
instantaneous driving force for each particular ion as well as the channel
conductance. The driving force for each ion (p) at a time t, is the difference
between the transmembrane voltage at that time (V(t)) minus the Nernst
equilibrium potential for that ion (E,). Since the conductance of each particular ion
is a complex function of the transmembrane potential at that time t, as well as of
time, the ionic currents are given by equations (1.6a-1.6b) *".

INa = gNa'm3(ta Vm(t))h(ts Vm(t)).] (t: Vm(t))'(vm(t)'ENa) (1 6a)
Ik = gix(t, Vin()) (Vin(t)-Ex) (1.6b)
ICa = gCa'd(ta Vm(t))f(ta Vm(t))'(vm(t)'ECa) (1 6C)

Where gn. , gk , and gc, are the maximal conductances of each ion, and m, h, j, x,
d, and f are variable scalar parameters (ranging from 0 to 1) that depend on voltage
and time which determine the dynamics of activation and inactivation of each ionic
channel. These conductance parameters do not have a firm physical basis and have
to be found empirically by use of the voltage clamp technique.
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At a microscopic level, the sequence of events that occurs once the action
potential is triggered is the following (Fig 1.3). The sodium channels open and
permit sodium ions to rush down the electrochemical gradient into the cell.
Activation of the sodium channel takes place in fractions of a millisecond. The
inrushing positive Na" ions displace the negative charges stored in the inside of the
membrane with the result of transmembrane depolarisation. Since Na conductance
-gna- Increases as voltage becomes less negative, g, is increased regeneratively.
As a consequence of the inrushing cations, the intracellular voltage (V;) in that
localised region is more positive than in the neighbouring intracellular parts, so
there is a longitudinal voltage difference that generates an intracellular
longitudinal current down the voltage gradient. In normal conditions, this
longitudinal current depolarises adjacent regions of membrane and brings them to
threshold potential, therefore causing sodium channels to open in the contiguous
areas of membrane.
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Fig 1.3 Schematic diagram of the events taking place during transmission of excitation by
means of local circuit currents. Components of local circuit current are: Iy,=inward
sodium current; [ ;=capacitative current; [; =intracellular current; I, =extracellular current.
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Simultaneous to these events, a transmembrane capacitative current (which
appears due to the time varying transmembrane voltage) permits that the pathway
of the intracellular current is completed by a return extracellular current in the
opposite direction. The intracellular and extracellular currents which result from
the initial rush of Na' ions going down their gradient are named electrotonic
currents. Concurrent with propagation of excitation to other portions of membrane,
the Na channels of the initial patch of membrane begin to inactivate. Subsequently,
the rest of the ionic channels of the initial patch of membrane are then activated
according to equations 1.6b and 1.6¢c. Therefore, at the same time that the
excitation is transmitted to other portions of membrane, the action potential takes
place at the initial patch of membrane. Since the refractory period lasts about 90%
of the whole action potential, reexcitation of the initial patch of membrane cannot
occur.

In summary, during action potential, the total transmembrane current (i) is
composed by the sum of the individual ionic currents (ijonc), by the pumping
currents (ipumps), and by the capacitative current which appears due to the cell
membrane capacitance:

ov. . (1.7)

— m
lt _Cm ﬁt +1i0n +1pumps

The experimental technique which made possible the study of the different
ionic currents is the voltage clamp technique which consists in maintaining the
intracellular potential at fixed values different from the resting potential by means
of electronic feedback mechanisms (this action effectively converts the
capacitative component of the current to zero). Manoeuvres with the ionic
concentration of the extracellular medium permit to study the individual
timecourse of each ionic current. There are many types of ionic currents which
may or may not be shared among the various specialised cardiac cells. In a final
instance, the ionic currents determine the characteristic morphology of the action
potential, which in turn determines the electrical function of each cell type in the
excitation sequence of the heart.

The currents can be grossly classified in two types: inward currents that
depolarise and outward currents that repolarise the cell membrane ***°. Inward
currents are carried mainly by sodium ions (in ventricular cells) and calcium ions
(in sino-atrial cells), whereas outward currents are composed primarily of
potassium and chloride ions. The main ionic currents in cardiac cells are the
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following:

Ina is the inward excitatory current carried by Na' through voltage-activated
Na“ channels '®. The current is activated at threshold to produce rapid
depolarisation and to provide the current to drive action potential or impulse
propagation in atrial, His-Purkinje, and ventricular cells *. These Na* channels are
sparse or absent in SA and AV nodal cells.

The cardiac sarcolemma of most animal species contains two Ca®" channel
types that have been named L-type and T-type *'. These two channels share a high
selectivity for Ca*" over other ions but differ in the voltage range of their
activation and inactivation, as well as their microscopic (single cell) and
macroscopic (whole cell) gating kinetics.

Icar is the calcium current that is activated regeneratively from a relatively
depolarised potential to produce depolarisation and propagation in SA and AV
nodal cells. It is also present in atrial, His-Purkinje, and ventricular cells, where it
contributes to the plateau and triggers calcium release from the sarcoplasmatic
reticulum. It is inactivated by both depolarisation and [Ca®]; *.

Icat 1s a calcium current through a different voltage dependent channel that is
activated at potentials intermediate between thresholds for Iy, and Ic.p. This
current probably contributes to the inward current at the later stages of phase 4
depolarisation in SA and His-Purkinje cells *.

Iy is an inward current carried by Na' through a relatively non-specific cationic
channel that is activated by polarisation to high membrane potentials in SA and
AV nodal cells and His-Purkinje cells. This current is responsible for generating
phase 4 depolarisation and contributes to pacemaker function. Its kinetics are fairly
slow, and it is strongly modulated by neurotransmitters **.

There are many types of potassium channels which are related to the
repolarisation phase of the action potential *. The potassium currents include the
delayed rectifier K -current (1), the background inwardly rectifying K™ -current
(Iq), the I, current, the acetylcholine (Ach)-activated inwardly rectifying K™ -
current (Ixkacy), the K’ -current that is inhibited by intracellular adenosine
triphosphate (Igatp), the K™ -current that is activated by elevated levels of
intracellular Na™ (Ixna), and the Ca®" -activated K" -current (Ixc,).

Iy, is the K* current responsible for maintaining the resting potential near the
equilibrium potential in atrial, AV nodal, His-Purkinje, and ventricular cells. This
current shuts off during depolarisation (inward rectification)

I is a K* current carried through voltage-gated channels with slow activation
kinetics. It turns on slowly during the action potential plateau and is the major
current causing repolarisation.
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I, is a K' current that turns on rapidly after depolarisation and then inactivates.
One type of I, is activated by [Ca®"];, and the other is voltage-activated and
modulated by neurotransmitters. I, can play an important role in modifying action
potential duration and in contributing to the heterogeneity of repolarisation
because of its non-uniform distribution.

The pumps and carriers also generate ionic currents % The Inoi pump 18 the
current generated by the Na/K pump. Because each cycle transports 3 Na™ out and
2 K" into the cell, it generates a small outward current that is relatively constant
during cardiac cycle. Inuc. s the current generated by the Na/Ca countertransport
system, which exchanges 1 Ca”" ion for 3 Na" ions, and is the chief means of Ca**
efflux through the sarcolemma.

Electrical activity of the heart

Normal cardiac rhythm: The regular rhythmic contraction of the ventricles
which is the basis for the optimal pumping function of the heart is maintained by
the co-ordinated action of the various specialised tissues which form the heart. The
basis of this synchronised action is the electrical interaction, by the conduction of
the action potential, between the various specialised myocardial cells (Fig 1.4).
Each specialised tissue has particular anatomical and electrophysiological
characteristics that determine its specific function.

The genesis of the electrical impulse takes place in the sinoatrial (SA) node
which is situated in the upper part of the right atrium. During the normal function
of the heart, the SA nodes generate an electrical impulse at a rate of 60 to 100
beats per minute. The competing effects of parasympathetic and sympathetic
nerves modify this rate. The process of spontancous depolarisation of the SA node
is known as pacemaker activity. The electrical signal generated in the SA node
extends through the atrial muscle to the atrio-ventricular (AV) node in 120 to 210
ms.. The AV node is the only functional link between the atria and the ventricles
and is characterised by being a slow conducting tissue (in the order of 0.2 m/s).
This slow AV node conduction ensures an adequate delay between the atrial and
ventricular contraction that is essential for the proper filling and pumping of the
ventricles. Conduction of the excitation wavefront from the AV node to the
ventricles is mediated by excitation of the bundle of His. Each ventricle is
respectively excited by the right and left branches which constitute the bundle of
His. These branches then ramify into the specialised Purkinje system which
directly initiates excitation of the ventricular cells at specific points of the
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ventricles ensuring a uniform pumping action of the ventricular chambers. Both
specialised tissues are characterised by allowing a rapid propagation (about 5 m/s)
of the excitation wavefront.
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Fig 1.4 Characteristic action potentials of the various specialised tissues.

The electrocardiogram: The electrocardiogram (ECG) is the graph obtained
when the electrical potentials of the electrical field originated in the heart are
recorded from the body surface ***. A normal ECG is characterised by a series of
deflections (P, Q, R, S, T, U) and intervals between these deflections (PR and ST)
which are related to the progress of the excitation wavefront across the various
specialised tissues of the heart (Fig 1.5). The P wave is considered to reflect the
passage of the excitation wavefront through the atria, whereas the QRS complex
reflects the excitation of the ventricles. The PR interval, of about 80 ms in
duration, is related to the passage of the excitation through the AV node and is
almost devoid of electrical signal since excitation includes a small number of
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fibres far from the surface. The ST segment is a quiescent period between the QRS
complex and the T deflection which is concurrent with the depolarisation of the
ventricular myocytes.

varfricalgr ————

Fig 1.5 A typical ECG form of one of the standard electrocardiographic leads.

The ECG provides a useful clinical tool and has various uses such as: an
independent marker of myocardial disease; it may reflect anatomic,
hemodynamical, molecular, ionic, or drug induced abnormalities of the heart; and
it might provide information that is essential for the proper diagnosis and therapy
of many cardiac problems.

PASSIVE ELECTRICAL PROPERTIES OF THE MYOCARDIUM

The cell passive electrical properties are the electrical characteristics of the
intracellular, extracellular, and transmembrane pathways that subthreshold ionic
currents generated by the active membrane properties find when going in, out, or
across the cell membrane. Therefore, the key role of the passive electrical
properties in the normal function of the heart is that they modulate the magnitude
of the circulating electrotonic currents generated during the excitation process, and
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therefore play a crucial role in determining propagation of excitation across the
normal and pathological myocardium. To understand quantitatively how the
passive electrical properties determine propagation of excitation, the core
conductor equivalent model of the cell and its solutions, the cable equations, must
be considered ¥.

The core conductor model (Fig. 1.6) considers that the cell is cylindrical and
that intracellular (V;) and extracellular (V.) potentials vary only along the
longitudinal axis. Cytoplasm is approximated as an ideal ohmic conductor of
resistance per unit length r;, and extracellular space as an ideal ohmic conductor of
resistance per unit length r.. The cell membrane behaves as resistance r,, in parallel
with a capacitance c,,.
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Fig 1.6 This figure depicts the core conductor model (panel A) equivalent to a segment of
a cylindrical myocardial fibre (panel B). Also shown are the local currents that circulate
when an intracellular current I, is applied at X=0.
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Application of Kirchoff’s laws to the core-conductor network of Fig. 1.6 leads to
the cable equations (equations 1.8). These differential equations describe the time
course and spatial distribution of the transmembrane voltage of cylindrical fibres
submitted to subthreshold stimuli.

2 (1.8)
PE 7 V;n _szrﬂ A%
o X ot

Where the transmembrane potential is defined as V,=V;-V,, and t and A are the
time and length constant respectively which are defined as:

T =c, I, (1.92)
and
f r. (1.9b)
r.+r

€ 1

If time (t) and distance (x) are transformed by X=x/A, and T=t/1,,, the solution for
a subthreshold electric current step I applied intracellularly at point X=0, and at
time T=0, in a cable extending to infinity in both directions, is given by equation
1.10.

V, (X, T) =rili/l{e-X[l_erf(zj/(Tj_ﬁ}_ex[l_erf(zj/(?j_i_ﬁ}} (1.10)

Where erf(X,T) is the error function. The solutions of the cable equation are
represented in Fig 1.7.



Chapter 1

Time {1 Time it}

Fig 1.7 Solutions of the cable equation for the application (A and C) and withdrawal (B
and D) of constant intracellular current pulse applied at X=0. (A) and (B) depict the
spatial distribution of potential at different times, and (C) and (D) show the timecourse at
different points in the cell segment. Distance is normalised to the length constant A, and
time is normalised with respect to the time constant 1.
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Special solutions of equation 1.10 are the voltage distribution along the cable at
t=co (i.e. when the pulse has reached steady state).

V. o (1.11)

(1=0)°

\Y%

X (t=0)

where Vy . is the voltage along the cable at point X, and V- = 1iloA/2. The
voltage declines from the point of current application exponentially. The constant
A represents the distance required for the voltage change to fall 1/e (i.e. 63%) of its
value at the input point. Typical values of A for Purkinje fibres are 0.2 cm.

Another special solution of equation 1.10 is the timecourse of voltage change at
x=0.

Vt (x=0) = V( erf\/% (1 . 12)

x=0
t=00

Since erf(1) = 0.84, it can be deduced that the voltage rises to 84% of its final
value (at t=0) in one time constant. A typical time constant for Purkinje fibres is
18 ms.

From these equations it is deduced that the magnitude and the time course of
the electrotonic currents that play a key role in transmission of cell excitation are
determined by the length and time constants. In addition, both constants are
determined by the intrinsic passive electrical properties of the cell (r;, re, Ty, Cm)
according to equations 1.9a, and 1.9b.

To gain further insight into the role of the passive properties in determining the
propagation of excitation, the cable equations should be expressed in terms of the
propagation velocity. If an action potential is conducted along a uniform fibre at a
constant velocity (® (m/s)) then the distribution of voltage in space is the same to
its distribution in time. This equivalence is expressed as: 6°V/0x” = (1/0%) &*V/ét’.
Therefore, the cable equation can be transformed to:

A0V, _ OV (1.13)

0 7 x? " ot

Solving the cable equation in this form the following expression can be found
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for the conduction velocity:
0’ = 1 (1.14)
2 T foot ri Y m

Where 1, is the time constant of the exponentially rising membrane voltage
that precedes action potential.

This expression shows that changes in the upstroke velocity of the action
potential, or an increase in the passive electrical properties, mainly intracellular
resistance and membrane capacitance, directly alter the velocity of propagation of
the action potential along a cell that behaves like a 1-dimensional uniform cable.

