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Abstract

In order to obtain successful catheter ablation of ventricular arrhythmias in pa-

tients with chronic myocardial infarction is essential the precise identification of

the infarct scar. Nowadays, endocardial voltage mapping is used to delineate the

healed tissue. However, this technique is not sensitive enough to differentiate dis-

tinct degrees of transmural injury in the scar and, moreover, it is influenced by

the direction of the activation wavefront. A new technique that uses an intra-

cavitary catheter inside the left ventricle —mapping of local myocardial electrical

impedance —could overcome these limitations, but it has just started being in-

vestigated now. Trials with pigs are being taken to establish the viability of the

technique.

Throughout this project different methods and materials have been used including

the usage of experimental data and finite elements models, aimed to verify the

accuracy of this novel mapping system, to evaluate the influence of different factors

on the measurements in order to understand completely the technique and, also, to

find the origin of the observed amplitude modulation of the signals that is around

of 20 %.

We have proved that this novel technique is able to identify the longitudinal extent

of the scars (mainly transmural and non-transmural scars located in the inner

part of the wall) very accurately: the maximum sensitivity of the catheter is

at its surroundings and decays by more than four orders of magnitude by moving

away 2 cm from the tip. Moreover, the scar is sensed in a very concentrated region

without extending its influence towards healthy tissue. We have also demonstrated

that the position of the external measuring electrode has no influence on the

measurements.
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Chapter 1

Introduction

1.1 Ventricular arrhythmias. Problem statement

Ventricular arrhythmias are responsible of more than half sudden deaths in pa-

tients with a previously cardiac infarction. Radiofrequency ablation of the arrhyth-

mogenic focus is now widely used clinically to treat them: it is able to heal around

50-80% of the patients with postinfarction ventricular arrhythmias[1]. The success

rate of this procedure could be increased by improvements in the identification and

localization of the arrhythmogenic focus in the clinical practice. Nowadays, the

postinfraction scar is located and delineated by local measures of low voltage endo-

cardial electrograms using intracavitary electrocatheters. Some examples of these

clinical intracardiac navigation systems are: (i) CARTO R©, provided by Biosence

Webster R©; (ii) NavXTM, provided by St. Jude MedicalTM; or (iii) RhythmiaTM,

provided by Boston ScientificTM[2, 3]. The main disadvantages of this kind of map-

ping system are that (i) they cannot determine if the scar is completely transmural

or not, i.e. if it is extended through the entire thickness of the wall of the heart or

not; and that (ii) the voltage measurements depend on the wave front activation

pattern and this can change if the patient suffers and ectopic arrhythmic episode.

Physiological information about the pathological status of the tissues can be

provided by the characterization of biological substrates by means of electrical

impedance. It has been reported that normal and infarcted myocardium can be dif-

ferentiated by measuring the myocardial electrical impedance (module and phase

angle) using an intracardiac electrocatheter [4]. Myocardial electrical impedance

1



Chapter 1. Introduction 2

is a biophysical property of the heart that is influenced by the intrinsic struc-

tural characteristics of the myocardial tissue as denoted by experimental models

of acute and chronic myocardial infarction[5–7]. Necrotic infarct scar shows a

lower impedance module and amplitude, and a flatter phase angle deviation than

healthy myocardial tissue[8].

Different methods and systems using the impedance to identify infarcted regions

of the heart has been studied and described. However, these systems measure

the impedance at a single frequency or at few selected frequencies and only few

impedance measurements could be taken during the cardiac cycle due to the time

required to inject the wide current spectrum by frequency sweeping. The cardiac

movement during contraction and relaxation induces impedance changes that in-

crease the dispersion of impedance measures and this curtails the capacity of the

system to recognize the structural derangement. Moreover, in some cases, it can

be developed an heterogeneos transmural scar and mapping of low voltage endo-

cardial electrograms does not allow appropriate discrimination among sites with

different degrees of transmural involvement[9, 10]. In clinical practice, the het-

erogeneous nature of the infarct scar may only be assessed accurately by cardiac

magnetic resonance imaging [11]. Nevertheless, previous studies have reported dif-

ferential biophysical electrical characteristics between the normal myocardium and

the infarcted tissue that can be useful[4]. In [12] a refinement of the impedance

measurement technique was demonstrated by applying fast broadband electrical

impedance spectroscopy (EIS) that permitted to characterize the changes in my-

ocardial impedance during the cardiac cycle in normal and acute ischemic condi-

tions in the in situ porcine heart [13]. Using this novel technique a new mapping

system has been developed to solve at least partly the drawbacks and limitations

of known systems used in clinical practice.

1.2 Objectives of the project

This project aimed to verify the accuracy of the novel local myocardial impedance

mapping system in identifying the extent of the infarct scar. Thus, the goals

expected to accomplish during this work were:
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. To create a simplified 3D Finite Elements model of a pig thorax with a left ventri-

cle to simulate the experimental measurements, always comparing and validating

the results obtained with experimental data.

. To study the time behavior of the impedance measurements in the experiments

performed with the equipment (which was related with the amplitude of the sig-

nals). We strongly believed that is important to take into account this effect and

understanding its nature and its cause in order to comprehend completely the new

technique.

. Finally, using the models, to analyze limitations of the technique related to

senstivity and spatial resolution. Moreover, to evaluate different possible factors

that can influence in the measurements, such as the effect of the intracavitary

catheter position within the ventricle.

1.3 Project overview

The content of this document has been structured in the following way:

Chapter 2. Background. In this chapter the main concepts used in this research

are presented. These are: electrical bioimpedance —basic concepts and its relation

with biological tissues, specifically myocardial tissue —, and the description of the

novel equipment that we are interested to evaluate.

Chapter 3. Methods and Materials. In this section there are exposed the methods

and the materials used. On one hand, a brief explanation of how the analyzed

experimental data has been obtained; and on the other hand, the basis of the finite

elements models developed and the software used to solve the electromagnetic

problems based on partial differential equations. It is also explained the method

use to obtain the sensitivity maps.

Chapter 4. Results and Discussions. In Chapter 4, each of the studies accom-

plished is presented with its results and a concise discussion of them.

Chapter 5. Conclusions. Finally, the conclusions of the project are exposed.



Chapter 2

Background

2.1 Electrical bioimpedance

2.1.1 Basic concepts

Among the different physical properties of the biological tissues, we are interested

in the passive electrical ones. These are the dielectric permittivity, ε, and con-

ductivity, σ, which determine, respectively, the charge density (
−→
D) and current

density (
−→
J ) induced in response to an applied electrical field of unit amplitude:

−→
D = ε

−→
E = ε0εr

−→
E (2.1)

−→
J = σ

−→
E (2.2)

It is possible to write the dielectric permittivity as the product of the vacuum

permittivity (ε0) and the relative permittivity (εr) of the material.

By definition, electrical impedance (Z) is the measure of the opposition that a

body – here, a biological tissue – presents to a current (I) when a voltage (V ) is

applied (Eq. 2.3). It is a complex number and we can decompose it in its real

part, R, and its imaginary part, Xc.

Z =
V

I
(2.3)

Z = R + jXc (2.4)

4



Chapter 2. Background 5

The passive electrical properties (ε and σ) of a material are related with the

impedance. In addition, considering an homogeneous and isotropic object, the

electrical impedance values also depend on a geometrical factor known as a cell

factor (k), which is determined by the geometry of the electrodes and the object

[14].

Z = k
1

σ + jwεrε0
= k

1

σ∗
= kρ∗ = k(r + jx) = k|ρ∗|,∠(ρ∗) (2.5)

where:

j = imaginary symbol; k = cell factor (m−1); σ = electrical conductivity

(S/m); w = angular frequency; ε0 = vacuum permittivity; εr = relative

permittivity; σ∗ = complex conductivity; ρ∗ = complex resistivity; r = re-

sistivity; x = reactivity

It can be noticed that electrical impedance depends on the frequency of the current

that flows through a material but also on the material on which the current is

applied. Historically, impedance measurements were given as resistivity because

the imaginary part was small and was neglected. This is a correct approximation,

especially at low frequencies (1 kHz and below). However, at higher frequencies,

the imaginary part increases and the complex resistivity must be considered as a

complex number.

