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Introduction: The modern practice of sports medicine and medical rehabilitation
requires the search for subtle criteria for the development of conditions and
recovery of the body after diseases, which would have a prognostic value for the
prevention of negative effects of training and rehabilitation tools, and also testify to
the development and course of mechanisms for counteracting pathogenetic
processes in the body. The purpose of this study was to determine the
informative directions of the cardiorespiratory system parameters dynamics
during the performing a maneuver with a change in breathing rate, which may
indicate the body functional state violation.

Methods: The results of the study of 183 healthy men aged 21.2 ± 2.3 years who
regularly engaged in various sports were analyzed. The procedure for studying the
cardiorespiratory system included conducting combined measurements of
indicators of activity of the respiratory and cardiovascular systems in a sitting
position using a spiroarteriocardiograph device. The duration of the study was
6 min and involved the sequential registration of three measurements with a
change in breathing rate (spontaneous breathing, breathing at 0.1 Hz and 0.25 Hz).

Results: Performing a breathing maneuver at breathing 0.1 Hz and breathing
0.25 Hz in comparison with spontaneous breathing leads to multidirectional
significant changes in heart rate variability indicators–TP (ms2), LF (ms2), LFHF
(ms2/ms2); of blood pressure variability indicators–TPDBP (mmHg2), LFSBP
(mmHg2), LFDBP (mmHg2), HFSBP (mmHg2); of volume respiration variability
indicators - LFR, (L×min-1)2; HFR, (L×min-1)2; LFHFR, (L×min-1)2/(L×min-1)2; of
arterial baroreflex sensitivity indicators - BRLF (ms×mmHg-1), BRHF (ms×mmHg-1).
Differences in indicators of systemic hemodynamics and indicators of cardiovascular
and respiratory systems synchronization were also informative.

Conclusion: According to the results of the study, it is shown that during
performing a breathing maneuver with a change in the rate of breathing, there
are significant changes in cardiorespiratory parameters, the analysis of which the
increments made it possible to determine of the changes directions dynamics,
their absolute values and informative limits regarding the possible occurrence of
the cardiorespiratory interactions dysregulation.
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1 Introduction

The modern practice of sports medicine and medical
rehabilitation requires the search for subtle criteria for the
development of conditions and recovery of the body after
diseases, which would have a prognostic value for the prevention
of negative effects of training and rehabilitation tools, as well as
testify to the development and course of mechanisms for
counteracting pathogenetic processes in the body (Kellmann
et al., 2018). The complexity of this task in many cases is due to
the feasibility of detecting minimal changes, which are often not
clinically significant (Alchinova and Karganov, 2021; Guzii and
Romanchuk, 2021b; Romanchuk et al., 2023). Given the adaptive
processes that occur in the body, this occurs at the level of certain
functional stresses in various systems and organs of the body (Nicolò
et al., 2020). Of course, the modern focus of medicine on the
evidence of certain signs of conditions and diseases significantly
increases the requirements for the search and further consideration
of a number of functional parameters of the body’s activity
(Bernaciková et al., 2019). Standardization of modern diagnostic
and therapeutic methods significantly increases the efficiency of
diagnosis, treatment, and rehabilitation (Pinna et al., 2017), but has
certain problems regarding a specific person.

This is due to the fact that the existing arsenal of modern
functional diagnostics in the vast majority of cases is based on the
identification of markers of pathology, that is, it is reduced to the
detection of signs that characterize the formation of a pathological
trace in the body (Guenette and Sheel, 2007; Illigens and Gibbons,
2019). At the same time, the available experience of prognostic
medicine proves that even with reliable identification of
pathological markers, the final result of an individual prognosis of
the course of an organism’s pathology and its recovery is quite
problematic (Noskin et al., 2020).

These difficulties can be overcome by implementing into the
practice of functional diagnostics methods of combined
instrumental research of various functions, which allow
establishing individual variants of intersystem interactions at rest
and in the dynamics of certain influences (Malliani et al., 1994; Dick
et al., 2014; Harford et al., 2019; Abreu et al., 2023).

The level of individual functions correlation at the intra- and inter-
system levels is of great importance in multi-functional studies. In this
regard, only objective data can be a condition for reliable prediction of
certain dysregulations, which means risks of susceptibility to the
development of diseases, pathological processes during sports, or
restoration of functionality after injuries and diseases (de la Sierra
et al., 2020;Noskin et al., 2020; Angelova et al., 2021;Da Silva et al., 2023).

Cardio-respiratory interaction, which occurs at many levels of the
nervous system and includes the coordinated regulation of respiratory,
cardiovagal, and sympathetic influences, occupies a leading place in
understanding the mechanisms of dysregulation (Cottin et al., 1999;
Malpas, 2010; Javorka et al., 2020). Many neurons in each of the two
ventrolateral medullary networks (respiratory and autonomic) are
differentiated and directly regulated by oligosynaptic input signals
from chemoreceptors, baroreceptors, pulmonary mechanoreceptors,
and their control is carried out through the formation of patterns of
cardiovascular and respiratory interactions in the cerebral cortex,
hypothalamus, pons (Garcia et al., 2013; Porta et al., 2016).
Therefore, the determining value for their activity estimation, even

at the level of the function implementation, is given to the simultaneous
registration of indicators of their activity, which significantly reduces the
error when establishing their interaction (Alchinova and Karganov,
2021; Romanchuk et al., 2023).

Maximizing an athlete’s performance is not only part of the
training process. It also depends on an optimal balance between
training and recovery, which is the key to preventing maladaptation,
which can occur due to the accumulation of psychological and
physiological stresses caused by the training and training load
(Kellmann et al., 2018). From these positions, it is necessary to
mention that physical exertion, which is an undeniable condition for
increasing the level of training, on the other hand, can cause physical
overload and be accompanied by adequate and inadequate recovery
(Dupuy et al., 2018). In the first case, this is a condition for training
growth, and in the second case, it is a prerequisite for the formation
of pre-pathological states of functional (Bellinger, 2020; Nicolò et al.,
2020) and non-functional overreaching (Nederhof et al., 2008;
Meeusen et al., 2013), and as well as the development of
overtraining (Grivas, 2018; Armstrong et al., 2022). At the same
level as the neuromuscular apparatus, the leading role in the
formation of these conditions belongs to the autonomic and
cardiorespiratory systems (Baumert et al., 2006).

It is well known that deep breathing with a frequency of 0.1 Hz is
characterized by an increase in respiratory volume and can increase
the excursion of the diaphragm (Vostatek et al., 2013; Stromberg et al.,
2015; Russo et al., 2017; Fuller et al., 2022), promotes more effective
ventilation and oxygenation of blood due to the involvement of more
alveoli, and also reduces alveolar dead space (Bilo et al., 2012). A
decrease in chemoreflex sensitivity has been shown (Bernardi et al.,
2001; Sampaio et al., 2012). Involvement of this extracardiac
circulatory factor contributes to an increase in venous return,
filling of the right heart chambers and, accordingly, an increase in
stroke volume and cardiac output (Hsieh et al., 2003; Byeon et al.,
2012; Elstad, 2012; Dick et al., 2014). The effect of synchronizing pulse
oscillations of systolic and diastolic blood pressure with heart rhythm
is noted (Hsieh et al., 2003; Romanchuk, 2005; Romanchuk, 2013;
Ovadia-Blechman et al., 2017). An improvement in capillary flow is
likely (Ovadia-Blechman et al., 2017). The effects of increasing HRV
and BPV are quite obvious (Bernardi et al., 2001; Radaelii et al., 2004;
Romanchuk, 2005; Sin et al., 2010; Chang et al., 2015). Mean arterial
pressure may decrease (Radaelii et al., 2004; Dick et al., 2014). The LF-
component of HRV and baroreflex sensitivity increase (Eckberg, 2003;
Beda et al., 2014; Guzii and Romanchuk, 2016; Romanchuk andGuzii,
2017; Guzii et al., 2019). Resonantly, 0.1 Hz breathing increases RSA
activity (Bernardi et al., 2001; Vaschillo et al., 2006). The efficiency of
pulmonary gas exchange improves (Hayano et al., 1996;Mortola et al.,
2016), the economy of heart work is noted (Ben-Tal et al., 2014), as
well as the buffering of blood pressure fluctuations (Hsieh et al.,
2003; Elstad M., 2012). On the part of the autonomic nervous
system, the effects of increased activity and tone of the
parasympathetic link are observed (Chang et al., 2015). The
optimization of acetylcholine release and hydrolysis in the SA
node (Wang et al., 2013) and the strengthening of phase
modulation of sympathetic activity (Limberg et al., 2013)
were noted, contributing to the improvement of orthostatic
reactions (Vidigal et al., 2016). That is, deep breathing with a
frequency of 0.1 Hz allows you to determine the structure of the
body’s systems under the imposed parasympathetic influence.
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Deep breathing 15 times per minute (0.25 Hz) in an imposed
rhythm for 2 min can cause the initial signs of hyperventilation and
affect various systems and tissues of the body, modifying the
manifestations of sympathoadrenal activation (Hornsveld et al.,
1995; Krohn et al., 2023). The latter was shown when testing with
hyperventilation for 100 s at a rhythm of 0.33 Hz (Kox et al., 2014).
However, hyperventilation at a rate of 0.25 Hz for 2 min is quite gentle,
although it can also cause the development of certain symptoms.
Among the signs that we obtained in previous studies: an increase
in HR (min-1), resonant predominance of the HF component of HF
(ms2), HFSBP (mmHg2) andHFDBP (mmHg2) (Romanchuk, 2013; Guzii
et al., 2019), a decrease in BRLF (ms×mmHg-1), BRHF (ms×mmHg-1) at
rest and during the recovery period after exercise (Guzii and
Romanchuk, 2016), changes in systemic hemodynamics
(Romanchuk, 2013) If we talk about hyperventilation tests in
general, their classical performance with a duration of up to 3 min
can stimulate the appearance of symptoms (King, 1988), which can
cause a deterioration in wellbeing, or even contribute to the
development of conditions that will require emergency care
(Gardner, 1996; Gilbert, 1999). In view of the above, we proposed a
procedure for performing a breathing maneuver, which is gentle on
reactions, but it allows you to detect the body’s reactivity to influences
that stimulate, at least, the activation of the sympathetic and
parasympathetic links of the autonomic nervous system.

In our opinion, the study of cardiorespiratory relationships is of
significant importance in determining the functional state of the
human body and will contribute to the development of new
approaches to the diagnosis of changes in the body of patients,
practically healthy persons and athletes.

The main hypothesis of this study was that the changes that occur
in the cardiorespiratory system during the performance of a breathing
maneuver with a change in breathing rate can have a diagnostic value
in determining the current functional state of an athlete’s body.

The purpose of this study was to determine the informative
directions of the dynamics of the cardiorespiratory system
parameters during a maneuver with a change in breathing rate,
which may indicate a violation of the functional state of the body.

2 Materials and methods

2.1 Study subjects

This study was conducted in the limits scientific programs of
departments of Exercises Medicine and Sports Medicine of South
Ukrainian National Pedagogical University (September 2012 - July
2016) and Sports Medicine of Lviv State University of Physical
Culture (January 2021), on different sports bases of Odesa, Lviv and
of team Ukraine. We analyzed the results of the study of 183 healthy
men aged 21.2 ± 2.3 years who regularly engaged in various sports
(Table 1), did not complain of any problems in the state of the body,
did not have acute diseases and were allowed to participate in sports
according to the results of the last medical examination. The length
of time in sports ranged from 3 to 15 years, the level of
sportsmanship ranged from a candidate for master of sports to
champions of Ukraine, Europe, the World, and the Olympic Games.
All examinations were carried out in the morning, 2–3 h after a light
breakfast. On the eve of the study, all participants were instructed by

TABLE 1 Distribution of athletes by sports and place of investigate.

Kind of sport N Examination place

Long distance runners 2 “Olympyets”, Odesa School of Higth Sport Mastery School doctor’s office

Middle distance runners 6 “Olympyets”, Odesa School of Higth Sport Mastery School doctor’s office

Rowers on kayaks 5 FSC “Khimik”, Pivdennyy water and rowing base Base doctor’s office

Rowers on canoes 6 FSC “Khimik”, Pivdennyy water and rowing base Base doctor’s office

Table tennis players 14 TTC “Burevisnyk”, Odesa TTC doctor’s office

Boxing 33 Olympic educational sport center “Koncha Zaspa” A small gym

Karate 12 SC “SUNPU”, Odesa SC doctor’s office

Freestyle wrestling 11 SC “SUNPU”, Odesa SC doctor’s office

Judo 3 SC “SUNPU”, Odesa SC doctor’s office

Greco-Roman wrestling 5 SC “SUNPU”, Odesa SC doctor’s office

Volleyball 13 SC “SUNPU”, Odesa SC doctor’s office

Water polo 14 WPC “Dinamo”, Lviv WPC doctor’s office

Handball 9 SC “SUNPU”, Odesa SC doctor’s office

Soccer 35 FC “Chernomorets”, Odesa Base doctor’s office

Gymnasts 3 SC “SUNPU”, Odesa SC doctor’s office

Acrobats 2 SC “SUNPU”, Odesa SC doctor’s office

Shooters 10 “Olympyets”, Odesa School of Higth Sport Mastery School doctor’s office

Abbreviations: SC, sports club; FC, Soccer club; WPC, Water polo club; TTC, table tennis club; SUNPU, South Ukrainian National Pedagogical University.
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trainers to avoid consumption of stimulant beverages (coffee, green
tea, energy drinks) before the examination. Taking into account that
the examination was carried out in different periods of the annual
training cycle, the main condition for admission to the study was the
absence of intense and prolonged physical load the day before.