The anatomical conditions required to apply the core conductor model to a
tissue are very restrictive and are only partially accomplished by the Purkinje
fibres and by the papillary muscle. In general, cardiac tissue forms a 3-dimensional
structure in which the myocytes are electrically connected both longitudinally and
transversally. To describe the electrical behaviour of normal cardiac muscle, the
bidomain model, which is an extension to 3-dimensions of the core conductor
model is used ***. This model represents 3-dimensional cardiac tissue as two
interpenetrating domains, one representing the volume-averaged passive properties
of the intracellular region and one representing the volume-averaged passive
properties of the interstitial region. These domains coexist spatially and the flow of
current from one domain to the other occurs via the cell membrane which is
continuously spread throughout the whole space. As with the cable model, the
bidomain model assumes uniform tissue properties, permitting the currents and
potentials to be described by continuous partial differential equations. These
assumptions can be made because despite the fact myocardial tissue is composed
by many discrete cells it acts in many respects as an electrical syncytium due to the
interconnection between cells by means of low resistance gap junctions. Further
equations can be obtained fom this model that confirm the role of the passive
properties in determining the velocity of propagation of the excitation wavefront in
3-dimensional tissue.

Measurement of myocardial passive electrical properties
The first measurements of the passive electrical properties of cardiac tissue

were performed using the in vitro cable analysis technique with Purkinje fibres of
dog '®. This technique consists in injecting current into the excised cardiac fibre by
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means of an intracellular electrode, and then determining the time course of the
transmembrane voltage change measured with other microelectrodes at different
consecutive points along the axis of the fibre. These set of measures permit values
of the length and time constants to be obtained by adjusting the data to the
appropriate functions obtained from the cable equations. Following this procedure
values for intracellular resistance r; (470 Qcm), extracellular resistance r. (47
Qcm) and membrane capacitance ¢, (12 uF/cm”) were obtained. In addition to
obtaining values for the passive properties of Purkinje fibres, these measurements
also provided the first evidence that myocardial cells were electrically connected
by means of low resistance junctions since the space constant of the voltage decay
(1.9 mm) was greater than various cell lengths (=100 um).

A number of studies have used the cable analysis technique to study the passive
properties of various specialised cardiac tissues. Fozzard studied the membrane
capacitance of sheep Purkinje fibres and obtained similar values to those obtained
by Wiedmann in dogs *'. These measurements raised the question on the validity
of the core conductor model for Purkinje fibres since the predicted theoretical
membrane capacitance was 1 pF/cm’. Fozzard also studied the effect of stretch on
the passive properties of Purkinje fibres **, and Wiedmann studied the effect of
temperature obtaining that intracellular resistance increased when the temperature
of the preparation was decreased . Studies were also performed to see the effect
of action potential generation on the passive properties. Pacing up to 3 Hz
produced no significant effect on the passive properties °°, but higher frequency
stimulation increased intracellular resistance slightly >’. Studies in other animal
models such as rabbit Purkinje fibre showed a slightly lower membrane
capacitance (6.5 uF/cm?) and a higher intracellular resistance (453 Qcm) **. These
differences were attributed to the different anatomy of the species. Bonke studied
the passive properties rabbit atrial trabeculae ® and of the rabbit SA node °'.
Measures performed by Clerc * using the ventricular trabeculae of sheep obtained
a higher transversal than longitudinal intracellular resistance. A concomitant
difference in longitudinal and transversal propagation velocity was also found.
These differences were attributed to the anatomical anisotropy that characterises
this tissue. KIéber and Weidmann also studied the effects of sucrose solutions on
trabeculae muscle of mammalian hearts *%. Wojtczak * and Ikeda ® studied the
effect of hypoxia on cow ventricular muscle and obtained that intracellular
resistance increased 77%.

A modified cable analysis technique using arterially perfused rabbit papillary
muscle was employed by Kléber et al to measure intracellular and extracellular
resistances independently during arrest of coronary flow °. To perform the
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measures, a current pulse is a applied at one end of the muscle, and the consequent
extracellular voltage drop is recorded with two extracellular electrodes along the
fibre axis. Assuming intracellular and extracellular pathways to form a parallel
circuit, an equation is obtained in terms of the total resistance measured (r;) and the
intracellular (r;) and extracellular (r.) resistances. Independent measurement of
both the intracellular and bipolar extracellular potentials as well as r;,, permit to
resolve the intracellular and extracellular resistances. Following this technique,
baseline values of 115 Qcm and 70 Qcm were found for intracellular and
extracellular resistance, respectively. Furthermore, both intra-extracellular
resistances increased during ischemia and this was correlated to a slowing of
excitation velocity across the papillary muscle fibre.

A great deal of attention has been given to the mechanisms which produce
alterations in the electrical passive properties. The injection of Ca*" ions into the
cytosol of intact cardiac Purkinje cells indicated that the elevation of free [Ca];
above certain levels causes a gradual decline of electrical coupling that culminates
in total cell decoupling . The physiological role of calcium ions in the
physiological modulation of junctional conductance has been later supported by
studies in isolated heart cell pairs in which a Ca*" concentration of 0.2 pm
suppresses junctional communication ®. Other factors are also involved in the
regulation of junctional conductance in the heart. When hydrogen ions are injected
into normal Purkinje cells the electrical coupling is quickly abolished, whereas
alkalisation of the cytosol causes an increase in gap junction conductance "'
Recent studies have found that cAMP is an important regulator of junctional
conductance '>. Hermsmeyer reported that angiotensin II increased conduction
velocity above normal (in tyrode solution) ”*. Furthermore, he found a concomitant
fall of internal resistance with trabeculae of mammalian hearts.

Another approach to the study of the cardiac tissue passive properties is the
measurement of tissue electrical impedance. This technique permits the study of
the passive properties of the heart in vivo models which has the advantage that
other clinically and physiologically important parameters such as arrhythmias,
epicardial injury currents, and hemodynamic and contractile function can be
measured simultaneously. The first in vivo measurements of myocardial tissue
impedance in the 10 Hz to 10 kHz frequency range were performed by Schwan and
Kay in dogs "*”. The results were 800 Qcm for cardiac tissue resistivity and
100000 for the dielectric constant at 1 kHz. In this study no anisotropic ratio was
found between the transverse and the longitudinal set of measurements. In
addition, the behaviour of tissue electrical impedance was found to be linear with
the voltage applied up to the threshold point were excitation occurred. Further
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measurements of tissue impedance were performed by Rush and by Sperelakis "*"".

Rush obtained values for the cardiac tissue electrical impedance of 563 Qcm and
252 Qcm in the transversal and longitudinal fibre axis directions, respectively.

More recent measures of the myocardial passive properties using the electrical
impedance technique concern measurements performed in  diverse
pathophysiological situations such as chronic infarction ", acute ischemia ***,
ischemia of preconditioned hearts ¥, and hearts with hypertrophic cardiopathy *.
The resistivity of the six week old transmural healing aneurysm of an infarcted
sheep heart has been reported to be 75 Qcm, whereas the resistivity of the
surrounding normal tissue is 145 Qcm 7. Resistance of ischemic tissue has been
reported to increase during coronary occlusion. This increase in tissue resistance
has been correlated to the occurrence of ventricular arrhythmias taking place
during ischemia as well as to the changes in the epicardial potentials caused by the
appearance of injury currents *’. Measurements performed with hypertrophic
guinea pigs reported a 140% increase of intracellular resistance at 37 °C whilst
sarcoplasmatic resistance remained unaltered.

The most recent advance in the measure of the myocardial cell passive
properties is the direct measurement of gap junction conductance. The
development of the double voltage clamp technique applied to coupled pairs of
myocytes has made this advance possible ***°. Briefly, each cell of the myocyte
pair, enzimatically dissociated from the whole heart tissue, is voltage clamped
independently at the same holding potential, resulting in zero junctional current.
When the clamp potential of one of the two cells is changed, a constant voltage
drop across the junctional resistance is established; by measuring the current
delivered to the non-stepped cell and dividing by the voltage, junctional
conductance is obtained directly. Measurements performed with this technique
have obtained a value of 41 MQ for the nexal resistance (r,) in cell pairs across
which action potential was transmitted *. Maurer and Weingart studied the
relationship between intracellular resistance and impulse transfer. Uncoupling was
induced in cell pairs by exposing them to cardiac glycosides or low [Na'],.
Successful impulse transmission was found in cell pairs with values of r, ranging
from 5 to 265 MQ. In these preparations action potential occurred almost
simultaneously in both cells. Occasional failures in action potential transfer were
observed in cell pairs whose 1, ranged from 155 to 375 MQ. In this case impulse
was delayed up to 24 ms. Impulse transfer was completely blocked when r, was
larger than 780 MQ.

Gap junction conductance can be modulated by a variety of factors. Several
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studies have proved that moderate elevations of [Ca*']; do ® or do not ***7 decrease
junctional conductance. Elevation of [H']; also decreases gap junction conductance
%91 " Gap junction conductance can be blocked by lipophilic agents such as
heptanol, octanol, halothane, and enflurane ****. All these agents reduce junctional
conductance in a dose dependant manner. Physiologically important acids like
long-chain acylcarnitines and artachidonic acid, which increase in intracellular
concentration during ischemia, also induce an irreversible decrease in junctional
conductance **°. Gap junction conductance has also been found to be voltage
sensitive °°. Finally, cyclic nucleotides affect the cell to cell coupling in cardiac
tissues . More specifically, an elevation of cAMP in cell pairs of neonatal rat
hearts is accompanied by an increase in r, (75%) whereas a rise in cyclic
guanosine monophosphate cGMP is associated with a decrease in r, (30%) **.

Equivalent electrical models of myocardial tissue

Since cardiac tissue is highly heterogeneous both at a cellular level
(intracellular vs. extracellular spaces) and at a tissular level (fibre anisotropy,
cellular variability), measurement of the whole tissue electrical impedance is an
overall estimation of the passive electrical properties of the myocardium *°.

The monodomain model of cardiac tissue is the simplest equivalent electrical
model. According to this model, cardiac muscle is assumed to be uniform and
continuous and characterised by a resistance (R) and a capacitance (C). With this
assumption any information of the cell structure and therefore of the impedance
values of the various cell components (i.e. intra-extracellular spaces, gap-junction,
cell membrane etc.) is lost. The monodomain model can assume the tissue to be
isotropic "*7>™*% or anisotropic **. The anisotropic monodomain model still
contains no information on the cellular structure, but admits directional differences
in the passive electrical properties due to the arrangement of the cardiac fibres.

To more accurately describe the frequency behaviour of myocardial tissue
electrical impedance, the myocardium has been modelled as a combination of a
resistance (R.) in parallel with a series combination of a resistance (R;) and a
capacitance C,, (Fig 1.8) '. According to this model, each element represents
average macroscopic values of the following microscopic passive properties:
extracellular resistance (r.), intracellular resistance (r;), cell membrane capacitance
(cw), respectively. In contrast to the monodomain model, this model gives a good
approximation to the high and low frequency values of myocardial tissue
impedance.
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Fig 1.8 Equivalent electric circuit of the myocardium for description of high and low
frequency tissue impedance values

However, the electric circuit models of the myocardium which contain
frequency independent elements just described do not accurately describe the
frequency behaviour of electrical impedance. In the complex plane, the locus of
the impedance of biological tissues is an arc of a circle with its centre below the
real axis. To describe this behaviour, models based on the Cole-Cole empirical
formula (equation 1.15) have to be used.

& — &, (1.15)

O ey

Where o is a constant with values between 0 and 1. This equation is based on the
Debye equation (equation 1.16), which is obtained theoretically when the
interaction between the alternating electrical field (E(w)) with the dipoles in a

. .. 101
dielectric is solved .

e ¢, (1.16)

g (@)-e,= "
1-jor
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where ¢ is the complex permittivity, t is the time constant (called the relaxation
time) of the of the exponential decay function which describes the dynamics of the
dipoles submitted to the electric field; and €, and €, are the permittivity before and
after the relaxation, respectively.

When either the Cole-Cole or the Debye equations are plotted in the complex
plane, they depict a semicircle stretching from €, to €,. The parameter alfa of the
Cole-Cole equation causes the centre of the semicircle to be below the real axis. In
the limit of o towards zero, the Cole Cole equation is the same as the Debye
equation. In contrast to the Debye equation, the Cole-Cole empirical formula is not
based on a microscopic description of the interaction between the tissue and the
applied electric field. The parameter oo has no real physical significance, but it
describes the distribution of time constants and activation energies caused by cell
variability, orientation differences, intracellular heterogeneity among others.

The following equation is an equivalent form of the Cole-Cole equation in
terms of the complex impedance (Z):

. — 1.17
Z (w)-R =7R° R. (1.17)
1+(J'*f )

f

C

Ry is the resistance at 0 Hz, R,, is the resistance at a frequency approximating oo, f,
is the central frequency of the relaxation. If the myocardium is modelled by the
equivalent circuit of Fig 1.8, values for R, R;, C, can be obtained by adjusting the
impedance spectrum to equation 1.17, and applying the following equalities:

Re=Ry (1.18a)

R, - R,R, (1.18b)
R,—-R_

Roz f (1.18c)

C ___ 0 1\l
" RO_Roo (fc)

The models just reviewed do not explicitly relate the macroscopic elements of
the equivalent model (R, R;, C,) and the real microscopic passive elements of the
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myocardium (r, I;, Cy, I'm). The problem of finding an overall macroscopic
effective conductivity in terms of the microscopic intracellular and extracellular
conductivity tensors which describe the passive electrical behaviour of the
intracellular and extracellular spaces in the bidomain model has been approached
by various authors '"*'%. The following equations (1.19a-1.19d) relate the
effective longitudinal and transversal effective conductivities (g, g;, respectively)
to the microscopic conductivity tensors (o, c;) according to the bidomain model.

gel =(1_k)o-e (1193)
. _l-k (1.19b)
“l+k ¢
1 (1.19¢)
L= ko
gll ﬂaZO' Gl
1+ :
bG .
1 (1.19d)
git = b(Ti ko—i
1+
G

where g;.. 1 is the effective conductivity in the extracellular (e) and intracellular (i)
spaces and in the longitudinal (1) and transverse (t) directions, respectively; G is
the gap junction conductance (S/m); k is the fraction of the cross sectional area of
the intracellular space respect to the extracellular space; and b and a are the cell
length and radius, respectively.
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MYOCARDIAL ISCHEMIA AND INFARCTION

Under normal conditions the heart derives over 90% of its energy from aerobic
metabolism. Anaerobic glycolisis accounts for less than 10% of total cardiac
adenosine triphosphate (ATP) production when adequate oxygen is present.
During ischemia, the aerobic pathway is shut down and the only pathway for ATP
generation is glycolisis. However, glycolisis alone cannot fulfil the myocardial
energy requirements.

The lack of energy to maintain ionic transport across the cell membrane
induced by ischemia causes an ionic imbalance in both intracellular and
extracellular spaces which is worsened due to the lack of washout in case of no-
flow ischemia. This process acts in a feedback manner and directly affects the
different membrane channels and pumps (which are in many instances voltage or
pH dependant) as well as the gap junctions and the sarcolemmal integrity.

Effect of ischemia on electrolyte balance

Potassium: After arrest of coronary flow, K begins to accumulate in the
extracellular space in both animal and human hearts '°*'"’. The increase in K
occurs in three phases. The initial phase begins 15 seconds after coronary
occlusion and lasts 5 to 10 minutes. In this phase K’ increases rapidly and
achieves values of 15 mmol/L. The first phase is followed by a 10 to 15 minute
plateau phase during which K™ does not change or might even decline. The third
final phase begins as a secondary increase in K.

