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Summary

Myocardium undergoes functional changes in the infarcted region primarily due to ischemia. Following myocyte
functional alterations of the noninfarcted myocardium are caused by remodelling and hypertrophy. We have monitored
and compared changes in the electrocardiographical (ECG) image after coronary artery occlusion (CAO, n=5) and
intracoronary endothelin-1 (ET-1, n=3) administration during a 6-month period. In 3 dogs, the CAO was repeated
6 months after the first occlusion. Signal-averaged ECG (SA ECG) was recorded before the operation and 10 days,
1 month, 3 months and 6 months after myocardial infarction (MI). The modified Wigner distribution was used for
spectrotemporal analysis of the SA ECG. Eight-hour Holter monitoring was performed in each dog before and after
experimental MI. Spectrotemporal representations of the QRS complex were stabilized after the first 1-month period in
the group of dogs after CAO. The same results were also observed after the repeated CAO. No arrhythmias were
recorded 9 days after CAO. The spectrotemporal representations of the QRS complex after intracoronary ET-1
administration were not stabilized during the whole observed period. Very few arrhythmic events were recorded by
Holter monitoring already 3 days after intracoronary ET-1 injection. Experimental MI induced by CAO caused a
changed ECG image, which was stable from 1 month after MI induction till the end of the monitoring. However, the
ECG image after ET-1 administration was not stable during the whole observed period. No arrhythmic events were
recorded in either group 3 months postoperatively that could be caused by healthy myocardial status before the
experimental MI induction. In clinical practice, however, ischemic heart disease usually precedes the MI.
Arrhythmogenic substrate could thus be a consequence of combination of healthy status of the myocardium before MI
and MI itself.
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Introduction

Acute myocardial ischemia affects the properties
of membrane ionic currents and cell-to-cell coupling.
Ionic current changes may alter electrical cellular
properties of the whole region affected by ischemia
(Shaw and Rudy 1997, Priori et al. 1999). Reduced
membrane excitability, prolonged action potential
duration and slowed conduction (reduced conduction
velocity) could affect the cardiac electrical field and its
image in the early phase after myocardial infarction (MI).
The surrounding non-infarcted myocardium undergoes
significant structural changes following MI (Qin et al.
1996). These changes evoke alterations in the electrical
properties of myocytes, which could play a key role in
arrhythmia development. The electrical field of the post-
MI heart could be modified due to late changes of the
non-infarcted remodeled myocardium.

The signal-averaged ECG and especially late
potentials (LP) have been considered a noninvasive
marker of delayed and/or fractionated action potential
propagation in the myocardium (Buckingham et al. 1989,
Cain et al. 1996, Lander et al. 1990). However, the low
predictive value of LP (low specificity and sensitivity)
has lead to studies dealing with more accurate signal
processing techniques (parametric methods, non-
stationary methods) in order to enhance the stratification
of patients prone to fatal arrhythmias (Cain et al. 1991,
Dickhaus et al. 1994, Hulin ef al. 1993, Jones et al. 1992,
Kavesh et al. 2000, Slavkovsky and Hulin 1994, Vazquez
et al. 1998, Bernadi¢ et al. 2005). Analysis of the entire
QRS complex (not only its terminal part reflected as LP)
seemed to be a good approach.

Coronary artery occlusion (CAO) has been used
as a standard model for MI. This model is used for
induction of functional and morphological changes of
myocardium that involve not only the necrotizing
infarcted area but the whole myocardium as a
consequence of myocardial remodeling. The influence of
endothelin-1 (ET-1) on myocardium was recently studied
(Becker et al. 2000). The arrhythmogenic effect of
plasma ET-1 level on myocardium could be, however,
caused not only by its vasoconstrictive effect on coronary
vessels but also by its possible direct electrophysiologic
effect on myocytes (Miyauchi and Masaki 1999). In the
present paper, we described overall changes in the
electrocardiological image of the cardiac electrical field
during the 6 months follow-up in dogs after CAO and

intracoronary ET-1 injection.

Methods

Experimental myocardial infarction

Mongrel dogs (n=9, body weight 12-15 kg) were
anesthetized with pentobarbital i.v. administration
(25 mg/kg) before intubation and ventilation. Left lateral
thoracotomy was performed through the fourth intercostal
space. Before opening and fixing the pericardium we
injected 3 ml of procainamide beneath it. MI was induced
by two methods: i) occlusion of the left anterior
descending (LAD) coronary artery between the first and
second diagonal branches (n=5), and ii) intracoronary
endothelin-1 injection (400 pmol) into the branch of the
LAD (n=3).