The only condition for exclusion from the analysis of the
examination results was the presence of heart rhythm disturbances in
the form of extrasystoles and non-sinus rhythm, which was establishing
during the preliminary analysis of the examination records. A total of
11 such cases were registered. From 11 mentioned cases there were
extrasystoles in three cases and non-sinus rhythm in two cases in rest. In
six cases the extrasystoles appeared in breathing 6 times perminute. They
are not included in the analysis group (Figure 1). The athletes had no any
complaints and discomfort during and after the breathing maneuver.

This study was approved by the Ethics Committee of the South
Ukrainian National Pedagogical University (No. 121), by the Ethics
Committee of the Lviv State University of Physical Culture (No. 33-
16). All athletes were informed about the study and signed an
informed consent form before the trial.

2.2 Procedure of study

The procedure for studying the cardiorespiratory system included
conducting combined measurements of indicators of activity of the
respiratory and cardiovascular systems in a sitting position using a
spiroarteriocardiograph (SACR) device. The duration of the study was
6 min and involved the sequential registration of three measurements
(2 min each) with a change in breathing rate. During the first 2 min,
SACR indicators were recorded during normal spontaneous breathing
(SR) (Figure 2), during the second 2 min–during controlled breathing
6 times per minute (5 s inhalation, 5 s exhalation) (CR6), during the
third 2 min–during controlled breathing 15 once per minute (2 s
inhalation, 2 s exhalation) (CR15).

2.3 Method

To determine cardiorespiratory station the
“Spiroarteriocardiorhythmograph” device was applied (SACR; Intoks
Company, St. Petersburg). The device combines three certain methods
of physiological studies into an integrated hardware complex, which
makes it possible to achieve a fundamentally new quality of
measurements, that is, simultaneous recording of HRV and CPV at
different stages of the respiratory act (Pivovarov, 2006; Pivovarov, 2011).

ECG recording in 1 lead allowed to determine the indicators of
heart rate variability (HRV) according to the spectral analysis of the
sequence of RR intervals is total power (TR, ms2), power in the very low
frequency range (VLF,ms2), power in the low frequency range (LF,ms2)
and power in the high frequency range (HF, ms2) and their derivatives

FIGURE 1
Design of research.

FIGURE 2
Example of record with SACR (fragment).
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(LFn, n. u., HFn, n. u., LF/HF); according to the math analysis of the
sequence of RR intervals is ABI (autonomic balance index, c. u.), SRAI
(subcortical regulation adequacy indicator, c. u.), ARI (autonomic
regulation index, c. u.), SI (stress index, c. u.), SDANN (standard
deviation of the values of cardiointervals, ms), RMSSD (square root of
the sumof squares of the differences in the values of consecutive pairs of
normal intervals, ms), pNN50 (the percentage of NN50 from the total
number of consecutive pairs of intervals that differ by more than
50 milliseconds, obtained over the entire time recording, %) (Malik
et al., 1996); according to cardiointervalometry–to define the heart rate
(HR,min-1), averages durations and intervals of PQRST-complex–P (s),
PQ (s), QRS (s), QT (s), QTC (s), ST (n.u.); indicators of systemic
hemodynamics (Kim et al., 2005)—end-diastolic volume (EDV, cm3),
end-systolic volume (ESV, cm3), stroke volume (SV, cm3), cardiac
output (CO, dm3), stroke index (SI, cm3×m-2), cardiac index (CI,
dm3×m-2), general peripheral vascular resistance (GPVR, dyn/s/
cm−5); according to the pulse wave recording with the help of a
photoplethysmographic sensor on the finger by the Penaz method
(Penáz, 1973; Wesseling, 1990), blood pressure (SBP, mmHg; DBP,
mmHg) and its variability (SBPV and DBPV) in ranges similarly to
HRV were determined a total power of SBPV and DBPV (TRSBP,
mmHg2 and TRDBP, mmHg2), power in the very low-frequency range
(VLFSBP, mmHg2 and VLFDBP, mmHg2), power in the low-frequency
range (LFSBP, mmHg2 and LFDBP, mmHg2) and power in the high-
frequency range (HFSBP, mmHg2 and HFDBP, mmHg2) and their
derivatives–LFSBPn, n. u., HFSBPn, n. u., LF/HFSBP, LFDBPn, n. u.,
HFDBPn, n. u., LF/HFDBP (Parati et al., 1995; Pinna et al., 1996;
Karemaker, 1997; Rosei et al., 2020). Additionally, by using the
spectral method we determined the index of arterial baroreflex

sensitivity (BR, ms/mmHg)—α-coefficient, that was calculated in
high (BRHF) and low (BRLF) frequencies ranges (Karemaker and
Wesseling, 2008; Rydlewska et al., 2010; Papaioannou et al., 2019).

BRLF �
�����������
LFHRV/LFSBP

√

BRHF �
������������
HFHRV/HFSBP

√

The ultrasonic sensor of the SACR device allows to measure flows of
air on inspiration and expiration and to define the average parameters of a
respiration pattern (RP): duration of inspiratory (TI, s), duration of
expiratory (TE, s), tidal volume (VT, L), volumetric inspiratory velocity
(VI, L×s

-1), volumetric expiratory velocity (VE, L×s
-1), the fraction of

inspiration in the respiratory cycle (TI/(TI + TE) (c.u.), as well as the
volumeofminute respiration (V); and calculate the parameters of volume
respiration variability (VRV): total power of respiration (TPR, (L×min-1)2),
respiration power in the very low-frequency range (VLFR (L×min-1)2),
respiration power in the low-frequency range (LFR (L×min-1)2) and
respiration power in the high frequency range (HFR (L×min-1)2) and
their derivatives–LFRn, HFRn, LF/HFR–in n. u. (Romanchuk and Guzii,
2017; Bazhora and Romanchuk, 2018; Romanchuk and Guzii, 2020).

As an example, we will show differences in Fourier transformation
spectra of the functions studied which were measured for the same
person performing a breathing maneuver with spontaneous respiration
(Figures 3A, 4A), controlled respiration (SR) at the rate of 6 times per
minute (Figures 3B, 4B) and 15 times per minute (Figures 3C, 4C),
further on CR6 andCR15, respectively. Inmore previous studies we have
shown that within the range from 6 to 10 breaths per minute there is an
inversely proportional relationship between SR and HRV and BPV

FIGURE 3
Graphic representation of the spectral powers of HR, SBP, DBP and breathing variability for athlete K. when performing a breathingmaneuver with SR
(A), with CR6 (B) and with CR15 (C).

FIGURE 4
Variability of absolute values of HR (min-1) and SBP (mmHg) in the respiratory cycle of athlete K. when performing a breathing maneuver with SR (A),
CR6 (B), CR15 (C).
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values (Romanchuk, 2005; Romanchuk et al., 2011), and at SR15 HRV
and BPV are stabilized.

These data are confirmed by the results shown in Figure 4, where
the average versions of HR and SBP variability are shown within the
limits of the respiratory cycle.

Indicators of frequency and volume synchronization of the
cardio-respiratory system were also calculated–Hildebrandt index
(HI) and VSI (Hildebrandt, 1953; Noskin et al., 2018).

HI � HR min−1( )/RR(min−1)
VSI � CO dm3 × min−1( )/V L × min−1( )

2.4 Statistical analysis

The processing of the received results was carried out with the
help of STATISTICA program for Windows (version 10.0),
Microsoft Excel 2012. The data obtained are presented as a
median with 25%–75% (Q1; Q3) percentiles. Differences between
initial and subsequent measurements were taken via Wilcoxon
matched-pairs test.

3 Results

3.1 Morphofunctional data result

Table 2 presents the morphofunctional parameters of the
examined group of athletes, the results of which were subjected

to further analysis. As can be seen from the results of the
examination, in general, the group has a sufficiently high level of
physical development in most parameters.

3.2 Breathing maneuver and indicators of
breathing pattern and volume variability

For a clearer further characterization of the combined changes
that occur in the cardiorespiratory system, it is first appropriate to
describe the changes that occur in the breathing pattern during the
breathing maneuver. It should be noted that the SACR device
includes an ultrasonic air movement sensor, so the results
obtained during the maneuver are accurate in relation to the
flows of inhaled and exhaled air. In Table 3 presents the results
of measuring the main indicators of pattern breathing, which prove
their significant differences when performing a breathing maneuver.
The differences apply to all parameters, which are quite expected.
Tidal volume (VT, L) is greatest at CR6, which characterizes the
depth of breathing that reaches one-third of VC (L), increasing
threefold compared to SR. At the same time, V (L×min-1) increases
by an average of 1.5 times. On the other hand, at CR15, there is a 1.5-
fold increase in VT (L) on the background of an almost two-fold
increase in V (L×min-1). A significant increase in VO2 (L×min-1),
which is maximal at CR15, is also indicative. That is, the data of
patterned breathing prove that the main irritating effect in CR6 is
deep fluid breathing, which can suppress the efferent postganglionic
activity of the sympathetic nerve, and in CR15 it is moderately deep,
more often rhythmic breathing, which is accompanied by a more
significant V (L×min-1) and VO2 (L×min-1), which can stimulate

TABLE 2 Morphofunctional parameters of the examined group of athletes, Med (Q1; Q3), n = 183.

Indicator Values

Body weigh, kg 73.0 (68.0; 80.0)

Body length, cm 178.0 (173.0; 182.0)

BMI, kg×m-2 23.5 (22.0; 24.8)

Body square, m2 1.90 (1.82; 2.01)

Body length (sitting), cm 93.0 (91.0; 95.0)

Fat, % 14.5 (11.3; 17.3)

Chest circumference (pause), cm 97.0 (93.0; 102.0)

Chest excursion, cm 8.0 (7.0; 9.0)

VC, ml 4,900.0 (4,500.0; 5,500.0)

δVC, % 9.56 (−1.03; 21.04)

VI, ml×kg-1 66.7 (60.6; 72.9)

Test Shtange, s 76.0 (63.0; 93.0)

Test Genchee, s 40.0 (32.0; 50.0)

SBP, mmHg 114 (110.0; 120.0)

DBP, mmHg 70.0 (60.0; 80.0)

PBP, mmHg 50.0 (40.0; 50.0)

Abbreviations: BMI, bodymass index; VC, vital lung capacity; δVC, different between vital lung capacity and proper vital lung capacity in percentage; VI, vital index; SBP, systolic blood pressure
(by Korotkoff); DBP, diastolic blood presure (by Korotkoff); PBP, pulse blood pressure (by Korotkoff).
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signs of hyperventilation. At the same time, this effect can be
facilitated by a more significant increase in air flow rates during
inhalation (VT/TI, L×s

-1) and exhalation (VT/TE, L×s
-1) at CR15

(Table 3). Probably, such testing can be useful in the practice of
diagnosing functional and non-functional overreaching
syndromes that can occur in highly qualified athletes (Nicolò
et al., 2020).

Breathing regulation has significant individual and situational
variability. It is the latter that stops attempts to investigate
spontaneous breathing, and also translates scientific research into
researching the perfusion-ventilation capabilities of the respiratory
apparatus. Of course, this is important from the point of view of
understanding oxygen supply and gas exchange, but it does not
allow to fully characterizing the regulatory effects, being limited to
chemo- and mechanoreceptor mechanisms (Byeon et al., 2012;
Dempsey and Smith, 2019). In recent years, the results of a
number of studies conducted in laboratory conditions that
analyze the central modulatory effects on breathing have
appeared (Girin et al., 2021; Shams et al., 2021; Balban et al.,
2023). They reveal new breathing control mechanisms. Our
research allows us to state that an important component of the
optimal functional state of the body is the mechanisms that ensure
the volume respiration variability (VRV). After all, VRV indicators,
which are calculated using spectral analysis, make it possible to
distinguish between different frequencies effects, which can
significantly supplement information on regulatory effects on the
respiratory system (Romanchuk et al., 2022; Balban et al., 2023). On
the other hand, these effects are transmitted to the functions of the
cardiovascular system, gas exchange, metabolism (Censi et al., 2002;
Beda et al., 2014; Fonoberova et al., 2014; Paprika et al., 2014;
Brændholt et al., 2023). Also, the possibilities of controlled breathing
are well known, which is often used to stabilize the
neuropsychological state, in the treatment of various pathologies,
etc. (Ashhad et al., 2022; Krohn et al., 2023). The latter, based on the
principle of feedback, activates certain areas of the CNS (Balban
et al., 2023), contributing to the formation of new functional systems
that trigger optimization or recovery mechanisms (Paprika et al.,
2014).

