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Abstract—Electrical properties of myocardial tissue are
anisotropic due to the complex structure of the myocardial fiber
orientation and the distribution of gap junctions. For this reason,
measured myocardial impedance may differ depending on the
current distribution and direction with respect to myocardial fiber
orientation and, consequently, according to the measurement
method. The objective of this study is to compare the specific
impedance spectra of the myocardium measured using two
different methods. One method consisted of transmural mea-
surements using an intracavitary catheter and the other method
consisted of nontransmural measurements using a four-needle
probe inserted into the epicardium. Using both methods, we
provide the in situ specific impedance spectrum (magnitude and
phase angle) of normal, ischemic, and infarcted pig myocardium
tissue from 1 kHz to 1 MHz. Magnitude spectra showed no signif-
icant differences between the measurement techniques. However,
the phase angle spectra showed significant differences for normal
and ischemic tissues according to the measurement technique.
The main difference is encountered after 60 min of acute ischemia
in the phase angle spectrum. Healed myocardial tissue showed a
small and flat phase angle spectrum in both methods due to the
low content of cells in the transmural infarct scar. In conclusion,
both transmural and nontransmural measurements of phase angle
spectrum allow the differentiation among normal, ischemic, and
infarcted tissue.

Index Terms—Anisotropy, electrical impedance, intracavitary
catheter, myocardial impedivity, resistivity.

I. INTRODUCTION

T
HE measured impedance ( ) is a complex number defined

as the ratio between measured voltage ( ) and total cur-

rent flow ( ). For a homogeneous and isotropic object, it is a

function of its electrical properties (conductivity and permit-

tivity), but it also depends on geometric factors. The relation

between and these parameters is

(1)
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where is the “cell factor” and depends on the geometry

of the electrodes and the object, is the electrical conductivity

(S/m), is the imaginary symbol, is the frequency, is the

vacuum permittivity, and is the relative permittivity. Instead

of using the complex conductivity , we could

define the complex impedivity . The real part of

the impedivity is the resistivity and the imaginary part the reac-

tivity. Impedance measurements were historically given as resis-

tivity 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 imagi-

nary part increases and the impedivity must be considered as a

complex number. As the term impedivity is not commonly used,

we used the term specific impedance and the polar representa-

tion (magnitude and phase angle).

Previous equations are valid only for a homogenous and

isotropic object. Myocardial tissue could be considered ho-

mogeneous but it is highly anisotropic due to the complex

structure of the fiber orientation. At an intermediate scale

(100–1000 m), the elongated structure and the parallel

alignment of the muscle cells (with a typical length of 100 m)

result in a bidirectional electrical anisotropy: longitudinal and

transversal to the direction of alignment (fiber direction). At

the macroscopic level (1–10 mm), a gradual change in fiber

direction over more than 120 is found, going from epicardium

to endocardium (about 20 over the first tenth of wall thickness)

[1]. This structure makes it difficult to obtain the longitudinal

and transversal specific impedance from the measurements

made with four intramural needle electrodes [2]. Some authors

[3], [4] have reported longitudinal and transversal resistivities,

and also in [5] a special probe and an analytical method

for separating transversal and longitudinal resistivities were

introduced, but other authors have been unable to differentiate

the anisotropy [6], [2]. Given the difficulty of separating the

two components, especially for in situ measurements, we did

not use this distinction a priori.

Knowledge of the specific electrical impedance spectrum of

myocardial tissues is important in simulations involving prop-

agation of electrical signals [7]–[9] and especially in the de-

velopment of new techniques using impedance for diagnosis

and monitoring. Recently, new applications based on the use of

a catheter to measure impedance have been proposed: for ex-

ample, the location of the infarction border zone [10] and the

online monitoring of myocardium tissue state [11] and lesion

dimensions [12], [13] during ablation procedures.
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(a) (b)

Fig. 1. Schematic representation of the two experimental procedures.
(a) Nontransmural method showing the approximate locations for the
four-needle probes, for healthy (P1) and ischemic (P2) areas. (b) Transmural
method showing the catheter (C) inserted through the posterior left ventricle
with the tip at the measurement location in the endocardial surface in front of
the reference electrode (E) located on the epicardium.

