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Summary

Aim: to study the effect of reperfusion on the organized frequency-amplitude structure of ventricular fib-
rillation (VF) in the dog heart.

Materials and methods. We conducted 4 experiments on 8 dogs. In each experiment, the isolated heart of
one dog was perfused with the blood of the second (supporting) dog. In 4 experiments on an isolated artificially
perfused heart, 6 episodes of 3 min ischemia and 10 min reperfusion of the heart were performed in VF (1-2
episodes of ischemia-reperfusion in one experiment). Each episode of 3 min ischemia in VF was preceded by
a 10 min perfusion of the heart in VE Ventricular electrogram was recorded during VF episodes. A frequency-
amplitude (spectral) analysis of 1 sec segments of the electrogram was performed, and the proportion (in %)
of 0.5-15 Hz frequency oscillations in 10 sec segments of the electrogram was determined in 6 episodes of per-
fusion, ischemia and reperfusion in VF (M+m, N=60). The VF frequency-amplitude structures during ischemia
and reperfusion were compared with the stable VF frequency-amplitude structure during perfusion taken as
the control. The nonparametric Welch criterion in the «The R Project for Statistical Computing» software en-
vironment was used to compare the VF parameters during perfusion, ischemia and reperfusion.

Results. 9-10 Hz frequency oscillations dominated in the VF frequency-amplitude structure during heart
perfusion, taken as the control. In the first 30 sec of ischemia, the frequency and amplitude of the dominant
oscillations did not significantly change vs VF control obtained during cardiac perfusion. A decrease of dom-
inant oscillations frequency up to 6.5-7.5 Hz, and of the proportion of oscillations — up to 26% was docu-
mented at the 3 min of ischemia. At the 15t min of reperfusion, the frequency of dominant oscillations in-
creased to 13.5-14.5 Hz, but the proportion of oscillations remained reduced to 26%, as at the 3" min of
ischemia. At the 2" min of reperfusion, the frequency of dominant oscillations decreased to 9.5-10.5 Hz, and
the proportion of dominant oscillations increased to 33%. The frequency and amplitude of the dominant os-
cillations stabilized at 3-10 min of reperfusion: oscillations at 9-10 Hz frequency accounted for 32-33% of the
spectral power.

Conclusion. Reperfusion in VF is characterized by transient destabilization of VF organized structure at
the 15t min of the procedure. VF organized structure regains stabilization within 2-10 min of reperfusion. Car-
diac perfusion in intentionally induced VF can be used instead of cardioplegia during major cardiac surgery
to boost cardiac resistance to ischemia and prevent or reduce reperfusion complications.
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Introduction ,f9_10 H oscillations, which are only 1/10 of the

Ventricular fibrillation (VF) is a fatal cardiac
arrhythmia and the most frequent cause of sudden
cardiac death, which is the leading cause of mortality
in many countries, including Russia [1, 2], and
therefore remains an urgent problem. VF is consid-
ered to be a turbulent process [3, 4], in which, how-
ever, organized activity has been revealed both in
mapping, reflecting local activity in VF [5, 6], and in
electrocardiogram analysis, reflecting global VF ac-
tivity [7].

We have shown that VF is characterized by
stable organized activity during perfusion of the
canine heart, which is confirmed by the dominance

frequency range of 0.5-15 Hz, but contain more
than 1/3 of the spectral power [8]. The frequency
and amplitude parameters of the canine VF are ap-
plicable to humans because the frequency of the
canine VF is close to that of the human VF [9].

In VF under cardiac ischemia, organized VF
activity decreases along with the chances of suc-
cessful defibrillation [5-7]. Therefore, restoration
of myocardial perfusion is a prerequisite for restora-
tion of cardiac rhythm during defibrillation. Or-
ganized VF activity, reduced by ischemia, should
be restored during cardiac reperfusion, which would
increase the chances of successful defibrillation.
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However, myocardial reperfusion is associated with
complications, including arrhythmias [10]. Therefore,
VF may also be associated with reperfusion com-
plications, including destabilization of the organized
frequency and amplitude structure of VE

Although VF and reperfusion are relevant
issues, few studies have been devoted to the inves-
tigation of VF during reperfusion. In an isolated
perfused heart from patients with cardiomyopathy
who underwent donor heart transplantation, the
dominant VF frequency decreased from 4.9 to
3.6 Hz during 200 sec of ischemia and increased to
4.7 Hz during 120 sec of reperfusion [11]. However,
the functional activity of a nonviable (donor-re-
placed) heart cannot reflect the activity of a viable
heart.

In VF induced during cardiac surgery, the
dominant VF frequency increased from 5.3 to
6.4 Hz during 30 sec of perfusion, decreased to
4.7 Hz during 150 sec of ischemia, and increased
to 7.1 Hz during 30 sec of reperfusion [12]. The
reperfusion interval was reported to be shorter
than the ischemia interval [11, 12], which we
believe is insufficient to restore the organized fre-
quency and amplitude structure of the VF during
reperfusion. The dominant frequency of VF during
perfusion used to compare changes in VF during
ischemia and reperfusion was not specified[11],
whereas in another study the dominant frequency
of VF during the 30 sec perfusion before ischemia
was variable during VF[12]. In addition, it is unclear
how to characterize the frequency and amplitude
structure of VF using a single, albeit dominant,
VF frequency.