A well-known complex indicator that is equivalent to the body’s
needs in various states is V (L×min-1), which is calculated as the
product of RR (min-1) and VT (L). Taking this into account, we
proposed to use indicators of respiratory volume variability (VRV),
which are closely related to V (L×min-1) (Romanchuk et al., 2011)
and are derived fromvolumetric inspiratory rates, to assess the state of the
respiratory system and exhalation, but simultaneously take into account
the rhythmic and volumetric characteristics of breathing. Previously,
during the examination of 1930 young men, the limits of normative
values for SR were determined, which were within the 25-75 percentile
limits for TPR, (L×min-1)2–290.0–635.0; VLFR, (L×min-1)2–1.3–4.8; LFR,
(L×min-1)2–7.9–33.6; HFR, (L×min-1)2–207.4–547.5; LFHFR, (L×min-1)2/
(L×min-1)2–0.025–0.150 (Guzii et al., 2019). As can be seen from Table 4
with SR, all indicators are within the specified regulatory limits.
When performing a breathing maneuver, the indicators change
significantly, this is compared with the pattern breathing data,
which showed an increase in the volumetric rate of inhalation and
exhalation at CR6 and CR15. As well as among the spectral
indicators of heart rate and blood pressure, the LFR indicator,
(L×min-1)2, which was resonant with respect to the respiratory
frequency of 0.1 Hz (CR6), which according to its contribution to
the total spectral power (LFRn) increased from 4.7 (2.5; 16.6) n. u.
to 85.0 (78.0; 88.0) n. u., and at a breathing frequency of 0.25 Hz
(CR15) decreased to 1.8 (1.3; 2.5) n. u., p = 0.000, which was
significantly lower than at SR. At the same time, according to
absolute values (LFR, (L×min-1)2) at a breathing frequency of
0.25 Hz (CR15), it did not differ from SR. Actually, it is the
development of the state of hyperventilation that can contribute
to such a discrepancy in the changes of this indicator.

3.3 Breathing maneuver and heart rate
variability

According to the data of the SACR study, the average duration of
cardio intervals during the registration period is calculated. Usually,
their adequate assessment is possible if there are no extrasystolic
contractions. Therefore, at the preliminary stage of recording

TABLE 3 Indicators of breathing pattern of the examined group of athletes during the breathing maneuver, Med (Q1; Q3), n = 183.

Indicator SR CR6 CR15 p

SR-CR6 SR-CR15 CR6-CR15

Ti, s 1.76 (1.44; 2.09) 4.98 (4.82; 5.12) 1.92 (1.78; 2.06) 0.000 0.004 0.000

Te, s 2.43 (2.04; 3.06) 5.02 (4.90; 5.14) 2.07 (1.95; 2.20) 0.000 0.000 0.000

VT, L 0.570 (0.440; 0.700) 1.700 (1.220; 2.270) 0.890 (0.660; 1.280) 0.000 0.000 0.000

VT/TE, L×s-1 0.22 (0.17; 0.28) 0.31 (0.24; 0.43) 0.40 (0.29; 0.60) 0.000 0.000 0.000

VT/TI, L×s
-1 0.32 (0.27; 0.38) 0.41 (0.29; 0.55) 0.53 (0.38; 0.71) 0.000 0.000 0.000

TI//TTOT 0.41 (0.39; 0.44) 0.49 (0.47; 0.51) 0.48 (0.46; 0.51) 0.000 0.000 0.541

RR, min-1 14.2 (12.0; 16.8) 6.2 (6.0; 6.4) 15.2 (15.0; 15.3) 0.000 0.000 0.000

V, L×min-1 7.818 (6.307; 9.583) 11.050 (7.930; 14.755) 13.740 (10.109; 19.447) 0.000 0.000 0.000

VO2,L×min-1 0.360 (0.290; 0.441) 0.508 (0.365; 0.679) 0.632 (0.465; 0.895) 0.000 0.000 0.000

Abbreviations: Ti, mean inspiratory time; Te, mean expiratory time; VT, tidal volume; VT/TE, mean exspiratory flow; VT/TI, mean inspiratory flow; TI//TTOT, mean inspiratory duty cycle; RR,

respiratory rate; V, minute ventilation; VO2, oxygen uptake.
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analysis, all cases with existing extrasystoles were excluded from
further analysis. In Table 5 shows the changes in the analysis
indicators of the PQRST complex during the breathing
maneuver, which indicate a significant increase in HR (min-1)
from SR through CR6 to CR15 from 67.2 (62.1; 76.9) through
71.0 (64.8; 78.8) to 76.9 (69.2; 89.3), p = 0.000. Similarly, there is
an increase in the electrical systole of the ventricles (QTc, s) from
0.408 (0.395; 0.422) through 0.412 (0.400; 0.424) to 0.421 (0.408;
0.434), p = 0.000. At the same time, the indicator of ST deviation
(n.u.) from the isoline significantly increases at CR6, and then at
CR15 it remains unchanged. The more significant increase in HR
(min-1) at CR15 is most likely a response to hyperventilation, which
is associated with a more significant increase in V (L×min-1) and
VO2 (L×min-1). As a criterion for deterioration of the contractile
function of the heart, an increase in QTc (s) can be considered,
although the deviation of ST (n.u.) from the isoline, which indicates
signs of myocardial ischemia, is not significant in comparison with
SR and CR6. Among other cardiointervals, no significant changes
were noted during the breathing maneuver.

Existing approaches to the classification of HRV indicators most
often involve spectral, statistical and geometric analysis. In Table 6
shows the changes in spectral indicators of HRV. Changes in
spectral parameters during controlled breathing at 0.1 Hz and
0.25 Hz are largely determined by the resonant effects of
breathing on the activity of the sinus node. This is quite
indicative in Figure 3 (Guzi et al., 2019). At the same time, the

absolute values of HRV indicators also change. Among all the
indicators, quite stable values (VLF, ms2) deserve attention,
which differ from the spontaneous (SR) only at CR6, p = 0.001,
and at CR15 they do not differ either from the original, p = 0.083, or
from CR6, p = 0.142, which may reflect the stable activity of central
regulatory systems and psychoemotional influences. Also
noteworthy is the absence of differences in the absolute values of
HF (ms2) at SR and CR6, p = 0.405, which may indicate the absence
of activation of high-frequency influences during postganglionic
suppression of the sympathetic nerve. Analyzing the changes in
other indicators of the spectral analysis of HRV, it can be stated that
at CR6 there is an increase in the general regulatory effects (TP, ms2)
on the heart rhythm, while at CR15 the activity significantly
decreases (Table 6). In this case, a more significant decrease
occurs in the low frequency range of 1,204.1 (645.2; 2,642.0) at
SR to 552.3 (306.3; 912.0) at CR15, p = 0.000, and in the high
-frequency range from 1,664.6 (912.0); 2,745.8) at CR15, p = 0.000.
This suggests that changes in HF (ms2) are more resistant to changes
in respiratory rate than LF (ms2).

That is, it can be argued that the diagnosis of the functional
state of the athletes’ body based on the analysis of point
recordings of HRV during spontaneous breathing without
taking into account RR is insufficiently informative on the one
hand, and on the other hand, it depends on the pattern of forced
breathing, which can be formed due to external (psycho-
emotional and physical exertion, oxygen content in the air,

TABLE 4 Indicators of volume respiration variability of the examined athletes during the breathing maneuver, Med (Q1; Q3), n = 183.

Indicator SR CR6 CR15 p

SR-CR6 SR-CR15 CR6-CR15

TPR, (L×min-1)2 349.7 (234.1; 547.6) 655.4 (334.9; 1,246.1) 1,108.9 (533.6; 2,284.8) 0.000 0.000 0.000

VLFR, (L×min-1)2 2.9 (1.7; 4.0) 10.2 (6.8; 18.5) 5.3 (2.6; 10.2) 0.000 0.000 0.000

LFR, (L×min-1)2 16.0 (9.6; 56.3) 542.9 (259.2; 1,024.0) 20.3 (10.9; 38.4) 0.000 0.649 0.000

LFRn,n.u 4.7 (2.5; 16.6) 85.0 (78.0; 88.0) 1.8 (1.3; 2.5) 0.000 0.000 0.000

HFR, (L×min-1)2 278.9 (169.0; 445.2) 81.0 (47.7; 146.4) 1,062.8 (515.3; 2,199.6) 0.000 0.000 0.000

HFRn,n.u 87.3 (74.2; 92.3) 13.2 (10.2; 19.0) 95.3 (92.9; 96.7) 0.000 0.000 0.000

LFHFR, (L×min-1)2/(L×min-1)2 0.053 (0.029; 0.203) 6.452 (4.040; 8.585) 0.020 (0.014; 0.029) 0.000 0.000 0.000

ICR, (L×min-1)2/(L×min-1)2 0.065 (0.035; 0.249) 6.572 (4.113; 8.879) 0.025 (0.018; 0.035) 0.000 0.000 0.000

Abbreviations: TPR, dispersion of VT/TE, in a given time interval (total power) ≈≤ 0.4 hz; VLFR, power spectrum of VT/TE, in the very-low frequency range ≤0.04 Hz; LFR, power spectrum of VT/

TE, in the low frequency range 0.04–0.15 Hz; LFRn, LFR/(TPR–VLFR)×100; spectrum power of VT/TE, in the low-frequency range in normalized units; HFR, power spectrum of VT/TE, in the high

frequency range 0.15–0.4 hz; HFRn, HFR/(TPR–VLFR)×100; spectrum power of VT/TE, in the high-frequency range in normalized units; LFHFR, LFR[(L×min-1)2]/HFR[(L×min-1)2]; ICR, (LFR
[(L×min-1)2]+VLFR[(L×min-1)2])/HFR[(L×min-1)2]; centralization index of respiration.

TABLE 5 Informative changes in the indicators of the PQRST complex of the examined group of athletes during a breathing maneuver, Med (Q1; Q3), n = 183.

Indicator SR CR6 CR15 p

SR-CR6 SR-CR15 CR6-CR15

HR, min-1 67.2 (62.1; 76.9) 71.0 (64.8; 78.8) 76.9 (69.2; 89.3) 0.000 0.000 0.000

QTc, s 0.408 (0.395; 0.422) 0.412 (0.400; 0.424) 0.421 (0.408; 0.434) 0.000 0.000 0.000

ST,n.u 0.089 (0.052; 0.136) 0.102 (0.053; 0.148) 0.103 (0.044; 0.152) 0.005 0.289 0.557

Abbreviations: HR, heart rate; QTc, electrical systole corrected (by Bazett).
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etc.), internal factors (of processes of ensuring external, hemic
and cellular respirations, water-salt and endocrine homeostasis,
etc.), as well as the possibilities of management for it. Currently,
there are a huge number of publications that characterize changes
in HRV in various states, but the vast majorities of them
considers these changes without taking into account indicators
of frequency, depth, and pattern breathing, and are limited to
characterizing changes in HRV indicators in various states and
under various influences.

SDNN, RMSSD, and pNN50 calculated from an array of cardio
intervals (R-R intervals) are usually used as statistical indicators.
SDNN reflects the balance of sympathetic and parasympathetic
influences on SR. RMSSD and pNN50 indicators are associated
with parasympathetic influences. Geometric methods of analysis are
based on the calculation of the mode of the distribution of cardio
intervals and the amplitude of the mode. On the basis of geometric
indicators of HRV, Bayevsky indicators are calculated - SI (c.u.), ABI
(c.u.), SRAI (c.u.), ARI (c.u.) (Bayevsky, 2004). SI (c.u.) is most often
used - a stress index that reflects the degree of predominance of the

activity of central regulatory mechanisms over autonomous ones.
Considering the data presented in Table 7, it can be stated that most
of the indicators of statistical and geometric analysis of HRV in
terms of the direction and orientation of shifts when performing a
breathing maneuver differ from the initial state. The latter confirms
their validity in differentiating the activation of the sympathetic and
parasympathetic branches of the ANS. The exception is the lower
sensitivity of the ABI and RMSSD indicators to the activation of
sympathetic influences during hyperventilation and the
pNN50 indicator to the suppression of the activity of
sympathetic influences during CR6 (Table 7).

However, even such generally accepted indicators of geometric
and statistical analysis as SI (c.u.), RMSSD and pNN50 change
significantly and vary within the diagnostic limits of different
conditions when RR changes. As an example, the SI indicator
(c.u.), varying in the range from 39.24 to 119.59, can characterize
the optimal state in the first case and the state of pronounced tension
of heart rhythm regulation in the second, which casts significant
doubt on the validity of such conclusions.

TABLE 6 Indicators of HRV of the examined athletes during the breathing maneuver, Med (Q1; Q3), n = 183.