Acidosis: During ischemia, H' ions are generated by a variety of metabolic
processes '®. Proton production leads to rapid acidification of the intracellular
space. Transsarcolemmal diffusion or transport of H' acidifies the extracellular
space. Studies in vivo pig hearts and in isolated blood perfused rabbit hearts using
H'-sensitive electrodes have shown that pH. falls continuously for 30 to 40
minutes, reaching levels of 6.0 and remains constant at that level '*''°.
Measurements of pH;, determined both by ion-sensitive microelectrodes and by
nuclear magnetic resonance (NMR) techniques, have shown that pH; initially
changes less than pH, '

Intracellular Sodium: During ischemia Na'; increases. The cause of this may be
an increase in the Na" influx, or a decrease in the Na" efflux. Experiments studying
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the timecourse of the changes in Na concentration have yielded conflicting results.
In guinea pig heart, Na"; remains unchanged or increases slightly during a variable
time after the onset of ischemia and then increases rapidly ''>. However, in

ischemic rat hearts or the rabbit papillary muscle, Na'; rises rapidly '"°.

Intracellular Calcium: There are a variety of methods for measuring Ca®";, and
the results on the timecourse of the changes of intracellular calcium during
ischemia are inconsistent depending on the animal species and on the experimental
model used. Nuclear magnetic resonance spectroscopy has shown that the mean
Ca®’; does not increase until 5 to 10 minutes after no-flow ischemia in rat and in
ferret hearts '"*''°. In contrast, epifluorescense studies using indo-1, show that
following the onset of no-flow ischemia in rabbit heart, Ca’'; increases
substantially within the first minute after coronary arrest.

Intracellular Magnesium: Much of the Mg*"; is bound to ATP, and therefore the
rapid consumption of ATP during ischemia results in an increase in Mg*'; . The
time course of the Mg®"; concentration measured by NMR in isolated ischemic rat
hearts shows that Mgzﬂ increased from 0.85 to 2.15 mmol/L after 10 to 15 minutes

of ischemia '"’.

Effect of ischemia on cardiac electrophysiology

The ischemia induced changes in both intracellular and extracellular ion
concentrations and the accumulation of the by-products of ischemic metabolism,
ultimately combine to cause alterations in excitability, refractoriness, automaticity,
electrical passive properties, and conduction.

Alterations in action potential: A few seconds after coronary occlusion a
progressive loss in transmembrane resting potential can be observed which after 10
minutes of ischemia can reach values of up to -60 mV in pig hearts '™'%.
Concurrently, a decrease in upstroke velocity, in action potential amplitude, and in
action potential duration are observed '''*’. At further stages of ischemia,
membrane depolarisation renders the cell inexcitable. These changes have been
found to be qualitatively similar in human, canine and rabbit hearts **'*'.

Of the factors influencing resting membrane potential, the increase in K, is the
most important. However, there are additional factors which cause K-independent
changes in resting membrane potential such as the decrease in pO,, the fall in pH;
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and pH,, and the accumulation lysophosphoglycerides.

The loss in resting membrane potential and in action potential amplitude of the
ischemic cells produces intracellular electric gradients between the ischemic and
normal myocardial cells. Since myocardial cells are electrically connected by low
resistance gap junctions, the potential gradient causes injury currents to flow
intracellularly from ischemic to normal cells during systole and in the reverse
direction during diastole. In both cases, the pathway of the intracellular injury
currents is completed by extracellular currents which flow in the opposite
direction.

Alterations in excitability and refractoriness: The time interval that defines the
refractory period depends on both the time necessary for potential to reach the
threshold potential at which the sodium current is reactivated (usually -60 mV) and
on the time at that given V,, required for activation to occur '**. Ischemia induced
shortening of the action potential decreases the time for the membrane to return to
its reactivation voltage level, but at the same time the change in resting membrane
potential increased by hypoxia and acidosis lengthens the time required for
activation to occur at that voltage level. As a combined result of these changes
induced by ischemia, the refractory period is first shortened '* and then
lengthened '** during coronary occlusion.

Alterations in cellular passive properties: Various studies show that tissue
resistance increases during acute ischemia ***. A more specific study by Kleber et
al. performed with the papillary muscle of rabbits, reports that during the first two
to four minutes of coronary occlusion extracellular resistance increases 30% from
the baseline value (70 Qcm), and then progressively increases thereafter to attain
levels of +80% after 20 minutes °. The initial changes of extracellular resistance
are attributed to the collapse of the extracellular space upon cessation of blood
flow, and the posterior slower changes to the cell swelling which occurs due to
altered osmotic equilibrium. During the initial stages of ischemia intracellular
resistance remains unaltered at baseline values (115 Qcm), but rapidly increases
after about 15 to 17 minutes of coronary occlusion leading to cell to cell electrical
uncoupling as assessed by intracellular recordings of action potential.

There are multiple ionic and metabolic changes induced by ischemia which
could be responsible for electric cell-to-cell uncoupling. The rise in Ca*"; and the
fall in pH; probably contribute significantly to cellular uncoupling ***"-***!

Alterations in conduction velocity: In the normal Langendorff-perfused pig heart
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conduction velocity is in the order of 50 cm/sec in the longitudinal fibber direction
and 20 cm/sec in the transverse direction '*. During the first two minutes of
coronary occlusion conduction velocity remains unchanged and then decreases to
about 30 cm/sec in the longitudinal direction and to 13 cm/sec in the transverse
direction. Between 4 and 6 minutes of ischemia total conduction block (i.e. lack of
propagation of the myocardial excitation) is observed.

Alterations of the normal conduction of the action potential can be induced by a
number of situations that alter the membrane excitability '**'*” or the electrical
communication between cells which permits the transmission of the electrotonic
currents *'**%%,

Since the inward currents responsible for excitation are generated by the Na"
and Ca>" voltage-gated ion channels, they are sensitive to resting membrane
potential. Therefore pathological alterations of V,, such as abnormal extracellular
K" levels, ischemia or drugs, theoretically alter normal conduction '*'**. The
changes in the membrane ionic mechanisms that mainly affect velocity of
conduction are those altering the sodium current since this directly determines the
inward flux of ions into intracellular space. In fact the action of many
antiarrhythmic drugs whose effect is the decrease of propagation velocity is upon
the Na* channels '*°. Changes in extracellular or intracellular Na" have an impact
on the magnitude of the Na” inward current, and by this mechanism influence the
upstroke of the action potential and the speed of impulse propagation.
Measurements performed on Purkinje fibres "' and in guinea pig papillary muscle
12 showed that a decrease in extracellular Na* concentration will, if large enough,
decrease the magnitude of the Na” inward current, and thus V., and conduction
velocity which is in accordance to the results predicted by cable theory. An
increase of intracellular Na“ occurs when the stimulation frequency is increased
12 when the Na'/ K™ pump is depressed or when the Na/H exchange or the Na/Ca
exchange are altered. Increases in intracellular Na' lessen the Na' concentration
gradient, and thus the driving force when the Na'-channel opens.

There are less studies exploring the variations in propagation velocity related to
the electric coupling of the cells, or the passive properties in general '*>"**. In any
case this is a difficult question to resolve since many factors may alter both the
active and the passive properties, and to determine which of both and to what
extent they are affecting the speed of excitation propagation is a complex task.
Weingart (1977) ' showed that ouabain increases the internal longitudinal
resistance of ventricular muscle and that the increase in resistance contributes to
the associated decrease in conduction velocity. Additional information relating
propagation velocity and cell-to-cell coupling comes from experiments on
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anisotropic cardiac muscle where directional differences in velocity of propagation
are best accounted for by differences in effective axial resistivity with direction
due largely to the spatial distribution of cell-to-cell connections '*'%°.
Furthermore, studies performed by Gettes "’ and Kleber ® in vitro guinea pig
papillary muscle show that conduction block is concurrent with a steep rise in
intracellular resistance.

Alteration in extracellular cardiac potentials: The flow of extracellular injury
currents during ischemia are reflected as alterations in the local epicardial
potentials. Specifically, after coronary occlusion there is an ST segment elevation
and a TQ segment depletion respectively. It has been shown that the loss of resting
potential is the cause of TQ depression, and the alterations in membrane action
potential amplitude and duration the cause of epicardial potential ST segment
elevation 118,119,138,139‘

Heterogeneity of ischemia induced alterations in cardiac electrophysiology:
The metabolic and ionic derangements induced by acute ischemia are
inhomogeneously distributed "**'**. The consequence is that the electrophysiologic
properties of the ischemic tissue are also altered in a heterogeneous manner. It is
widely recognised that an inhomogeneous distribution of electrophysiologic
parameters is a favourable substrate for the initiation of arrhythmias, since areas of
conduction block coexist with excitable tissue and conduction velocity is not
homogeneous which favours the occurrence of re-entrant pathways of the
excitation wavefront. Furthermore, inhomogeneities contribute to the increase in
dispersion of the recovery of excitability which occurs during acute ischemia '*.
However, no study has explicitly studied the heterogeneity of the cardiac passive
properties during ischemia.

Mpyocardial infarction

Timecourse and spatial distribution of cellular necrosis: After coronary
occlusion ischemic myocytes do not die instantaneously. Mildly ischemic
myocytes may survive indefinitely, and within the region that undergoes infarction
not all the cells die simultaneously '**. The time course of ischemic cell death has
been studied by performing various periods of temporary occlusion followed by
reperfusion. In anaesthetised open chest pigs, even the most severely ischemic
myocytes remain viable at least 15 minutes '**. If reperfusion is established during
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this time interval, infarction can be prevented, and cellular metabolism,
ultrastructure, and contractile function all eventually recover. Beyond 15 minutes
of coronary occlusion in this experimental model, increasing numbers of ischemic
myocytes become irreversibly injured, as defined by the fact that reperfusion does
not prevent subsequent infarction. By 40 minutes, much of the subendocardial
zone (28% of the region at risk) has been irreversibly injured in dogs '*'*°. After
three hours the percentage of irreversibly damaged tissue has increased to 70%. By
six hours infarcts have reached their full size. If ischemia is uninterrupted infarcts
eventually involve an average of 80% of the ischemic region.

The geometrical progression of necrosis has been studied experimentally and
theoretically '*’. Necrosis appears 20 to 30 minutes after coronary occlusion in the
subendocardial myocardial layers and thereafter extends laterally and towards the
epicardium. This pattern of infarct enlargement is found in all animal species
independently of the presence or absence of well developed native collaterals.

Infarct healing: After the initial stages of acute ischemia, the area at risk which
has become necrotic begins to suffer a remodelation which forms part of the
healing process of the infarcted tissue. In this process the dead myocytes must be
removed and eventually replaced by the infarct scar. In humans the speed of
healing of the myocardial infarct takes place over 6 weeks to 6 months, but
depends foremost on the size of the infarct and on the extent of microvascular
damage.

In an extensive study performed with biopsies of human infarct scars Fishbein
et al. studied the histopathological evolution of the healing infarction '**. In 90%
of the patients dying the first day of infarction, necrotic fibres were clearly
evident. These fibres exhibited increased eosinophilia, loss of cross-striations,
granularity of the cytoplasm and nuclear pyknosis or karyolysis. By the second
day, 100% of the infarcts showed severe necrotic changes, with increased loss of
recognisable cellular organelles. As infarcts increased in age, necrosis was
observed less frequently. However, 50% of the infarcts that were 22 to 28 days old
still had areas of necrosis in the centre of the infarct. Finally, none of the patients
studied with infarcts between 36 and 90 days old had areas of necrosis in the heart.
In this study the infiltration by inflammatory cells was also analysed. Seventy six
percent of the infarcts that were 24 hours old or less showed necrotic fibres
surrounded by polymorphonuclear leukocytes. At 48 hours, 100% of the infarcts
were surrounded by a distinct zone of polymorphonuclear leukocytes which
extended into the peripheral portions of the zone of necrotic muscle. By the third
day the neutrophilic infiltrate was most dense, and did not begin declining in
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prominence until the sixth or seventh day, and disappeared completely by the 28"
day. Lymphocytes did not appear at the edge of the infarcts until the second day
(in 9% of the infarcts). Not until the 6™ day were lymphocytes present in 100% of
the infarcts. On the 4™ day phagocytes and the removal of necrotic fibres first
became evident along the margins of the infarct. Hemosiderin-laden macrophages
did not appear until the seventh day and persisted until the 90" day. As far vascular
changes are concerned, vascular congestion, interstitial oedema, and focal areas of
haemorrhage were present in infarcts within 24 hours, and actual proliferation of
small blood vessels was observed at the edge of the infarcts by the fourth day.
Such proliferation was present in 100% of the infarcts that were 6 days or more
old, and dilated vessels persisted in healed scars. Finally, proliferation of
fibroblasts (responsible for the production of collagen) was not evident until the
fourth day, when spindle-shaped cells with plump to elongated nuclei appeared at
the edge of the necrotic muscle, usually beneath the epicardium and in perivascular
areas. All infarcts had fibroblastic proliferation, along with deposition of collagen,
from the seventh day until the formation of the scar was complete.

Other studies of the of the histopathological evolution of infarction have been
performed in animal models. In a series of experiments performed with dogs
submitted to progressively longer periods of infarction the content of
hydroxyproline (a marker of collagen content) during healing was studied '**. A
progressive increase of infarct hydroxyproline content during six weeks was
observed. A twofold increase was attained by 7 days, and a further fivefold
increase by six weeks were hydroxyproline values reached a plateau. Furthermore,
there were regional differences within the infarcted area, with higher contents of
hydroxyproline in the central zone of the scar than in the margins and the border.

Electrophysiology of myocardial infarction: Various studies have proved that
infarcted tissue has specific electrophysiological properties. In isolated superfused
tissues, transmembrane action potential duration at 90% depolarisation (APD90)
recorded from surviving endocardial muscle cells overlying healed myocardial
infarctions are prolonged, with proportional prolongations in local refractory
periods. At the margins between the healed scar and the normal tissues APD90 are
markedly shortened in some cell clusters, while others remain normal or slightly
prolonged. Ursell et al., also studied the transmembrane potentials of surviving
myocytes in subacute infarcts (1 and 5 days old) and chronic infarcts (2 weeks and
2 months old) "°. In preparations from subacute infarcts resting potential, action
potential amplitude, upstroke velocity and duration were significantly reduced.
Furthermore, there were well defined directional differences (anisotropy) in
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propagation. After two week healing of the infarction, resting potential, action
potential amplitude, and upstroke velocity returned to normal values, but action
potential duration was further increased. By two months, action potentials were
normal, but the muscle fibres were widely separated and disorientated by
connective tissue. The effect of chronic infarction on the space constant of in vitro
preparations of canine myocardium has been studied by Spear et al by means of
microelectrode techniques '. A reduced space constant of 0.720+£0.130 mm
compared to the normal (0.939+0.172 mm) was obtained. More recently the
passive properties of Purkinje fibres surviving in infarcted regions of canine
ventricles 24 hours after coronary ligation were measured '*>. The results depicted
significant increases for input resistance (40.5%), membrane resistance (43.9%),
and axial resistance (47.5%), whereas membrane capacitance was found to be
significantly decreased (-24.3%).