The pericardium was then closed, air was
excluded from the left pleural cavity after chest closure
and dogs were extubated. In 3 dogs, CAO was repeated
after a 6-month period. In one dog we performed a sham
operation (the whole process was performed except CAO
or ET-1 injection). Penicillin and streptomycin were
administered i.m. in the postoperative period. The ethical
norms for experimental studies in animals were followed
throughout the experiment. Experimental procedure was
approved by the Ethic Commission of the Faculty of
Slovak
supervision of a

Medicine, Comenius University, Bratislava,

Republic. Animals were under

veterinarian during the whole experiment.

High-resolution electrocardiography

The SA ECG was recorded under complete
anesthesia. Anesthesia was induced by pentobarbital
Spofa)
25 mg/kg body weight. During the recording, dogs were

administration (Pentobarbital in a dose of
lying on their right side. Subcutaneous needle electrodes
were used. The horizontal lead (X) was placed in the 4th
intercostal space on the left and right side. The vertical
lead (Y) was placed on the proximal part of the sternum
and above the os sacrum. The sagital lead (Z) was placed
in the 4th intercostal space parasternaly and on the
corresponding position paravertebraly on the left.

The Arrhythmia Research Technology model
1200 EPX device was used to record simultaneous
orthogonal X, Y and Z leads. The signal from each lead
was A-D converted at 12-bit accuracy with sampling rate
of 1000 Hz. Ectopic or noisy beats were rejected. At least
100 beats were averaged with mean noise level less than
1.0 uV. After averaging, the data were stored and
transferred to a PC computer. The SA ECG was recorded
10 days, 1 month, 3 months and 6 months after the MI
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induction, respectively. In 3 dogs, SA ECG was also
recorded 10 days, 1 month, 3 months, and 6 months after
the second CAO, respectively.

Spectrotemporal mapping

The Wigner distribution (WD) was used in order
to obtain the spectrotemporal representation of the SA
ECG signal (Martin and Flandrin 1985, Cohen 1989,
Novak et al. 1994). Spectrotemporal maps (STM) give us
an opportunity to have a complex overview of the
contribution of particular frequencies during cardiac
activation. The resolution of STM as a result of WD is
more precise in both domains (time and frequency) in
comparison with STM resulting from a short time FFT
(spectrograms). Time and frequency resolution of the
short time FFT depends on the used window function.
WD offers an algorithm for computing the frequency
spectrum without the need of any window function.
Furthermore, FFT suffers from smearing and side-lobe
leakage. Cross-terms in WD were partially eliminated by
smoothing (Choi-Williams filtering was used in our
study) (Choi and Williams 1989).

The STM of the particular recording after MI
(STMm1) and STM of the SA ECG signal before MI
induction in the same dog (STMo — original STM) were
normalized and fitted (shifted in time and frequency axes
in order to achieve the best correlation between STMg
and STMy;) and then subtracted. The result is a

A.

10 days afer CAO

3 months aer CAO

differential STM, which allows us to track differences
between particular STMs recorded from the same animal.

Holter monitoring

Eight-hour Holter monitoring was recorded in all
9 dogs preoperatively and 3-4 days, 8-9 days and 3-6
months after the first operation respectively in the
conscious state. In 3 dogs that had undergone the
repeated CAO, Holter monitoring was recorded 3-4 and
8-9 days after the second operation.

Results

Spectrotemporal mapping

After CAO, changes in the ventricular activation
images were stabilized after the transient early phase
period and persisted up to 6 months during follow up.
The STM image of the ventricular activation was either
changed or returned back to its pre-MI image. In both
cases, however, the STM image remained unchanged
from 1 month after coronary artery occlusion till the end
of the follow-up (Fig. 1A). Similar changes were
observed in sham-operated animals. The STM image
returned back to the preoperative one and remained stable
afterwards. No significant changes occurred after the
second CAO in 3 dogs and the STM image was stabilized
during the whole observed period.