Indicator SR CR6 CR15 p

SR-CR6 SR-CR15 CR6-CR15

TP, ms2 4,096 (2,450; 6,939) 18,879 (13,712; 25,824) 2,884 (1747; 4,900) 0.000 0.000 0.000

VLF, ms2 501.8 (249.6; 882.1) 655.4 (408.0; 1,049.8) 547.6 (262.4; 998.6) 0.001 0.083 0.142

LF, ms2 1,204.1 (645.2; 2,642.0) 15,775.3 (11,470.4; 20,050.5) 552.3 (306.3; 912.0) 0.000 0.000 0.000

LFn,n.u 42.0 (24.8; 60.3) 86.7 (81.9; 91.6) 28.1 (17.7; 42.5) 0.000 0.000 0.000

HF, ms2 1,664.6 (912.0; 3,364.0) 2043.0 (1,069.3; 3,636.1) 1,497.7 (645.2; 2,745.8) 0.405 0.001 0.000

HFn,n.u 55.4 (35.8; 72.3) 12.1 (7.6; 16.7) 67.7 (53.3; 78.6) 0.000 0.000 0.000

LFHF, ms2/ms2 0.81 (0.36; 1.69) 7.29 (4.84; 12.25) 0.36 (0.25; 0.81) 0.000 0.000 0.000

ICHR, ms2/ms2 1.16 (0.53; 2.42) 7.63 (5.12; 12.99) 0.94 (0.51; 1.70) 0.000 0.002 0.000

Abbreviations: TP, dispersion of RR, intervals in a given time interval ≈≤ 0.4 hz; (total power); VLF, power spectrum of HRV, in the very-low frequency range ≤0.04 Hz; LF, power spectrum of

HRV, in the low frequency range 0.04–0.15 Hz; LFn, LF/(TP–VLF)×100; spectrum power of HRV, in the low-frequency range in normalized units; HF, power spectrum of HRV, in the high

frequency range 0.15–0.4 hz; HFn, HF/(TP–VLF)×100; spectrum power of HRV, in the high-frequency range in normalized units; LFHF, LF[ms2]/HF[ms2]; ICHR, (LF[ms2]+ VLF[ms2])/HF

[ms2]; centralization index of heart rate.

TABLE 7 Indicators of statistical and geometric analysis of HRV of the examined athletes during the breathing maneuver, Med (Q1; Q3), n = 183.

Indicator SR CR6 CR15 p

SR-CR6 SR-CR15 CR6-CR15

ABI, c.u 14.77 (9.65; 28.15) 6.10 (4.01; 10.57) 17.96 (9.83; 31.04) 0.000 0.145 0.000

SRAI, c.u 4.06 (2.90; 5.45) 2.71 (2.12; 3.60) 5.01 (3.55; 7.23) 0.000 0.000 0.000

ARI, c.u 4.75 (3.29; 7.68) 3.57 (2.61; 5.29) 5.87 (4.06; 8.91) 0.000 0.007 0.000

SI, c.u 84.10 (47.05; 162.27) 39.24 (27.20; 64.41) 119.59 (63.03; 206.78) 0.000 0.001 0.000

SDANN, ms 61.82 (48.34; 83.49) 130.81 (106.84; 152.11) 51.95 (40.93; 69.00) 0.000 0.000 0.000

RMSSD, ms 48.0 (33.5; 69.9) 67.7 (48.3; 93.4) 47.6 (33.2; 74.4) 0.000 0.470 0.000

pNN50, % 12.5 (10.9; 14.9) 12.5 (10.8; 22.7) 11.8 (9.7; 18.0) 0.813 0.000 0.000

Abbreviations: ABI, autonomic balance index; SRAI, subcortical regulation adequacy indicator; ARI, autonomic regulation index; SI, stress index; SDANN, standard deviation of the values of

cardiointervals; RMSSD, square root of the sum of squares of the differences in the values of consecutive pairs of normal intervals; pNN50, the percentage of NN50 from the total number of

consecutive pairs of intervals that differ by more than 50 milliseconds, obtained over the entire time recording.
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3.4 Breathing maneuver and blood pressure
variability

In Table 8 shows the average values of SBPf, DBPf and PBPf,
measured on the finger using the Penaz method. Themethod is quite
sensitive to the body`s position, the location of the finger, its
preparation, movements, so the measured indicators often differ
from those measured using the shoulder cuff. However, meticulous
preparation of the measurement site in a sitting position allowed
avoiding these shortcomings. In more modern models of this device,
the problem was solved (Pivovarov et al., 2015). When performing a
respiratory maneuver, SBPf at CR6 and CR15 significantly decreases
compared to SR, p = 0.000, although it does not differ between them,
p = 0.628. That is, both breathing options cause a decrease in SBP.
Similarly, DBPf changes. PBPf also decreases in both cases. In this
case, we will limit ourselves to stating the results of the measurement
of these indicators.

The issue of assessing blood pressure variability (BPV) is more
difficult. In the literature, this concept almost always refers to
changes in one-time BP values (often performed by auscultatory
method) over long periods of time: during a month, a week, a day,
during an appointment with a doctor (Parati et al., 2021). BPV
assessment in beet-to-beet mode is only available if continuous BP
recording is technically possible, and is therefore not as common.
However, a number of works on its analysis have appeared in recent
years (Rosei et al., 2020). There are certain shortcomings of the
physiological justification of BP variability parameters. Available
publications concern SBP exclusively (Cottin et al., 2008; Abreu.
et al., 2022; Volpes et al., 2022). In our and many other studies, the
relationship of the total power of SBP variability (TRSBP, mmHg2)
with the value of SBP (mmHg) was shown, which is definitely a
negative prognostic factor when higher values are reached (Parati
and Valentini, 2006). This indicator is actively used to predict the
severity of cardiac arrhythmias (Mainardi et al., 2009; Corino et al.,
2014; Feenstra et al., 2018). There are publications that connect
HFSBP with breathing and prove its connection with the level of
endothelial NO activity (Lacchini et al., 2001; Gamboa et al., 2007),
VLFSBP with the activity of the angiotensin-renin system (Cheng
et al., 2010). There is evidence that LFSBP reflects sympathetic and
myogenic modulation of vascular tone (Langager et al., 2007).
According to modern ideas, based on neuroimaging data, there is
a morphofunctional formation in the brain, the so-called “sympathetic
connectome”, which determines suprabulbar influences on BP
(Macefield and Henderson, 2019), whose influences are also
correlated with the magnitude of LFSBP. Considering the significant
number of factors that influence SBP, the main thing in the

interpretation of these indicators is a general understanding of the
impact on the pumping function of the heart, which must be
adjusted to different physiological and pathological conditions
(Romanchuk, 2018; Guzii and Romanchuk, 2021a). Although
clinicians try to highlight the special physiological meaning of each of
the components of SBP variability. Regarding the variability of DBP, it is
accepted that DBP largely reflects the resistance of the arterial wall
(Corino et al., 2014; Cherepov, 2015; Kishi, 2018), although there are
almost no publications regarding DBP variability.

We can be seen from Table 9 executions of the respiratory
maneuver leads to a number of changes in blood pressure variabiliy
indicators. Most of them are significant. First of all, it is advisable to
focus on indicators that did not change during the performance of
this test, or changed specifically. The increase in VLFSBP, VLFDBP
and HFDBP at CR6 and at CR15 was of the same type and did not
differ (Table 9), which probably indicates common mechanisms of
response to controlled breathing. After all, the study of changes in
these indicators under the influence of intense training load showed
their stable changes during the formation of overstrain of the
sympathetic type (Guzii et al., 2021). There was a significant
difference in HFSBP at CR15. Resonantly to RR, there is an
increase in LFSBP at CR6, which resembles an increase in LF
(Table 9). On the other hand, at CR15, LFSBP returns to initial
values, in contrast to LF (Table 6) and LFDBP (Table 9), which
decrease below initial values. That is, it can be assumed that when
performing a breathing maneuver, which first suppresses the
activation of sympathetic mechanisms (CR6), and then activates
them (CR15), a certain dissociation of sympathetic effects on the
heart rhythm, contractile function of the heart, and vascular tone
occurs. At the same time, the increase in LF effects on the mentioned
functions at CR6 is more resonant. Taking into account the
indicators of the total spectral power of BPV (TPSBP, TPDBP), it
can be argued that inhibition of activation of the postganglionic
sympathetic nerve and sympathoadrenal activation due to
hyperventilation against the background of activation of the
suction function of the chest at CR6 and CR15 engages more
mechanisms of SBP support than DBP. It is likely that deep
liquid breathing (CR6) causes greater synchronization of arterial
tone changes than more frequent deep breathing (CR15).

That is, in view of the development of possible pre-
pathological conditions during sports, changes in blood
pressure variability indicators, which determine of the
circulatory system reaction to controlled breathing, under the
condition of an insignificant or excessive reaction (for example,
TPSBP, TPDBP, LFSBP and LFDBP), or appearing of reaction (as an
example, VLFSBP, VLFDBP and HFDBP) are important. The latter

TABLE 8 Changes in the average values of blood pressure from the finger cuff in the subjects of the examined athletes during the breathing maneuver, Med (Q1;
Q3), n = 183.

Indicator SR CR6 CR15 p

SR-CR6 SR-CR15 CR6-CR15

SBPf, mmHg 112.5 (110.0; 120.0) 110.2 (104.0; 120.2) 111.1 (102.3; 120.8) 0.000 0.000 0.628

DBPf, mmHg 66.9 (52.4; 77.9) 66.2 (45.4; 76.1) 63.6 (48.1; 75.4) 0.000 0.000 0.750

PBPf, mmHg 48.4 (41.2; 63.3) 44.1 (37.0; 60.9) 43.9 (36.8; 60.9) 0.013 0.011 0.764

Abbreviations: SBPf, systolic blood pressure (from finger by Penaz); DBPf, diastolic blood presure (from finger by Penaz); PBPf, pulse blood pressure (from finger by Penaz).
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may characterize various mechanisms of dysregulation, which
may be associated with neuroendocrine processes that occur in
the athlete’s body during the training cycle.

Indices of centralization for blood pressure (ICSBP and ICDBP)
were calculated similarly to HR. At SR and CR15, a significant
predominance of central influences on DBP is noted in terms of
absolute values, and at CR6 on SBP.

Indicators of baroreflex sensitivity (BRLF and BRHF) are keys in
determining mechanisms for maintaining vascular homeostasis and
indicators of autonomic control (Kawada et al., 2014). According to
other authors, baroreflex sensitivity is also important in ensuring cerebral
blood circulation (Ogoh and Tarumi, 2019). The quantitative value that
expresses its effectiveness is the value that is obtained with the dimension
ms×mmHg-1. Two well-known methods are implemented in the SASR
device (Robbe. et al., 1987; Parati, 2005; Rydlewska et al., 2010).We used
the spectral method of determining the sensitivity of the arterial
baroreflex. From the results presented in Table 9 shows that the
sensitivity of the arterial baroreflex significantly increases with deep
slow breathing, more significantly in the HF range. From 14.2 (9.7; 20.1)
to 20.4 (14.6; 26.7), p = 0.000 for BRLF (ms×mmHg-1) and from 18.3

(11.9; 27.5) to 20.8 (15.4; 30.4), p= 0.000 for BRHF (ms×mmHg-1). At the
same time, with deep, more frequent breathing (CR15), it significantly
decreases, even in comparison with SR to 9.4 (6.8; 12.9), p = 0.000 for
BRLF (ms×mmHg-1) and to 10.3 (6.2; 15.6), p = 0.000 for BRHF
(ms×mmHg-1). The effects of decreased baroreflex sensitivity are
usually associated with a decrease in the LF component of HRV.
They were also obtained by us under the influence of training and
competition loads, when the LF component of HRV decreases against
the background of an increase inHR, but then the effect of an increase in
the LF component of SBP is also noted (Guzii and Romanchuk, 2016),
which further affects the baroreflex sensitivity indicator. In general, the
obtained results confirm the known data on the influence of controlled
breathing on the sensitivity of the baroreflex (Radaelii et al., 2004; Parati,
2005; Li et al., 2018; Incognito et al., 2019; Lukarski et al., 2022). For the
unification of studies, they are conducted at a breathing frequency of
0.1 Hz. In this case, the likely search for differences may relate to the
features of BRLF (ms×mmHg-1) and BRHF (ms×mmHg-1) changes in
different breathing modes under the influence of various factors, which
may have prognostic value (Wang et al., 2013), including in relation to
functional and non-functional overreaching of athletes.

TABLE 9 Changes in SBP and DBP variability indicators of the examined athletes during the breathing maneuver, Med (Q1; Q3), n = 183.

