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Abstract: This brief review discusses the potential and prospects of using the electrocardiogram (ECG) signal directly for frequency analysis
to study the processes of cardiac regulation. The advantage of the ECG signal over the generally accepted frequency analysis of the RR
series is its higher sampling rate: 1000 samples per second (sps) for ECG signal vs. 4 sps for RR series. This may be important, first of all,
when analyzing the interaction of cardiac regulation processes with other periodic processes in the body, such as the activity of neural

circuits in the brain.
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Assessment of five characteristic waves (P, Q, R, S and T
waves) on the electrocardiogram (ECG) during one heartbeat was
a routine practice in clinical cardiology for many decades [1, 2].
However, various factors (patient’s motion artifacts, power line
interference, baseline drift due to breathing, etc.) affect the ECG
waveform, which often complicates the detection of the above
waves [3, 4]. Many authors developed methods to improve the
quality of identification and evaluation of P, Q, R, S and T waves on
the ECG [5-8].

In addition to the conventional analysis of each of the
characteristic ECG waves separately, periodic processes extracted
from the ECG signal also deserve attention. In particular, heart rate
variability (HRV) is the most extensively studied phenomenon
already employed in both research and clinical practice [9, 10].
HRV analysis is based on the determination of the RR series (the
time elapsed between two consecutive R waves on the ECG). For
many vyears, the study of the autonomic regulation of the
cardiovascular system was traditionally based on the analysis of
HRV using the RR series [9]. The frequency components of HRV
characterize various processes of cardiac regulation (mainly,
chronotropic control of the heart). Traditionally, several frequency
components of HRV are distinguished. High-frequency (0.15-0.4
Hz) oscillations are caused by vagal activity and respiratory
influences on the heart rate [9]. Low-frequency (0.04-0.15 Hz)
oscillations are believed to reflect the baroreflex function [11-13]
and, to a lesser extent, sympathetic and vagal activity [14, 15].
Very low-frequency (0.003-0.04 Hz) oscillations are generated by
humoral and local factors, as well as sympathetic activity
influencing the heart rate [10]. Of course, scientists have mixed
opinions about the nature of these frequency components of HRV,
so the debate continues. Nevertheless, indicators based on

quantitative assessments of these components show certain
promise for clinical practice [9, 11, 16-20].

However, the limitations of the HRV analysis by RR series
become obvious if we turn, for example, to the analysis of a type
of arrhythmia, known as atrial fibrillation, frequently encountered
in cardiology practice [21], when the main heart rhythm is chaotic
and the informativeness of conventional HRV analysis for studying
the processes of autonomic regulation is questionable. However, it
is well known that atrial fibrillation and its lifetime prognosis are to
a certain extent associated with autonomic influences [22-24].
Therefore, the search for alternative approaches to assessing the
processes of cardiac regulation in these patients is very relevant.

Despite many years of global experience in using RR series to
calculate various HRV parameters (including frequency), a certain
feature of this approach deserving a proper attention is a rather
low sampling rate of classical RR series used for HRV analysis:
usually, 4 samples per second (sps). This may limit the ability to
use the RR series to study their relationship with higher frequency
processes in the human body, such as those based on
electroencephalograms (EEG). The high sampling rate of the ECG
signal (in our case, 1000 sps) provides more opportunities to study
their relationship with the frequency components of the EEG. The
question remains how well the frequency components in the P-
QRS-T waveform variability below the baseline heart rate can be
compared with the known frequency measures used in
conventional HRV analysis.

It is known that periodic processes modulating the main heart
rate and forming frequency peaks in the conventional spectral
analysis of HRV will form additional peaks near the peak of the
main heart rate in the ECG spectrum. If we denote the main heart
rate as fur, and the frequency of the periodic process modulating it

© 2024, LLC Science and Innovations, Saratov, Russia

Www.romj.org


mailto:antonkis@list.ru

ISSN 2304-3415, Russian Open Medical Journal

R @ MJ 2024. Volume 13. Issue 4 (December). Article CID e0412
DOI: 10.15275/rusom;j.2024.0412

20f4

Physiology and Pathophysiology

as fm, then the frequencies of additional peaks in the ECG
spectrum will be determined as fur £ n fm, where n is a positive
integer (see figures in [25]). Of course, oscillations of the actual
main heart rate are not harmonic, as are the periodic processes
modulating them. Therefore, the frequency-modulated signal of
cardiac activity has a complex spectrum.

