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The aim of the investigation is to study the frequency structure of electrocardiogram (ECG) during long-duration-ventricular fibrillation
(VF) in the canine heart using fast Fourier transform in the frequency range of 1-40 Hz.

Materials and Methods. ECG has been recorded in 10 dogs before VF and during VF. No pathological changes-were revealed on
ECGs before VF. The VF was induced by a brief (2 s) application of alternating current (30 V; 50 Hz) to the heart region. Spectral analysis
of ECG in VF was carried out using fast Fourier transform in five frequency bands: very low frequencies (1-3 Hz), low (4-7 Hz), middle
(8-12 Hz), high (13-17 Hz), and very high frequencies (18-40 Hz). Spectral power (amplitude) and specific gravity of oscillations were
determined in all five frequency bands.

Results. ECG in VF is characterized by dominant frequency structure. At minute 1 of VF the most significant changes have been
observed in the frequency structure with transition from domination of high frequency oscillations (13-17 Hz) to domination of middle
frequency oscillations (8-12 Hz) and after that to domination of low frequency oscillations (4—7 Hz). At minutes 2-10 of VF domination of
low frequency oscillations is replaced by domination of low and middle frequency ones. Total spectral power of oscillations in the range of

1-40 Hz shows insignificant changes at minute 1 of VF and significantly decreases at minutes 12-10 of VF.

Conclusion. Dominant frequency structure points to indicates electrical activity in VF. The results of the paper can be used in algorithms
for automatic detection of VF with dominant frequency structure. Organized activity in VF provides a good theoretical framework to search
for a new method of sequential rhythmic defibrillation using a series of relatively weak but rhythmic organized stimuli.

Key words: ventricular fibrillation; frequency structure of electrocardiogram; dominant frequency structure of electrocardiogram.

In contrast to coordinated heart beats ventricular
fibrillation (VF) is characterized by uncoordinated
contractions of separate groups of myocardial fibers
unable to maintain blood circulation; VF leads to quick
death unless halted by electrical defibrillation [1]. VF is a
major cause of sudden cardiac death all over the world
[2, 3] leading to 200,000-400,000 deaths every year in
Russia [4] and 3-7 million deaths worldwide [5].

Researchers in different fields of science, including
physicists, biophysicists, mathematicians and
physiologists, have traditionally described VF as a
turbulent process and studied VF using complicated
mathematical tools in the context of chaos and nonlinear
system theories [6—11]. Meanwhile myocardial mapping
has revealed organized electrical activity at the first 2 min
[12—14]. It should be noted that mapping covers no more
than 20% of ventricular myocardium while fibrillation
involves the whole myocardium. It is not clear to what
extent the results of mapping are applicable to the whole
myocardium in VF. Besides, quantitative parameters
of organized activity have not been determined under
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mapping in VF. These parameters could be used for VF
diagnostics.

Electrocardiogram (ECG) reflects global electrical
activity of the heart and provides assessment of activity
of the whole myocardium in VF [13, 15]. Spectral
analysis of ECG in VF using fast Fourier transform
(FFT) allows us to determine frequency content of
ECG oscillations. Babsky et al. [16] were the first to
carry out spectral analysis of ECG in VF using FFT.
However, only one (dominant) oscillation frequency
of VF was studied in this and subsequent articles
[16-19]. Total frequency content of ECG in VF was
not quantitatively analyzed anywhere. Total frequency
range of oscillations generated by myocardium in VF
can be covered using FFT analysis of ECG in a wide
frequency range of 1-40 Hz, which gives the possibility
to study frequency structure and dynamics of VF. We
have found no papers where frequency structure of
ECG has been studied in a wide frequency range of
1-40 Hz using modern technologies of automated FFT
analysis of ECG in VF.
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The aim of the investigation is to study the
frequency structure of electrocardiogram during long-
duration ventricular fibrillation in the canine heart
using fast Fourier transform in the frequency range of
1-40 Hz.