In commercial radio frequency (RF) ablation equipment,

electrical impedance is already used to determine the elec-

trode-tissue contact [8]. During RF ablation procedures, the

position of the catheter is determined by fluoroscopy and

electrocardiographic recordings. The study of the impedance

technique is of interest as an additional method for ensuring

the correct position of the electrode tip, because the efficacy of

catheter ablation depends on the accurate identification of the

site of origin of the arrhythmia and the correct positioning of

the catheter for ablation. The use of impedance measurements

could reduce the length of the procedure and the exposure

to radiation.

There is much published myocardial impedance data mea-

sured with four intramural needles but very little [10], [11] using

a transcatheter technique. Due to myocardial anisotropy, the use

of data obtained with one technique may be not valid for the

other. In this study, we only considered in situ measurements

made using these two methods: the widely accepted four equally

spaced needle electrodes inserted on the epicardium (nontrans-

mural measurement) and the use of an intracavitary catheter

(transmural measurement). See Fig. 1 for a schematic represen-

tation of both methods.

We have shown in previous studies that there are significant

differences in the electrical impedance of the myocardium tissue

depending on its pathophysiological state. For example, by mea-

suring the impedance spectrum with four-needle electrodes on

the epicardium, it is possible to monitor the evolving change

of the tissue during ischemia [14]. Also, using a transmural

method, healthy and healed infarcted tissue can be differenti-

ated [11].

This paper aims to provide a complete comparison of in

situ specific impedance spectra for normal, ischemic, and

healed myocardium using transmural and nontransmural

measurements. Nontransmural results for healthy and ischemic

myocardium came from a new group of animals and healed

results were obtained from a previous experiment [15]. For

transmural impedances, we used the same group of animals

as in [11], incorporating the ischemic results not published in

that paper. We also evaluate the cell factor for the transmural

method in order to obtain the specific impedance ( cm), thus

Fig. 2. In vivo nontransmural electrical resistivities at 1 kHz for healthy
(circle), ischemic (triangle), and healed (diamond) myocardium. Results from
Group I (solid) compared with previous studies (open). All data are represented
asmean�STD except for [3] and [4] that shows mean values for longitudinal
(L) and transversal (T) resistivities.

allowing a comparison between the spectra obtained with both

techniques. The results will contribute to better modeling and

the optimization of new in vivo measurement techniques to

characterize myocardial tissue state.

II. PREVIOUS STUDIES

This section reviews previously published myocardial

impedance data. We selected only those studies that use in vivo

and in situ measurements. Data are classified depending on the

measurement method: nontransmural using four electrodes (at

1 kHz and multifrequency) and transmural using a catheter.

Data are expressed as deviation.

A. Nontransmural at 1 kHz

Measurement of resistivity at 1 kHz with four-needle elec-

trodes inserted into the epicardium is the method used in most

of the previous studies. Fig. 2 shows the published resistivities

obtained at 1 kHz for different tissue states: healthy, healed, and

ischemic myocardium.

Rush et al. [3] reported myocardial resistivities in dogs (the

real part of the specific impedance) of 563 cm perpendic-

ular to myocardial muscle fiber orientation and 252 cm par-

allel to the fibers. Roberts and Scher [4] reported (also in dogs)

gross myocardial resistivities of 213 cm parallel to fibers and

705 cm perpendicular to fiber orientation. Ellenby et al. [16]

report a mean baseline resistivity measurement made in vivo of

cm (six dogs).

More recently, Fallert et al. [2] studied the evolution of in-

farction after coronary occlusion in sheep. They found that the

average baseline specific impedance at 1 kHz measured before

infarction in nine animals was cm, 60 min after

coronary occlusion it was cm, and six-week-old

infarctions revealed average values of cm. The differ-

ences between transverse and longitudinal specific impedance

in normal hearts showed a small but statistically significant dif-

ference ( versus cm).

Schwartzman et al. [10] used four electrodes on ovine models

to obtain the electrical impedance properties of healthy and
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chronically infarcted ventricular myocardium. With epicardial

measurements performed in vivo, they confirmed that marked

differences in impedance exist between healthy ( cm)

and chronically infarcted myocardium ( cm).

Cinca et al. [17] measured the evolution during ischemia

of tissue resistivity in 26 pigs at 1 kHz using a four-electrode

probe ( mm, mm interelectrode

mm). They reported a baseline myocardial

resistivity of cm, while after 60 min of acute

ischemia the resistivity was cm.