2.1.2 Electrical properties of biological tissues

The human body exhibits many levels of structural complexity. It is composed

of various organ systems which can be grouped into functional units. These are,

for example, the nervous system, cardiovascular system or respiratory system.

An organ is a structure composed of several tissue types, which performs specific

functions. Again, tissues consist of a group of similar cells that have a common

function. Cells are the smallest and fundamental units of all living things. Thus,

even if different systems or organs perform different function, they consist of the

same building blocks: cells, linked together either by an extracellular matrix or by

direct adhesion of one of them which another.
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The boundary of cells is a membrane composed of a thin lipid bilayer and proteins

embedded in it (see Fig. 2.1). Each monolayer has its hydrophobic surface facing

towards the inside and its hydrophilic surface facing towards the intra- or extracel-

lular fluid. One of the main role of the cell membrane is to regulate the exchange

of chemical substances. Due to its molecular components, cell membrane acts as

a dielectric interphase and it could be considered as the two plates of a capacitor.

Figure 2.1: Diagram of the cell membrane

Inside the membrane we find the cytoplasm, a substance that fills most of the

cell volume. To live, the cell must be surrounded by an electrolytic solution.

So, living cells contain and are surrounded by different electrolytes. The present

ions are mainly H+, Na+, K+, Ca2+, Mg2+, HCO2+, Cl−, Proteins−,HPO4− and

SO4−. Thus, extracellular space and cytoplasm are highly conductive[15]. The

membrane is an insulator, which prevents current at low frequencies from entering

the cells. At lower frequencies (see Fig. 2.2), almost all the current flows through

the extracellular space only, so the total impedance is largely resistive and is

equivalent to that of the extracellular space. At higher frequencies (see Fig. 2.2,

again), an effect of short-circuit appears in the membrane. The current can cross

the capacitance of the cell membrane and so enter the intracellular space as well.

Then, it has access to the conductive ions in both the extra- and intra-cellular

spaces, so the overall impedance is lower. This leads us to deduce that it is

necessary the existence of some relaxation behavior, as in the dielectric materials,

that is able to reproduce this frequency phenomenon of the tissues.

It is important to underline that the conductivity in the living tissues depends

on several factors, not only frequency, such temperature, water content, blood

perfusion, as well as on the way the measurement is performed (in vivo, ex vivo,

etc.). The electrical behaviour of the living tissues reveals a dependence on the

frequencies of the dielectric parameters due to different relaxation phenomena
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Figure 2.2: Frequency current behaviour

that occur when the current passes through the tissue. When the frequency of the

applied current increases, the conductivity of most tissues rises. This increment in

conductivity is associated to a decrease in permittivity, in three main relaxations

as it is shown on Figure 2.3: α, β and γ [16]. Each one of these steps characterize

one kind of relaxation that occurs in an specific range of frequencies and that is

characteristic for each tissue.

Figure 2.3: Ideal representation of the permittivity and conductivity of bio-
logical tissues according to the frequency from [16]

We are interested in the β-relaxation. This relaxation is more closely linked to

the cell membrane properties and to the way cells group together form the dif-

ferent tissues. The complex conductivity (σ∗) and the complex permittivity (ε∗),
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electrical properties of the tissues, are tensors, but if we assume that the tissue is

isotropic, lineal and time-independent, we can consider them scalars that depend

on frequency[14].

Different models of concentrated parameters can be used in order to represent

electrically a biological tissue. A simple model able to represent quite well the

pass of a sinusoidal current through a tissue is the one presented on Figure 2.4.

This model is created from a cell immersed in an ionic medium, where it is consid-

ered the resistance of the intracellular (Ri) and extracelular (Re) media and the

resistance (Rmc) and capacity (Cmc) of the cell membrane[17] .

Figure 2.4: Model representing the main mechanisms that determine the
impedance of a cellular suspension adapted from [14]

There are more complex representations of electrical models. For example, the

ones that take into account the relaxation phenomena observed in Debye equation

of complex permittivity [18]:

ε∗(w) = ε∞ +
εs − ε∞
1 + jwτ

(2.6)

where ε∞ and εs are permittivity at high and low frequency respectively and τ is

the time necessary for the dipolar molecules to orientate when an electric field is

applied (relaxation time).

However, these models are still very simple. Since the modelling of heterogeneous

media such as biological tissues involves several time constants, a large number

of empirical relaxation functions have been proposed to describe the electrical

behaviour of tissues. The relaxation function for the complex permittivity that
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has probably been the most widely used is Cole–Cole equation, which is based on

a distribution of relaxation time constants[19]:

ε∗(w) = ε∞ +
εs − ε∞

1 + (jwτc)(1−α)
− j σs

wε0
(2.7)

where σs is the static conductivity for the free carriers of the material, α is an

empirical parameter characteristic of the distribution of the relaxation frequencies

and fc (τc = 1/2πfc) is the frequency corresponding to the mean value of the

distribution of the relaxation frequencies.

In the same way, an analog expression for the impedance can be derived:

Z = R∞ +
R0 −R∞

1 + (jwτc)(1−α)
(2.8)

Both, Debye model and Cole-Cole model, can be found widly explained with detail

in [8, 15, 20, 21].

2.1.3 Myocardial electrical bioimpedance

The whole myocardial electrical impedance is an overall estimation of the intra-

and extracellular resistances and the cell membrane capacitance. It is also a bio-

physical marker of the state of integrity of the myocardial tissue [5].

Equation 2.5 is only valid for a homogeneous and isotropic objects. Myocardial

tissue might be considered as homogeneous but it is highly anisotropic due to

the complex structure of the fiber orientation. Its elongated arrangement and the

parallel alignment of the muscle cells (with a typical length of 100 µm) originate

a bidirectional electrical anisotropy, longitudinal and transverse in relation to the

alignment direction (direction of the fibers). At the microscopic level (1-10mm)

it can be seen a gradual change in direction of the fibers of more than 120◦ from

the epicardium to the endocardium [22]. This structure hinders the measurement

of the specific longitudinal and transverse impedance, with respect to the muscle

fibers.

Moreover, phasic changes in myocardial resistivity (both transversal and longi-

tudinal) are observed during cardiac cycle [13, 23]. These could be due to the
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geometric changes of the intra- and extravascular compartments and the muscle

cells during contraction, which are closely linked to the mechanical activity of the

beating heart. The cardiac cycle is a period from the beginning of one heart beat

to the beginning of the next one. Each part of the cycle consists of several phases

characterized by either a strong pressure change with constant volume or a vol-

ume change with a relatively small change in pressure. It is composed of two main

parts (see Fig. 2.5):

i. Ventricular contraction called systole that includes:

1. Isovolumic contraction.

2. Ejection.

ii. Ventricular relaxation called diastole that includes:

3. Isovolumic relaxation.

4. Rapid ventricular filling.

5. Slow ventricular filling (diastasis).

6. Atrial contraction.

Another possible explanation of these phasic changes in the resistivity is the thick-

ening of the myocardial wall. The change in thickness of the heart wall during the

cardiac cycle has a characteristic pattern as it can be seen in Fig. 2.7.