Materials and Methods. Experiments on the
canine heart in situ were conducted in accordance
with the decree No0.742 of the Ministry of Higher and
Secondary Specialized Education of the USSR dated
13.11.1984, “On the Approval of Rules of Work using
Experimental Animals”, and the European Convention
for the Protection of Vertebrate Animals used for
Experimental and other Scientific Purposes adopted in
Strasburg on 18.03.1986 and confirmed in Strasburg
on 15.06.2006.

Ten dogs of either sex were intramuscularly
anesthetized with Zoletil (20-30 mg/kg) (Virbac Sante
Animale, France). After 5-7 min four electrodes for
ECG recording were inserted into the forelimbs and
the hind limbs of the dogs. A pair of electrodes for
electrical stimulation was inserted into the chest in the
region of apex cordis. In all dogs ECG was recorded
using computer-based recording device NeuroS-4U
(Neurobotics, Russia) at a sampling rate of 500 Hz,
filtered with 0.05 Hz high pass and 500 Hz low pass
filters and stored in edf-32 format files. ECG was
recorded in standard lead lll. It is known that canine
heart has vertical electrical axis and ECG lead Il has
the largest amplitude [20]. No ischemia signs were
registered on ECGs before VF.

VF was induced by a brief (2-3 s) application of
alternating current (30 V; 50 Hz) to the chest near apex
cordis region. Such electric stimulation is standard
for induction of VF in the canine heart [1]. ECG was
recorded during the first 10 min of VF. ECG was divided
into 1-second segments and spectral analysis of
these segments was carried out by FFT method using
Neocortex Software (Neurobotics, Russia).

Spectral analysis of ECG in VF was carried out in five
frequency bands: very low frequencies (1-3 Hz), low
(4-7 Hz), middle (8—12 Hz), high (13-17 Hz), and very
high frequencies (18—40 Hz). Spectral power (amplitude)
and specific gravity of oscillations in all frequency
bands were determined in 1-second segments of ECG
as shown in Table 1. After that the same parameters

Table 1

Amplitude and specific gravity of various frequency
oscillations at second 8 of ventricular fibrillation
in the canine heart

Frequency (Hz)
-3 47 812 1317 18-40 1-40
Amplitude (mV) 007 008 023 116 052 2.06
Specific gravity (%) 4 4 11 56 25 100

Oscillations
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were determined for 5-second segments of ECG (Mtm,
n=50).

The data were statistically processed by SPSS 11.5
software for Windows using nonparametric tools: Mann-
Whitney and Wilcoxon comparison tests, Spearman’s
correlation.

Results

Dominant frequency structure of VF. High
frequency oscillations (13—17 Hz) organized to “fibrillation
spindle” patterns dominated on ECG-record at seconds
5-9 of VF (Figure 1 (a)). This domination is confirmed by
spectrogram (Figure 1 (b)). Middle frequency oscillations
(8-12 Hz) also organized in “fibrillation spindle” patterns
dominated at seconds 26-30 (Figure 1 (c)), which is also
confirmed by spectrogram (Figure 1 (d)). Low frequency
oscillations (4—7 Hz) dominated on both ECG-record
and spectrogram at seconds 56-60 (Figure 1 (e), (f)).
Apparently disorganized polymorphous oscillations
of 1-20 Hz were observed on ECG-record at seconds
176—180 but spectrogram showed domination of low
and middle frequency oscillations (4—12 Hz) over the
frequency range between 1 and 40 Hz (Figure 1 (@), (h)).