B. Nontransmural Multifrequency

Steendijk et al. [5] used a four-electrode method to measure

local myocardial resistivity in two orthogonal directions in

anesthetized open chest dogs. Transversal and longitudinal

resistivities were estimated applying an analytical correction

to orthogonal measurements. The results are given in the

frequency range 5–60 kHz. Longitudinal resistivity decreased

from at 5 kHz to cm at 60 kHz and

transversal resistivity decreased from at 5 kHz to

cm at 60 kHz.

Tsai et al. [6] used a four-electrode probe ( mm,

mm. interelectrode mm) to

measure myocardial swine resistivity in vivo in two directions

at eight frequencies from 1 Hz to 1 MHz (eight pigs). They

showed that the mean measured myocardial resistivity was

cm at 1 Hz which came down to cm

at 1 MHz. Their results showed no significant difference in

orthogonal directions.

C. Transmural

Schwartzman et al. [10] measured the ovine myocardial

impedance at 550 kHz in four animals using a catheter inserted

percutaneously. The measurement was between the catheter

tip and an external cutaneous electrode (unipolar method).

Results show that it is possible to distinguish between healthy

and chronically infarcted (healed) myocardium

.

In conclusion, with the four-needle electrode method, the dif-

ferentiation between tissues has been done mainly using the

impedance magnitude at 1 kHz. Multifrequency measurements

were oriented to obtain impedance spectra for normal tissue in

longitudinal and transversal directions.

The transmural measurements from Schwartzman et al. [10]

showed that it is possible to distinguish between healthy and

healed myocardium but only using the impedance magnitude at

one frequency (550 kHz).

It is necessary to know if the impedance magnitude at 1 kHz

is the best selection to distinguish between myocardium tissue

states and, most important, to know if the nontransmural my-

ocardial spectra obtained with the four-needle electrode method

are the same as the ones obtained using a transmural method

based on a catheter.

III. METHODS

A. Experimental Methods

For all of the experiments, data were obtained from open

chest pigs anesthetized with -chloralose under mechanical

ventilation as in [15]. The thorax was opened through a mid-

sternotomy and the pericardium was gently detached. The pigs

were handled in accordance with the European Community

rules on animal research. The studies were approved by the

ethics committee of the hospital.

A Hewlett-Packard 4192A impedance analyzer, with a

custom front-end amplifier, was used to measure the impedance

spectrum from 1 kHz to 1 MHz at eight logarithmically equally

spaced frequencies per decade. The front-end was a differential

amplifier designed to obtain a high common-mode rejection

ratio (better than 72 dB up to 1 MHz). We used 15-cm coaxial

cables between the front-end and the electrodes to reduce

crosstalk. Voltage detection cables used driven shields to

minimize input capacitance.

1) Four-Electrode Nontransmural Measurements: The

normal and ischemic nontransmural impedance data were

obtained from seven pigs (Group I: 25–30 kg). To produce

an area of myocardial ischemia, the left anterior descending

(LAD) coronary artery was occluded below the first diagonal

branch by means of a ligature. The evolving changes in my-

ocardial impedance were measured during four hours at the

center of the ischemic area and at a remote normal myocardial

site with two probes that were sutured to the epicardium. The

probes were sutured trying to maintain the same position and

orientation (parallel to the LAD artery) in all of the animals.

The appropriate position of each probe was verified at the end

of the study using fluoresceine.

Each impedance probe consisted of a linear array of four plat-

inum needles (0.4 mm in diameter) separated by an interelec-

trode distance of 2.5 mm. The needles were inserted into a rigid

flat plastic fixture that assured the perpendicularity with respect

to the myocardium surface. The length of the platinum needles

to be inserted on the myocardium was 5 mm.

Impedance of healed infarction was measured on a different

group of seven pigs (Group II: 25–30 kg). This group is the same

as group 2 in [15]. The healed infarction area was produced by

a permanent ligature of the LAD through a left lateral thoraco-

tomy one month before the open chest measurements. We used

a shorter Platinum-Iridium probe (3.5 mm long, 0.2 mm diam-

eter, 2.5 mm interelectrode distance) to facilitate insertion into

the healed myocardium. After completion of the in vivo study,

the heart was removed and a histological examination was per-

formed on infarcted and normal measurement sites.