Thus, reperfusion complications of VE including
destabilization of the organized frequency and am-
plitude structure of VF during reperfusion, have
not been clarified [11, 12]. Destabilization of the
organized structure of VF during reperfusion may
reduce the chances of successful defibrillation.

The aim of this study was to investigate the ef-
fect of reperfusion on the organized frequency and
amplitude structure of VF in the canine heart.

Materials and methods

We performed 4 experiments on 8 mongrel
dogs of both sexes weighing 20-30 kg according to
the recommendations of the International Com-
mittee for Laboratory Animals, supported by the
WHO, European Parliament Directive No.
2010/63/EU of 22.09.2010 «On the protection of
animals used for scientific purposes».

Premedication was performed with subcuta-
neous atropine sulfate 0.1 mg/kg, followed 10 min
later by intramuscular Zoletil® (Zolazepam hy-
drochloride 20-30 mg/kg (VIRBAC S.A., France).
Five to 10 min after Zoletil® administration, the
dog was placed on the operating table. Under in-

travenous thiopental anesthesia (10-15 mg/kg initial
dose and 4-7 mg/kg hourly), mechanical ventilation
was started and the heart was isolated from the
thorax. The aorta was cannulated and the coronary
arteries were perfused with the cardioplegic solution
Custodiol® (Dr. E Kéhler Chemie GmbH, Germany).
Supportive cardiac perfusion was then started with
blood from another dog ventilated under thiopental
anesthesia. The interval between cardioplegia and
initiation of supportive perfusion did not exceed
10 min. Ischemia is known to be reversible without
damage to cardiac structure and function when
perfusion is initiated within 10 min of cardioplegia
[13]. Arterial blood was supplied to the aorta of the
isolated heart from the femoral artery of the sup-
porting dog. The perfusion pressure in the aorta
was 90-100 mmHg, resulting in aortic valve closure
and retrograde perfusion of the coronary arteries
with blood from the supporting dog. Venous blood
from the atria of the isolated heart was returned to
the femoral vein of the supporting dog. Heparin
(500 IU/kg initially and 150 IU/kg hourly) was ad-
ministered to prevent thrombosis. The heart was
maintained in an enclosed chamber at 37°C.

In 4 experiments, 6 episodes of 3 min ischemia
and 10 min reperfusion of the heart during VF were
performed on an isolated perfused heart
(1-2 episodes of ischemia-reperfusion per experi-
ment). Each episode of 3 min of ischemia in VF
was preceded by 10 min of cardiac perfusion in VE

A clamp was placed on the aortic tube feeding
the isolated heart to obtain ischemia during VE
and removal of the clamp resulted in reperfusion
during VE

Ventricular electrograms during perfusion, is-
chemia, and reperfusion of the heart during VF
were recorded with bipolar electrodes in the right
and left ventricles on a Cardiotechnica-EKG-8 car-
diograph (Inkart, St. Petersburg) at a digitizing fre-
quency of 1000 Hz.

Ventricular fibrillation was induced by frequent
electrical stimulation of the heart through bipolar
electrodes in the apex of the left ventricle. No pre-
VF electrogram abnormalities were detected.

Frequency and amplitude (spectral) analysis
of electrograms during perfusion, ischemia, and
reperfusion of the heart in VF was performed using
the Fast Fourier Transform method in the frequency
range of 0.5-15 Hz, which is the best method for
determining the spectral parameters of VF [14].

The spectral analysis of 1 sec electrogram seg-
ments was performed and the proportion (%) of
0.5-15 Hz oscillations in 10 sec electrogram segments
was determined in 6 episodes of perfusion, ischemia,
and reperfusion during VF (M+m, N=60). The stable
frequency and amplitude structure of VF during
perfusion served as a reliable control for comparing
the spectral structure of VF during ischemia and
reperfusion.
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Fig. 1. Cardiac electrograms of the dog.
Note. (a) during perfusion; (b) at 171-180 sec of ischemia; (c),

At 3-10 min of reperfusion,
the frequency amplitude of the dom-
() at 51-60 and  inantoscillations of the VF stabilized,

581-590 sec of reperfusion of the heart in VE respectively; (e)-(h) spectrograms of 1. €., oscillations of 9-10 Hz frequency

electrograms. Calibration of electrograms: 2 mV; 1 sec. Spectro
axis — frequency, Hz; vertical axis — amplitude, mV.

The ventricular fibrillation parameters during
perfusion, ischemia, and reperfusion were compared
by the nonparametric Welch criterion using R Project
for Statistical Computing [15].

Differences at P<0.05 were considered sig-
nificant.