Ischaemia is the insufficiency or total lack of blood in an organ —it may also be

described as inadequate blood flow to any body part —, caused by a restriction or

obstruction of the blood vessels. A prolonged ischaemia may cause the cell necrosis

of the tissue. In the case of the heart, we designate this condition as myocardial

infarction. After an infarction, a scar is often developed. The scar tissue was

made of fibroblasts, collagen fibers and few capillars. The scar after an infarction

has less resistivity than normal tissue and, unlike the normal myocardium, the

resistivity and the phase angle of the scar do not change with the increase of the

frequency of the current, which reflects the absence of a capacitive effect due to

the absence of the cell membranes. So, whereas the healthy myocardia show a

significant dependence of the frequency in the impedance properties, this is not

observed in scar tissues.
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Figure 2.5: Wiggers diagram relates atrial pressure, ventricular pressure, aor-
tic pressure, ventricular filling, ECG and heart sounds on a real time scale. Two

complete cycles are illustrated.

Figure 2.6: Simultaneous records of LV pressure and myocardial wall thick-
ness. Vertical bars on the thickness record indicate ejection period as judged

from the flow record. Adapted from [24]

2.2 The equipment: mapping of local myocardial

electrical impedance

The aim of the studied equipment (a new technique of mapping of local myocardial

electrical impedance) is to provide a measuring device for medical applications,
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which can be used to characterize tissues integrity and solve at least partly the

drawbacks and limitations of known systems used in clinical practice (see Section

1.1). This is achieved by measuring the local changes in impedance during the

entire cardiac cycle by injecting electrical current with a broadband spectrum.

It applies specifically to the heart tissue, but can also be used to assess fibrotic

processes in other organs.

A PXI modular based commercial system (National Instruments, Austin, USA) is

now used to prove the method. However, a new device with the same benefits but

cheaper and more compact than PXI modular is being designed by the department

of biomedical engineering at Univeristat Politècinca de Catalunya. See Fig. 2.8.

The equipment takes benefit of the measurements of electrical resistivity of heart

tissue using the a technique of fast broadband electrical impedance spectroscopy

(EIS) (see [12]). This technique enables time varying bioimpedance measurements

within the entire cardiac cycle, at simultaneous multiple frequencies (between 1

kHz - 1 MHz), obtaining up to 1.000 spectrum measures/sec. With this proce-

dure it is possible to record the phasic systolic and diastolic changes in myocardial

impedance elicited during the cardiac cycle so the movement-induced impedance

changes become useful and gives additional information. This increases the ac-

curacy of the technique because it provides more information about the tissue

characteristics. Its characteristics make it a perfect device and method for map-

ping the inner (endocardial) regions of the heart, for example an atrial region or a

ventricular region, to delineate the extent of necrotic scar. That has a clinical ap-

plication in the catheter ablation treatment of ventricular arrhythmias in patients

with myocardial infarction.

The steps to perform an impedance measurement using the equipment comprises:

1. Put two contact electrodes on the body and insert at least one electrode placed

at the tip of an electrocatheter through a blood vessels or body openings. When

the electrocatheter is inside the heart: select an area of interest of the cardiac

tissue, identify one or more measurement locations in the selected area of interest

and place the electrocatheter probe at the one or more measurement locations.

2. Generate and apply to the patient an alternating broadband electrical current

signal between the electrode of the intracavitary electrocatheter and an external

skin electrode. Measure the voltage signals and determine the impedance at each
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frequency. This procedure use the 3 electrode technique (3EM) to take the biolog-

ical measurement. A current (I0) is applied between two electrodes, Ze1 and Ze2

—in our case the intracavitary catheter and one of the skin electrodes, which we

call reference electrode. This currents flows across the tissue. The voltage (V0) is

detected between another external electrode (Ze3) and Ze1.

Figure 2.7: Configuration of the 3EM, adapted from [14]

3. The system comprises the device to make the measurements connected to an

external processing apparatus via a communication link. Once the measurements

has been performed, the values are fitted to a custom mathematical model. The

fitted parameters are the inputs of an algorithm that outputs a numerical value

directly related to the tissue structural integrity.

Figure 2.8: The electronic equip-
ment

Figure 2.9: Intracavitary electro-
catheter
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Methods and Materials

3.1 Experimental data

The experimental data used in this project was acquired in the laboratory of the

Department of Cardiology at Hospital de la Santa Creu i Sant Pau. A PXI modular

based commercial system (National Instruments, Austin, USA) was used to obtain

the impedance measurements.

Study population

Eighteen domestic swine (Landrace-Large White cross) weighing about 35 Kg were

premedicated with a combination of ketamine (12mg/kg, intramuscular (IM)) and

midazolam (0.6 mg/kg, IM) and then anesthetized with propofol (4 mg/kg, intra-

venous). The animals were intubated and mechanically ventilated with a mixture

of oxygen and 2.5 % sevofluorane to maintain general anesthesia. Remifentanyl

(0.02 mcg/kg/min, intravenously (IV)) and atracuriumbesylate (1 mg/kg, IV)

were administered during the procedure for analgesia and muscular relaxation,

respectively.

The study protocol was approved by the ethics and animal welfare committee

of Hospital de la Santa Creu i Sant Pau, and were conducted according to the

regulations for treatment of animals established by the Guide for the Care and

Use of Laboratory Animals published by the U.S. National Institutes of Health

(NIH Publication No. 85-23, revised 1996).

14
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Chronic myocardial infarction

One femoral artery was catheterized with a 7-F introducer to insert a 6-F guide

catheter (Merit Medical Europe, Maastricht, The Netherlands). Under fluoro-

scopic control, the catheter was advanced to the ostium of the left anterior de-

scending (LAD) coronary artery and a catheter with a 3mm x 15mm balloon

(Maverick, Boston, MA, USA) was positioned at the mid segment of the LAD,

distal to the first diagonal branch. Sodium heparin (150 IU/kg, intravenous bo-

lus) was administered to prevent thrombus formation during the procedure. All

animals were submitted to 150 min LAD occlusion by inflation of the balloon at

12 atm followed by reperfusion. The animals were allowed to recover and 1-month

later having developed a necrotic infarct scar.

Left ventricular mapping (CARTO system)

One-month after coronary artery occlusion all pigs undergo LV voltage mapping

of local electrograms as well as endocardial mapping of local tissue electrical

impedance under general anesthesia and mechanical ventilation.

◦ Voltage mapping

A quadripolar CARTO R© catheter (Biosense Webster Inc.,CA, USA) was intro-

duced into the LV and point-by-point sequential endocardial voltage values of

local bipolar and unipolar electrograms were recorded in the infarcted region and

in the neighboring normal myocardium and then graphically represented using the

CARTO system (XP version, BiosenseWebster Inc., Diamond Bar, CA, USA). It

is currently accepted that the cut-off of voltage values to distinguish dense trans-

mural scar and nontransmural scar areas are 0.5 and 1.5 mV respectively. Color

voltage maps were constructed and the color range was set at 1.5 mV and then

lowered in steps of 0.1 mV.

◦ Electrical impedance mapping

The magnitude (Z) and phase angle of myocardial electrical impedance were mea-

sured at the same sites included in the voltage mapping. The same electrocatheter

used for the voltage mapping was therefore connected to a purposely-designed

measuring system. The electrocatheter was connected to a custom isolated front

end to ensure electrical safety. Control and data acquisition were performed by
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a PXI modular based commercial system (National Instruments, Austin, USA),

including the required boards for control, signal generation, acquisition and data

analysis. Myocardial electrical impedance was measured applying an alternating

current consisting on the addition of different frequency components (from 1 KHz

to 1 MHz) between the distal electrode of the electrocatheter and a skin electrode

placed in the dorsal region. With this electrode arrangement the greatest current

density is generated in the myocardial tissue in contact with the catheter, thus

affording the greatest recording sensitivity in these areas. The recording system

is capable of acquiring up to 1,000 impedance measurements per second at each

single frequency in the selected band (1 kHz to 1 MHz).

See Figures 3.1 and 3.2.