Dominant frequency structure of VF shown in Figure 1
is true for all the dogs. High frequency oscillations took
a share of 5/40 in the frequency range of 1-40 Hz and
contained 44% of total spectral power that confirms
dominant frequency structure of ECG at the first seconds
of VF (Figure 2 (a)). Middle frequency oscillations
(a share of 5/40 in the frequency range of 1-40 Hz)
contained 41% of total spectral power and dominated in
the middle of minute 1 (See Figure 2 (a)). Low frequency
oscillations (a share of 4/40) contained 38-40% of total
spectral power and dominated in the interval between
the end of minute 1 (See Figure 2 (a)) and the middle
of minute 2 (Figure 2 (b)). Low and middle frequency
oscillations (a share of 9/40) contained 41-61% of total
spectral power and dominated in the interval from the
end of minute 2 (See Figure 2 (b)) up to minute 10 of VF
(Figure 2 (c), (d)).

Thus dominant frequency structure of ECG is
inherent to VF in the canine heart. The first minute of
VF is characterized by the most significant changes in
frequency structure with transition from domination of
high frequency oscillations to that of middle frequency
ones and then to domination of low frequency
oscillations. At minutes 2—10 of VF domination of low
frequency oscillations is replaced by domination of low
and middle frequency ones, which reflects two-fold
(from 4-7 to 4-12 Hz) extension of frequency range of
dominating oscillations. The change in the frequency
structure of ECG oscillations is determined by oscillation
dynamics during VF.

Oscillation dynamics during minute 1 of VF.
Specific gravity of very low and low frequency
oscillations increased at minute 1 of VF; there is strong
direct correlation between duration of VF and specific
gravity of very low and low frequency oscillations
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Figure 1. Five-second ECG segments (a, c, e, g) and spectrograms of one-second ECG segments
(b, d, f, h) at minutes 1-3 of ventricular fibrillation in the canine heart. ECG calibration: 0.7 mV, 1 s.
On spectrograms: the X axis shows frequency (Hz); Y axis shows amplitude (mV); colors indicate
different frequency bands (1-3 Hz, khaki; 4-7 Hz, green; 8-12 Hz, red; 13-17 Hz, blue; 18—40 Hz,

violet)

(Figure 3 (a), (b)). Specific gravity of middle frequency
oscillations increased up to the middle of minute 1 and
then declined (Figure 3 (c)). Specific gravity of high
and very high frequency oscillations decreased; there
is strong inverse correlation between duration of VF
and specific gravity of high and very high frequency
oscillations (Figure 3 (d), (e)).

Organized Frequency Structure of Ventricular Fibrillation in Canine Heart

Dynamics of specific gravity of various frequency
oscillations is connected with amplitude dynamics. This
is proved by strong direct correlation between specific
gravity and amplitude of oscillations in all five frequency
bands (Table 2).

The amplitude of very low and low frequency
oscillations increased; there is strong direct correlation
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Figure 2. Specific gravity of various frequency oscillations during ventricular fibrillation in the
canine heart: (a) minute 1 of ventricular fibrillation; (b) minute 2; (c) minute 3; (d) minutes 4-10;
Mtm; n=50; * p<0.01 compared to other frequencies; ** p<0.01 compared to 1-3, 13-17, and

18-40 Hz

between duration of VF and amplitude of very low
and low frequency oscillations (Figure 4 (a), (b)). The
amplitude of middle frequency oscillations increased
up to the middle of minute 1 and then declined (Figure
4 (c)). The amplitude of very high and high frequency
oscillations decreased; there is strong inverse
correlation between duration of VF and amplitude of high
and very high frequency oscillations (Figure 4 (d), (e)).
Total amplitude of oscillations in the frequency range of
1-40 Hz did not change significantly at minute 1 of VF
(Figure 4 (f)).

Oscillation dynamics during minutes 2-3 of VF.
Specific gravity of low frequency oscillations decreased
at minutes 2-3 of VF; there is strong inverse correlation
between duration of VF and specific gravity of low
frequency oscillations (Figure 5 (a)). Specific gravity of
high frequency oscillations increased; there is strong
direct correlation between duration of VF and specific
gravity of high frequency oscillations (Figure 5 (c)).
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Dynamics of specific gravity of low and high frequency
oscillations is connected with amplitude dynamics of
these oscillations. This is proved by direct correlation
between specific gravity and amplitude of low frequency
oscillations (R=0.71; p<0.01) and those of high
frequency oscillations (R=0.64; p<0.05).