Indicator SR CR6 CR15 p

SR-CR6 SR-CR15 CR6-CR15

TPSBP, mmHg2 26.0 (16.0; 43.6) 64.0 (39.7; 94.1) 38.4 (23.0; 64.0) 0.000 0.000 0.000

VLFSBP, mmHg2 10.2 (4.4; 21.2) 13.7 (6.3; 27.0) 13.0 (6.3; 29.2) 0.007 0.005 0.856

LFSBP, mmHg2 6.8 (4.0; 10.9) 36.0 (23.0; 57.8) 6.3 (3.2; 11.6) 0.000 0.629 0.000

LFSBPn,n.u 52.9 (35.8; 68.8) 88.9 (80.3; 93.6) 31.1 (18.6; 45.2) 0.000 0.000 0.000

HFSBP, mmHg2 4.8 (2.9; 9.6) 4.0 (2.3; 6.8) 12.3 (7.3; 24.0) 0.001 0.000 0.000

HFSBPn,n.u 44.4 (29.2; 61.5) 9.7 (5.9; 16.9) 64.7 (52.1; 77.9) 0.000 0.000 0.000

LFHFSBP, mmHg2/mmHg2 1.19 (0.59; 2.34) 9.18 (4.79; 15.92) 0.48 (0.23; 0.88) 0.000 0.000 0.000

TPDBP, mmHg2 10.2 (6.8; 16.0) 24.0 (15.2; 36.0) 10.9 (6.8; 19.4) 0.000 0.272 0.000

VLFDBP, mmHg2 3.6 (2.0; 6.3) 4.8 (2.6; 9.0) 4.4 (2.3; 7.3) 0.001 0.008 0.585

LFDBP, mmHg2 4.0 (2.3; 6.8) 14.4 (7.8; 23.0) 2.6 (1.7; 4.4) 0.000 0.000 0.000

LFDBPn,n.u 74.4 (59.3; 81.7) 85.6 (78.3; 91.2) 57.3 (37.7; 74.9) 0.000 0.000 0.000

HFDBP, mmHg2 1.2 (0.6; 2.0) 2.0 (1.2; 3.2) 1.7 (1.0; 3.6) 0.000 0.000 0.978

HFDBPn,n.u 22.5 (15.5; 35.3) 12.5 (8.0; 19.3) 37.1 (22.8; 56.8) 0.000 0.000 0.000

LFHFDBP, mmHg2/mmHg2 3.35 (1.66; 5.34) 6.81 (4.08; 11.29) 1.54 (0.69; 3.28) 0.000 0.000 0.000

ICSBP, mmHg2/mmHg2 3.71 (1.36; 8.21) 13.30 (7.84; 25.04) 1.57 (0.80; 3.09) 0.000 0.000 0.000

ICDBP, mmHg2/mmHg2 7.36 (4.20; 12.72) 10.40 (5.81; 17.84) 4.30 (2.01; 9.18) 0.000 0.000 0.000

BRLF, ms×mmHg-1 14.2 (9.7; 20.1) 20.4 (14.6; 26.7) 9.4 (6.8; 12.9) 0.000 0.000 0.000

BRHF, ms×mmHg-1 18.3 (11.9; 27.5) 20.8 (15.4; 30.4) 10.3 (6.2; 15.6) 0.000 0.000 0.000

Abbreviations: TPSBP, dispersion of SBPf, in a given time interval (total power) ≈≤ 0.4 hz; VLFSBP, power spectrum of SBPf, in the very-low frequency range ≤0.04 Hz; LFSBP, power spectrum of

SBPf, in the low frequency range 0.04–0.15 Hz; LFSBPn, LFSBP/(TPSBP–VLFSBP)×100; spectrum power of SBPf, in the low-frequency range in normalized units; HFSBP, power spectrum of SBPf, in

the high frequency range 0.15–0.4 hz; HFSBPn, HFSBP/(TPSBP–VLFSBP)×100; spectrum power of SBPf, in the high-frequency range in normalized units; LFHFSBP, LFSBP[mmHg2]/HFSBP
[mmHg2]; TPDBP, dispersion of DBPf, in a given time interval (total power) ≈≤ 0.4 hz; VLFDBP, power spectrum of DBPf, in the very-low frequency range ≤0.04 Hz; LFDBP, power spectrum of

DBPf, in the low frequency range 0.04–0.15 Hz; LFDBPn, LFDBP/(TPDBP–VLFDBP)×100; spectrum power of DBPf, in the low-frequency range in normalized units; HFDBP, power spectrum of

DBPf, in the high frequency range 0.15–0.4 hz; HFDBPn, HFDBP/(TPDBP–VLFDBP)×100; spectrum power of DBPf, in the high-frequency range in normalized units; LFHFSBP, LFSBP[mmHg2]/

HFSBP[mmHg2]; ICSBP, (LFSBP[mmHg2]+ VLFSBP[mmHg2])/HFSBP [mmHg2]; centralization index of systolic blood pressure; ICDBP, (LFDBP[mmHg2]+ VLFDBP[mmHg2])/HFDBP[mmHg2];

centralization index of diastolic blood pressure; BRLF, sensitivity of arterial baroreflex in low frequency range (√LF [ms2]×LF[mmHg2]−1); BRHF, sensitivity of arterial baroreflex in high

frequency range (√HF [ms2]×HF[mmHg2]−1).
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3.5 Breathing maneuver and indicators of
hemodynamics

Determining hemodynamic indicators is an important research
method for determining the state of blood circulation, diagnosing
diseases of the cardiovascular system, and predicting the adaptive
capabilities of the body (DeBoer et al., 1987). Key indicators are
cardiac stroke volume, cardiac output, peripheral vascular
resistance, end-diastolic and end-systolic volumes, as well as
ejection fraction. Rheographic and ultrasound methods are more
often used when working with healthy people (Galasko et al., 2004;
García et al., 2011). Impedance (Kubicek et al., 1966; Scherhag et al.,
2005) and inductive cardiography (Kaplan et al., 2003) are also used.
This approach found its continuation in new methods of non-
invasive determination of SV based on continuous BP registration
by Finometer-type devices (Headley, 2006; Reisner et al., 2011). The
Modelflow method implemented in the Finometer calculates the
aortic flow waveform based on peripheral arterial pressure by
simulating a nonlinear three-element model of aortic input
resistance. The methodology tracks rapid changes in stroke
volume during various experimental protocols, including postural
stress and exercise. However, if absolute values are required, a gold
standard calibration is required (Bogert and van Lieshout, 2005;
Gibbons et al., 2019). Another approach is the calculation of SV by
the method of two-phase reconstruction based on the parameters of
the averaged cardiac complex - by electrical systole. The last
algorithm is used in the SACR device. The method showed a
high degree of correlation with methods of multiphase
reconstruction. It provides a clear definition of the intervals of
the PQRST complex (Kim et al., 2005). This possibility exists
when determining the average PQRST complex after registration,
which can be adjusted.

That is, a feature of this approach is the discrete determination of
hemodynamic indicators for a certain period of time (registration
time). Therefore, receiving separate indicators, we can talk about
how they changed during this or that component of the breathing
maneuver. Of course, the wave changes that are registered at each

heart contraction in the aorta allow to reveal the direct variability of
SV (cm3) by the resistance difference in the aorta, which is achieved
using the Modelflow method (Bogert and van Lieshout, 2005).
However, the issue of quantitative assessment of the volume and
its comparability remains not fully resolved. On the other hand, it is
possible to analyze not the average, but the direct complex PQRST
(Figure 5).

As can be seen from Table 10 parameters of hemodynamics
obtained from the results of the analysis of cross-sectional PQRST
complexes indicate changes during the performance of individual
parts of the respiratory maneuver. A gradual significant decrease in
SV (cm3) from 66.0 (60.3; 73.9) at SR to 65.7 (60.1; 72.9) at CR6, p =
0.010 and to 63.6 (57.9; 71.2) at CR15, p = 0.000, is accompanied by a
significant increase in ESV (cm3) at CR6, p = 0.022, which at CR15

does not differ from either SR or CR6. At the same time, EDV (cm3)
at CR6 does not differ from SR, 96.6 (85.2; 109.0) versus 95.9 (85.2;
109.2), p = 0.741, and at CR15 it significantly decreases to 94.4 (84.9;
105.3), p = 0.000. During the respiratory maneuver, there is a
significant increase in CO (dm3) from 4.5 (4.1; 5.0) at SR to 4.8
(4.3; 5.2) at CR6, p = 0.000, to 5.0 (4.5; 5.5) at CR15, p = 0.000. The
opposite dynamics is observed from the side of GPVR (dyn/s/cm−5),
which significantly decreases during the breathing maneuver from
1,577 (1,409; 1740) at SR to 1,417 (1,288; 1,585) at CR15, p = 0.000. It
is likely that an increase in the preload on the heart during CR6

increases the force of contraction, but does not increase EDV (cm3),
but is compensated by an increase during the maneuver HR (min-1),
p = 0.000 (Table 3), a decrease in SBPf (mmHg), p = 0.000 and a
certain tension of the contractile function of the heart due to an
increase in QTc (s). At CR15, EDV (cm3) decreases probably due to
the fact that there is a further increase in HR (min-1), which is
associated with hyperventilation, as well as more stress on the
contractile function of the heart.

That is, the respiratory maneuver, in our opinion, can
characterize the features and ability of the hemodynamic
system to adapt to changing conditions. In this case is of a
minor nature. However, further research into the possibility of
its use is necessary.

FIGURE 5
Cross-section complex PQRST obtained during SACR registration.
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3.6 Breathing maneuver and indicators of
the cardiorespiratory system
synchronization

The question of synchronizing the work of the cardiovascular and
respiratory systems is one of the key issues of revealing the mechanisms
of their interaction in healthy, physically fit people, as well as patients at
various stages of the development of the pathological process,
convalescence and rehabilitation. According to many scientists, the
search for solutions lies in the plane of reflection and interaction of
time and wave processes, characteristic of many physiological systems
that ensure the activity of the human body (Kapidžić et al., 2014; Örün
et al., 2021; Kalauzi et al., 2023). There are a number of internal and
external factors (Schulz et al., 2013; Zhao et al., 2019) that make it
impossible to unambiguously solve this issue. However, the search for
simple, understandable indicators for practical application also
continues (Noskin et al., 2018; Noskin et al., 2020; Matić et al.,
2022). After all, the main application of knowledge regarding the
synchronization of the activities of the respiratory and cardiovascular
systems, in our opinion, consists in the development of methods for
correcting the functional state of the body through the use ofmethods of
voluntary control of breathing, taking into account the frequency,
respiratory volume and rhythm of breathing (Vaschillo et al., 2006;
Gross et al., 2017; Skytioti and Elstad, 2022). The latter, by the way, is
important both in the practice of sports medicine and in the practice of
rehabilitation after various injuries and diseases (Zoccal et al., 2022). It
should also be added the significant role of breathing control in the
correction of psycho-emotional states (Krohn et al., 2023).

A well-known and widely used indicator that reflects
cardiorespiratory interaction is the Hildebrandt index (Hildebrandt,
1953). However, almost 70 years of its use could not provide

convincing information about its informativeness. There are only
certain assumptions about the possibility of characterizing the state of
the autonomic nervous system with its help. On the other hand,
simultaneous measurement of HR and RR parameters before the
introduction of cardiopulmonary testing was rarely carried out, and
when it was carried out, it was often a subjective method. Currently
available simultaneous measurement technologies are able to
supplement the known data taking into account many components
that affect the value of this indicator. Currently, technologies for clothing
and devices are being developed, which will allow more accurate
determination and clear analysis of this parameter in various
conditions. As an example, we can cite the data obtained by us
during the manual correction of disorders in the thoracic spine,
when this indicator changed due to significant changes in the
duration of exhalation after the correction of the spine (Romanchuk,
2022a; Romanchuk, 2022b). The technology of simultaneous
measurement of indicators of the cardiovascular and respiratory
systems makes it possible to develop a number of both frequency
and discrete parameters of cardiorespiratory interaction (Noskin
et al., 2018; Noskin et al., 2020; Matić et al., 2022).

The simultaneous recording of ECG and inspiratory flow allowed
us to test for use a discrete parameter that characterizes the
relationship between cardiac output and minute ventilation (VSI).
It takes into account the adaptive changes of both the cardiovascular
and respiratory systems, which are somehow related to each other,
due to the entry and transport of oxygen in the body.

Quite expected (Table 11) are changes in the HI indicator, which
are associated with RR and at CR15 do not significantly, differ from
SR, unlike CR6. VSI is inversely related to V (L×min-1), which is
largest at CR15, so VSI is smallest. As for the dynamic changes of this
indicator, it can be argued that its significant decrease is a negative

TABLE 10 Changes in the hemodynamic parameters of the examined athletes during the breathing maneuver, Med (Q1; Q3), n = 183.