Figure 3.1: One of the individuals
undergoing the mapping phase

Figure 3.2: On the right:
CARTO system

3.2 Models and Simulations

Now, it is described the models that have been designed in order to evaluate,

by means of the Finite Element Method (FEM), the novel impedance mapping

technique. The analysis throughout the finite element method (FEM) allow us to

solve the boundary problem, i.e., it provides the tools to know the current distribu-

tion in an specific geometry in accordance with its conductivity and permittivity

properties, given a determined voltage on the used electrodes.
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3.2.1 Finite Element Method simulation: COMSOL Mul-

tiphysics

3.2.1.1 Electromagnetics review

The problem of electromagnetic analysis on a macroscopic level is that of solving

Maxwell’s equations subject to certain boundary conditions. Maxwell’s equations

are a set of four partial differential equations that govern the spatial and temporal

evolution of the electrical and magnetic fields. These equations unify the concept

of electrical field and magnetic field into the wider concept of electromagnetic field.

They can be formulated in differential or integral form. The differential form is

presented here, since it leads to differential equations that the Finite Element

Method can handle.

For general time-varying fields, Maxwell’s equations can be written as:

∇×
−→
H =

−→
J +

∂
−→
D

∂t
(3.1)

∇×
−→
E = −∂

−→
B

∂t
(3.2)

∇ ·
−→
D = ρ (3.3)

∇ ·
−→
B = 0 (3.4)

where:
−→
E = electric field intensity;

−→
D = electric flux density or electric displace-

ment;
−→
H = magnetic field intensity;

−→
B = magnetic flux density;

−→
J = current

density; and ρ = electric charge density.

The first two equations are also referred to as Maxwell-Ampère’s law (eq. 3.1) and

Faraday’s (eq. 3.2) law. Equations 3.3 and 3.4 are two forms of Gauss’ law: the

electric and magnetic form, respectively.

Another fundamental equation is the equation of continuity:

∇ ·
−→
J = −∂ρ

∂t
(3.5)

Out of the five equations mentioned, only three are independent.
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To obtain a closed system, the equations include constitutive relations that de-

scribe the macroscopic properties of the medium. In our problem we are interested

in two of these relations. The first one is the Ohm’s law, the relation defining the

current density. It can be generalized by introducing an externally generated cur-

rent Je. The resulting constitutive relation is:

−→
J = σ

−→
E +

−→
Je (3.6)

The other is the relationship used for electric fields. For a linear material it results

to be:
−→
D = ε0εr

−→
E (3.7)

where σ = electric conductivity and ε0, εr = permittivity of vacuum and relative

permittivity, respectively).

To get a full description of an electromagnetic problem, it is also needed to specify

boundary conditions at material interfaces and physical boundaries. At interfaces

between two media, the boundary conditions can be expressed mathematically as:

−→n2 × (
−→
J1 −

−→
J2) = −∂ρs

∂t
(3.8)

where ρs is the surface charge density,
−→
J denote surface current density and n2 is

the outward normal from medium 2.

3.2.1.2 COMSOL use

In order to perform the simulations of the tissue electrical impedance measure-

ment in the model, we selected COMSOL Multiphysics software R©. COMSOL

Multiphysics is a powerful interactive environment for modelling and solving all

kinds of scientific and engineering problems based on partial differential equations

(PDEs). When solving the models, this software uses the proven finite element

method (FEM). We selected a FEM analysis because it is very suitable for solving

partial derivative equations when the domain has a complex form [25].

The key feature of the Finite Element Method is the discretization through the

creation of a mesh made up of primitives (finite elements) in a coded manner

(triangles and quadrangles in 2D domains, hexahedrons and tetrahedrons in 3D
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domains). On each element characterized by this elemental shape, the solution

of the problem is assumed to be expressed by the linear combination of functions

called basis functions or shape functions.

To obtain the value of the simulated impedance, the steps to be taken are the

follwing:

1. The first thing to do after opening COMSOL is to choose the application mode

of the software that is going to be used. In our case, we used the electric

current module, that you may find under quasi-static/electric AC/DC module

in 3D because we are modelling a case of the application of a sinusoidal current

to a linear, homogeneous material in which there is no influence between the

electrical field and the magnetic field (quasi-static approximation). Because of

the frequencies used and the model dimensions, quasi-static approximation is

valid. In the Model Builder window, every step of the modeling process, from

defining global variables to the final report of results, is displayed in the model

tree.

2. Then, the geometry has to be generated. Several techniques can ensure that

a geometry results in a good mesh and gives reasonable solution times for the

finite element analysis. They include the use of symmetry and eliminating small

details, gaps, holes, and singularities. That is one of the reasons why we have

worked with such a big simplification.

3. Once the geometry is defined, the materials that are going to be used in the

model have to be selected. All COMSOL modules have predefined material

data available to build models and it is possible to define your own materials

too. For example, in our model all the materials and properties needed have

been defined externally based on the references. Then, each material have to

be assigned to the corresponding domain of the model.

4. With the geometry and materials defined, one is now ready to set the boundary,

bulk and initial conditions for your system. Solving PDEs generally means that

one must take the time to set up the underlying equations, material properties,

and boundary conditions for a given problem. COMSOL Multiphysics, how-

ever, relieves of much of this work. The package provides a number of physics

interfaces that consist of predefined templates and user interfaces already set

up with equations and variables for specific areas of physics. Since we have
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chosen electric current module, the equations and conditions needed to sole the

problem are already provided by the interface.

5. Next step is to generate the mesh of the model. A mesh is a partition of the

geometry model into small units of simple shapes. The mesh generator creating

free meshes, also referred to as the free mesher, is the only mesher that can be

used on all types of geometry objects. For a 3D geometry, the mesh generator

partitions the subdomains into tetrahedral, hexahedral, or prism mesh elements

whose faces, edges, and corners are called mesh faces, mesh edges, and mesh

vertices, respectively. The default by the software is to use a mesh that is

controlled by the physics. It creates an unstructured mesh if you click the

Initialize Mesh button on the Main toolbar. The mesh is then adapted to

the current physics settings in the model and the number of mesh elements is

determined from the shape of the geometry and various mesh parameters.

6. Finally, the solution of the problem have to be calculated. Under the node

Study it is possible to adjust solver parameter and compute. Once the solution

is prvoeidad COMSOL Multiphysics offers many options in order to display the

desired results in the most meaningful way.

3.2.2 The models

The aim of the designed models is to obtain an approximation of the impedance

values that we have obtained in previous in-vivo experiments, in order to reproduce

and understand —in a more controlled way than in clinical practice —some of the

phenomenon that are presented in the measures. We have based our study on three

similar models of finite elements: (i) basic model, (ii) end-systolic moment and (iii)

end-diastolic moment; which represent respectively, a ventricle that has a medium

volume, and the smallest and the biggest volume of the ventricle during the cardiac

cycle. This also implies a ventricle with a medium wall thickness and the thinnest

and the thickest of the thicknesses. All of them are modelled as simplified swine

thorax model based on proportional dimensions of the experimental individuals

with a spherical structure inside the thorax exemplifying the left ventricle.

The thorax of the swine has been shaped with a cylinder using the mean length

and mean heart girth (see Fig. 3.3 and 3.4) of the individuals: 80 cm and 25 cm,

respectively (see Fig. 3.5). All these data has been provided by the Department
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of Cardiology at Hospital de la Santa Creu i Sant Pau. This structure is equal for

the three models.

Figure 3.3: Length: from the base
of the ear to the base of the tail.

Figure 3.4: Heart girth: the cir-
cumference just behind the forelegs

Then, we developed an assembly of a thorax model, consisting of only one struc-

ture: the left ventricle (LV). We chose not to detail further the created model for

three main reasons: 1) the large differences in electrical conductivity and permit-

tivity data for different tissues published in various studies, that will be a major

source of uncertainty, 2) the design of the geometry must be simple in order to

allow COMSOL Multiphysics to produce a Finite Element (FE) mesh with a lim-

ited number elements and have a reasonable computation time, and 3) because we

were mainly interested in proving if all the measurements effects were only due to

event related to the LV. Furthermore, we decided to model the LV as an sphere

to maintain this degree of simplification.