Amplitude of low frequency oscillations decreased;
there is strong inverse correlation between duration of
VF and amplitude of low frequency oscillations (Figure
5 (b)). Amplitude of high frequency oscillations increased
but did not correlate with duration of VF (Figure 5 (d)).
Total amplitude of oscillations decreased; there is strong
inverse correlation between duration of VF and total
amplitude (Figure 5 (e)).

Oscillation dynamics during minutes 4-10 of VF.
Specific gravity of various frequency oscillations did
not change during minutes 4-10 of VF (p>0.05) but
amplitude of oscillations decreased in all five frequency
bands (p<0.01); there is strong inverse correlation
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Figure 3. Dynamics of specific gravity of various frequency oscillations during minute 1 of
ventricular fibrillation in the canine heart: (a) 1-3 Hz oscillations; (b) 4-7 Hz; (c) 8-12 Hz; (d) 13—
17 Hz; (e) 18-40 Hz; Mtm; n=50; * p<0.05 compared to second 9 of ventricular fibrillation;

R: correlation between duration of fibrillation and specific gravity of oscillations

between duration of VF and amplitude of oscillations in
all frequency bands (Figure 6 (a)—(f)).

Discussion. This study has revealed dominant
frequency structure of ECG during minutes 1-10
of VF in the canine heart (See Figure 2). Dominant
structure points to organized (synchronized) activity
of myocardium. If cardiac cells generated their action
potentials (APs) at random manner and independently
from each other, these APs would accidentally sum up
providing random total process with disorganized low-
amplitude oscillations and flat spectral power density

Organized Frequency Structure of Ventricular Fibrillation in Canine Heart

Table 2

Correlation between specific gravity and amplitude
of various frequency oscillations at minute 1
of ventricular fibrillation in 10 dogs (p<0.01)

Oscillation
frequency 1-3Hz 4-THz 8-12Hz 13-17Hz 18-40 Hz
Correlation 0.97 0.95 0.98 0.96 0.98

of ECG signal over the frequency range between 1 and
40 Hz.
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Figure 4. Amplitude dynamics of various frequency oscillations during minute 1 of ventricular fibrillation
in the canine heart: (a) 1-3 Hz oscillations; (b) 4-7 Hz; (c) 8-12 Hz; (d) 13-17 Hz; (e) 18-40 Hz;
(f) 1-40 Hz; Mtm; n=50; * p<0.05 compared to second 9 of ventricular fibrillation; R: correlation between

duration of fibrillation and amplitude of oscillations

Domination of high frequency oscillations (See
Figure 2 (a)) is likely to reflect synchronized activity of
cardiomyocytes generating APs of 13—17 Hz and not
suffering from ischemia at the first seconds of VF. When
coronary perfusion was maintained during 1 h under VF
cardiomyocytes generated APs of the same frequencies
(13-17 Hz) as they did at the first seconds of VF [21].
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Analysis of biochemical works confirms the absence
of ischemia at the first seconds of VF. ATP content
in myocardium is 5 ymol/g dry weight, the rate of ATP
consumption is 0.5 pymol/g per second, and complete
cycling of myocardial ATP pool occurs during 10 s [22].
There is reserve oxygen in myocardium (in the form of
oxymyoglobin, oxyhemoglobin and physically dissolved
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Figure 5. Dynamics of specific gravity and amplitude of various frequency oscillations during minutes
2-3 of ventricular fibrillation in the canine heart: (a), (b) 4—7 Hz oscillations; (c), (d) 13—17 Hz; (e)
1-40 Hz; Mtm; n=50; * p<0.05 compared to second 80 of ventricular fibrillation; R: correlation between
duration of fibrillation and specific gravity (a), (c) and between duration of fibrillation and amplitude of

oscillations (b), (d), (e)

oxygen) at the moment of total stopping of coronary
blood flow under VF. Reserve oxygen is sufficient for
8-12 s under VF [23]. Myocardial activity at the first
20 s of VF is likely to be provided by consumption of
myocardial ATP and by aerobic synthesis of ATP in the
process of reserve oxygen utilization.