Indicator SR CR6 CR15 p

SR-CR6 SR-CR15 CR6-CR15

EDV, cm3 95.9 (85.2; 109.2) 96.6 (85.2; 109.0) 94.4 (84.9; 105.3) 0.741 0.000 0.000

ESV, cm3 29.7 (23.5; 37.3) 30.6 (24.4; 36.1) 30.6 (24.1; 35.6) 0.022 0.156 0.577

SV, cm3 66.0 (60.3; 73.9) 65.7 (60.1; 72.9) 63.6 (57.9; 71.2) 0.010 0.000 0.000

CO, dm3 4.5 (4.1; 5.0) 4.8 (4.3; 5.2) 5.0 (4.5; 5.5) 0.000 0.000 0.000

CI, dm3×m-2 2.39 (2.16; 2.62) 2.50 (2.26; 2.78) 2.59 (2.33; 2.94) 0.000 0.000 0.000

GPVR, dyn/s/cm−5 1,577 (1,409; 1740) 1,486 (1,363; 1,628) 1,417 (1,288; 1,585) 0.000 0.000 0.000

SI, cm3×m-2 34.9 (31.1; 38.8) 34.3 (31.2; 38.2) 33.2 (29.9; 37.2) 0.017 0.000 0.000

Abbreviations: EDV, end-diastolic volume; ESV, end-systolic volume; SV, stroke volume; CO, cardiac output; CI, cardiac index; GPVR, general periferical vascular resistance; SI, stroke index.

TABLE 11 Changes in indicators of synchronization of cardiorespiratory interaction in the examined athletes during the breathingmaneuver, Med (Q1; Q3), n = 183.

Indicator SR CR6 CR15 p

SR-CR6 SR-CR15 CR6-CR15

VSI, dm3× L-1 0.586 (0.477; 0.745) 0.441 (0.327; 0.582) 0.360 (0.247; 0.477) 0.000 0.000 0.000

Hildebrandt index 4.77 (3.98; 6.20) 10.92 (9.97; 12.14) 5.00 (4.48; 5.84) 0.000 0.209 0.000

Abbreviations: VSI, CO (dm3)/V (L×min-1); volume synchronization index; Hildebrandt index, HR (min-1)/RR (min-1), rate synchronization index.
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TABLE 12 Increments of indicators in the examined athletes during the breathing maneuver at CR6 and CR15 compared to SR, Med (Q1; Q3), n = 183.

δ SR—CR6 δ SR—CR15 z p

δ HR, min-1 2.3 (0.2; 5.9) 8.1 (4.3; 13.4) 11.3 0.000

δ QTc, s 0.004 (−0.002; 0.010) 0.013 (0.005; 0.019) 9.9 0.000

δ ST,n.u 0.008 (−0.014; 0.030) 0.005 (−0.027; 0.032) 0.5 0.652

δ TP,ms2 13,918.5 (7,681.4; 19,471.6) −1,003.2 (−3,419.4; 327.4) 11.7 0.000

δ VLF,ms2 146.7 (−230.7; 585.6) 51.1 (−330.3; 456.0) 1.5 0.142

δ LF,ms2 13,683.4 (8,402.0; 18,107.7) −656.5 (−1762.6; −108.0) 11.7 0.000

δ LFn,n.u 44.3 (23.6; 60.6) −8.7 (−26.8; 1.4) 11.7 0.000

δ HF,ms2 26.7 (−1,019.2; 1,437.2) −216.6 (−1,156.3; 428.0) 4.4 0.000

δ HFn,n.u −42.7 (−59.5; −22.4) 8.6 (−2.6; 26.0) 11.7 0.000

δ LFHF,ms2/ms2 5.89 (3.60; 10.12) −0.20 (−1.19; 0.00) 11.7 0.000

δ TPSBP, mmHg2 29.7 (9.0; 58.6) 9.8 (−6.2; 31.2) 6.4 0.000

δ TPDBP, mmHg2 13.0 (4.6; 23.4) 0.9 (−5.0; 5.9) 9.7 0.000

δ VLFSBP, mmHg2 3.0 (−6.5; 13.4) 2.8 (−5.8; 15.1) 0.2 0.855

δ VLFDBP, mmHg2 1.0 (−1.4; 3.7) 1.0 (−1.8; 4.0) 0.5 0.584

δ LFSBP, mmHg2 28.4 (13.6; 49.0) −0.3 (−4.4; 4.0) 11.2 0.000

δ LFDBP, mmHg2 9.7 (4.6; 16.8) −0.6 (−2.9; 0.6) 11.5 0.000

δ LFSBPn, n.u 34.1 (13.8; 50.4) −18.3 (−34.1; −2.2) 11.7 0.000

δ LFDBPn, n.u 11.1 (3.0; 23.4) −13.3 (−28.1; −1.5) 11.5 0.000

δ HFSBP, mmHg2 −0.8 (−4.6; 1.3) 6.2 (1.4; 16.1) 10.6 0.000

δ HFDBP, mmHg2 0.7 (0.0; 1.9) 0.4 (−0.3; 2.0) 0.03 0.976

δ HFSBPn, n.u −32.2 (−49.0; −11.5) 18.5 (2.4; 32.7) 11.7 0.000

δ HFDBPn, n.u −8.3 (−20.9; −2.4) 11.6 (0.8; 26.0) 11.4 0.000

δ LFHFSBP, mmHg2/mmHg2 6.72 (2.77; 13.65) −0.49 (−1.50; −0.07) 11.7 0.000

δ LFHFDBP, mmHg2/mmHg2 3.24 (0.86; 7.07) −1.28 (−2.82; −0.09) 11.3 0.000

δ TPR, (L×min-1)2 256.1 (45.3; 711.5) 710.4 (194.4; 1,684.6) 9.9 0.000

δ VLFR, (L×min-1)2 7.0 (3.2; 15.4) 2.2 (0.0; 6.6) 7.8 0.000

δ LFR, (L×min-1)2 478.7 (215.8; 972.2) 2.2 (−24.5; 18.2) 11.7 0.000

δ LFR, n, n.u 75.0 (59.1; 82.9) −2.5 (−14.1; −0.7) 11.7 0.000

δ HFR, (L×min-1)2 −185.1 (−326.3; −74.9) 722.4 (219.5; 1744.9) 11.7 0.000

δ HFR, n, n.u −70.5 (−79.7; −53.0) 7.4 (2.1; 20.0) 11.7 0.000

δ LFHFR, (L×min-1)2/(L×min-1)2 6.11 (3.48; 8.29) −0.03 (−0.18; −0.01) 11.7 0.000

δ TI,s 2.5 (1.7; 2.9) −0.0 (−0.4; 0.3) 11.7 0.000

δ TE,s 2.9 (2.3; 3.6) −0.3 (−0.9; 0.1) 11.7 0.000

δ VT, L 1.10 (0.70; 1.69) 0.32 (0.12; 0.68) 11.1 0.000

δ VT/TI, L×s
-1 0.09 (0.02; 0.17) 0.20 (0.10; 0.36) 8.6 0.000

δ VT/TE, L×s
-1 0.08 (−0.01; 0.22) 0.21 (0.08; 0.37) 10.1 0.000

δ Ti/(Ti + Te), c.u 0.03 (−0.02; 0.07) 0.03 (−0.01; 0.07) 2.5 0.011

δ RR, min-1 −7.7 (−10.3; −5.5) 1.1 (−1.5; 3.4) 11.7 0.000

(Continued on following page)
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criterion for the activity of the cardiovascular system, and an
increase, as a rule, will indicate the economization of the function.

Summarizing the obtained results, the increases in the indicators of
the cardiorespiratory system during the breathing maneuver (Table 12)
were worked out, which proved the ranges of expected (within Q1 -Q3)
changes, and also indicated the limits of changes that can characterize
the inadequacy of the response of the cardiorespiratory system. The
latter may be caused by changes in the body of athletes that increase
resistance to stimulation (when breathing at 0.25 Hz) or suppression
(when breathing at 0.1 Hz) of sympathoadrenal influences.

In this work, we will consider some variants of changes that are
unlikely, and when they appear, we can speak with a significant degree
of probability about the formation of states of the organismwith high or
low resistance to the proposed breathing maneuver. Some of these
conditions may indicate a high level of functional status, while others
may indicate a significant decrease. First of all, we will describe changes
in the well-known indicators of HRV and arterial baroreflex, which are
widely used in the practice of sports medicine and rehabilitation in
order to determine the conditions and reactions of the athlete’s or
patient’s body.

Given the peculiarities of the percentile statistical distribution,
beyond Q3 and Q1 there are values that are intermediate, relative to
the expected, or even less expected (beyond the 1 and 99 percentiles),
which may indicate a pathological condition. Let’s stop at a wider
range and consider it from the standpoint of performing individual
components of the maneuver.

Thus, for the reaction to breathing with a frequency of 0.1 Hz
when performing a maneuver, it is less characteristic and shows a
reduced reaction:

- increase in δ HR less than 0.2 min-1;
- increase in δ TP, less than 7,681.4 (ms2);
- increase in δ LF, less than 8,402.0 (ms2);
- increase in δ LFn, less than 23.6 (n.u);
- decrease in δ HFn, less than 59.5 (n.u);
- increase in δ LF/HF is less than 3.60 (ms2/ms2);
- increase in δ Hildebrandt index less than 4.98 (c.u.);
- increase in δ BRLF less than 0.57 (ms×mmHg-1);
- decrease in δ BRHF less than 3.89 (ms×mmHg-1);
- increase in δ ICHRV is less than 3.37 (ms2/ms2);

TABLE 12 (Continued) Increments of indicators in the examined athletes during the breathing maneuver at CR6 and CR15 compared to SR, Med (Q1; Q3), n = 183.

δ SR—CR6 δ SR—CR15 z p

δ V, L×min-1 3.0 (0.9; 6.2) 6.1 (3.0; 10.4) 9.2 0.000

δ VO2 0.14 (0.04; 0.28) 0.28 (0.14; 0.48) 9.2 0.000

δ EDV, cm3 0.0 (−3.8; 3.5) −1.8 (−6.4; 1.8) 4.3 0.000

δ ESV, cm3 0.4 (−1.2; 2.4) 0.4 (−1.7; 2.3) 0.6 0.577

δ SV, cm3 −0.6 (−2.8; 1.7) −2.2 (−5.3; 0.1) 6.7 0.000

δ CO, dm3 0.2 (0.0; 0.4) 0.4 (0.1; 0.7) 7.0 0.000

δ CI, dm3×m-2 0.103 (0.000; 0.203) 0.206 (0.059; 0.353) 7.0 0.000

δ GPVR, dyn/s/cm−5 −78.6 (−170.4; 6.5) −131.0 (−262.3; −32.2) 6.0 0.000

δ SI, cm3×m-2 −0.22 (−1.49; 0.89) −1.12 (−2.85; 0.10) 6.4 0.000

δ VSI, dm× L -1 −0.128 (−0.255; −0.051) −0.229 (−0.358; −0.128) 8.1 0.000

δ Hildebrandt index 6.02 (4.98; 7.26) 0.28 (−0.82; 1.08) 11.7 0.000

δ BRLF, ms×mmHg-1 5.05 (0.57; 10.15) −4.32 (−9.11; −1.52) 11.6 0.000

δ BRHF, ms×mmHg-1 3.31 (−3.89; 9.20) −6.91 (−11.86; −2.82) 10.5 0.000

δ ICHRV, ms2/ms2 5.98 (3.37; 10.92) −0.13 (−1.11; 0.41) 11.7 0.000

δ ICSBP, mmHg2/mmHg2 8.18 (2.69; 19.93) −1.52 (−6.36; 0.10) 11.2 0.000

δ ICDBP, mmHg2/mmHg2 2.04 (−2.23; 7.74) −2.44 (−6.65; 1.03) 8.0 0.000

δ ICR, (L×min-1)2/(L×min-1)2 6.20 (3.58; 8.46) −0.04 (−0.22; −0.01) 11.7 0.000

δ ABI, c.u −7.74 (−18.16; −1.70) 0.74 (−6.85; 11.94) 9.9 0.000

δ SRAI, c.u −1.16 (−2.08; −0.39) 1.06 (0.03; 2.11) 11.4 0.000

δ ARI, c.u −1.17 (−3.45; 0.26) 0.51 (−1.18; 2.37) 8.0 0.000

δ SI, c.u −37.67 (−105.23; −7.31) 14.52 (−26.51; 90.98) 10.4 0.000

δ SDANN, ms 59.53 (41.02; 79.39) −10.47 (−24.62; 2.05) 11.7 0.000

δ RMSSD, ms 13.63 (0.26; 35.57) −0.43 (−13.94; 19.37) 5.9 0.000

δ pNN50, % −0.26 (−1.29; 7.80) −0.94 (−2.35; −0.13) 5.5 0.000
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- decrease of δ SRAI less than 2.08 (c.u.);
- decrease of δ SI less than 105.23 (c.u.);
- increase in δ SDANN less than 41.02 (ms);
- increase in δ RMSSD is less than 0.26 (ms);
- decrease in δ pNN50 is less than −1.29 (%).