Electrocardiography: Myocardial infarction is characterised by specific
electrocardiographic changes which are the main tool for infarct diagnosis within
the clinical setting. According to conventional ECG theory, injury of the myocytes
is manifested as abnormal ST segment shifts '>*. In the clinical setting an ST
segment elevation observed in the diverse standard leads is one of the most
powerful diagnostic tools for the detection of myocardial infarction **'*'**13% n
addition, abnormal Q waves appear several hours after total occlusion of the
coronary artery as a result of the necrosis of the myocytes. The number of affected
cells must be large enough to produce changes reflected at the body surface. In

general, the depth of the Q wave is proportional to the wall thickness involved
155,156

Arrhythmias during myocardial ischemia and infarction

Myocardial infarction is associated with a high incidence of malignant
arrhythmias "’. Furthermore, severe ventricular arrhythmias and sudden cardiac
death (fibrillation) are the main causes of mortality in acute myocardial infarction
and postinfarct patients '*°. In experimental animals, the stability of the heartbeat is
disturbed within a few minutes after occlusion of a main coronary artery and
ventricular tachycardia or ventricular fibrillation occur in 50% or more of the
infarctions. In a study performed by Stephenson et al. in dogs submitted to
coronary occlusion, fibrillation occurred in 28% of the animals during the first 30
minutes '*°. Kaplinsky et al. found that during the initial stages of acute ischemia
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in dogs, premature ventricular beats, ventricular tachycardia, and ventricular
fibrillation are grouped in two distinct phases which peak at 5 and 20 minutes,
respectively '®’. These phases were named phase Ia and phase Ib. This bimodal
distribution of arrhythmias during ischemia has been found in other animals '*'"'%%
although so far there is no information on the distribution of arrhythmias in
humans during the first 30 minutes of infarction. In a study performed by Janse et
al. with isolated porcine hearts submitted to regional ischemia by proximal
occlusion of the left anterior descending coronary artery a high incidence of
arrhythmias was obtained between 2 to 8 minutes. More specifically, ventricular
premature beats occurred in 78% of the cases, ventricular tachycardia in 45%, and
ventricular fibrillation in 28% of the animals '®. The mechanism of the
arrhythmias occurring during the early stages of ischemia has been subject to much
controversy. Different studies prove that not a single mechanism is responsible for
these arrhythmias. In the latter study performed in isolated dog and pig hearts,
there is evidence that re-entry occurred in the ventricular myocardium during
ventricular tachycardia and that fragmentation of the circus movement into
multiple re-entrant wavelets induced ventricular fibrillation. However, single
premature beats, and the ectopic beats initiating the run of tachycardia are thought
to be due to some focal mechanism localised in the ischemic border zone '®.
Further studies showed that the focal mechanism were the normal Purkinje fibres
close to the border, and that the mechanism was probably induced by injury
currents.

Arrhythmias continue to occur during the later stages of infarction. In dogs,
there is a second distinct phase which begins four to eight hours after coronary
occlusion and which can last for 24 to 48 hours '*’. The mechanism of these
zgﬁrhythmias has been related to the surviving Purkinje fibres in the infarcted areas

In man, further phases of arrhythmias in infarcted hearts have been described.
About 3% of the patients who survived the acute phase of myocardial infarction
developed ventricular tachycardias between 48 hours and six weeks '®’. The
mechanism of these tachycardias has been studied experimentally by high
resolution mapping and clinically using programmed stimulation '°®. Most of the
evidence supports that the arrhythmia is caused by macro-re-entry '*'”'. The re-
entrant circuit is usually around the scar tissue as well as the subendocardial
border zone between healthy and damaged tissue. However, a study by de Bakker
et al. pointed out a possible microreentrant circuit as the origin of the great

majority of tachycardias which appeared to originate from small circumscript areas
172
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Methods

Experimental preparation

Acute ischemia experimental model: Pigs weighing 25 to 30 kg were
anesthetized with alpha-chloralose (100 mg/kg, IV) followed by a continuous
perfusion of this drug (25 mg/kg/ min). Pulmonary ventilation was maintained with
a pressure respirator (TransPAC 5K257) at 41% oxygen concentration. The thorax
was opened through a midsternotomy and the pericardium was incised and its free
margins were sutured to cradle the heart. The left anterior descending (LAD)
coronary artery was dissected above the first diagonal branch and was looped with
a Prolene 5/0 snare. The two ends of the suture were threaded through a smooth
plastic tube. The artery was acutely occluded by sliding the tubing over the suture
and clamping it with a small hemostat. Coronary reperfusion was accomplished by
releasing the ligature. Systemic blood pressure was sampled with a pig-tail 7F
catheter introduced percutancously through the right femoral artery. Arterial blood
gases were measured at regular intervals and were kept within normal limits.
Isotonic saline perfusion was administered to compensate blood losses. The
appropriate position of the various electrodes with respect to the ischemic area was
verified at the end of the study by injecting 10 ml of 25% fluorescein into the left
atrium '. The ischemic area appears unstained whereas the normal myocardium is
stained by the dye.

Chronic infarct experimental model: Three month old pigs (25-30 kg) of either
sex premedicated with azaperone (4 mg/kg, IM) underwent general anesthesia with
sodium thiopental (30 mg/kg, IV). Pulmonary ventilation was maintained with a
pressure respirator (Trans-PAC 5K257) at 41% oxygen concentration. The thorax
was opened through a sterile left lateral thoracotomy at the level of the 5th
intercostal space and the corresponding rib was removed. The pericardium was
incised and the left anterior descending (LAD) coronary artery was dissected and
was permanently ligated below the first diagonal branch using a Prolene 5/0 snare.
The chest was immediately closed in layers and pleural air was aspirated. Cardiac
rhythm was monitored with standard ECG leads I, II, and III during the ensuing
two hours to allow reversion of ischemic malignant ventricular arrhythmias by
external electric DC countershock of 200 Joules. Immediately after LAD occlusion
a prophylactic dose of lidocaine (100 mg, IM) was administered. The animals were
allowed to recover and received analgesics (magnesium metamizol, 2g IM), and
antibiotics (sodium benzylpenicillin 5.000.000 IU, IM).

One to two months after the first coronary ligature the surviving pigs (73%)
received a dose of azaperone (4 mgkg, IM) and were anesthetized with
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metomidate (4 mg/kg, IV) followed by alpha-chloralose (100 mg/kg, IV). Aortic
blood pressure was measured with an intraarterial femoral cannula. At regular
intervals blood gases were analyzed and were kept within normal limits.

In protocols requiring the open chest model, the thorax was opened through a
midsternotomy under mechanical ventilation and the pericardium was gently
detached. When induction of acute peri-ischemia was necessary, the LAD was
dissected 2 to 3 cm above the primary ligature and a Prolene 5/0 snare was placed
around the vessel for further coronary reocclusion. The appropriate location of the
impedance probes and of the extracellular electrodes was verified at the end of
each study. The acute ischemic peri-infarction region was identified as a
nonstained region after a left intra-atrial injection of 10 ml of 25% fluorescein ',
whereas the infarcted region was recognized by its thinning and fibrotic
consistency.

Pigs used in all the studies were handled in accordance with the position of the
American Heart Association and the European Community Rules on Research
Animal Use. This study was approved by the ethics committee of our institution.

Postmortem model: After sacrifice of the pigs, the heart was explanted and
samples of the left ventricle were cut and put in a 0.9% saline solution bath.

Mpyocardial impedance

Impedance probes: Transmural measurements of tissue impedance were
performed using a four-electrode configuration because with this electrode
arrangement the measures are not distorted by the presence of the electrode-tissue
interface impedance **. However, catheter measures of myocardial impedance
were performed using a three-electrode configuration because this disposition
increased the specificity to myocardial tissue of the catheter impedance probe. The
impedance probes used were the following:

a) Impedance of acute ischemic myocardium was measured with a probe which
consisted of four platinum electrodes (5 mm long, 0.4 mm diameter) mounted as a
linear array on an insulating substrate separated by an interelectrode distance of
2.5 mm. This electrode arrangement allows the current electrodes to be considered
as point sources °.

b) The impedance probes used for the measurement of the impedance of
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chronic infarction were similar to the ones used in measuring ischemic
myocardium, but had shorter platinum electrodes (length= 3.5 mm, diameter= 0.2
mm). Furthermore, they were isolated to the tip with a teflon layer to reduce the
possible interference of the thin layer of epicardial inflammatory reaction *
However, the reduced electrode-tissue contact area of the isolated electrodes
increased electrode capacitance and this caused a phase angle shift that hampers an
accurate measurement of absolute phase angle values.

¢) The catheter probe used for the detection of infarcted tissue was a purposely
designed 8F BARD bipolar electrocatheter (2 mm interelectrode distance).

d) The silicon impedance sensor consists of four square platinum electrodes
(300x300 pm) placed upon a specifically designed silicon needle of the following
dimensions: 7 mm in length, 1,2 mm in width and 525 wm thick. The process of
fabrication of the sensors is as follows. The starting silicon is a p-type substrate of
525 um thick on which a thermal field oxide of 800 nm is grown. To fabricate the
platinum electrodes with their corresponding connections to the pads, a
titanium/platinum (30 nm/150 nm) metalisation is performed with a lift off
technique. According to this technique, a photoresist layer (PR) is initially
deposited on the front side wafer oxide layer. The following step consists in
etching the PR layer with a photolitographic mask, after which the two metal
layers are deposited. The electrodes and the connections are obtained by removing
away the photoresist. The role of the inner titanium layer is to to obtain a good
adherence of the platinum to the substrate. After this process a passivation layer
consisting of Si0,/Si3N4/SiO; (400 nm/700 nm/300 nm) sandwich is deposited and
etched with its corresponding photolitographic mask, opening windows only at the
site of the platinum electrodes. The last step in the process is to cut the silicon
wafer into the shape of the needle. For this, an aluminum mask of 1 um thick is
deposited. Finally, the reactive ion etching (RIE) process is carried out on both
sides of the wafer to obtain 68 needles from each 100 mm diameter wafer.

Recording systems: The two recording systems used for the measurement of
myocardial impedance were the following:

a) Myocardial impedance at a single frequency was measured using a high
input impedance lock-in amplifier (Princeton Applied Research model 5110).
Measures were performed by applying an alternating current (10 pA, 1110 Hz) to



Chapter 2

the tissue through the outer pair of electrodes, and by determining both the in
phase and in quadrature components of the resulting voltage across the inner pair
of electrodes. Before performing each myocardial impedance measurement, the
exact current flowing through the tissue was determined by measuring the voltage
across a 56 kQ resistance placed in series with the tissue. This procedure was
undertaken to account for the possible electrical current variations caused by the
changes in tissue impedance in the ischemic area.

b) In protocols requiring a more complete characterization of the myocardial
passive electrical properties, tissue impedance spectrum was measured in the 1
kHz to 1000 Mhz frequency range with both a Hewlett-Packard 4192A impedance
analyzer and a front-end amplifier > adapted to obtain a common-mode rejection
ratio of 72 dB at 1 MHz. This frequency range was chosen because measurement
errors may occur both below 1 kHz due to electrode impedance and above 1000
kHz due to cable effects. The front end was placed close to the heart and was
connected to the impedance probes with 15 ¢cm length cables. Data acquisition and
management obtained with both measuring systems was done with a customized
software.

Correction of errors and cell constant: To exclude the effects of the electrode
geometry on tissue resistance (R) measurements performed with the 4-point
electrodes and with the silicon needle, we calculated tissue resistivity (r) from the
relation R=kr, where k is the eclectrode constant obtained by measuring the
electrical resistance of a 0.9% saline solution at 25 °C of known resistivity (70
Qcm) with each electrode probe.

To correct the loading dependent errors of the Hewlett-Packard impedance
analyzer and front end measuring system, we did a three-reference calibration
procedure ® by measuring the impedance spectrum (1 to 1000 kHz) of three NaCl
solutions of different concentrations. The three NaCl concentrations were adjusted
to bring a resistivity similar to the maximum, minimum, and intermediate values
found in each explored myocardial tissue. Calibration measurements were made
with the same electrode probe used in the in vivo study in order to reduce errors
caused by electrodes, cables and by the amplifier response.

Measuring errors due to catheter capacitance and amplifier response in the open
chest group of pigs, were corrected by measuring the resistance and phase angle of
a 0.9% NaCl solution (Ryac; and @y,c) of a known resistivity. Then, the measured
resistance (R(f)) was corrected by the quotient R(f)‘Rnaci(1 kHz)/ Ryaci(f), and the
phase angle value (®(f)) by the subtraction @(f)- Py,ci(f).
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In the closed chest group, measuring errors due to electrode placement,
impedance of the skin-reference electrode, stray capacitance of the electrocatheter
wires, and amplifier response were corrected by the quotient R(f)'Rxo(1 kHz)/
Rao(f) for the resistance, and by the subtraction ®(f)-D,.(f) for the phase angle,
where Ry, and ®,, are respectively the resistance and phase angle measured at the
aortic root. The aortic root is an easily accessible myocardium-free tissue that
keeps a spatial catheter-reference electrode relationship similar to that existing
during myocardial impedance measurements.

Epicardial ST segment potential

Extracellular direct-current epicardial electrograms were recorded with a multi-
channel differential amplifier system. Electrodes were made with polyethylene
tubes of 0.5 mm diameter containing a cotton thread imbibed with isotonic saline
solution and were connected to the amplifiers through a chloride silver interface. A
0 mV potential reference was given by a cotton wick electrode placed at the
mediastinal fat.

Epicardial electrograms were recorded at samples of 2-second duration,
digitized at a frequency of 500 Hz, and stored in a computer. In addition, selected
analog signals were continuously recorded with a 7-channel Elema ink jet
polygraph. ST segment was expressed as total TQ+ST segment displacement
because this corresponds to the ST segment recorded by conventional ECG .

Arrhythmia analysis

Ventricular premature beats (VPB), ventricular tachycardia (VT), and
ventricular fibrillation (VF) occurring during acute LAD coronary occlusion or
during periinfarction were monitored by continuous recording of conventional
ECG with an Elema Mingograf 82 ink jet polygraph. VT was defined as the
succession of more than 3 VPB's at a rate higher than 100 beats/min. Sustained VT
was considered as a VT lasting more than 30 seconds. Sustained VT and VF were
terminated by direct DC electrical countershock of 10 J. During application of the
DC current the tissue impedance recording systems were transiently disconnected.
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Electrical transmission in healed infarction

Electrical transmission through the necrotic scar was estimated in vivo and in
vitro by measuring the voltage decay of current pulses applied in the infarction
area.

Current pulses of 30 mA amplitude and 25 ms duration were delivered at a
frequency of 10 Hz using a GRASS S88 stimulator (Grass Medical Instruments,
Quincy, Mass, USA) modified to act as a current generator with a 1 MW source
resistance. The recorded potential pulses were amplified with an AC-coupled
instrumentation amplifier * and were visualized on a digital oscilloscope
(Kenwood CS 8010). The signals were digitized at 10 ksamples per second and
were stored in a computer. Pulse amplitude was plotted against distance and the
slope of the regression line that best fits the data was considered to represent the
magnitude of voltage attenuation.