Domination of middle frequency oscillations (See

Organized Frequency Structure of Ventricular Fibrillation in Canine Heart

Figure 2 (a)) may reflect generation of synchronized APs
in the frequency range of 8-12 Hz, while domination of
low frequency oscillations (See Figure 2 (a), (b)) may
mirror generation of 4—7 Hz APs. Cardiomyocytes really
generated APs of 10-11 Hz at minute 1 of VF [24] and
APs of 5-7 Hz in the interval from the end of minute 1
up to minute 2 of VF [24, 25]. Decline in the frequency of
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Figure 6. Amplitude dynamics of various frequency oscillations during minutes 4-10 of ventricular
fibrillation in the canine heart: (a) 1-3 Hz oscillations; (b) 4-7 Hz; (c) 8-12 Hz; (d) 13-17 Hz; (e)
18-40 Hz; (f) 1-40 Hz; Mtm; n=50; * p<0.05 compared to the second 200 of ventricular fibrillation;
R: correlation between duration of fibrillation and amplitude of oscillations

dominating oscillations should be associated with deficit
of energy due to interruption of aerobic metabolism and
transition to anaerobic glycolysis: glycolysis gives 2
molecules of ATP, while complete glucose oxygenation
provides 36 ones [26].

According to Pasteur effect, ischemia stimulates
multifold growth of glycolysis [26]. Evidently, glycolytic
ATP is sufficient to keep up basic metabolism
(maintaining myocardial structure and ionic gradients)
at minute 1 of VF when organized activity is still
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preserved despite decrease in dominating oscillation
frequency. This is comfirmed by the absence of decline
in total amplitude (See Figure 4 (f)). With increased
disorganization, the local electrical vectors increasingly
oppose each other, thereby reducing total amplitude of
ECG oscillations [27].

Two-fold broadening in the frequency range of
dominating oscillations (from 4—7 to 4-12 Hz) reflects
decrease in organized activity. Decline in frequency
of APs generated by cardiomyocytes corresponds to

M.I. Guryanov



domination of middle and low frequency oscillations on
ECG (See Figure 2 (c), (d)). Purkinje fibers and working
cardiomyocytes generated synchronized APs of 7 Hz at
minutes 3—4 of VF; APs of 7 Hz and 4-5 Hz respectively
at minutes 5-6; APs of 5-6 Hz and 2-3 Hz at minutes
7-8; and APs of 4-5 Hz and 1-2 Hz at minutes 9-10 of
VF [24].

Discrepancy between the frequency of ECG
oscillations and APs generated by cardiomyocytes
reflects conduction block under the influence of
ischemia at minutes 3—-10 of VF. Ischemia leads to
increase in extracellular potassium, cell depolarization,
depression of maximal upstroke velocity and amplitude
of AP, electrical disconnection of cells due to increased
resistance of intercellular junctions — all this leads to
conduction block [28, 29]. Ischemic acidosis results
in glycolysis inhibition and reduction of ATP content in
myocardium [26]. Inhibition of glycolytic ATP synthesis is
likely responsible for decline in amplitude of oscillations
in all five frequency bands (See Figure 6). However,
domination of low and middle frequency oscillations
(See Figure 2 (d)) is indicative of the fact that decline in
electrical activity occurs in “organized order” at minutes
4-10 of VF. Evidently, cardiomyocyte populations
stopped their electrical activity when ATP exhausted in
myocardium. This process can be associated with the
growth of electrically mute zones in myocardium from 0
to 60 % correlating with decline in oscillation amplitude
at minutes 3—10 of VF [30, 31].