2) Transmural Measurements: In situ transmural

impedance data were obtained from another group of four pigs

(Group III: 15–20 kg). This group is the same used in [11] to

obtain the normal and healed myocardium impedances. As in

the previous experiment, an infarct was previously produced

(two months before) by a permanent occlusion of the LAD

artery below the first diagonal branch. During the open chest

experiment, a second ligature of the LAD coronary artery was

produced over the first diagonal branch to produce a new area

of acute ischemia.

Transmural impedance spectra were measured employing a

custom intracavitary catheter (constructed by C. R. BARD). The

catheter was bipolar, with a standard platinum tip and a prox-

imal electrode separated by 2 mm [18]. The reference electrode

(20 20 0.2 mm platinum foil) was placed on the surface of

the left anterior ventricular region opposite to the catheter tip. A

three-electrode measurement method was used; a subthreshold
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electrical current was applied between the tip and the reference

electrode and the voltage was measured between proximal and

reference electrodes.

The catheter was introduced into the left ventricle through the

posterior ventricular wall with the help of a 10-cm-long needle

with a thread secured to the catheter tip. The catheter was pulled

from the posterior wall to the selected location of the anterior

ventricular wall. The thread was passed through a pore in the

center of the epicardial platinum electrode to ensure alignment

between the catheter and the reference electrode. After mea-

suring the impedance, the thread was cut and left in place to

mark the measurement site. The catheter tip was positioned in

both healthy and healed infarcted sites. In each pig, we explored

at least seven sites extending from the scar to the surrounding

healthy myocardium.

The ischemic impedance spectrum was measured at two sites

for each animal. At the first site, we measured one spectrum

every 2 min for 60 min after the occlusion of the LAD coro-

nary artery. The second site was selected in a normal area and

measurements were performed postmortem for 60 min. Animal

temperature was maintained with a thermal pad.

The location of measurement sites was verified using fluores-

ceine and histological examination. We classified the sites into

four categories: normal, ischemic, healed, and infarct border.

To allow for a comparison between transmural and nontrans-

mural measurements, we converted the transmural impedance

results into specific impedance ( cm and phase angle) using

the method described in the next section.

B. Evaluation of Cell Factors

The value for nontransmural measurements was determined

by measuring the impedance of a 0.9% NaCl solution at 25 C

using the same four-electrode needles and measurement equip-

ment that was used for the in situ studies.

The geometric factor for transmural measurements was

calculated from simulations. We constructed two finite element

heart models (one for a normal heart and the other for a heart

with a scar) including the catheter and the reference electrode

in the same positions as in the experiment. The myocardium

thickness used for the model was the mean value obtained

from the histological analysis of each animal (4 mm for the

scar and 12 mm for healthy and ischemic tissue). An isotropic

and uniform resistivity was assigned to all of the tissue and

we calculated the measured impedance. was calculated as

the ratio between the measured impedance and the resistivity.

The limitation of this method is that the cell factor is only

constant for an object with homogeneous and isotropic spe-

cific impedance. However, for a nonisotropic object, the cell

factor also depends on the distribution and direction of current

lines inside the object. As the myocardium impedance has a

strong anisotropy, the estimated specific impedance magnitude

has limited accuracy. It must be emphasized that the phase angle

of the specific impedance does not depend on the cell factor .

C. Data Analysis

Cardiac related variations in impedance were reduced by

averaging five consecutive impedance spectra. To reduce sys-

tematic gain and phase errors, each impedance spectrum was

Fig. 3. Mean specific impedance (magnitude and phase angle) for healthy,
ischemic, and healed myocardium measured using two methods: nontransmural
using a four-needle probe inserted into the epicardium (triangles) and transmural
using a three-electrode transcatheter method (circles). Numerical values for the
mean and the STD for a subset of frequencies are given in Tables I and II.

calibrated using a three-reference method [19]. The three ref-

erence spectra were acquired by measuring saline solutions

of known conductivity. Differences in the impedance values

were assessed by Student’s t-test. For each statistical test, a

value was considered significant.