Histological examination

Samples of the infarct tissue were included in paraffin and stained with
Masson's trichrome ° and hematoxylin-eosin. Histologic examination was
performed under conventional light microscopy.
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Correlation With Local ST Segment Potential and
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INTRODUCTION

Acute myocardial ischemia increases intra- and extracellular electrical
resistance and causes cell-to-cell electrical uncoupling '. Cellular uncoupling
occurs as a result of an increase in gap junctional resistance elicited by ischemia-
induced accumulation of intracellular Ca*" %, reduction of adenosine triphosphate
content °, and accumulation of amphipathic lipid metabolites *, among others.
Changes in intracellular resistance can be estimated in the in situ heart by
measuring the whole tissue myocardial impedance >® which reflects, in addition to
intracellular and extracellular resistance, gap junction conductance and membrane
capacitance .

Increases in intracellular resistance caused by ongoing ischemia may reduce the
magnitude of intra- and extracellular currents that are driven by membrane
potential differences created between normal and ischemic cells *°. In these
circumstances, the extracellular potential gradients that are responsible for the TQ
and ST segment shift in local electrograms may decrease and, hence, account for
the spontaneous reversion of TQ segment changes in experimental models * and
for the reduction of ST segment elevation in patients with acute myocardial
infarction '“!'". However, studies correlating myocardial impedance and ST
segment changes in ischemic conditions are lacking.

The rise in intracellular resistance impairs electrical conduction in the ischemic
myocardium and this may favor the genesis of ventricular arrhythmias '>. Recent
studies performed in swine '>'* reported a temporal relationship between early
phases of acute ischemic arrhythmias (termed phase Ia and Ib ") and the steep rise
in tissue resistivity which is thought to reflect the onset of cellular electrical
uncoupling . On the other hand, studies in perfused rabbit heart '° have shown
that the onset of the steep rise in myocardial resistivity can be postponed by
preconditioning the myocardium with short lasting ischemia '°. Therefore,
preconditioning could allow to assess whether an artificially induced adjournment
of changes in resistivity is associated with a parallel delay in phase Ib arrhythmias.
Such an investigation has not been performed in vivo and could contribute to gain
insight into the hypothesis that unlike phase Ia, phase Ib arrhythmias are associated
with alterations in tissue electrical impedance.

This study was designed to analyze the effects of coronary artery occlusion on
myocardial impedance in open chest pigs with and without ischemic
preconditioning and to correlate these changes with local epicardial ST segment
potential and ventricular arrhythmias.
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STUDY PROTOCOL AND DATA ANALYSIS

Data were obtained from from 26 pigs. In 13 pigs (Group I) the LAD was
occluded during 4 hours whereas in the remaining 13 pigs (Group II) a similar
LAD ligature was preceded by preconditioning the myocardium with three LAD
occlusion-reperfusion sequences lasting respectively 5 and 20 minutes (Fig 3.1).

Preconditioning protocol

Occl Rep Occl Rep Occl Rep
= | | | =5 | | | b=d | | | |
0 5 25 30 50 55 40 80 min
LAD occl
G1 ettt —4—4——4—
(n=13) 0 1 2 3 4 hours

Preconditioning LAD occl
GII

_ L _tl 1L
(n=13) 0 1 2 3 4 hours

Fig 3.1 Schematic diagram depicting the protocols followed in group I (GI) and group II
(GII) pigs.

Myocardial impedance, epicardial electrograms, conventional ECG, and blood
pressure were recorded at baseline and during 4 hours of LAD occlusion. ECG and
blood pressure were recorded continuously, impedance measurements were taken
every two minutes, and samples of epicardial electrograms of 2-second duration
were acquired every minute during the first 60 minutes of ischemic and every 15
minutes thereafter.

Myocardial impedance was measured at the center of the ischemic area and at
remote normal myocardial zones using two probes which were sutured to the
epicardium and were connected to the lock-in amplifier via an automatic
multiplexor system (Fig 3.2). Extracellular electrograms were recorded with thirty-
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two cotton electrodes sutured to a rubber membrane at interelectrode distances of 5
mm forming three parallel rows. This membrane was sutured to the left ventricular
epicardium in a direction parallel to the LAD covering an area extending from the
acute ischemic region to the normal myocardial zone. The two impedance probes
were inserted parallel to the rows of epicardial cotton electrodes (Fig 3.2) and
impedance measurements were correlated to the mean ST segment potential values
measured in the six cotton electrodes surrounding the impedance probe.

Fig 3.2 Schematic diagram of the experimental preparation showing spatial relationship
between impedance probe (Q) and surrounding epicardial electrodes (electrogram)

Data analysis: Differences between normal and ischemic myocardial resistivity,
phase angle, and ST segment potential during 4 hours of coronary occlusion were
assessed by repeated measures analysis of variance (ANOVA) using a
commercially available software (SYSTAT Inc.). Samples were taken at baseline
and every hour. Since preconditioning affects primarily the onset of the rapid
changes in myocardial resistivity and phase angle, we assessed the differences
between groups by applying the ANOVA test to the samples taken at 30, 40, 50, 60
and 70 minutes after coronary occlusion. For this analysis we normalized the
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individual curves to their baseline value by subtracting it from each measurement.
To assess group differences in early ST segment changes the ANOVA test was
performed at baseline, 10, 20, 30, 40, 50 and 60 minutes. Results are expressed as
mean+1 standard deviation, and as significance test for lineal, quadratic, and cubic
contrasts the level was set to p<0.05. The assumption of normality for ANOVA
residuals was graphically verified using normal probability plots. Correlation
between myocardial impedance and ST segment potential was assessed by linear
regression and results are presented as subject-adjusted regression coefficient .
Group differences in the onset and in maximal changes of myocardial resistivity
and phase angle, in the time to peak of phase Ia and Ib arrhythmias, and in the total
number of ventricular premature beats were evaluated by the Student's t test.

Impedance data analysis: Previous studies on isolated myocardial preparations
¥ have shown a relationship between the sharp increase in tissue resistance and
the onset of cellular electrical uncoupling assessed by intracellular potential
recordings. Since in the present intact heart model we do not have a direct
estimation of cellular uncoupling, the onset of this condition can be only indirectly
inferred from the steep impedance changes. On the other hand, uncoupling may
not start simultaneously in all ischemic cells because electrical and metabolic
derangements are heterogencously distributed across the ischemic region. The
onset of the steep resistivity rise was determined as the moment at which the first
derivative of resistivity versus time was maximal. Phase angle changes are more
sharply demarcated and in these curves we measured both the maximal rate of
change and the earliest time at which a value exceeds 10% of baseline.
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RESULTS
Mpyocardial impedance

Coronary artery occlusion induced a significant (p<0.01) rise in myocardial
resistivity and a decrease in phase angle in the ischemic area but did not elicit
appreciable changes in the normal myocardium (Fig 3.3). Two pigs of group I died
prematurely because of a nonreversible ventricular fibrillation and were excluded
from the analysis.

Changes in tissue resistivity: As illustrated in Fig 3.3, two to four minutes after
coronary occlusion the nonpreconditioned pigs showed an initial slight increase in
myocardial resistivity (from 237+41 to 259+41 Qcm) which was followed by a
progressive rise up to 359+59 Qcm at 3447 minutes. A second phase began
thereafter and was characterized by a rapid increase in resistivity leading to values
of 488+100 Qcm at 60 minutes of coronary occlusion. This second phase was
followed by a slow rise until maximal plateau values (718+266 Qcm) were
reached 150+69 minutes after coronary occlusion. Ischemic preconditioning
induced significant (p=0.004) differences in the time course of myocardial
resistivity during the first 30 to 70 minutes of ischemia (Fig 3.4). As shown in Fig
3.5, preconditioning postponed the steep rise in myocardial resistivity (from 34+7
to 52425 minutes, p=0.04), although this treatment did not affect significantly the
baseline (209+47 Qcm) nor the maximal resistivity values (569+178 Qcm).

Changes in phase angle: In contrast to the prompt onset of resistivity changes,
phase angle shift was less than 10% of baseline until 17 minutes of ischemia had
elapsed (Fig 3.3 and Fig 3.6). After this interval phase angle slowly decreased
from -3.0+£1.6 to -4.2+1.2° at 2948 minutes of occlusion. These initial changes
were followed by a sharp shift to -12.5+£5.3° at 144456 minutes leading to a
maximal plateau phase that lasted until the end of the study. The slope of the phase
angle shift after 30 minutes of coronary occlusion was greater than the slope of the
concurrent resistivity rise (% change from baseline per minute, 4.9+3.1%, P=0.01)
Ischemic preconditioning induced significant (P=0.004) differences in the time
course
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Fig 3.3 Sequential changes in myocardial resistivity, tissue phase angle, and epicardial ST
segment potential during 4 hours of acute coronary artery occlusion in
1 1nonpreconditioned pigs. Dots represent mean value and bars 1 SD of samples from
ischemic (iz) and normal (nz) myocardial zones.
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Fig 3.4 Sequential changes in myocardial resistivity, tissue phase angle, and epicardial
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Fig 3.5 Time to onset of fast change in myocardial resistivity and phase angle in 11
nonpreconditioned pigs (GI) and in 13 preconditioned pigs (GII).

of tissue phase angle shift during the first 30 to 70 minutes of ischemia (Fig 2.2).
This treatment postponed (Fig 3.5) the onset of the sharp phase angle deviation
(2948 vs 53427 minutes, p = 0.01) but did not exert a significant influence on
baseline (-2.342.3°) nor on maximal phase angle values (-11.3+4.3°).
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Preconditioned pigs showed slight phase angle changes during the first 17 minutes
of ischemia, but these were not significantly different to those in the
nonpreconditioned series.

Myocardial 400 -
Resistivity
(%)

300 ~

200 4

30 60 90 120 150 180 210 240
-100 1 1 1 1 1 1 1 ;. min

-200 A

-300 A
Myocardial
Phase angle
(%) -400 -

Fig 3.6 Graphs showing mean percent change from baseline in myocardial resistivity and
phase angle during 4 hours of coronary artery occlusion in the same 11 pigs as Fig 3.3. To
allow comparison with Fig 3.3, percent decrease in phase angle is represented as a
negative trend.

ST segment changes

Epicardial electrodes located in the ischemic area showed significant (p<0.01)
ST segment elevation during the four hours of coronary occlusion in both series of
pigs. In the nonpreconditioned group (Fig 3.3), ST segment potential depicted an
early sharp rise up to 22.1+4.8 mV at 15 minutes. This was followed by a transient



Impedance of ischemic myocardium

reversion of ST segment to 11.4+6.3 mV at 35 minutes and by a subsequent
reelevation up to 18.0+4.8 mV at 60 minutes of ischemia. From 1 hour onwards,
ST segment elevation declined progressively to 9.2+2.8 mV. Peconditioned pigs
attained a similar ST segment peak at 15 minutes of ischemia (23.5+6.8 mV) and a
comparable ST segment decline (8.8+2.1 mV) at 4 hours of occlusion (Fig 3.4). By
contrast, during the first 30-35 minutes of ischemia the preconditioned series
showed a less marked ST segment recovery (21.5£13.1 mV, p=0.01) than
nonpreconditioned pigs, although the ST segment dispersion was larger because
four preconditioned pigs still showed transient ST segment recovery (Fig 3.4).

Ventricular arrhythmias

Ventricular premature beats (VPB) depicted a three phase pattern (Fig 3.7). The
first phase began two minutes after occlusion, peaked at 6+2 min, and ended
approximately 20 min later. After a brief arrhythmia free period there was a second
arrhythmia phase peaking at 30+5 minutes which vanished one hour after
occlusion. The third arrhythmia period began approximately 75+3 minutes after
occlusion and lasted until the third hour of coronary occlusion. Ischemic
preconditioning (Fig 3.7, lower panel) attenuated the incidence of ventricular
premature beats (total events: 2110 vs 2905, p<0.05) especially during the third
phase. In addition, preconditioning delayed the time to the peak of the second
phase of ventricular ectopic activity (53+25 vs 30+5 minutes, p=0.02) but had no
significant effect on the time to peak of the first arrhythmia phase.

The incidence and temporal distribution of more severe forms of ventricular
arrhythmias is graphically illustrated in Fig 3.8. Two out of the 13
nonpreconditioned pigs (Fig 3.8A) died prematurely because of nonreversible
ventricular fibrillation. Episodes of nonsustained VT occurred in 8 of these
remaining 11 pigs and tended to group in two phases like those of ventricular
ectopic activity. Sustained VT developed in 5 cases, whereas VF occurred in 9 out
of the 13 nonpreconditioned pigs. Preconditioning (Fig 3.8B) did not modify
significantly the incidence of malignant ventricular arrhythmias.
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Fig 3.7 Ventricular ectopic activity elicited during 4 hours of coronary artery occlusion in
11 nonpreconditioned (A) and 13 preconditioned (B) pigs. Bars represent mean number
of VPBs recorded every minute. Ischemic preconditioning delays second arrhythmia
activity peak (*).
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Fig 3.8 Individual distribution of ventricular arrhythmias during 4 hours of coronary
artery occlusion in 13 nonpreconditioned (A) and 13 preconditioned (B) pigs. Numbers
on lines indicate arrhythmia episodes in each case. NSVT indicates nonsustained VT;
SVT, sustained VT. Interruption of lines in pigs 11 and 13 indicates premature death
caused by nonreversible VF.

Correlative analysis

The relationship between ST segment and myocardial impedance is complex
(Fig 3.3). ST segment elevation peaking at 15 minutes of ischemia was not
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accompanied by phase angle shift and only a slight resistivity rise was observed.
Between 15 to 60 minutes of ischemia resistivity and phase angle shifted
monotonically whilst ST segment elevation depicted a reversion followed by a
transitory reelevation. From 1 hour of coronary occlusion onwards, ST segment
elevation decreased progressively and tissue resistivity and phase angle attained
maximal plateau values in both nonpreconditioned (Fig 3.3) and preconditioned
series (Fig 3.4). However, during this late period of time the correlation between
ST segment potential and tissue resistivity (r = -0.26 for nonpreconditioned and r =
-0.17 for preconditioned series) and between ST segment and phase angle (r = 0.31
and r = 0.16, for each group respectively) did not reach statistical significance.
Ventricular ectopic activity peaking at 6-10 minutes of coronary occlusion was
associated with a slight tissue resistivity rise but was not accompanied by phase
angle changes. By contrast, the second arrhythmia period occurring at about 30
minutes of ischemia was accompanied by a sharp change in resistivity and phase
angle and all these variables were delayed by ischemic preconditioning. The third
arrhythmia phase was associated with maximal resistivity and phase angle values.

DISCUSSION
Tissue impedance of ischemic myocardium

This study shows that coronary artery occlusion causes alterations in
myocardial electrical impedance which are characterized by a tissue resistivity rise
begining immediately after occlusion and by a negative phase angle shift that starts
after 17 minutes of ischemia.