6 months et CAO
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Fig. 1. STM images of the dog 10 days, 3 months and 6 months after MI induction differentiated to pre-MI STM of the same dog. A —
differential STM images of the dog after CAO, B - differential STM images of the dog after intracoronary endothelin-1 injection.
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Table 1. Number of ventricular extrasystoles observed during Holter monitoring.
Number of ventricular extrasystoles
Experimental Model Pre MI After 1st MI After 2nd MI
3-4 days 8-9 days 3-6 months 3-4 days 8-9 days

CAO 0 0 0 0 0 0
CAO 0 4789 320 0 5901 364
CAO 0 2141 0 0 11321 3
CAO 0 547 0 0 NA NA
CAO 0 456 0 0 NA NA
ET-1 0 0 0 0 NA NA
ET-1 0 1 0 0 NA NA
ET-1 0 NA 4 0 NA NA
Sham 0 0 0 0 NA NA

NA — data are not available

The changes between the ECG images after
intracoronary ET-1 administration in comparison to the
preoperative recording were not stable during the whole
observation period, as was observed in the CAO group
(Fig. 1B). No transient early phase period, as described in
the CAO group, was observed in these animals.

Holter monitoring
In the Holter
extrasystoles were present 3 days after CAO in 4 dogs

monitoring,  ventricular
(Table 1). In the sham-operated dog and one MI dog no
extrasystoles were present 3 days after the operation.
Significantly smaller numbers of extrasystoles occurred
8 days after CAO. Few arrhythmia events were observed
after i.c. ET-1 injection (Table 1). No ectopy was
observed with Holter monitoring before CAO in all dogs.

Discussion

Studies dealing with cellular level changes
(alterations in membrane ionic currents) have recently
been published (Aimond et al. 1999, Pinto and Boyden
1999). Developmental alteration in membrane ionic
channels and/or in cellular coupling through gap
junctions is present in the early phases after coronary
artery occlusion. Cellular uncoupling (caused by gap
junctions) and reduction of membrane excitability occur
in the infarcted region and cause delayed ventricular
conduction (Shaw and Rudy 1997). If good cellular
coupling through the gap junction is present (sodium

current plays a primary role in AP conduction) intrinsic

heterogeneity of myocardium is not important from the
conduction block point of view (Priori et al. 1999). On
the other hand, heterogeneity of the myocardium (no
matter whether it was present before MI or as a
consequence of MI) could be the cause of conduction
block and
conduction (e.g. due to cellular uncoupling after MI) is

consecutive arrhythmia when delayed
present.

Two pathophysiological conditions should be
considered for arrhythmic risk stratification of the patient
after a MI: 1) delayed and/or fractionated conduction
(possibly detectable by SA ECG and spectrotemporal
mapping
techniques),

and using advanced signal processing
and 2) myocardial heterogeneity. This
phenomenon could possibly be detected by monitoring of
beat-to-beat alternations (alternations in spectrotemporal
images of the QRS complex and/or analysis of T wave
and/or T wave alternations) (Smith et al. 1988, Verrier
and Nearing 1994, Atiga et al. 1998, Chinushi et al
1998).

Our results describe the long-term changes in the
electrical image of ventricular activation after coronary
artery occlusion and intracoronary ET-1 injection.
Stabilization of these changes after a certain period after
MI suggests that the myocardium itself (myocytes
together with gap junctions) is also stabilized. On the
other hand, instability in the ECG image in the same
subject could mirror the instability in the myocardium,
which could be considered as a risk factor for arrhythmia
development. From this point of view, comparison of

consecutive SA ECG recordings (and especially their
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spectrotemporal representations) in the same subject
could be useful as an indicator of the remodeling state
and possibly arrhythmia-prone substrate.

Holter monitoring revealed that there were many
arrhythmic events in the group of dogs with MI induced
by CAO during the early phase. These findings were
accompanied by pronounced changes in the STM image
of ventricular activation in comparison to pre-MI STMs.
After this early period, however, the changes in the
ventricular activation STMs were stabilized and no
arrhythmic events were present in the Holter monitoring.

On the other hand, Holter monitoring revealed a
very low number of arrhythmic events in dogs after i.c.
ET-1 administration during the whole period of follow
up. Surprisingly, STM images of ventricular activation
were not stabilized during the whole observed period.
ET-1 directly affects electrical properties of the myocytes
predominantly  via  paracrine/autocrine mechanism
(Miyauchi and Masaki 1999). On the other hand, higher
plasma ET-1 levels probably have indirect effects on the
electrical milieu of the myocardium via an overall
vasoconstriction effect on the cardiac vessels (Kurihara et
al. 1989, Larkin et al. 1989, Sidlo et al. 1996). Higher
plasma ET-1 levels could, however, induce changes in
other organs (e.g. lung and renal functions) which could
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