In order to represent as accurate and realistic as possible the external position of

the LV inside the thorax, we have used the Computed Tomography (CT) images of

the studied swines. After an inspection of them we were able to obtained a reliable

location of the LV. If we consider the z-axis as the anteroposterior axis and define

the origin in the posterior end of the animal, the LV was placed at z=52.7 cm.

Then, it was slightly moved to the left, exactly moving 2.5 cm the center of the

sphere. In regard to the distance of the LV to the chest, we concluded that this

depends on the moment of the cardiac cycle.

For the basic model, the volume (V ) of the LV was the mean value of the end-

systolic and end-diastolic volumes for the five individuals for which these param-

eters has been studied. These volumes has been obtained by the members of the

Department of Cardiology at Hospital de la Santa Creu i Sant Pau reconstructing

the heart in base of the CTs. The distance to the chest (from the myocardium), d,
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Figure 3.5: Bases of the geometric model

was also the mean value obtained for all the CTs. The myocardium thickness (tm)

was adjusted to 12 mm, which represents the mean value of myocardial histological

results for previous experiments [14].

In order to design the models to study the effect of the phasic systolic-diastolic

changes of local tissue electrical impedance, we have used the CT of only one of

the studied pigs (Figures 3.6 and 3.7) to find the thickness of the myocardium and

the position of the ventricle for each of the moments. The volumes used are the

ones corresponding to this specific individual at these moments. Table 4.1 details

the concrete geometric measures of the three models.

Figure 3.6: CT used to take end-
systolic proportions

Figure 3.7: CT used to take end-
diastolic proportions
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Figure 3.8: Axial plane of end-
systolic model

Figure 3.9: Axial plane of end-
diastolic model

Model tm [cm] V [mL] d [mm]
Basic 1.2 100 30
End-systole 0.85 91 34
End-diastole 1.4 134 39

Table 3.1: Geometric parameters for the model

For the case of healed myocardium (scar) whose thickness should be 4 mm a sphere

with a radius of 2.2 cm and a cylinder with a radius 1.5 cm were used upon the

LV of the basic model, for thickening the tissue and simulating the apparition of

a scar. Thus, minimum thickness of the scar is 4mm and its length is 3 cm[14] .

Figure 3.10: View (i) of LV with
scar

Figure 3.11: View (ii) of LV with
scar
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Each geometric domain is related to a material. We used muscle tissue for the

thorax, blood inside the LV and, obviously, myocardium (healthy or healed) for the

LV wall (see Fig. 3.16. Homogeneous and isotropic resistivity values were assigned

to each of the defined materials (blood, muscle, healthy myocardium and healed

mycoradium). Values in [8] were used for the electrical properties of myocardial

tissue. As the current crosses practically perpendicular to the tissue, transmural

values were chosen. Since in the clinical practice one of the most used frequencies

is 41 kHz, we have mainly used this value[26]. On Table 3.2 is shown the values

for the properties at this frequency1.

Material Electrical conductivity Realitve permittivity
[S/m]

Healthy myocardium 0.41 28785
Healed myocardium 0.97 1
Muscle 0.35 10885
Blood 0.70 5210

Table 3.2: Electrical properties of the materials at 41kHz

Once the model was built, an area of 8x16 cm was defined, which represents one

of the superficial electrode on the chest (Figures 3.12 and 3.13), the reference

electrode (see Section 2.2) and we designated it as the ground. We also defined

another superficial area of 3.8 cm diameter at 90◦ from the center of the refer-

ence electrode. This surface represents the external electrode used to make the

measurements and has the boundary property of a floating potential. Finally, the

intracavitary catheter (from where the current is applied) was simulated according

to the real averages: a cylinder of length 5 mm and radius 1.25 mm with a hemi-

spherical tip. In some cases, to take into account that the catheter has a plastic

coated wire as a continuation, another cylinder of the same diameter is attached

to represent it, as it can be seen on Fig. 3.15. Both the electrodes and the surface

of the catheter were defined as perfect electric conductors, whereas the coating of

the wire was a perfect insulating.

The catheter has been set to a current value of 1 mA (the same used in clinical

practice) and the reference electrode at a voltage of 0 V. The complex impedance

is calculated as the ratio between the voltage difference between the catheter and

the other external electrode and the injected current 2.

1Values of the properties used for other frequencies are available at the Appendix B
2All the computed data is available at the Appendix C
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Figure 3.12: Skin electrodes Figure 3.13: Model of the exter-
nal electrodes

Figure 3.14: Intracavitary elec-
trocatheter

Figure 3.15: Model of the intra-
cavitary catheter with coated wire.

Electrode tip surrounded.

Figure 3.16: Axial view at z=52.7 cm of the model with its materials
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3.3 Sensitivity field calculations

One of the methods used to evaluate the new local impedance mapping is the

sensitivity field calculations, which is a very powerful tool. The sensitivity distri-

bution of an impedance measurement gives a relation between the impedance Z

(and change in it) caused by a given conductivity distribution (and its change)[27].

According to [28], the sensitivity distribution, can be obtained by using volume

conductor analysis involving the lead field theory and reciprocal energization of

leads. Each cell, organ, and tissue makes its contribution to the formation of the

impedance signal. With the lead field method these contributions can be taken into

account simultaneously. The measured impedance change ∆Z can be evaluated

from the change in resistivity within a volume conductor ∆ρ and the sensitivity

distribution S by [29, 30]:

∆Z =

∫
V

∆ρS dv (3.9)

The measurement sensitivity S is obtained by first injecting a current I between the

two current electrodes and computing the current density J1 in each small volume

element in the material as a result of this current. The second lead field is then

obtained by calculating the current field produced by injecting the same current

between the voltage measurement electrodes, and again computing the resulting

current density J2 in each small volume element. These two current fields, or lead

fields, form the combined sensitivity field of the technique measurement as follows

[29]:

S =

−→
J 1 ·
−→
J 2

I2
(3.10)

where S is the scalar field giving the sensitivity to conductivity changes at each

location in the model,
−→
J 1 is the lead field produced by current excitation elec-

trodes, and
−→
J 2 the lead field produced by the reciprocal energization of voltage

measurement leads. Thus, sensitivity at each location depends solely on the angle

and magnitude of the two fields and can be either positive, negative, or null. In a

region of null sensitivity, slight changes in conductivity are not sensed, while high

absolute value of S means a region very sensitive to changes in resistivity. Increas-

ing resistivity (or decreasing conductivity) in a region of negative sensitivity will
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result in decreasing impedance, on the other hand, increasing resistivity in areas

of positive S implies a higher total measured impedance. The overall sensitivity

of any tissue type in contributing to the measured basal signal is obtained by

integrating the sensitivity values of the tissue over the volume it occupies [31].

Figure 3.17:
−→
J 1 lead field Figure 3.18:

−→
J 2 lead field
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Results and Discussion

4.1 Verification of the simulated data

In other studies (such as [18]) more complex thorax models with intermediate

structures such as bones and lungs were designed. Using this kind of models

in our project only increased the computation time (so that in some cases the

software collapsed) and there were not significant changes in the final results.

That is why considering the thorax without any more structure than the LV was

a good approximation. Moreover, as we are going to see later (section 4.4), for

this technique the regions with higher sensitivity are the ones near the catheter;

so the influence of this big region is minimal. We also considered all the thorax as

an homogeneous material. Different proves were done in order to find the suitable

material properties for this material. We looked for a reasonable conductivity

value that made the computed values be as similar as possible as the experimental

ones. It had given the case that the most suitable properties resemble those of

muscle tissue cited in the references. This result seems logical: muscle is one of

the most abundant tissue of the body and is one of the less electrical insulating

[26]. As long as current take the path where the resistance is smaller, one of their

most likely paths would be muscles.