The mechanism underlying the changes in myocardial impedance in the in situ
ischemic heart is not well known. The sharp rise in tissue resistivity has been
related to cell-to-cell electrical uncoupling in ischemic heart preparations "', but
data on phase angle changes elicited by coronary occlusion are scanty *°. The
major determinants of myocardial impedance are the extracellular and intracellular
resistance, the gap junction conductance, and the cell membrane capacitance .
Extracellular resistance increases during the first 10-15 minutes of ischemia in the
perfused papillary muscle ' as a result of the collapse of the extracellular
compartment caused by cessation of coronary perfusion and by osmotic cell
swelling »'. By contrast, intracellular resistance increases after 10-15 minutes of
ischemia ' and leads to cellular electrical uncoupling as a result of a drop in gap
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junctional conductance induced, among others, by the intracellular accumulation
of both free Ca®* * and amphipathic lipid metabolites * and by the reduction of
adenosine triphosphate content * in the ischemic myocardium. Intracellular
acidosis affects gap junction conductance ** but it does not appear to be a major
trigger for cellular uncoupling during ischemia .

Assuming that the time course of extra- and intracellular resistance changes in
the ischemic papillary muscle ' could be extrapolated to the in situ heart, there
would be a temporal relationship between the initial increase in extracellular
resistance and the immediate slow tissue resistivity rise. Likewise, the subsequent
increase in intracellular resistance would correlate with the sharp phase angle and
resistivity changes. To further interpret the alterations in myocardial impedance,
an equivalent circuit composed by two parallel branches modelling the passive
electrical elements of the myocardium ' may be considered: one branch modelling
the extracellular resistance and a second branch composed by a series of three
elements modelling respectively the membrane capacitance, the intracellular
resistance, and gap junctional resistance. Since phase angle shift is caused by
membrane capacitance * then the initial changes in extracellular resistance, which
in the equivalent circuit is in parallel with this capacitance, will affect tissue
resistivity more than phase angle as seen during the first 17 minutes of coronary
occlusion in our study. By contrast, the ensuing rise in intracellular resistance ',
which in the equivalent circuit is in series with the capacitance, may account for
both the phase angle shift that begins after 17 minutes of ischemia and the further
resistivity rise seen in this study as well. Thus, the alterations in intracellular
resistance which lead to cell-to-cell electrical uncoupling, may be better defined by
the changes in phase angle than by the changes in tissue resistivity. However, since
no direct assessment of the uncoupling process is made in this study, we can not
precisely ascertain which moment of the phase angle changes indicates the onset of
uncoupling. Moreover, uncoupling is not expected to begin simultaneously in all
ischemic cells provided that electrical and metabolic derangements are not
uniformly distributed in the ischemic area.

This study reveals that ischemic preconditioning postpones the steep changes in
both tissue resistivity and phase angle and this is in agreement with the delayed
resistivity rise seen in preconditioned papillary muscle '°. The mechanism by
which preconditioning postpones the impairment of passive myocardial properties
has been linked to activation of Ix_stp channel because this delay can be abolished
by the channel blocker glibenclamide or, at the contrary, reproduced by the Ix.arp
opener cromakalim '°. On the other hand, preconditioning postpones the onset of
intracellular Ca*" accumulation ?, circumstance that impairs gap junctional
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conductance **. As compared with nonpreconditioned series, preconditioned pigs
depict slight phase angle changes during the first 17 minutes of ischemia
suggesting that the three episodes of ischemia and reperfusion performed prior to
the sustained coronary occlusion might have yielded residual abnormalities in
intracellular resistance, but this needs to be confirmed.

Mpyocardial impedance and ST segment changes

Myocardial ischemia impairs active electrical cell properties ** and this creates
membrane potential differences between the ischemic and normal zones that are
responsible for TQ and ST segment shifts in extracellular recordings *°. The
current flowing as a result of the regional membrane voltage differences is
expected to decrease when tissue resistivity increases in the ischemic region ***,
thus leading to TQ and ST segment potential attenuation. This circumstance might
explain the spontaneous decline in the magnitude of the ST segment elevation seen
in patients with acute myocardial infarction '“'", but correlative studies between
ST segment and myocardial impedance in ischemic intact heart are lacking. Our
study reveals that there is a transient ST segment recovery at 15-30 minutes of
ischemia associated with minor impedance changes, whereas 1 hour after
occlusion ST segment elevation declined progressively and impedance changes
attained their maximal values. The early ST segment potential decline has been
previously described in the porcine model *° and bears a temporal relationship with
the well recognized transitory improvement of action potential characteristics of
the ischemic cells * which coincide with the plateau phase of extracellular K*
accumulation. It might be therefore anticipated that the recovery of active cell
properties will reduce the regional membrane potential differences responsible for
ST segment shift and hence play a major role on early ST segment recovery. We
observed that ischemic preconditioning tends to lessen the magnitude of transient
ST segment recovery, but the mechanism of this action is uncertain. In accordance
with the early ST segment recovery other studies in pigs " have reported reversion
of TQ segment displacement 20-30 minutes after coronary occlusion, although
correlative ST segment data were not available. Reversion of ST segment elevation
after 1 hour of occlusion is associated with marked myocardial impedance changes
suggesting a relationship between these two phenomena. However, other factors
like the loss of membrane potential caused by irreversible cell membrane damage
may further reduce the regional membrane potential differences between normal
and ischemic myocardium and therefore attenuate the ST segment shift.
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Mpyocardial impedance and ventricular arrhythmias

Recent studies by Smith et al " and by our group '* in anesthetized pigs show
that phase Ia arrhythmias coincide with the initial slow rise in myocardial
resistivity and that phase Ib arrhythmias concur with the steep resistivity rise.
Present data further evidence that these arrhythmias can be better defined by the
changes in tissue phase angle because phase Ia arrhythmias are not associated with
significant changes in tissue phase angle, whereas phase Ib arrhythmias coincide
with the fast phase angle shift. The third arrhythmia phase began 1 hour after
coronary ligature and coincided with maximal values of tissue resistivity and phase
angle. In addition to the relationship with tissue impedance changes, phase la
arrhythmias coincide with the first rise in extracellular K accumulation and with
progressive acidosis in the ischemic area, whereas phase Ib arrhythmias concur
with the second K rise . Changes in extracellular K™ concentration are
heterogeneously distributed in the ischemic myocardium *’ and they can be used as
a surrogate for the ionic and metabolic derangements induced by ischemia since
K" changes correlate with the alterations in intracellular Ca®’, intra- and
extracellular pH, tissue resistance, and phosphocreatine and adenosine
triphosphate (ATP) elicited in the ischemic myocardium .

Alterations in tissue impedance may depress conduction of the excitation
wavefront '* and favor the maintenance or the initiation of reentrant arrhythmias.
The mechanism underlying the distinct phases of early ischemic arrhythmias is not
entirely known. Multisite recordings of local electrograms **** suggest a reentrant
mechanism for phase Ia arrhythmias. By contrast, attenuation of phase Ib
arrhythmias after B-blockade * or after myocardial denervation *° may indicate
that these arrhythmias might be caused by abnormal automaticity provided that this
arrhythmogenic mechanism is linked to the action of catecholamines. Present data
suggest that alterations in intracellular resistance may play a role on the genesis of
phase Ib and late (2 to 4 hours) ischemic arrhythmias but not those of phase Ia.
This assumption is further strengthened by the fact that preconditioning postpones
in a parallel fashion both the steep changes in myocardial impedance and the peak
of the phase Ib arrhythmias.

The beneficial effect of preconditioning on reperfusion arrhythmias has been
largely recognized *' but its influence on arrhythmias during acute coronary
occlusion is less known. In our series preconditioning attenuated the incidence of
ventricular premature beats during coronary occlusion but not the incidence of
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more severe ventricular arrhythmias. Other studies report reduction in the number
of severe ventricular arrhythmias during coronary occlusion in preconditioned

hearts
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INTRODUCTION

Myocardial ischemia depresses active electrical cell membrane properties and
this generates regional potential differences between normal and ischemic
compartments 2. As a result of these potential gradients, intra- and extracellular
injury currents flow between normal and ischemic myocardial areas during the
cardiac cycle ' During the early repolarization period an extracellular current
flowing from ischemic to normal areas is responsible for the ST segment elevation
in electrodes overlying the acute ischemic region ' whereas, at the same time,
electrodes brought in contact with normal bordering myocardium show isoelectric
ST segment potential or reciprocal downward ST segment deviation. Although ST
segment elevation is a characteristic feature of ischemia, a similar
electrocardiographic pattern can be observed when the exploring electrode is
brought in contact with a contiguous region of healed myocardial infarction.
Indeed, in a model of ischemia superimposed at the borders of a healed myocardial
infarction we * have recorded ST segment elevation in electrodes overlying the
contiguous necrotic scar despite that no ischemia of viable tissue was present in
this particular region. We hypothesized that ST segment potential changes were
passively transmitted from the peri-infarction zone towards the necrotic scar, but
the passive electrical properties of the infarct scar were not investigated in this
model. Theoretically, to allow propagation of injury currents the infarcted tissue
should possess low resistance properties. Data on tissue electrical resistance in
areas of chronic infarction have been only reported in sheep ° and showed values
lower than in normal myocardium. However, the electrical properties of the scar
during superimposed peri-infarction ischemia are not known and have not been
correlated with ST segment potential transmission in the infarct scar.

Therefore, this study aimed to delineate the passive electrical properties of a
healed myocardial infarction devoid of viable tissue and to correlate these
properties with the ST segment potential changes transmitted into the infarct scar
during acute peri-infarction ischemia.
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STUDY PROTOCOL AND DATA ANALYSIS

Data were obtained from 19 pigs that survived a 1 month coronary occlusion. In 12
open chest pigs (group I), we recorded tissue electrical resistivity at 1 kHz, ST
segment potential, conventional ECG, and blood pressure at baseline and every
minute during one hour of LAD reocclusion (Fig 4.1). In the remaining 7 open
chest pigs (group II) baseline impedance spectrum and pulse voltage decay was
measured in normal and necrotic myocardium in vivo. In 5 of these 7 hearts the
same variables were measured in explanted infarcted tissue and anatomical
analysis was undertaken at the end of the protocol.

Gl 15t occl 2nd ocel
N | 77777777777777777777777777 II | | | |I
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(n=12) / / 0 30 60 min
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Fig 4.1 Schematic figure of the protocol in 12 open chest infarcted pigs of group I (GI)
submitted to a reocclusion of the LAD.

Changes in tissue resistivity were measured simultaneously by inserting one
probe electrode at the center of the infarction zone and a second electrode in the
bordering noninfarcted myocardium that became ischemic after the second LAD
ligature. The latter electrode was always sutured perpendicular to the LAD to
avoid the influence of tissue anisotropy on the impedance measurements °
However, the interelectrode distance is larger than myocardial fiber dimensions
and is expected to average the effects of fiber orientation °. Extracellular
electrograms were recorded with twelve cotton electrodes sutured to a rubber
membrane at interelectrode distances of 5 mm, forming a linear array. The
electrode membrane was sutured parallel to the LAD and covered an area
extending from the center of the necrotic scar towards the acute ischemic peri-
infarction zone and normal myocardium (Fig 4.2).

To study electrical transmission through the necrotic scar, current pulses were
applied between a pair of platinum electrodes (length= 3.5 mm, diameter= 0.4 mm)
inserted transmurally in the infarcted tissue. As illustrated in Fig 4.2, these two
current electrodes (I' and I' ) were inserted at two opposite sites within the
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infarcted region separated by 32.5 mm. The resulting potential difference was
measured between a fixed reference electrode (V') located next to the current
reference electrode (I') and an exploring electrode (V") that was moved at 2.5 mm
intervals from the active current electrode (I") towards the reference potential
electrode using a millimetric scale. In each case eleven sites were sampled.

Acute ischemia

Infarct scar

Fig 4.2 Schematic representation of the experimental preparation. Upper: Relative
position of impedance probes (P) and the epicardial row of electrodes with respect to the
chronic infarction area, acute ischemic peri-infarction region (shaded area), and proximal
normal myocardium. Lower: Measurements of current pulse propagation in explanted
tissue samples. See text for details.
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In vitro measurements: After completion of the in vivo study the heart was
removed and a transmural strip of the necrotic scar of approximately 35 mm long
and 17 mm wide was placed into a bath chamber (40x35x15 mm). The thickness of
the necrotic scar varied between 3 and 4 mm. Current pulses like those used in the
in vivo preparation were applied between two intramural platinum electrodes
(length= 3.5 mm, diameter= 0.4 mm) inserted at the opposite ends of the
preparation (Fig 1). Like in the in vivo study, the potential generated by the
stimulating electrodes was measured by moving the exploring electrode at 2.5 mm
intervals using a micromanipulator. Voltage attenuation was also calculated as the
slope of the regression line that best fits pulse amplitude data plotted against
distance. Seven sites were explored on each tissue sample. The aim of the in vitro
studies was to validate the measurements obtained in vivo. Specifically, we
focused on the possibility that electrodes inserted in the thinner infarcted region
might be in close proximity with the intracardiac blood and that this influenced
measurements of both resistivity and electrical pulse transmission. Therefore, we
measured: a) the resistivity of the scar and blood separately using the four-
electrode probe and b) the voltage attenuation in explanted infarct scar covered
with nonoxygenated blood at 37°C, in explanted infarct scar alone kept at room
temperature, and in nonoxygenated blood alone at 37°C. The amount of blood used
for the measurements was equivalent to that needed to fill the bath chamber.

To have comparative reference data we also measured voltage decay in low
resistance 0.9% NaCl solution and in high resistance 300 mmol/L sucrose solution
at 37°C.

Since explantation of the infarct scar may alter its passive electrical properties,
we assessed the biophysical stability of the in vitro preparation in two cases by
continuously measuring tissue resistivity with the same implanted electrodes at
room temperature during 80 minutes beginning immediately after explantation.
Likewise, the in vitro resistivity measurements were done using the same four-
electrode probe employed in vivo and its cell constant was calculated by
measuring the resistance of 0.9% NaCl solution at 37°C in a volume equivalent to
that of the bath chamber.

Data analysis: Changes in tissue resistivity and ST segment potential induced by 1
hour of LAD reocclusion in the acute ischemic peri-infarction area and in the
infarct scar were compared and differences between these two regions were
assessed by repeated measures analysis of variance (ANOVA) using a
commercially available software (SYSTAT Inc.). Results are expressed as mean=+1
standard deviation, and as significance test for linear, quadratic, and cubic
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contrasts the level was set to p<0.05. The assumption of normality for ANOVA
residuals was graphically verified using normal probability plots. The regression
line of pulse amplitude against distance was accepted if the correlation coefficient
r >0.90. Differences between in vivo ST segment and pulse current slopes were
assessed by paired Student's t test, whereas the slopes measured in vitro were
evaluated by ANOVA and Tukey tests.
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RESULTS

Pigs submitted to one hour of coronary reocclusion showed a significant
decrease of aortic blood pressure (from 111+14 mmHg to 98+14 mmHg, p=0.002)
and a tendency to increase the heart rate, but the latter was not statistically
significant (124+33 bpm vs 132426 bpm).

Mpyocardial impedance

Tissue resistivity: Resistivity of 1-month-old myocardial infarction at 1 kHz was
significantly lower than that of normal myocardium (110+30 Qcm vs 235460
Qcm, p<0.0001) in the 19 pigs included in this study. Fig 4.3 shows that one hour
after proximal reocclusion of the LAD the 12 pigs of group 1 depicted a marked
increase of tissue resistivity in the acute ischemic region (from 265+74 Qcm to
510+135 Qcm, p<0.01) whereas this variable remained virtually unchanged in the
center of the necrotic scar (113+40 Qcm vs 116+42 Qcm). Individual analysis of
the resistivity changes revealed an initial slow rise of 49% from baseline during
the first 25 to 30 minutes followed by a faster rise leading to a 121% increase after
60 minutes of coronary occlusion.