For the reaction to breathing with a frequency of 0.1 Hz when
performing a maneuver, it is less characteristic and indicates an
increased reaction:

- increase in δ HR more than 5.9 min-1;
- increase in δ TP, more than 19,471.6 (ms2);
- increase in δ LF, more than 18,107.7 (ms2);
- increase in δ LFn, more than 60.6 (n.u);
- decrease in δ HFn, more than 22.4 (n.u);
- increase of δ LF/HF more than 10.12 (ms2/ms2);
- increase in δ Hildebrandt index more than 7.26 (c.u.);
- increase in δ BRLF more than 10.15 (ms×mmHg-1);
- decrease of δ BRHF more than 9.20 (ms×mmHg-1);
- increase of δ ICHRV more than 10.92 (ms2/ms2);
- decrease of δ SRAI more than 0.39 (c.u.);
- decrease of δ SI more than 7.31 (c.u.);
- increase of δ SDANN more than 79.39 (ms);
- increase in δ RMSSD more than 35.57 (ms);
- an increase in δ pNN50 of more than 7.80 (%).

For the reaction to breathing with a frequency of 0.25 Hz when
performing a maneuver, it is less characteristic and shows a reduced
reaction:

- increase in δ HR less than 4.3 min-1;
- decrease of δ TP, more than 3,419.4 (ms2);
- decrease in δ LF, more than 1762.6 (ms2);
- decrease in δ LFn, more than 26.8 (n.u);
- decrease in δ HFn, more than 2.6 (n.u);
- decrease of δ LF/HF more than 1.19 (ms2/ms2);
- decrease in δ Hildebrandt index more than 0.82 (c.u.);
- decrease of δ BRLF more than 9.11 (ms×mmHg-1);
- decrease of δ BRHF more than 11.86 (ms×mmHg-1);
- decrease of δ ICHRV more than 1.11 (ms2/ms2);
- increase in δ SRAI less than 0.03 (c.u.);
- decrease of δ SI more than 26.51 (c.u.);
- decrease of δ SDANN more than 24.62 (ms);
- decrease of δ RMSSD more than 13.94 (ms);
- decrease of δ pNN50 by more than 2.35 (%).

For the reaction to breathing with a frequency of 0.25 Hz when
performing a maneuver, it is less characteristic and shows an
increased reaction:

- increase in δ HR more than 13.4 min-1;
- increase in δ TP, more than 327.4 (ms2);
- decrease in δ LF, less than 108.0 (ms2);
- increase in δ LFn, more than 1.4 (n.u);
- increase in δ HFn, more than 26.0 (n.u);
- decrease of δ LF/HF less than 0.0 (ms2/ms2);
- increase in δ Hildebrandt index more than 1.02 (c.u.);
- decrease in δ BRLF less than 1.52 (ms×mmHg-1);

- decrease in δ BRHF less than 2.82 (ms×mmHg-1);
- increase of δ ICHRV more than 0.41 (ms2/ms2);
- increase in δ SRAI more than 2.11 (c.u.);
- increase in δ SI more than 90.98 (c.u.);
- increase of δ SDANN more than 2.05 (ms);
- increase in δ RMSSD more than 19.37 (ms);
- decrease of δ pNN50 less than 0.13 (%).

In a similar way, it is possible to characterize the changes of other
indicators, which have probable differences in directionality and
severity of changes during the performance of a breathing maneuver.

4 Discussion

A feature of this study is the use of discrete indicators of
simultaneous measurements of the activity of the cardiovascular
and respiratory systems. Of course, this limits the search for direct
correlations of interaction that allow understanding physiological
and pathophysiological aspects, but it allows, based on the search for
the relations of discrete indicators, taking into account known and
new functional tests, to identify diagnostically important features of
cardiorespiratory relationships (Baumert et al., 2013; Baumert et al.,
2015; Noskin et al., 2020; Matić et al., 2022; Parviainen et al., 2022).

The problem of diagnosing the state of athletes in the conditions of
the educational and training process requires the use of express, valid,
non-invasivemethods of instrumental diagnostics of the functional state
of the body, which would allow studying the impact of psychophysical
loads directly during training and competitions (Thompson et al., 2015;
Bringard et al., 2017; Flatt et al., 2017; Chen et al., 2021). For this
purpose, heart rate monitors (Polar, Finland), MetaMax 3B devices
(Cortex, Germany) are widely used for this purpose, the results of which
are used to assess the current state and observe the power of loads during
the educational and training process (according to indicators of changes
in heart rate and HRV), monitoring of dynamics aerobic capacity
(according to VO2 indicators) (Buchheit, 2014; Nakamura et al.,
2017; Esco et al., 2018; Schneider et al., 2019; Hoffmann et al., 2020).
The devicewe used (SACR) has the ability to simultaneously register and
process indicators of the activity of the cardiorespiratory system. It is
mobile relative to the place of research, so it was widely used by us in
“field conditions”. On the other hand, the continued development of
devices or body clothing would record indicators of the body’s activity to
assess the functional state of the body not only in athletes (Mühlen et al.,
2021), but also in ordinary people, as well as patients with various
pathologies, especially cardiovascular and respiratory systems.

The main task of this study was to determine the changes in the
indicators of the cardiorespiratory system when performing a simple
breathing maneuver with a change in breathing rate for their
possible further use in the practice of current control of athletes.

The analysis of pattern breathing data during the breathing
maneuver showed that in comparison with spontaneous breathing,
when performing controlled breathing with a frequency of 0.1 and
0.25 Hz, the indicators of VT/TE (L×s

-1) and VT/TI (L×s
-1) significantly

increase. This increase led to a significant increase inV (L×min-1) at CR6

from 7.818 (6.307; 9.583) to 11.050 (7.930; 14.755), p = 0.000, and at
CR15 to 13.740 (10.109; 19.447), p = 0.000. This made it possible to
characterize breathing as liquid deep (CR6) and deepened (CR15). We
considered the last type of breathing as a possible predictor of
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hyperventilation, because the calculated VO2 (L×min-1) increased
almost 2 times from 0.360 (0.290; 0.441) to 0.632 (0.465; 0.895), p =
0.000 in comparison with SR. It should also be mentioned, which in
previous studies by Bernardi et al. (2001) showed that 0.1 Hz RR
suppressed both hypoxic and hypercapnic chemoreflex responses
compared with spontaneous or controlled 0.25 Hz respiration.

We did not find data on the spectral analysis of breathing pattern
parameters in the literature. Taking into account the capabilities of the
SACR device and the automatic spectral analysis of inspiratory airflow
rate indicators, we performed a spectral analysis of short recordings,
which allowed us to calculate VRV indicators. Analyzing the results
obtained during the performance of the breathing maneuver, it is
possible to claim a decisive role in the modulation of the heart rate
and blood pressure variability. Above in Figure 3 shows how HRV and
BPV indicators change synchronously with breathing variability at SR,
CR 0.1 Hz and CR 0.25 Hz, and in Figure 4 – how the absolute values of
HR and SBP change in the respiratory cycle. The TPR indicator, (L×min-
1)2, which determines the total power of respiration, is closely related to
the V (L×min-1) indicator, so its significant increase at CR 0.25 Hz is
quite obvious, whenV (L×min-1) is the largest. Currently, it is difficult to
interpret the frequency characteristics of the spectrum, but they reflect
the performance of the breathingmaneuver. It should bementioned that
the use of these indicators clearly allowed to differentiate individuals
with a high and low VO2max level (Guzii and Romanchuk, 2017)
according to TPR, (L×min-1)2 and HFR, (L×min-1)2 indicators. The data
of the examination of individuals with different types of heart rhythm
regulation proved to be informative (Romanchuk and Guzii, 2020), the
response to intense physical load in athletes with overstrain was
differentiated according to the sympathetic and parasympathetic type
(Romanchuk, 2022; Guzii et al., 2023). It was shown that an increase in
LFR, (L×min-1)2 indicated parasympathetic overstrain (Romanchuk and
Guzii, 2020). On the other hand, the decrease in the TPR (L×min-1)2

indicator, after loads clearly characterized the athlete’s recovery after
the competition (Romanchuk and Guzii, 2020). Differences in VRV
indicators were also shown in controlled and uncontrolled bronchial
asthma (Romanchuk et al., 2019) and in obese individuals (Bazhora
and Romanchuk, 2018). The informativeness of this approach in the
control of athletes with asthma due to physical load can be quite
expected, which is important both in terms of diagnosis and in terms
of preventing asthma attacks.

The data of the average values of the PQRST complex recorded a
significant increase in HR (min-1) against the background of an increase
in QTc (s). Changes in HR (min-1) at CR6 and CR15 are compensatory
in response to an increase in preload of the heart due to an increase in
blood return to the heart, while the dynamics of changes in QTc (s)may
indicate certain overstrain of the contractile function. The dynamics of
the latter can probably be informative with regard to the diagnosis of
hidden signs of heart failure. However, this has yet to be proven.

Changes in HRV during the breathing maneuver demonstrated the
well-known effect of increasing sinus arrhythmia during deep liquid
breathing (CR6), which is completely eliminated at CR15. Taking into
account the dynamics of other components of HRV, it can be stated that
the effects of resonant increase of the LF component of HRV at CR
0.1 Hz do not fully correspond to resonant changes of the LF component
of HRV at CR 0.25 Hz. The possible effect of hyperventilation suppresses
vagal stimulation of the sinus node, which is reflected both by a
significant increase in HR (min-1) and by an insufficient increase in
the HF component of HRV. Separately, it should be noted a greater

suprasegmental (VLF, ms2) effect on heart rate regulation at CR 0.1 Hz
compared to SR, although they do not differ compared to CR 0.25 Hz.
This allows us to assume almost the same involvement of subcortical
structures during controlled breathing. The analysis of statistical and
geometric indicators of HRV made it possible to establish that the ABI
and RMSSD indicators, which are less sensitive to the activation of
sympathetic influences at CR 0.25Hz, and the pNN50 indicator, which is
less sensitive to the suppression of sympathetic influences at CR 0.1 Hz,
may have a certain differential value. From these positions, the results
obtained during the formation of overstrain by sympathetic and
parasympathetic types deserve attention (Guzii et al., 2020).

The measurement of absolute BP values by the SACR device has
certain caveats regarding compliance with the values measured
using the shoulder cuff, although in recent developments the
measurement is being standardized. However, a significant
decrease in SBPf (mmHg), DBPf (mmHg) and PBPf mmHg was
found based on the results of BP measurement in the sitting position
during the breathing maneuver. More attention was paid to the
analysis of changes in SBP and DBP variability indicators. Regarding
their analysis, without focusing on the absolute values, we will
consider the variability of these indicators during the execution
of the maneuver, because there were attempts to normalize them,
but the non-normalized position regarding the measurement
methodology lays down a certain discrepancy in the results
related to SBP variability (Castiglioni et al., 2009). We did not
find normalization results for DBP variability at all. We performed
normalization, but only young people were concerned (Romanchuk,
2006; Guzii et al., 2019).

Without delving into the mechanisms, we can state that the
changes of some indicators during the performance of the breathing
maneuver are not differentiated. The response of VLFSBP, VLFDBP
and HFDBP at CR 0.1 Hz and at CR 0.25 Hz was of the same type. At
the same time, HFSBP at CR 0.25 Hz was significantly greater than at
SR and CR 0.1 Hz. The mechanism of its increase is the fastest
resonant to the HF heart rate, however, we also indicated a certain
inconsistency in comparison with the LF component from the side
of this indicator. Perhaps this indicates the disappearance of Traube-
Hering waves (Towie et al., 2012; Shantsila et al., 2015). On the other
hand, changes in LFSBP (mmHg2) and LFDBP (mmHg2) are related to
respiration and transmitted through HR (Tan and Taylor, 2010). In
a previous study, it was shown that VLFSBP, VLFDBP, LFSBP, and
LFDBP indicators during SR increase under the influence of intense
physical load during the formation of sympathetic overstrain and
remain the same until the next day. At the same time, there is a
decrease in HFSBP immediately after exercise, but it is not persistent
and is restored until the next morning. On the other hand, it was the
increase in HFSBP after exercise and its persistence until the next
morning that indicated vagotonic overstrain, which was also
accompanied by an increase in VLFDBP immediately and its
decrease below initial values the next morning (Guzii et al., 2021;
Guzii et al., 2023).

During the breathing maneuver, fairly characteristic changes in
BRLF (ms×mmHg-1) and BRHF (ms×mmHg-1) indicators occur. At
CR 0.1 Hz, the indicators significantly increase, and at CR 0.25 Hz,
there is a significant decrease below the SR level, which reflects the
characteristics of baroreceptor mechanisms (Fadel, 2008; Fadel and
Raven, 2012). It should be added that the results obtained by us in
the study of highly qualified athletes with signs of sympathetic and
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parasympathetic overstrain development under the influence of
intense physical load showed that BRLF (ms×mmHg-1) and BRHF

(ms×mmHg-1) during SR in athletes with both types the overstrain
decreases immediately after the load, and the next day it does not
recover to the initial values (Guzii et al., 2021; Guzii et al., 2023). A
study of athletes in a competitive process showed differences in
recovery of BRLF (ms×mmHg-1) and BRHF (ms×mmHg-1) at CR
0.1 Hz and at CR 0.25 Hz (Guzii and Romanchuk, 2016). That is, it is
quite logical to search for differences in the reaction of BRLF

(ms×mmHg-1) and BRHF (ms×mmHg-1) in response to various
stimuli, which can reveal additional mechanisms of baroreceptor
sensitivity implementation in various human conditions.