Results

Oscillations of 9-10 Hz frequency dominated
the electrogram and spectrogram during cardiac
perfusion in VF (Fig. 1, a, e).

Oscillations of 6.5-7.5 Hz frequency were dom-
inant at 3 min of ischemia during VF (Fig. 1, b, f).
Oscillations of 13.5-14.5 Hz were dominant at the
15t min of reperfusion (Fig. 1, ¢, g, and oscillations
of 9-10 Hz were dominant at the 10 min of reper-
fusion in VF (Fig. 1, d, h).

The dominant spectral structure on electro-
grams and spectrograms during ischemia and reper-
fusion of the heart in VF (Fig. 1) is shown in Fig. 2.
During cardiac perfusion in VE which served as a
control, oscillations of 9-10 Hz frequency accounted
for 32% of the spectral power and dominated the
frequency and amplitude structure of VF (Fig. 2, a).

grams: horizontal accounted for 32-33% of the spectral
power (Fig. 2, f, 8.

Discussion

The dominant frequency and amplitude struc-
ture of VF during ischemia and reperfusion in VF
was demonstrated, suggesting organized VF activity.
However, the dynamics of VF during ischemia, when
ischemia in VF was preceded by cardiac perfusion
in VE differed from those of cardiac VF in situ, when
ischemia in VF was preceded by coordinated cardiac
contractions. Ventricular fibrillation in situ is char-
acterized by rapid changes during ischemia, as the
dominant frequency and organized activity of VF
begin to decrease as early as the first 10-15 sec of
ischemia in VF [16, 17], and by the third min of is-
chemia, the dominant frequency of VF decreases
by 5-6 Hz, while the organized activity of VF decreases
2-fold [5-7].

The frequency and amplitude structure of VF
was stable in the first 30 sec of ischemia in VE and
at 3 min of ischemia, the frequency of dominant
oscillations decreased by only 2.5 Hz (Fig. 2). Using
the proportion of dominant VF oscillations as a
quantitative parameter of organized VF activity, we
can conclude that organized VF activity decreased
by only 20% at 3 min of ischemia.
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and improve defibrillation success.

Apparently, the organized
structure of the VF becomes more
resistant to ischemia after perfusion
during VF because of the increase
in ATP in the myocardium during
perfusion during VE as 10 times less energy is expended
during VF than during coordinated contractions [13].

The increase in oscillation frequency at 1 min
of reperfusion in VF indicates an increase in ATP
synthesis, which suggests an acceleration of oxidative
phosphorylation reactions and an increase in electron
flow through the mitochondrial respiratory chain [18,
19]. However, the throughput of the respiratory
chain is limited, and a pulse increase in the flow of
high-energy electrons may lead to a slowing of the
electron flow through the respiratory chain during
reperfusion, which could cause thermal damage to
the iron-sulfur centers and cytochromes of the res-
piratory chain. Damage to coenzymes of the respi-
ratory chain can be considered the basis of in situ
reperfusion injury of the heart, and increased per-
meability of the mitochondrial inner membrane
and other mechanisms of myocardial reperfusion
injury [20, 21] are the consequences of a primary
alteration of the mitochondrial respiratory chain
in the first 30-60 sec of reperfusion.

other frequencies.

Fig. 2. Proportion of oscillations with frequency 0.5-15 Hz.

Note. (a) during perfusion; (b) at 1-3 min of ischemia; (c)-(g) at 1-10 min of reperfusion
of the dog heart in ventricular fibrillation. Data are expressed as M+m, N=60. * P<0.01
when the three frequencies with the highest specific gravity were compared with the

Based on our findings, we suggest that cardiac
perfusion with induced VF can be used during pro-
longed cardiac surgery to increase cardiac resistance
to ischemia and prevent reperfusion complications,
which would improve the quality of surgery and
postoperative cardiac recovery. During cardioplegia,
which is used to «maintain» the operated heart, the
myocardium still undergoes ischemia and reperfu-
sion [22, 23], and several papers address myocardial
protection from ischemia and reperfusion during
cardioplegia [24, 25].

The issue of cardiac perfusion in induced VF
during cardiac surgery needs further investigation.
Our results were obtained in the isolated canine
heart perfused with the blood of the supporting
dog, whereas in the cardiac surgery clinic the human
heart is perfused in situ with cardiopulmonary
bypass and membrane oxygenator.

The limitation of the study was the lack of a
control group with the same observation period
but without ischemia-reperfusion. Cardiac electro-
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grams obtained at a baseline (before ischemia-
reperfusion) served as a control in the experiment.
The baseline VF values represent generally accepted
control for studying VF during ischemia and reper-
fusion [5, 6, 11, 12].

Hundreds of parasympathetic ganglia and tens
of thousands of neurons affecting cardiac rhythm
and conduction are localized around the sinus and
atrial-ventricular node [26]. Nervous tissue is sensitive
to ischemia and reperfusion [27], and ischemic and
reperfusion injury to cardiac nervous tissue during
cardioplegia can cause cardiac rhythm and con-
duction disturbances.
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