Application of DC countershocks to treat episodes of ventricular fibrillation did
not shift significantly the values of tissue resistivity.

In vitro measurements of the resistivity of the infarct scar and blood at room
temperature showed lower values in the scar than in blood (166£26 Qcm vs
218438 Qcm, p<0.01). The stability of the electrical properties of the explanted
strips of infarct scar was assessed in two cases during a period of 80 minutes. In
these two pigs, resistivity values of the explanted scar remained unchanged during
the study period (233 Qcm and 226 Qcm, respectively). By contrast, strips of
explanted nonperfused normal myocardium from the same two animals showed a
progressive resistivity rise leading to maximal values of 926 Qcm and 850 Qcm
respectively.
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Fig 4.3 Sequential changes in tissue resistivity elicited during 60 min of proximal
coronary reocclusion in 12 pigs with a one. month old infarction. Symbols represent the
mean value, bars represent one standard deviation. Note a marked rise in the ischemic
peri-infarction zone with no changes in the contiguous infarcted region.

Tissue impedance spectroscopy: Data from the 7 pigs of group 2 indicate that
normal myocardium and healed infarcted tissue can be differentiated by their
distinct impedance spectrum. Fig 4.4 shows that as current frequency increases,
the resistivity of the normal myocardium decreases progressively (from 254+86
Qcm to 17625 Qcm at 1000 kHz, p<0.01), whereas resistivity of the infarct scar
remained unchanged throughout the frequency spectrum (122421 Qcm vs 123+£22
Qcm). Likewise, phase angle of normal myocardium decreased progressively from
-1.0£1.4° at 1 kHz to a transient minimum value of -11.5+5.6° at 250 kHz, whereas
phase angle of the infarcted tissue did not change significantly (-3.45+5.6° vs -
2.15+1.7°). The slight negative phase angle shift seen at low frequencies is due to
electrode impedance effects.
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Fig 4.4 Impedance spectrum of normal myocardium and healed infarction at baseline
conditions in 7 pigs of group 2. While tissue resistivity and phase angle of normal
myocardium decrease at increasing current frequencies, these variables remained constant
in the infarcted tissue. Current frequencies are depicted in a logarithmic scale.

Epicardial ST segment potential

Coronary occlusion above the primary LAD ligature induced significant ST
segment elevation in electrodes located in the peri-infarction area (from 0.6+0.7
mV to 9.5£5.1 mV at 5 min of ischemia, p=0.002) and also significant ST segment
elevation in the center of the necrotic scar (from 0.5+0.5 mV to 3.842.6 mV,
p=0.03). The remote normal myocardium showed normal ST segment potential or
specular ST segment depression. As illustrated in Fig 4.5, the time course of the
ST segment changes in the ischemic peri-infarction area paralleled those recorded
in the necrotic scar, although the magnitude was higher in the acute ischemic peri-
infarction region than at the center of the scar (ANOVA: p=0.03). ST segment
potential decreased as the epicardial electrode moved from the periphery towards
the center of the necrotic region (Fig 4.6A). The decay of ST segment potential
shift in the infarction region was -0.12+0.08 mV/mm (Fig 4.6B).
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Fig 4.5 Time course of the mean ST segment changes induced by proximal reocclusion of the
left anterior descending coronary artery in seven pigs of group 1. ST segment elevation in the

ischemic peri-infarction zone was associated with parallel, although less marked, ST segment
changes in the center of healed infarction.
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Fig 4.6 A) Computer-generated digital reconstruction of epicardial electrograms showing ST
segments changes elicited by 5 min of proximal coronary reocclusdion in an acute ischemic
peri-infarction zone and over the adjacent one-month-old infarction. B) Plot of ST segment
potential attenuation vs. distance from the ischemic peri-infarction zone in seven pigs of group
1. The slope of the regression line connecting the data was —0.12+0.08 mV/mm.
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Electrical transmission in healed infarction

In vivo measurements of pulse amplitude attenuation in the infarcted
myocardium performed in 5 pigs of group 2 indicated a decay of -0.07+0.05
mV/mm. This voltage decay was comparable to the ST segment potential
attenuation measured in the same anatomical region (illustrated in Fig 4.6B).

In vitro measurement of the voltage decay in the necrotic scar, blood, and 0.9%
NaCl solution was performed in 5 pigs of group 2 (Fig 4.7). A voltage attenuation
of -0.55+1.1 mV/min was observed in the scar exposed to the air; a decay of -
0.37+0.09 mV/mm in the scar covered by nonoxygenated blood; an attenuation of -
0.18+£0.04 mV/mm in 0.9% NaCl solution; and a decay of -0.58+0.09 mV/mm in
nonoxygenated blood alone. By contrast, voltage attenuation in a high resistive
solution containing 300 mmol/L of sucrose was markedly higher (-111+£74
mV/mm, p< 0.001).

Arrhythmia analysis

During the two hours following the first coronary occlusion, 7 out of 26 pigs
presented ventricular fibrillation. In four cases the arrhythmia was successfully
terminated by external DC shocks, whereas in the three other cases the electrical
defibrillation was followed by irreversible atrio-ventricular conduction block.

During the second intervention, 7 out of the 12 pigs of group 1 developed
ventricular fibrillation during 1 hour of LAD coronary reocclusion. These animals
presented a total number of 17 episodes of fibrillation which were successfully
terminated by a single internal DC countershock in 9 instances. The remaining
eight episodes required two to three DC shocks. In no instances, animals had to be
excluded for irreversible ventricular fibrillation. The hemodynamic conditions
remained stable after electrical defibrillation. During the reocclusion period all
pigs developed episodes of ventricular tachycardia. This arrhythmia occurred in
184 instances grouped into two phases with a peak activity at about 4 and 30
minutes respectively. Twelve out of the 17 episodes of ventricular fibrillation
occurred during the second arrhythmic phase whereas the remaining 5 episodes
appeared during the first arrhythmia phase.
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Fig 4.7 Plot of subthreshold current pulse (30 mA) attenuation vs. distance from the
current source measured in vitro in explanted healed infarction and test solutions.
Electrical conduction across a healed infarction approximates that of blood and saline
solution, but is markedly better than that of sucrose. Notice that the pulse voltage
developed across the sucrose solution is higher than that generated in the other in vitro
solutions due to the high resistivity of sucrose. See text for slope values of the regression
lines.

Post mortem examination

One month after permanent coronary occlusion all pigs developed a transmural
healed myocardial infarction with sharply demarcated margins. The infarcted
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tissue was composed by fibroblasts, collagen fibers, and few capillary vessels. In
the center of the scar we observed necrotic myocardial cells heterogeneously
distributed. A thin layer of surviving fibers were observed in the subendocardium
forming a rather homogeneous band of approximately 0.20 to 0.30 mm width.
Surviving bands of about 0.03 mm were also present in the epicardium but in this
region they were irregularly distributed. Surviving myocardial cells at the edges of
the infarction depicted slight to moderate signs of hypertrophy, but degenerative
changes such as pyknosis or steatosis were not observed.

DISCUSSION
Electrical impedance of healed myocardial infarction

This study shows that areas of healed myocardial infarction can be
differentiated from normal myocardium by their low electrical resistivity and
negligible capacitative response. In accordance with the study by Fallert et al * in
sheep, the present study in swine shows an approximately 50% lower impedance
in healed infarcted tissue than in normal myocardial regions. Our analysis of
impedance spectroscopy from 1 to 1000 kHz further revealed that the normal
myocardium and the infarct have a different impedance spectrum: the normal
myocardium shows a negative shift in resistivity and phase angle at increasing
frequencies, whereas the infarcted tissue depicts negligible frequency related
changes. The absence of a frequency dependent response suggests that the infarct
scar is a noncapacitative medium. This is based on the fact that a frequency
response in biological media occurs if cell membranes with preserved capacitative
properties are present '. Surviving cells in the infarcted tissue are scarce and this
circumstance is therefore consistent with the lack of capacitative response in
healed infarction.

The mechanism by which a healed infarction possesses low resistance
properties is not well known although it seems reasonable to link this electrical
characteristic to the extracellular matrix of the infarct scar. The extracellular
matrix, which increases during infarct healing >*°, may afford a high ionic
diffusibility and hence a low tissue electrical resistivity due to its particular
biochemical composition. Indeed, extracellular matrix contains fibrous proteins
(collagen, elastin, fibronectin, among others) immersed in an amorphous substance
composed by water and electrically charged glycoproteins (proteoglycans) *'°.
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This aqueous phase permits diffusion of nutrients, metabolites and hormones
between the blood and tissue cells '°. The moment at which resistivity of the
infarcted tissue falls to lower than normal values has not yet been determined. In
the study by Fallert et al ° this resistivity drop occurred between the first four
hours of ischemia and one week after infarction but intermediate time frames were
not explored.

Our study rules out the possibility that the low infarct resistivity was in fact a
measuring error caused by a closer proximity of the impedance electrodes to the
intracavitary blood in the thinned infarcted regions. Indeed, in vitro data indicate
that the infarct scar continues to have lower resistivity than blood alone.

Electrical transmission in healed myocardial infarction

In accordance with the low resistance properties of the infarct scar this study
demonstrates that the necrotic tissue is able to afford a good transmission of
current pulses and of ST segment potential changes elicited by ischemia of
contiguous peri-infarction myocardium. Voltage attenuation of current pulses
across a transmural healed infarction is as low as that yielded by a high conductive
0.9% NacCl solution and both were comparable to the ST segment potential decay
measured in the infarct scar. Therefore, present data support the concept that a
healed myocardial infarction is a high conductive medium able to allow passive
transmission of extracellular injury currents responsible for ST segment shift; the
main sources of which are localized in the ischemic-normal border zone . For this
passive transmission, the necrotic scar would act as an expansion of the
extracellular space without the need for any intracellular current pathway. Since
injury currents may induce arrhythmias '' a possibility remains to be investigated
as to whether the low resistance fibrous tissue might allow conduction of these
currents thus intervening in arrhythmogenesis. Also speculatively, remains the
possibility of conduction of local currents generated by activation of neighboring
excitable myocardium through the fibrous matrix.

Because the infarct scar lacks of capacitative cell membrane properties, the
shape of the transmitted current pulses in the infarcted tissue was not distorted. By
contrast, electrotonic conduction through unexcitable gaps in Purkinje fibers
causes a deformation of action potential upstroke '*"°.
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Electrical resistivity in acute ischemic peri-infarction myocardium

Our data demonstrate that the advent of an ischemic episode at the borders of a
healed infarction induces a marked resistivity rise in the ischemic peri-infarction
zone without altering the low resistivity values in the contiguous healed infarction.
Therefore, hearts suffering an acute reinfarction are exposed to marked
inhomogeneities in electrical impedance between normal, infarcted and acute
ischemic myocardium.

Tissue resistivity rise after coronary occlusion has been reported in several
species """ and reflects the increase in extra- and intracellular electrical
resistance that leads to cell-to-cell electrical uncoupling °. Cellular uncoupling is a
consequence of the increase in gap junctional resistance caused by accumulation
of intracellular Ca*" '®, reduction of adenosine triphosphate content *°, and
accumulation of amphipathic lipid metabolites *' in the ischemic myocardium,
among other things. The major determinants of myocardial impedance in the intact
heart are intracellular and extracellular resistance, gap junction conductance and
membrane capacitance *>****. The rise in tissue resistivity at 1 kHz follows a two-
phase pattern '*. The initial slowly rising phase lasts about 15 minutes and has
been related to a rise in extracellular resistance ' secondary to the collapse of the
extracellular compartment caused by cessation of coronary perfusion and by
osmotic cell swelling ». The second resistivity rise is apparent after 30 minutes of
ischemia and has been attributed to increases in both intra and extracellular
resistance leading to cell-to-cell electrical uncoupling.

Clinical implications

Studies in patients with autopsy-proven myocardial infarction ** confirm that,
like pigs with a 1-month-old coronary ligature, old coronary occlusion elicits
transmural infarcts with collagen deposition and with an irregular band of
surviving cells in the subendocardial and subepicardial myocardium. Based on this
anatomical resemblance healed transmural myocardial infarcts in humans may also
have a low electrical resistivity and this may permit transmission of local currents
involved in the genesis of local ST segment potential changes and arrhythmias.
Reelevation of ST segment in infarcted-related ECG leads is currently considered
indicative of either left ventricular dysfunction "> or ischemia of residual viable
myocardium ***'. However, the low resistance of the infarct scar seen in this study
strengthens a previous observation from our laboratory showing that reelevation of
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ST segment in the infarcted region may simply indicate passive ST segment
potential transmission from the ischemic peri-infarction zone *. The distinct
impedance spectrum of normal and infarcted myocardium may settle the basis for
the development of new technologies able to detect areas of healed infarction in
patients either using intracavitary probes or using noninvasive tomographic
systems.
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Measurement of Electrical Impedance Spectrum
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In vivo electrocatheter infarct recognition

INTRODUCTION

Measurement of myocardial electrical impedance (resistance and phase angle)
with intramural electrodes in animals with acute ' and chronic myocardial
infarction '* has shown that healed infarcted myocardium can be differentiated
from acute ischemic and healthy tissue by its lower resistance and by its flat phase
angle frequency spectrum °. The development of a system capable of measuring
myocardial impedance with a percutaneous intracavitary catheter would allow on
line recognition of areas of healed infarction in patients. In this study we describe
a new intracardiac catheter method which permits in vivo on-line detection of
chronic transmural myocardial infarction in pigs.
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STUDY PROTOCOL AND DATA ANALYSIS

Data were obtained from 9 pigs with a healed transmural infarction. Myocardial
impedance spectrum was measured with an intracardiac electrocatheter introduced
into the left ventricle either directly in four open chest pigs (group I), or
percutaneously in the remaining five closed chest animals (group II). Electrical
impedance was measured between the proximal catheter electrode and a reference
electrode placed either on the overlying epicardium (group I) or on the precordial
region (group II). Reference electrode sizes were respectively 20x20x0.2 mm and
100x150x1 mm.

In group I (open chest), a 1/0 silk thread mounted on a 10-cm long needle was
secured to the catheter tip and was used to pull the catheter from the left
ventricular posterior wall towards the endocardium of the anterior region (Fig
2.6). After measuring tissue impedance, the guiding thread was cut and left in
place to mark the recording site. In each pig, we explored at least 7 loci spaced 2 to
3 mm apart, extending from the infarction to the surrounding healthy myocardium.

Fig 5.1 Technique of measuring tissue electrical impedance in a pig with a 2-month old
transmural myocardial infarction (Masson’s trichrome staining) using an electrocatheter
(C) introduced into the left ventricle (LV) and an epicardial reference electrode (E). The
catheter is directed towards the recording site by pulling a thread (arrow) secured to the
catheter tip.
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In group II (closed chest), the catheter was introduced into the left ventricle
through the femoral artery under fluoroscopic control. This series was used to
asses the possible methodological drawbacks that may occur in circumstances
mimicking the clinical setting. The infarcted region was identified by its akinetic
movement during left ventriculography. Moreover, a radiofrequency ablation
lesion was produced at a site supposed to be in the necrotic area for later
verification. Measures were taken in about 5 normal and 5 infarcted sites in each
animal.