Next, we are interested in obtaining computed values of impedance similar to

the real ones. The biggest problem at this point is the the variability of the

experimental data in the same individual (standard deviation around ± 19 Ω)

and between individuals. Taking into account that we have designed a medium-

sized thorax model, a computed value of impedance near the mean value of all

28
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the healthy tissue measurements is a good approximation. The mean value of Z

magnitude (at 41 kHz) of the individuals which has been already studied is: 75

Ω (5 animals, 7 measures of healthy tissue for each one). The value that we has

obtained using the simple model is |Z| = 72 Ω, so we could strongly consider that

we are taking good assumptions and that the model is correct enough. In addition,

there is possible a deviation from values due to the presence of the catheter: in

the simulations all the electrodes are perfect conductive surfaces, however in real

life these electrodes, specifically the catheter, add resistance and phase. This

assumption has been proved with a simple experiment submerging the catheter

into a saline solution and comparing it with the replica of the set-up in a finite

elements simulation 1. At 41 kHz, the added impedance is of about 13 Ω and -2◦.

4.2 Study of the time modulation signal

As it was explained in section 2.1.3, phasic changes in myocardial impedance are

observed during cardiac cycle (see Fig. 4.1). Previous studies ([13, 23]) analyzed

this changes of myocardial resistivity (3-5 %) using open-chest techniques directly

on the tissue. Nevertheless, during experiments with PXI modular (section 3.1),

it has been observed that the modulation of the signal is bigger than what we

expected if only the variations due to the conductivity were considered (changes

of about 20-30 %: mean amplitude of 22.1 Ω. Study of 5 animals, 7 measures of

healthy tissue for each one). We strongly believed that is important to take into

account this effect and understanding its nature for totally dominating the new

mapping technique.

Figure 4.1 shows a real measurement of |Z| with its corresponding synchronized

electrocardiogram (ECG) at 41 kHz. A solid relation between the moment of

the cycle and the shape of the magnitude is observed. The minimum of the

signal matches with the QRS complex, specifically just before it, and then the

signal begins to increase. It continues growing until passed T-wave. After that, it

starts to decrease in two tranches, the second one corresponding with P-wave (see

section 2.1.3 to locate the different ECG waves). In this specific case, it shows an

amplitude modulation of the signal of more than 35 Ω, which corresponds to more

than a 40 % of the mean value.

1See Appendix A for further information of catheter characterization
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Figure 4.1: Top: Magnitude of Z. Bottom: ECG

Our first hypothesis was to think that this time modulation could be mainly due to

the thickening of the tissue. Compering Fig. 2.7 and Fig. 2.5 (and also the studied

CTs of the individuals), it is observed that maximum volume of the LV implies

minimum thickness and minimum volume means maximum thickness of the wall.

End-diastolic moment is the stage of maximum volume which means that is the

moment of minimum thickness. This would reinforce our hypothesis because if the

thickness is minimum, so is the impedance. However, there is no correspondence

with the moment of minimum volume (end-systolic stage), therefore maximum

thickness, and maximum impedance. The highest impedance appears during the

rapid ventricular filling, first stage of diastole just after systole.

Nevertheless, as long as the novel mapping impedance is not open-chest technique,

other many factors could influences the measurements. We considered that the

principal ones to take into account were:

(a) The thickening of the wall (Section 2.1.3), the one that we were hy-

pothesizing just above

(b) The change of blood volume during the cardiac cycle (Section 2.1.3)

(c) The movement of the heart during the cycle (distance to the chest)

(d) The penetration or distance from the catheter to the tissue

(e) A subestimation of the change of conductivity by previous studies
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In order to study each of them, first we used the simple model (at 41kHz) varying

each of the parameters separately, starting from the situation shown in the Figure

4.2, with σmyocardium = 0.4 S/m and a computed Z of 72-4j Ω. The results for

the different cases are shown in Figures 4.3 (case a), 4.4 (case b), 4.5 (case c),

4.6 (case d) and 4.7 (case e). We have included phase plots to complement the

measurement, however at 41kHz there is not important information in the phase

(see section 4.5). It would be needed the same class of study at higher frequencies.

Figure 4.2: Schema of axial view at z=52.7 cm

Figure 4.3: Magnitude and phase of Z according to the wall thickness

Figure 4.4: Magnitude and phase of Z according to LV volume
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Figure 4.5: Magnitude and phase of Z according to the distance from the wall
to the chest

Figure 4.6: Magnitude and phase of Z according to the penetration (negative
values) or distance (positive values) from the catheter to the tissue

Figure 4.7: Magnitude and phase of Z according to the myocardium conduc-
tivity

All of the possible magnitude variations of the different parameters separately are

far from the real ones. It seems that the most influential factors are the position

of the catheter and the value of the conductivity of the tissue.

Once we had evaluated each of the different parameters without a concluding an-

swer, we used the the models of the specific pig in end-systolic and end-diastolic

phase described in section 3.2.2 (see Figures 3.10 and 3.11). These were the easiest

stages of the cardiac cycle to evaluate, although end-systolic moment do not cor-

respond yet to the maximum impedance. This pig have had a transmural scar in

the anterior part of the LV, that is why we took the experimental data of posterior
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regions and, in the simulations, the catheter was placed in the back of the wall

(because we were interested in the measurements of healthy tissue). Using those

models was a way of combining the different parameters. The volume, the wall

thickness and the distance of the heart to the chest were known, so we only varied

the other two parameters.

Different possible positions of the catheter were considered. According to the

experiments, the tip of the catheter is always touching the tissue, however due to

the movement of the heart there is the possibility that it separates just a little (for

example, less than 1 mm). There is also probable that the catheter is not facing

the tissue with the tip. That is why we have studied three directions and for each

one near (0.5 mm) and touching the tissue. See Fig. 4.8.

Figure 4.8: The six different studied positions of the catheter

Conductivity data used for healthy tissue from [8] are only a mean value. As long

as we also wanted to vary the conductivity, we took the most favorable variation

for us of these parameter, i.e. for end-diastole (as there is smaller impedance) we

used larger conductivity than the mean one and for end-systole as there is bigger

impedance we used smaller conductivity than the mean one.

Figures 4.9 and 4.10 show the obtained results. Two clear outcomes can be briefly

discussed. The first one: the bigger the percentage that varies the conductivity

in each of the phases is, the larger is the impedance difference in the same point.

The second one, and surly the most interesting, the surface of catheter that is in

contact with the tissue has a notable influence on the magnitude of Z. In this way,

position 5 has the largest |Z|. If we take position 6 and one of the catheter position

that does not touch the tissue, we obtain an amplitude of modulation of 9 Ω and

11 Ω, respectively for Figures 4.9 and 4.10. Although under the previous premises
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Figure 4.9: Simulated |Z| in the 6
positions of Fig. 4.8, with σ ± 5%

Figure 4.10: Simulated |Z| in the
6 positions of Fig. 4.8, with σ±10%

modulation is bigger than changing all the parameters separately, the results are

still far from the desired amplitude of 20 Ω.

Finally, we gave a try with extreme cases. The end-systolic and end-diastolic

model were used too. We varied the separation of the catheter, facing the tissue,

from having all the tip covered (-1 mm inside the tissue) to not touching the tissue

(at 0.5 mm). However, this time larger difference between conductivities had been

utilized. We supposed that all the favorable parameters coincide. During the

contraction and ejection, when the volume is reduced and the wall widens the

catheter is covered with tissue, and this tissue has a change in conductivity (being

reduced). Instead, during diastole, the volume increases and the wall narrows and

increases its conductivity; at some point because the tissue retracts the catheter

has no longer contact with it.

Considering these extreme cases and the situation described above, the amplitude

modulation is still of the order of magnitude of 10 Ω (see the extremes of Fig.