Canine heart rate (50-200 per minute) is higher
but comparable to that of a human being (50-100 per
minute) [32, 33]. Frequency of VF oscillations in humans
can be 500-600 per minute [34], so domination of middle
frequency oscillations is possible in human VF. For
example such VF frequency can be found in healthy man
in the case of electric injury but it happens quite rarely
[35]. Ischemic heart disease is the most frequent cause of
VF [36] and oscillations of 4—6 Hz dominate at minute 1
of VF in such patients [37—40]. Consequently, the results
of this paper can be used in algorithms for automatic
detection of VF with dominant frequency structure.

Thus, VF is characterized by organized activity. It is
possible to distinguish two ways of organized activity
that have unequal functional significance in myocardium:
functional integration of the heart with effective
coordinated contractions corresponds to maximum
synchronization in  myocardium, while functional
disintegration with ineffective uncoordinated contractions
corresponds to less organized VF.

From the standpoint of myocardial synchronization,
defibrillation should lead to restructuring of less
organized VF into maximally synchronized coordinated
contractions. Strong electric shock has been the one
effective treatment for VF for several decades [1, 41].
Such a method of defibrillation can cause side effects:
pain, myocardial injury, depression of contractions and
cardiac arrhythmia, including ventricular refibrillation

Organized Frequency Structure of Ventricular Fibrillation in Canine Heart
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and atrial fibrillation [42]. Therefore, it is an urgent issue
to search for weaker defibrillation stimuli, which could
minimize side effects.

Organized VF activity is reproduced in each VF cycle,
which provides self-maintenance of VF [43]. Sufficient
time is needed for overcoming physiological inertia of VF.
Myocardial mapping shows that defibrillation can take
three consecutive cycles: the first and second cycles
reflect sequential restructuring of VF, and the third cycle
reflects withdrawal from VF [44]. Presumably, it would be
worth-while experiment to restructure organized activity
of VF and keep it in the direction towards coordinated
contractions using relatively weak electrical stimuli,
provided that stimuli are rhythmic organized during the
sufficient interval of time.

Programmable serial stimulation revealed partial
“capture” of myocardium by electrical stimuli under VF
[45-47]. It should be noted that this stimulation was
carried out using high and fixed amplitude and frequency
of stimuli with no VF parameters being taken into
account. According to the data obtained under analysis
of myocardial excitability, increase in amplitude of stimuli
between 1 and 20 mA leads to reduction of refractory
period of the heart from 150 to 80 ms [48, 49]. VF periods
of 70-100 ms correspond to VF frequencies of 10-15 Hz
(See Figure 2 (a)). Therefore, there is the possibility of
complete “capture” of myocardium in VF when using
stimuli in the range of 1-20 mA and 5-10 Hz.

An outstanding Russian physiologist Alexey A.
Uchtomsky pointed out the possibility of rhythmic
restructuring of excitable tissue [50, 51]. Rhythmic
stimulation can increase synchronization of neurons
and provoke an epilepsy seizure. Hypersynchronized
paroxysmal activity of neurons corresponds to functional
disintegration of the brain [52]. Synchronization of
excitable cells is likely to have unequal functional
significance in the heart and brain.

Conclusion. Ventricular fibrillation in the canine
heart is characterized by dominant frequency structure
of ECG. The most significant changes in the frequency
structure occur at minute 1 of VF with transition from
domination of high frequency oscillations (13-17 Hz) to
domination of middle frequency ones (8—12 Hz) and then
to domination of low frequency oscillations (4-7 Hz). At
minutes 2-10 domination of low frequency oscillations
is replaced by domination of low and middle frequency
oscillations. Total amplitude of ECG oscillations shows
no significant changes at minute 1 and significantly
decreases at minutes 2—10 of VF.

Dominant structure of ECG speaks of organized
electrical activity in VF. Organized VF activity provides a
good theoretical framework for searching a new method
of rhythmic defibrillation using a series of relatively weak
but rhythmic organized stimuli.
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