Data analysis: Changes in mean values of resistance and phase angle at each
current frequency were calculated by applying the ANOVA test for repeated
measures using sample values at 1, 10, 100, 1000 kHz . The same test was used to
evaluate differences in resistance and phase angle between the two groups of pigs.
The frequency that best differentiated infarcted from healthy myocardium was
calculated by maximizing the inter to intraset distance ratio *. Group differences in
the impedance values at these frequencies were assessed by the student’s t test . A
p value <0.05 was considered significant.
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RESULTS

All pigs had a healed anterior transmural myocardial infarction with a thin
subendocardial surviving cell layer of about 157496 pum. Tissue impedance was
measured in 31 sites in the open chest group (17 in the infarcted area, 9 in the
normal myocardium, and 5 in the border zone) and in 48 sites in the closed chest
series (26 in the akinetic region and 22 in areas with normal wall motion). The
sentinel radiofrequency lesion was correctly located in the infarcted area in all 5
cases.

Mpyocardial impedance spectrum

Group I : As shown in Fig 5.2A, electrical resistance of normal myocardium
decreased from 50+19 Q at 1 kHz to 2548 Q at 1 MHz and phase angle decreased
from 1.6+£2.0 ° at 1 kHz to a minimum of -15.3+4.9 ° at 421 kHz (ANOVA:
p<0.001). By contrast, resistance and phase angle of infarcted tissue had almost no
frequency response. Moreover, the infarcted myocardium had a lower than normal
resistance and a nearly zero phase angle at all frequencies (p<0.001) (Fig 5.2A).
The frequencies that better differentiate normal from infarcted tissue were 1 kHz
for the resistance and 316 kHz for the phase angle (Table 5.1).

Group II: The resistance and phase angle of normal myocardium showed a less
apparent frequency response in closed than in open chest pigs (Fig 5.2B). Indeed,
resistance decreased from 76+13 Q at 1 kHz to 70+13Q at 1 MHz, and phase angle
decreased from -0.1£0.5 ° at 1 kHz to a minimum of -2.8£1.7 ° at 421 kHz. As
occurs in open chest pigs, the infarcted myocardium differed from normal tissue by
its lower resistance and nearly zero phase angle at all frequencies (p<0.001) (Fig
5.2B). As shown in Table 5.1, at the most discriminative frequency of 316 kHz, the
infarction was recognized by its nearly zero phase angle.
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Table 5.1 Electrical impedance of normal and healed infarcted myocardium at the most
discriminative frequencies in pigs.

Resistance (Q2) at 1 kHz Phase angle (°) at 316 kHz
Normal Infarction Normal Infarction
Open chest (n=4) 50+19 15+4" -14.8+4.6 2.5+1.9"
Closed chest (n=5) 76+13 64+13" 2.7+1.4 +0.7+1.0°

* p<0.001 as compared to normal myocardium
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Fig 5.2 Changes in tissue electrical resistance and phase angle as a function of frequency
in normal and healed infarcted myocardium in pigs with open (panel A) and closed chest
(panel B). Symbols indicate mean values and bars the satandard deviation.
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DISCUSSION

This study is the first to show that measurement of myocardial impedance
spectrum with a percutaneous intracavitary contact electrocatheter allows in vivo
recognition of transmural myocardial infarction by its close to zero phase angle at
316 kHz and by its low resistance at all frequencies. The finding that phase angle
spectrum of the infarcted myocardium remains close to zero is presumably related
to the low number of cells surviving in this region. Indeed, the capacitative
properties of cell membranes are major determinants of the negative shift of phase
angle spectrum °. The low electrical resistivity of the infarcted myocardium can be
explained by the fact that the extracellular matrix generated during infarct healing
% contains fibrous proteins, water, and electrically charged glycoproteins which
favor ionic diffusibility and hence, confer a low electrical resistivity. In agreement
with this view, we have previously observed that porcine infarct scar permits
transmission of electrical pulses with a low amplitude attenuation ° and also
allows passive diffusion of ionic radiotracers °*’"technetium-tetrofosmin and
*'thallium chloride .

The open chest model shows that under the most favorable conditions (ie: when
the catheter tip and reference electrode are well aligned and only myocardial tissue
lies between them) the frequency response of tissue impedance of both healthy and
infarcted myocardium is comparable to that seen when the more accurate 4-point
intramural electrode technique is used in the same porcine model *. However,
when closed chest pigs are used to mimic the clinical setting, the measured
impedance shows a less marked frequency response and, in addition, the measured
resistance of normal and infarcted myocardium shifts towards higher values. The
attenuated frequency response of impedance in closed chest pigs is due to an
averaging effect caused by the different impedance of the surrounding tissues *.
Likewise, the high resistance of the lung (about 1500 Qcm in pigs, unpublished
personal data) would lead to an upright deviation of the measured resistance in the
closed chest model. However, since the myocardium is in physical contact with the
electrocatheter, the contribution of this tissue to the measured impedance is higher
than that afforded by the surrounding tissues.

Anatomopathological features in patients with transmural myocardial infarction
? share some correspondence with those in pigs thus it is conceivable that the
present catheter technique would have clinical applicability. On line intracavitary
catheter recognition of fibrous transmural infarction or areas of ventricular
dysplasia would allow identification of sites in which application of energy
sources would be ineffective or even hazardous (ie. radiofrequency ablation of
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ventricular tachycardias in postinfarction patients or laser application for
percutaneous myocardial revascularization).
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INTRODUCTION

Myocardial ischemia alters cellular passive electrical properties ' which
comprise intracellular and extracellular resistances as well as membrane
capacitance and resistance. Alterations in the passive electrical properties can be
recorded in in vivo models as an increase in tissue electrical impedance *°.
Specifically, resistance measured at 1kHz with four-point intramural platinum
electrodes depicts a slight abrupt increase during the first 2 to 4 minutes, and a
slower increase during the ensuing 30 minutes >*. These changes have been
attributed to the initial collapse of the extracellular space caused by the occlusion
of the coronary artery and to the ensuing increase in extracellular resistance caused
by osmotic cell swelling **. After approximately 30 minutes of coronary occlusion
tissue resistance increases sharply and reaches a plateau value after about 60
minutes. This second phase of the increase in tissue resistance has been related to
the decrease in gap junction conductance which leads to cellular electrical
uncoupling and which has been pointed out as a precursor of irreversible damage
in myocytes "”. On the other hand, changes in the phase angle measured at 1 kHz
are not patent till after 17 minutes of coronary occlusion. As with resistance, a
sharp decrease in phase angle is observed after about 30 minutes of coronary
occlusion which has also been attributed to the occurrence of cellular electrical
uncoupling. Changes in phase angle have been shown to be more specific in
determining the onset of cellular electrical uncoupling.

Although recent technical advances in the field of cardiac surgery have
decreased cardiac mortality, a high number of postoperative deaths can be
attributed to inappropriate myocardial protective techniques applied during the
operative phase of extracorporeal circulation. For technical reasons, the heart must
be artificially arrested and therefore, the electrocardiogram (ECG), which is
currently used to detect myocardial injury, becomes unreliable in this situation.
This has arised the possibility of developing a specific sensor for the detection of
ischemic myocardium by measuring the myocardial tissue impedance changes
during cardiac arrest.

The aim of this study is to asses the ability of a specifically designed silicon
impedance sensor in detecting the onset of myocardial ischemia by comparison
with the measures obtained with the 4-point platinum electrodes used for
impedance measurements in experimental studies.
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STUDY PROTOCOL AND DATA ANALYSIS

In vitro data were obtained from four samples of explanted left ventricle (group
I). Comparison between the measures obtained with the silicon needle and with the
4-point probes was achieved by inserting both electrodes side by side in the
explanted tissue. Tissue impedance at 1 kHz was measured with each probe every
20 seconds during 2 hours of postmortem (Fig 6.1).

Invitro
Postmortem
GI | | |
(n=4) 0 60 120 min
Invivo
Occl Rep Occl Rep Occl Rep
GII1 e e ) ]
n=4) 0 10 30 40 60 70 90 min
Occl
GIII |
m=2) 0 60 120 min

Fig 6.1 Schematic diagram depicting the in vitro and in vivo study protocols. In group I
(GI), explanted myocardium electrical impedance was measured during postmortem. In
group II pigs (GII), hearts were submitted to 10 minutes of LAD occlusion followed by
20 minutes of coronary reperfusion. This procedure was repeated three times. In group III
pigs (GIII), hearts were submitted to 2 hours of LAD occlusion.

In vivo data were obtained from 6 pigs. In four pigs (group II), the LAD
coronary artery was occluded during 10 minutes followed by 20 minutes of
coronary reperfusion (Fig 6.1) to asses the performance of the silicon needle in the
detection of the early changes in myocardial impedance after coronary occlusion.
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This ischemia and reperfusion procedure was repeated three times. In two pigs
(group III), the LAD coronary artery was occluded during two hours to asses the
ability of the silicon needle in detecting the late changes of the ischemic
myocardium electrical impedance. During LAD coronary occlusion and
reperfusion, tissue impedance at 1 kHz was measured with each probe every 20
seconds. In all pigs, the normal myocardial impedance spectrum was measured at
baseline with both the silicon needle and the 4-point platinum probe placed side to
side.
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RESULTS
Electrical impedance of explanted myocardium
As seen in Fig 6.2, resistivity and phase angle measured with both the silicon

needle and the 4-point electrode depict comparable baseline values and a similar
time course during 2 hours of postmortem.

4-point electrode Microcard needle
1500 1 Resistivity (cm) 1500 1 Resistivity (Qcm)
1200 1200
900 900
600 600
300 300
0 0
0 20 40 60 80 100 120 min 0 20 40 60 80 100 120 min

Phase angle (°)

o

0 ; Phase angle (°)
5 5
-10 -10
-15 -15
-20 -20
0 20 40 60 80 100 120 min 0 20 40 60 80 100 120 min

Fig 6.2 Evolution of the resistance and phase angle of explanted myocardium measured
with the 4-point electrode and the silicon needle.
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Electrical impedance of in vivo myocardium

Fig 6.3 shows the impedance spectrum of in vivo normal myocardium measured
with the 4-point platinum electrodes and with the silicon needle. The impedance

values obtained with both electrodes are similar.
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Fig 6.3 Resistance and phase angle spectra of in vivo normal myocardium measured with
the 4-point probe and with the silicon needle.

However, measurement of tissue resistivity and phase angle at 1 kHz with the
silicon sensor during LAD coronary occlusion in groups II and III, resulted in
constant values during the whole period of ischemia. By contrast, impedance
measurements performed with the 4-point probe resulted in the expected increase
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of both myocardial resistance and phase angle after the onset of coronary
occlusion in both groups.

DICUSSION

This study proves that the silicon impedance sensor is capable of measuring
electrical impedance of myocardial tissue. Specifically, measurements of
resistivity and phase angle of the explanted ventricle measured with both the
silicon sensor and the 4-point probe depict comparable values, and a parallel
evolution during the first two hours of postmortem. Furthermore, in vivo
measurement of the normal myocardium impedance spectrum with both probes
also results in similar values.

However, the silicon impedance sensor in its present form is not valid for the
detection of the onset of myocardial ischemia since measures of both myocardial
resistivity and phase angle during LAD coronary occlusion depict erratic values
without a clear trend. The variability in the myocardial impedance measures could
be caused by the large amount of bleeding that the needles produce when they are
inserted into the myocardium. Since blood has a low resistivity '’ it could act as a
short circuit between the four platinum electrodes of the silicon needle and the
myocardium. In comparison to the silicon sensor, the standard 4-point needles
produce less bleeding. In addition, the configuration of the 4-point probes also
favours that the injected current pathway crosses larger volumes of myocardium
even if bleeding does occur. By contrast, the planar disposition of the silicon
needle platinum pads favours the deposition of blood between the pads and the
myocardium. The traumatic effect caused by the silicon needles could be due to
the sharp contour which the RIE (reactive ion etching) produces when the needles
are cut. This problem could be solved by specifically designing a rugged contour
of the needle. This solution is under development.
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Conclusions

1.  The first half hour of acute ischemia is characterized by an immediate rise in
tissue resistivity, whereas phase angle does not shift until 17 minutes of
coronary occlusion have elapsed. Both resistivity and phase angle depict a
sharp increase after 34 and 30 minutes of coronary occlusion, respectively,
and reach plateau values after about 1 hour of ischemia. The beginning of the
sharp increase in tissue impedance which has been attributed to the
occurrence of cell to cell uncoupling is better delineated by the changes in
phase angle than by the changes in resistivity.

2. Healed infarcted myocardium is characterized by an approximately 50%
lower than normal tissue resistivity and a close to zero phase angle value.
Furthermore, both variables depict a lack of frequency response in the 1 kHz
to 1Mhz range.

3.  The peak incidence of phase Ib ventricular arrhythmias temporally coincides
with the sharp increase of tissue resistivity and phase angle in non
precondtioned pigs. Myocardial preconditioning delays the maximum slope
of the sharp increase of tissue resistivity and phase angle occurring during
LAD occlusion, but the overall magnitude of the changes remains unaltered.
In addition, a parallel delay of the peak of phase Ib arrhythmias is observed
in the preconditioned hearts. This fact supports the hypothesis that cellular
uncoupling might play a determinant role in the genesis of these arrhythmias.

4. The sharp rise in tissue resistivity is not accompanied by a decrease in
epicardial ST segment elevation. However this does not rule out a possible
role of cellular uncoupling in the decrease of the injury currents since cell to
cell uncoupling likely takes place unhomogenously during a wide time
interval. The low resistivity of the infarcted tissue is responsible for the
enhanced transmission of current pulses applied across the necrotic
myocardium in both in vitro and in vivo experimental conditions. This result
supports the hypothesis that during periinfarction ischemia the ST segment
elevation measured in epicardial electrodes overlying the infarcted tissue
devoid of viable cells, is by passive electrical transmission of the injury
currents that are generated in the border of the ischemic and normal tissue.



Conclusions

5. Measurement of myocardial impedance with a contact intracavitary
percutaneous catheter permits differentiation of arecas of transmural
infarction from normal tissue by their particular impedance spectrum.
Furthermore, phase angle measured at 316 kHz is the parameter that best
differentiates both types of tissues.

6. The silicon based impedance sensor is capable of measuring the changes in
myocardial resistivity and phase angle of explanted samples of ventricular
tissue. However, the sensor in its present form does not allow the in vivo
detection of the onset of acute ischemia by measurement of myocardial tissue
electrical impedance.

In summary, both acute ischemic myocardium and the infarct scar are
characterized by having specific values of tissue impedance. Therefore,
measurement of infarcted myocardium electrical impedance could become an
important diagnostic tool under various clinical circumstances. Furthermore, the
altered passive electrical properties of these tissues play relevant roles in the
pathogenesis of acute ischemic arrhythmias and of the transmission of injury
currents across the necrotic scar.