We hypothesize that regulatory processes (sympathetic,
parasympathetic, baroreflex and respiratory), previously studied
on the basis of HRV, form frequency responses in the ECG
spectrum. The influence of these regulatory processes on the ECG
spectrum is possible not only due to the features of the spectral
analysis, as described in [25], but also due to the modulating effect
on the components of the P-QRS-T waveform.

Besides that, other periodic processes extracted from the ECG
signal and associated with other waves (except for R waves) also
seem promising. For example, according to some authors, the PP
series (the time elapsed between two consecutive P waves on the
ECG) exhibits an advantage for its noteworthy ability to identify
the onset of paroxysmal atrial fibrillation and to reveal additional
information regarding the variability of the RR series [26]. Direct
frequency estimates of the P wave are also studied and used to
detect fragmentation in atrial conduction, which is a recognized
indicator of the onset of paroxysmal atrial fibrillation [27, 28]. The
spectral content of the normal P wave is below 20 Hz [29], but
higher frequency components (20, 30, 40, 60, and 80 Hz to 150 Hz)
may be seen in fragmented P waves [30-32].

The periodicity of ventricular repolarization oscillations,
manifested in changes of the T wave vector, appears to be in the
same frequency range as the low-frequency oscillations detected
during muscle sympathetic nerve activity (MSNA) [33] and
spontaneous fluctuations of beat-to-beat RR intervals [15, 34]. It is
known that the T wave is caused by transmural voltage gradient
across the ventricular myocardium, which develops as a result of
the difference in the repolarization time of myocardial cell layers
with different action potential durations (APD) [35]. There are data
for patients with heart failure that the rhythmic patterns of APD in
myocardial cells are coherent with an oscillation frequency of 0.1
Hz of arterial pressure [36]. The relationship between low-
frequency (about 0.1 Hz) oscillations with APD and HRV is
confirmed by the results of other studies as well [37]. There is an
opinion that 0.1 Hz oscillatory patterns in APD reflect the influence
of sympathetic activity on the myocardium [38, 39]. However, this
hypothesis has many limitations [40] and requires further research
to clarify the detailed mechanisms.

There are publications on developing approaches to identifying
arrhythmic events based on frequency analysis of various
components of the P-QRS-T waveform, including the QRS complex
[41-44]. Noteworthy progress applicable to clinical practice has
been made in this field.

The multifrequency oscillatory mode is a key biophysical
feature of the cardiovascular system, provided by the presence of
several different oscillatory processes (heart rhythm, baroreflex
regulation, respiratory effects, vasomotion, etc.) [45, 46]. In the
cardiovascular system, even under conditions of stability, various
spontaneous oscillations of parameters of its functioning occur.
Their mechanism of formation is very complex and is characterized
by the presence of many oscillatory processes at different
frequencies, which are subject to the modulating effects of
external factors [47-49]. Previously, we and other authors have
demonstrated that the presence of various oscillatory processes in

the cardiovascular system activity somehow related to its
multilevel regulation leads to their interaction with each other, up
to both phase and frequency synchronization and complete
synchronization [46, 48, 50, 51]. The emergence of
synchronization is one of the key mechanisms of self-organization
in various body systems. Nevertheless, we recognize that the
results demonstrating such synchronization are ambiguous and far
from explaining the observed phenomena. Also, the analysis of
phase and frequency synchronization only on certain frequency
components arbitrarily identified by researchers does not provide
an explanation of the structure of interactions between regulatory
mechanisms.

Thus, there are prerequisites for changing the attitude to the
use of frequency analysis of the ECG signal per se for studying the
processes of cardiac regulation and their interaction with other
periodic processes in the body. We believe that the methods used
to extract the heart rate from the ECG signal, based on the
standard, nearly geometric extraction of the RR series, entail the
loss of a significant share of the information contained in the
remaining components of the P-QRS-T waveform. Higher sampling
rate of the ECG signal can be of decisive importance when using
current modeling technologies for data analysis, including
nonlinear network approaches, to the tasks of studying the
dynamics of the cardiovascular system. This approach is
widespread in interdisciplinary sciences for studying biological
systems. For example, at present, it is quite habitual to recognize
the network-based nature of the dynamics of interacting spatial
areas of neural complexes in the cerebral cortex [52].

Conclusion

The potential advantages of using frequency analysis of the
native ECG signal over the generally accepted analysis of HRV by
RR series, given its higher sampling rate, can be important not only
for the tasks of studying the cardiac regulation processes, but also
to a greater extent for the analysis of their interaction with other
periodic processes in the body, such as the activity of neural
circuits in the brain.
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