IV. RESULTS

Nontransmural impedance was measured at seven healthy

sites (group I), seven ischemic sites (group I), and seven

healed infarcted sites (group II). In group II, all seven animals

developed a transmural healed myocardial infarction with

a thickness of 3–4 mm and a subendocardial surviving cell

layer of 0.2–0.3 mm. The infarcted tissue was composed by

fibroblast, collagen fibers, and a few capillary vessels. The

seven “healthy” sites measured in group II were not considered

because the heart could not be considered normal having a

one-month-old infarction.

Transmural impedance was measured at 37 sites: 17 in the in-

farcted area, 9 in the normal myocardium, 5 in the infarct border,

and 6 in the normal myocardium during acute ischemia (one of

the animals died prematurely). All four pigs (group III) devel-

oped a healed anterior transmural myocardial infarction with a

thickness of about 4 mm and a subendocardial surviving cell

layer of 0.1–0.3 mm.

Fig. 3 compares the mean value of specific impedance spectra

for transmural and nontransmural myocardial measurements for

healthy myocardium, acute ischemia, and healed myocardium.
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TABLE I
SPECIFIC IMPEDANCE MAGNITUDE (
�CM) FOR MYOCARDIAL TISSUE IN

FUNCTION OF THE MEASUREMENT METHOD AND THE TISSUE STATE.
VALUES ARE MEAN � STANDARD DEVIATION

TABLE II
PHASE ANGLE ( ) FOR MYOCARDIAL TISSUE AS A FUNCTION OF THE

MEASUREMENT METHOD AND THE TISSUE STATE. VALUES ARE

GIVEN AS MEAN � STANDARD DEVIATION

For clarity, the means and standard deviations are given in Ta-

bles I and II at representative frequencies.

A. Comparison Between Techniques

For healthy myocardium, there are no significant

differences between transmural and nontransmural impedance

magnitudes over the whole spectrum. In the phase angle

spectrum, over 10 kHz, the difference between mean values in-

creases, reaching a maximum at 750 kHz of 8 (nontransmural:

versus transmural: ).

The phase spectrum for myocardial tissue after 60 min of

acute ischemia shows a significant difference between the mea-

surement methods. Nontransmural specific impedance shows a

low-frequency relaxation ( at 10 kHz) and this low

phase is maintained up to 300 kHz, while transmural specific

impedance only shows a dominant high-frequency relaxation.

The biggest difference (Table II) is at 316 kHz (nontransmural:

versus transmural: ).

The specific impedance of healed myocardium shows no sig-

nificant differences in magnitude and phase angle between the

two measurement techniques (Tables I and II).

B. Differentiation Between Tissue States

Using nontransmural measurements, acute ischemic my-

ocardium shows a mean increase of 118% in the impedance

magnitude at 1 kHz with respect to healthy myocardium

, while the healed myocardium shows a 52%

decrease .

For transmural measurements, we obtain changes of the same

magnitude (94%) between acute ischemia and healthy tissue,

but with a lower significance . The scar impedance

shows a decrease of 62% with respect to healthy tissue

.

The phase angle spectrum provides better tissue differentia-

tion than the impedance magnitude spectrum using transmural

as well as nontransmural measurements. The frequencies that

give the most significant differences between healthy and

healed tissue are 237 kHz for nontransmural measurements

and 178 kHz for transmural measurements

. To differentiate between healthy and

ischemic tissue, the optimal frequencies are 56 kHz for non-

transmural measurements and 42 kHz for

transmural measurements .

V. DISCUSSION

Fig. 2 compares previous studies with our results for non-

transmural resistivity at 1 kHz for the three tissue states. For

healthy tissue, our results are in agreement with previously pub-

lished in vivo data measured following the longitudinal fiber

direction [3], [4] or in arbitrary directions [2], [6], [17]. The

biggest difference, in longitudinal or arbitrary directions, is with

the value reported for healthy tissue by Schwartzman et al. [10]

but, as stated in the paper, this value could be attributed to is-

chemic tissue. Ischemic tissue resistivity is also in good agree-

ment with that reported in [2] and [17] but is higher than that

given in [16]. The differences in the mean resistivity values at 1

kHz reported by different authors and the high standard devia-

tions, especially for ischemic tissue, must be emphasized. This

dispersion implies a strong limitation in the use of the resistivity

as an estimator for tissue characterization.
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Histological analysis of healed infarcted myocardium re-

vealed that surviving cells form a thin layer (0.1–0.3 mm) on the

endocardium and the rest of the wall is composed of fibroblasts

and collagen. Theoretically, the absence of cells in the major

part of the wall will produce no relaxation phenomena (phase

angle equal to zero and constant magnitude) at the frequency

range analyzed. This is confirmed by our results and previously

published work by Schwartzman et al. [10], using in vitro

measurements between 1 kHz and 10 MHz, and by Fallert et

al. [2], using in vivo data at 1, 5, and 15 kHz. For this reason,

the measured magnitude and phase variations in the healed

myocardium are a good estimation of measurement errors.