4.11). These modulation would be even bigger if when the tip touches the tissue

the catheter is tipped a lot (like in Fig. 4.8 position 6). That is what we have

actually proved using the end-diastole model with σ+25% and catheter position

2 of 4.8 and the end-systole model with σ-25% and catheter position 5 of 4.8:

Model | Z | [Ω]
End-systole 66
End-diastole 83

Table 4.1: Z magnitudes at the most favorable hypothesis case
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Figure 4.11: Impedance magnitude favorably taking into account all the pos-
sible factors

These modulation of 17 Ω is extremely near of the real one. However, according

with the other cited investigations ([23]) these changes of conductivity would be

unreal. That is why, further proposed studies include designing an experiment

that could measure simultaneously the thick of the wall and the impedance using

a method similar to that of [8] for transmural measurements, in order to discard

a specific resistivity changes greater than those obtained in local methods.

4.3 Study of the measuring electrode position

One of the unknown questions in the clinical practice is if the place where the

external electrode used to make the measurements is located influences the mea-

sure. Since every individual is different, it is used the convention of locating this

electrode at, approximately, 90 degrees on the left side (see Figures 4.13 and 4.12.

In order to solve this question the simple model was used, using a frequency of

41 kHz and placing the catheter facing the ground electrode and touching the

tissue. Instead of evaluating the impedance, we evaluated the voltage. As long as

Z = (Vcatheter−Vmeasuring)/I, and Vcatheter is fixed, we were interested in evaluating

how the voltage can vary in the place where the measurement electrode is placed.
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Figure 4.12: Configuration of
3EM. In red, measuring electrode

Figure 4.13: External electrodes
schema. Pointed, measuring elec-

trode at 90◦

Figure 4.14: Schema of axial view at z=52.7 cm with equipotential lines (100
levels)

Most of the voltage drops around the catheter, so outside the vicinity of the

ventricle only about of 7 % of the total voltage falls. In other words, the place

where the measuring electrode is placed is not really important because the changes

that it could induced would be so small that they would be confused with noise.

This is clearly shown in Fig. 4.14. It is possible to see the distribution of 100 levels

of equipotential lines. There is a change of 1 % from one level to the next one.
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So from the 90◦ point (where the electrode is placed in the expermients), there is

a margin of about 45 degrees where the change in voltage is lower than 1 %. In

fact, that electrode could be even placed in the back without a perceptible effect.

4.4 Sensitivity maps

As it has been explained in Section 4.4, the sensitivity distribution of impedance

describes how effectively each region is contributing to the measured impedance

signal.

In this section, the simple model was used (thickness of myocardium = 1.2 cm), for

a frequency of 41 kHz, with the catheter placed 1 mm inside the tissue. Figures

4.15 and 4.16 show the product of the current fields
−→
J (the base of sensitivity

maps) placing the intracavitary catheter on the anterior and on the posterior

cardiac wall.

Figure 4.15: Sensitivity map, placing the catheter on the anterior wall

Figure 4.16: Sensitivity map, placing the catheter on the posterior wall
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At the beginning, we did not know for sure if placing the catheter in the back or

the front of the wall could lead to measurements of different kind. Nevertheless, we

have proved that the type of results are very similar. In both cases, the only region

that is very sensitive to changes in conductivity is the one surrounding the catheter.

The rest have a value so small compared to these that a change in conductivity do

not influence the measures. This is a remarkable fact for checking the model: what

there is beyond the region of maximum S does not affect in the measurements,

so it is a good simplification to not take into account other tissues or organs.

In addition, this mean that in clinical practice, volume of the lungs, stomach

condition, presence of the bones, etc. does not affect the measurements. Moreover,

they are regions of positive values which means that increasing conductivity in the

area implies a lower total measured impedance. These results fully coincide with

the experimental measurements. When we find healed tissue, which conductivity

is higher than healthy mycoradium (Table 3.2) the measured impedance has lower

values.

In Figures 4.17 and 4.18 we have changed healthy tissue conductivity for healed

tissue conductivity in inner and outer half of the heart wall, respectively; in order

to evaluate differences in sensitivity map for non-transmural scars. Fig. 4.19 shows

the values of
−→
J1 ·
−→
J2 for the inner and outer case in the three directions, i.e. taking

a point 2 mm away of the tip as the origin, how the values evolve if we move away

3 cm in each of the directions: x, y and z (Fig. 4.20). In the y direction, negative

values are inside the catheter, that is why they have not been considered.

Observing these figures it is possible to conclude several things:

(i) The evolution of the scalar product of the current fields is symmetric for X

and Z direction, i.e. if one moves in either direction of the axis, the values are

the same. Furthermore, for each of the cases (inner and outer scar) Z and X are

equal, which also implies a radial symmetry.

(ii) Healed tissue is more sensitive than healthy tissue. This can be observed both

in the origin position (where the values of the inner scar are higher) and where

there is the change of type of tissue at about ±1.7 cm (for X and Z directions) of

the origin (then, the values for the outer scar become higher).

(ii) Finally, we are interested in what happens on the Y direction. At 0.5 cm there

is the change of tissue and at 1.1 cm the change from myocardial tissue to muscle.

It can be subtly perceived by the change of slope of the curves. As we expected,
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beyond 1.1 cm they are very similar with the same tendency (as the kind of tissue

is the same, and the current density behaves similarly). From the origin (0 cm) to

the end of myocardium (1 cm),
−→
J1 ·
−→
J2 reduces three orders of magnitude in the

inner case and two and a half orders of magnitude in the outer case. These means

that a change of conductivity near the tip is well sensed and a change at the end

of the myocardium is badly sensed. This fact leads to think that a non-transmural

scar in the outer zone is difficult to detect.

Figure 4.17: Scheme and Sensitivity map for inner non-transmuarl scar

Figure 4.18: Scheme and Sensitivity map for outer non-transmuarl scar
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Figure 4.19: current fields
−→
J evolution in each di-

rection for inner and outer scar cases

Figure 4.20:
Scheme

4.5 Transmural scar study

Another important issue to evaluate is what happens in the presence of a transmu-

ral scar. Especially, we are interested in two issues. First one —which is of major

significance for doctors —is the resolution of the technique, at least qualitatively,

under these circumstances, in the sense of how close or far should be the catheter

to the scar in order to have a significant change in impedance. The other one,

to verify if the frequencies used in the clinical practice are the optimal ones to

obtain the biggest difference between the magnitude of Z (which has experimen-

tally turned out to be 41 kHz) and the phase (which in principle is at 300 kHz) of

healthy and healed measurements.

Here the simple model with the healed LV has been used. Impedance have been

calculated for different frequencies2. Figure 4.21 is an scheme of the different

positions where the simulated impedance has been computed.

Figures 4.22 and 4.23 show the simulated impedance values (of magnitude and

phase, respectively) at the nine different studied placed taking the middle of the

healed tissue as the origin (0 cm, ±0.75 cm, ±1.4 cm, ±1.7 cm and ±2.25 cm).

At the plots, from left to right, each point corresponds to position I to IX. An

interesting aspect to comment is that measurements are symmetric, which is logic

2Conductivity and relative permittivity values for the different materials at different frequen-
cies could be found in the Appendix B
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Figure 4.21: Schema of the model used, with the positions where the
impedance has been evaluated

because ground electrode is centered at the chest. Figures 4.24 and 4.25 present

magnitude and phase spectrum of locations from I to V, which includes: healthy

myocardium (I and II), a change of the tissue and scar (III, IV and V).