In our case, the measurement errors for the nontransmural

measurements are in the range of 1.3 cm and 0.98 at 1 kHz.

For the transmural measurements, the error is in the range of

5.1 cm and 2.4 throughout the frequency range. Note that

the error, especially for the transmural measurements, is higher

at low (6.8 cm and 5.2 at 1 kHz) and high frequencies (10

cm and 1.5 at 562 kHz). This is due to the impedance of the

reference electrode and the parasitic capacitances between the

catheter and the body.

For healthy tissue, the transmural phase angle is greater than

the nontransmural phase angle. This could be explained by

taking into account the electrical current path across the tissue.

In nontransmural measurements, the current mainly flows

along the fiber direction, crossing fewer cell membranes than

when it flows in a transmural direction.

Since there are more gap junctions in the longitudinal

direction (80%) than in the transversal direction (20%) [20],

the closing of gap junctions during acute ischemia will produce

different impedance changes in the two directions. This effect

can be seen in the results comparing the transmural spectrum

with the nontransmural spectrum after 60 min of acute ischemia

(Fig. 3). The low relaxation frequency in the nontransmural

measurements (10 kHz) does not appear in the transmural

measurements. This result is in agreement with the work by

Schaefer et al. [21]. Using nontransmural measurements,

they detected a maximum increase of permittivity and a

decrease of conductivity at 13 kHz produced by the closing

of gap junctions induced by the application of heptanol in the

cardioplegic perfusion.

The magnitude of the impedance measured at 1 kHz is ade-

quate to differentiate between the three tissue states using a rigid

four-needle probe with a well-known cell factor. However, using

a three-electrode catheter method, the measured impedance is

dependent not only on the specific impedance but also on the

myocardium wall thickness. The changes in wall thickness in

different parts of the heart and the intersubject variability will

produce a bigger dispersion on the measured impedance. This

could be seen in our results in the standard deviation (STD) for

the transmural magnitude compared with the STD for the non-

transmural magnitude (see Table I). For this reason, the differ-

entiation in transmural measurements is better when the phase

angle is used at selected frequencies.

We have shown previously [11] that it is possible to detect

a healed transmural infarction using a percutaneous electro-

catheter technique measuring the phase angle. Based on the

results of the present study, it also seems feasible to detect acute

ischemia during cardiac catheterization. Further work should

include measuring the impedance spectrum for other cardiac

tissues, for example, valvular, connective, and myocardial

tissue damaged by RF ablation.

VI. CONCLUSION

The electrical impedance spectrum of the myocardium de-

pends on the state of the myocardium tissue, the current ori-

entation respect to myocardial fibers, and the measurement

technique. Accurate modeling of the myocardium must make

use of anisotropic specific impedance or at least the most

appropriate impedance value depending on the main current

direction with respect to fiber orientation.

The magnitude of the specific impedance is similar for

healthy myocardium regardless of the measurement method

(transmural or nontransmural). However, the phase angle

spectra for healthy myocardium, and especially for acute

ischemic myocardium, were significantly different between

both methods. Healed myocardial tissue showed a small and

flat phase angle spectrum in both methods due to the low

content of cells in the transmural infarct scar.

Using a four-needle electrode, the differentiation between

tissue states is possible using the impedance magnitude

at 1 kHz. When using a transmural method the measured

impedance magnitude has a bigger dispersion due to its depen-

dency with the wall thickness, reducing the separation between

tissue states.

The impedance component that best distinguishes between

tissue states for both methods is the phase angle; particu-

larly for transmural measurements, the best measurement

frequencies will be about 42 and 178 kHz. Therefore, phase

spectrum must be considered the best option for differentiating

myocardial tissue states for new impedance techniques using

transcatheter methods.
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