Figure 4.22: Impedance phase according to relative position

Differences between healed and healthy myocardium are maximum at low frequen-

cies for the magnitude and at high frequencies for the phase. This can be clearly
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Figure 4.23: Impedance phase according to relative position

Figure 4.24: Impedance magnitude spectrum

observed in both: in Figures 4.22 and 4.23, where at higher frequencies the curve

becomes flatter and at low frequencies the curve becomes flatter, respectively; and

in Figures 4.24 and 4.25 where the higher difference between location I (healthy

tissue) and location V (center of the scar) is at the lowest and the highest frequen-

cies, respectively. So, the use in clinical practice for the measurement of magnitude

and phase of Z at 41 kHz and 300 kHz is appropriate. Maybe, it would be better to

measure magnitude at even lower frequencies but then problems of noise appear.
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Figure 4.25: Impedance phase spectrum

Another remarkable fact is the border zone, the region of tissue change. If we

take a look on Figures 4.24 and 4.25, location II (that is healthy myocardium) and

location III (healed myocardium) are really close to the border. However, while

location II has practically the same values than location I, location III are still far

from the values of location IV. This may be due to the orientation of the catheter,

because location III is pointing at healthy tissue, so an study of directions in these

locations would be reacquired. However, this result tells us that the scar is very

concentrated, i.e. we will not detect healed tissue out of healed tissue. However,

this assumption of the same behaviour should be proven to be totally sure.

Further proposed studies include computing more locations between position II

and IV, and VI and VIII, in order to find out the behaviour of the impedance

measurements on the border of tissue with more resolution and developing a mul-

tiparametric estimator combining the magnitude and the phase at its optimal

frequencies.
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Conclusions

The main goal of this project was evaluating the explained new impedance map-

ping technique for infracted myocardial tissue. In order to accomplish our objec-

tive three main tasks were carried out, including: designing a reliable simplified

model of finite elements of a pig thorax, trying to understand the origin of the

amplitude of the modulation signal of impedance observed in the experimental

practice and analyze the possible limitations of the technique related to resolution

and sensitivity.

First of all, the model was created and the obtained values were validated with the

experimental data. As long as it was not a dynamic model, we only could expect

to obtain values near the mean of the experiments, which we achieved successfully.

Moreover, we proved that what there is beyond the vicinity of the catheter has a

minimum effect on the measurements. That is why, a simplified model without

any more detail than the left ventricle and the myocardial wall, as the one we have

used, is a good approximation.

Secondly, we studied the amplitude of the time modulation signal of |Z| and all the

possible parameters that we thought that could origin it. Our first hypothesis was

to think that this phenomenon was entirely produced by the cyclic widening and

narrowing of the myocardial wall during the cardiac cycle. However, we proved

that the change in thickness has a much lower effect on the impedance than the real

measured amplitude. That is why we studied other possible factors: the movement

of the heart approaching the chest, the change in volume of the LV, the catheter

distance to the wall and the change in conductivity of mycoardium. Neverthe-

less, all these factors in a separate way are still far from provoking the measured

44
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modulation. Despite this, later simulations combining these effects showed that,

probably, all these parameters have an additive effect on impedance. If a favorable

reliable scene is considered —during the contraction and ejection (systole), when

the volume is reduced and the wall widens the catheter is covered with tissue

and even twisted, and the tissue has a change in conductivity (being reduced).

Then, during diastole, the volume increases and the wall narrows and increases its

conductivity; at some point because the tissue retracts the catheter has no longer

contact with it —the amplitude increases approaching to the measured one. It

could be also a possible subestimation of the change of conductivity by previous

studies due to the technique used in those cases. That is why, as we have already

discussed, further proposed studies would include designing an experiment that

could measure simultaneously the thick of the wall and the impedance, in order to

discard, at least, a specific resistivity changes greater than those obtained in local

methods.

Finally, we used different methods to evaluate the technique. The first one was

to study the influence of the location were the external electrode for measuring is

placed. If the voltage changed a lot depending on where the electrode was placed,

the location of it would be an important issue to take into account. However, we

demonstrated that we would be moving in an equipotential region (or, at least, if

we bring it very close to the ground electrode, a variation of voltage less than 7 %).

Thus, it is not something relevant that we have to take into account in the clinical

practice. We also computed the sensitivity (S) distribution for different cases.

It gives a relation between the impedance (and change in it) caused by a given

conductivity distribution. We evaluated the weight accompanying the variation of

conductivity in the integral. If this factor is big, a change of conductivity would

be easily sensed; oppositely, a change in the conductivity would not affect the

measurements if the factor is small. As a result, this weight is only big around the

catheter (including blood and myocardium), in such a way that 2 cm far from the

tip the factor decreases by more than four orders of magnitude. The sign of the

weight is also important, in these case the interesting region has a positive sign

which means that an increase of conductivity would lead to a lower impedance (as

it happens in the experimental trials). Using this method allowed us to reveal that

the technique is equally effective by pointing to the posterior and anterior part of

the myocardium. Moreover, we have found some weak points for the identification

of non-transmural scar. For example at the outer region of the wall the healed

tissue is difficult to sense. However, as long as this new technique is designed
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to complement other types of mappings, such us to work together with CARTO,

there is the possibility of finding another estimator using the voltage mapping and

the impedance mapping to help to solve these more difficult cases. At the end,

the presence of a transmural scar was also studied. We verified that the best way

to distinguish healthy tissue and myocardial tissue is at low frequencies for the

impedance magnitude and at high frequencies for the phase. However, due to the

variability of the individuals, we propose for a better detection the design of a

multiparametric estimator combining these two in formations. In addition, with

this last study we proved that the detection of healed tissue is concentrated in the

scar region, as sensitivity maps showed, and that the border between healed tissue

and healthy tissue is of few millimeters.

In conclusion, we have proved that this new mapping technique is able to identify

scars (mainly transmural and non-transmural scars located in the inner part of

the wall) very accurately. In other words, we have tested using different methods

that the identification of the longitudinal extent of the scar is precise. That is very

important because, as we have already explained in the first chapter, the objective

of these new mapping is its use at radiofrequency ablation to treat ventricular

arrhythmias, because after a cardiac infarction healed tissue could become an

arrhythmogenic focus. That is why, there is much interest in not confusing scar

and healthy tissue during ablation and correctly detect healed zones. Nevertheless,

we have found difficulties for the detection of the transversal extent of the scar

with these technique, which we think that could be solved combining it with the

already used voltage mapping.
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R. Bragós, O. Casas, A. Domingo, and J. Soler-Soler, “Passive transmission

of ischemic st segment changes in low electrical resistance myocardial infarct

scar in the pig,” Cardiovascular research, vol. 40, no. 1, pp. 103–112, 1998.

[7] M. A. Fallert, M. S. Mirotznik, S. W. Downing, E. B. Savage, K. R. Foster,

M. E. Josephson, and D. K. Bogen, “Myocardial electrical impedance map-

ping of ischemic sheep hearts and healing aneurysms.,” Circulation, vol. 87,

no. 1, pp. 199–207, 1993.

[8] Y. Salazar, R. Bragos, O. Casas, J. Cinca, and J. Rosell, “Transmural versus

nontransmural in situ electrical impedance spectrum for healthy, ischemic,

and healed myocardium,” IEEE Transactions on Biomedical Engineering,

vol. 51, no. 8, pp. 1421–1427, 2004.

48



[9] M. Francone, C. Bucciarelli-Ducci, I. Carbone, E. Canali, R. Scardala, F. A.

Calabrese, G. Sardella, M. Mancone, C. Catalano, F. Fedele, et al., “Impact

of primary coronary angioplasty delay on myocardial salvage, infarct size,

and microvascular damage in patients with st-segment elevation myocardial

infarction: insight from cardiovascular magnetic resonance,” Journal of the

American College of Cardiology, vol. 54, no. 23, pp. 2145–2153, 2009.

[10] A. Codreanu, F. Odille, E. Aliot, P.-Y. Marie, I. Magnin-Poull, M. An-

dronache, D. Mandry, W. Djaballah, D. Régent, J. Felblinger, et al., “Elec-
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en tomograf́ıa de impedancia eléctrica para la caracterización de tejidos

biológicos. Universitat Politècnica de Catalunya, 1998.
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