There are many publications relating cardiorespiratory
integration to measures of systemic hemodynamics (Eckberg and
Karemaker, 2009; Elstad, 2012; Dempsey and Smith, 2019; Fisher
et al., 2022), which use different parameterization approaches.
Perhaps this characterizes certain differences in the results,
especially related to the estimation of absolute parameters. The
method we used was based on the calculation of the average discrete
values of the measured intervals and segments of the PQRST
complex. According to the data of our research, it was shown
that performing a breathing maneuver with a change in the
frequency of breathing has a significant effect on a number of
indicators. At CR 0.1 Hz, in comparison with SR, there is no
change in EDV (cm3), an increase in ESV (cm3), CO (dm3), CI
(dm3×m-2) on the background of a decrease in SV (cm3), GPVR
(dyn/s/cm−5) and SI (cm3×m-2). At CR 0.25Hz, in comparisonwith SR,
the unchanged ESV (cm3), an increase in CO (dm3), CI (dm3×m-2)
against the background of a decrease in EDV (cm3), SV (cm3), GPVR
(dyn/s/cm−5) and SI (cm3×m-2). That is, performing a breathing
maneuver increases the preload on the heart, which is compensated
by an increase in HR (min-1) against a background of a decrease in SBPf
(mmHg). At the same timeGPVR (dyn/s/cm−5) decreases.We recorded
an increase in QTc (s), especially at a CR of 0.25 Hz in healthy young
men, suggesting that performing such a maneuver may be useful in
identifying hidden variants of heart contractile dysfunction, such as
cardiomyopathies of various geneses.

Taking into account the ranges of increments of the specified
HRV indicators during the breathing maneuver, the limits of the
absolute values of the indicators, which can testify to increased and
decreased reactivity of the body to the influence of controlled
breathing compared to spontaneous breathing, are determined
(Table 12). In this case, the possibility of taking into account minor
deviations of reactivity within the limits of low expected values is
demonstrated. Of course, this type of analysis requires refinement
taking into account the initial values of the considered parameters,
but it provides an opportunity to evaluate the functional state of
the athlete’s body, at least, according to three characteristics. We
are talking about the assessment of the initial state, taking into
account the known normative values of the parameters at rest in
the sitting position, and by the indicators of the increase in the
indicators in response to controlled breathing during the breathing
maneuver. Estimates of the values of these indicators, which will
undergo clustering taking into account deviations from the
expected values, can be used for the general characterization of
the athlete’s condition.

In the end, it should be added that the main premise of this study
was the lack of data in the literature on the combined registration of data

on the activity of the cardiorespiratory system when performing such a
breathing maneuver and the possibility of conducting such a study in
field conditions. Therefore, further analysis of the differences in changes
in indicators taking into account gender, age, direction and intensity of
physical exertion in different periods of the training cycle can be, in our
opinion, informative regarding the diagnosis, differentiation and
forecasting of the development of states of functional and non-
functional overreaching, as well as overtraining in the conditions of
current control without significantly distracting the athlete from the
training and competition processes.

5 Conclusion

According to the results of the study, it is shown that when
performing a breathing maneuver with a change in the frequency of
breathing, there are significant changes in cardiorespiratory
parameters, the analysis of the increments of which made it
possible to determine the directions of the dynamics of changes,
their absolute values and informative limits regarding the possible
occurrence of dysregulation of cardiorespiratory interactions.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Materials, further inquiries can be
directed to the corresponding author.

Ethics statement

The studies involving humans were approved by Lviv State
University of Physical Culture. The studies were conducted in
accordance with the local legislation and institutional
requirements. The participants provided their written informed
consent to participate in this study.

Author contributions

OR: Conceptualization, Data curation, Formal Analysis,
Funding acquisition, Investigation, Methodology, Project
administration, Resources, Software, Supervision, Validation,
Visualization, Writing–original draft, Writing–review and editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Acknowledgments

Sincere gratitude to my teacher andmentor, Doctor of Biological
Sciences, Professor Leonid Alekseevich Noskin for the opportunity
to conduct research.

Frontiers in Network Physiology frontiersin.org18

Romanchuk 10.3389/fnetp.2023.1276899

https://www.frontiersin.org/journals/network-physiology
https://www.frontiersin.org
https://doi.org/10.3389/fnetp.2023.1276899


Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnetp.2023.1276899/
full#supplementary-material

References

Abreu, R. M. de, Cairo, B., and Porta, A. (2023). On the significance of estimating
cardiorespiratory coupling strength in sports medicine. Front. Netw. Physiology 2.
doi:10.3389/fnetp.2022.1114733

Abreu, R. M. de, Porta, A., Rehder-Santos, P., Cairo, B., Sakaguchi, C. A., da Silva, C.
D., et al. (2022). Cardiorespiratory coupling strength in athletes and non-athletes.
Respir. Physiology Neurobiol. 305, 103943. doi:10.1016/j.resp.2022.103943

Alchinova, I., and Karganov, M. (2021). Physiological balance of the body: theory,
algorithms, and results. Theory, Algorithms, ResultsMathematics 9 (3), 209. doi:10.3390/
math9030209

Angelova, M., Holloway, P. M., Shelyag, S., Rajasegarar, S., and Rauch, H. G. L. (2021).
Effect of stress on cardiorespiratory synchronization of ironman athletes. Front.
Physiology 12, 612245. doi:10.3389/fphys.2021.612245

Armstrong, L. E., Bergeron, M. F., Lee, E. C., Mershon, J. E., and Armstrong, E. M.
(2022). Overtraining syndrome as a complex systems phenomenon. Front. Netw.
Physiology 1, 794392. doi:10.3389/fnetp.2021.794392

Ashhad, S., Kam, K., Del Negro, C. A., and Feldman, J. L. (2022). Breathing rhythm
and pattern and their influence on emotion. Annu. Rev. Neurosci. 45 (1), 223–247.
doi:10.1146/annurev-neuro-090121-014424

Balban, M. Y., Neri, E., Kogon, M. M., Weed, L., Nouriani, B., Jo, B., et al. (2023). Brief
structured respiration practices enhance mood and reduce physiological arousal. Cell
Rep. Med. 4 (1), 100895. doi:10.1016/j.xcrm.2022.100895

Baumert, M., Brechtel, L., Lock, J., Hermsdorf, M., Wolff, R., Baier, V., et al. (2006).
Heart rate variability, blood pressure variability, and baroreflex sensitivity in
overtrained athletes. Clin. J. sport Med. 16 (5), 412–417. doi:10.1097/01.jsm.
0000244610.34594.07

Baumert, M., Javorka, M., and Kabir, M. (2015). Joint symbolic dynamics for the
assessment of cardiovascular and cardiorespiratory interactions. Philosophical Trans. R.
Soc. A Math. Phys. Eng. Sci. 373(2034), 20140097. doi:10.1098/rsta.2014.0097

Baumert, M., Javorka, M., and Kabir, M. M. (2013). Joint symbolic analyses of heart
rate, blood pressure, and respiratory dynamics. J. Electrocardiol. 46 (6), 569–573. doi:10.
1016/j.jelectrocard.2013.07.009

Bayevsky, R. (2004). Analysis of heart rate variability: history, philosophy, theory and
practice. Clin. Inf. Telemedicine 1 (1), 54–65.

Bazhora, Y. I., and Romanchuk, O. P. (2018). Variability and respiration pattern of
patients with persistent asthma and obesity.Ukraïnsʹkij žurnal Med. Bìol. ta sportu 3 (7),
74–83. doi:10.26693/jmbs03.07.074

Beda, A., Simpson, D. M., Carvalho, N. C., and Carvalho, A. R. S. (2014). Low-
frequency heart rate variability is related to the breath-to-breath variability in the
respiratory pattern. Psychophysiology 51 (2), 197–205. doi:10.1111/psyp.12163

Bellinger, P. (2020). Functional overreaching in endurance athletes: a necessity or
cause for concern? Sports Med. Auckl. N.Z.) 50 (6), 1059–1073. doi:10.1007/s40279-020-
01269-w

Ben-Tal, A., Shamailov, S. S., and Paton, J. F. R. (2014). Central regulation of heart rate
and the appearance of respiratory sinus arrhythmia: new insights from mathematical
modeling. Math. Biosci. 255 (1), 71–82. doi:10.1016/j.mbs.2014.06.015

Bernaciková, M., Novotný, J., Burešová, I., and Žákovská, A. (2019). Complex
approach to monitoring athletes in the scope of overtraining prevention. Stud.
Sport. 13 (1), 17–26. doi:10.5817/sts2019-1-2

Bernardi, L., Gabutti, A., Porta, C., and Spicuzza, L. (2001). Slow breathing reduces
chemoreflex response to hypoxia and hypercapnia, and increases baroreflex sensitivity.
J. Hypertens. 19 (12), 2221–2229. doi:10.1097/00004872-200112000-00016

Bilo, G., Revera, M., Bussotti, M., Bonacina, D., Styczkiewicz, K., Caldara, G., et al.
(2012). Effects of slow deep breathing at high altitude on oxygen saturation, pulmonary
and systemic hemodynamics. J. West 7 (11), e49074. doi:10.1371/journal.pone.0049074

Bogert, L. W. J., and Van Lieshout, J. J. (2005). Non-invasive pulsatile arterial pressure
and stroke volume changes from the human finger. Exp. Physiol. 90 (4), 437–446. doi:10.
1113/expphysiol.2005.030262

Brændholt, M., Kluger, D. S., Varga, S., Heck, D. H., Gross, J., and Allen, M. G.
(2023). Breathing in waves: understanding respiratory-brain coupling as a gradient
of predictive oscillations. Neurosci. Biobehav. Rev. 152, 105262. doi:10.1016/j.
neubiorev.2023.105262

Bringard, A., Adami, A., Fagoni, N., Fontolliet, T., Lador, F., Moia, C., et al. (2017).
Dynamics of the RR-interval versus blood pressure relationship at exercise onset in
humans. Eur. J. Appl. Physiology 117 (4), 619–630. doi:10.1007/s00421-017-3564-6

Buchheit, M. (2014). Monitoring training status with HR measures: do all roads lead
to Rome? Front. Physiology 5, 1–19. doi:10.3389/fphys.2014.00073

Byeon, K., Choi, J. O., Yang, J. H., Sung, J., Park, S. W., Oh, J. K., et al. (2012). The
response of the vena cava to abdominal breathing. J. Altern. complementary Med. (New
York, N.Y.) 18 (2), 153–157. doi:10.1089/acm.2010.0656

Castiglioni, P., Parati, G., Civijian, A., Quintin, L., and Di Rienzo, M. (2009). Local
scale exponents of blood pressure and heart rate variability by detrended fluctuation
analysis: effects of posture, exercise, and aging. IEEE Trans. Biomed. Eng. 56 (3),
675–684. doi:10.1109/TBME.2008.2005949

Censi, F., Calcagnini, G., and Cerutti, S. (2002). Coupling patterns between
spontaneous rhythms and respiration in cardiovascular variability signals. Comput.
Methods Programs Biomed. 68 (1), 37–47. doi:10.1016/S0169-2607(01)00158-4

Chang, Q., Liu, R., and Shen, Z. (2015). Effects of slow breathing rate on blood
pressure and heart rate variabilities in essential hypertension. Int. J. Cardiol. 185, 52–54.
doi:10.1016/j.ijcard.2015.02.105

Chen, Y.-S., Pagaduan, J. C., Bezerra, P., Crowley-McHattan, Z. J., Kuo, C. D., and
Clemente, F. M. (2021). Agreement of ultra-short-term heart rate variability recordings
during overseas training camps in under-20 national futsal players. Front. Psychol. 12,
621399. doi:10.3389/fpsyg.2021.621399

Cheng, W. H., Lu, P. J., Ho, W. Y., Tung, C. S., Cheng, P. W., Hsiao, M., et al. (2010).
Angiotensin II inhibits neuronal nitric oxide synthase activation through the ERK1/2-
RSK signaling pathway to modulate central control of blood pressure. Circulation Res.
106 (4), 788–795. doi:10.1161/CIRCRESAHA.109.208439

Cherepov, A. (2015). The choice of informative parameters of the cardiovascular
system for assessment of physiological effects of hypogravity. Am. J. Life Sci. 3 (1), 48.
doi:10.11648/j.ajls.s.2015030102.18

Corino, V. D. A., Lombardi, F., and Mainardi, L. T. (2014). Blood pressure variability
in patients with atrial fibrillation. Aut. Neurosci. basic & Clin. 185, 129–133. doi:10.
1016/j.autneu.2014.08.002

Cottin, F., Médigue, C., and Papelier, Y. (2008). Effect of heavy exercise on spectral
baroreflex sensitivity, heart rate, and blood pressure variability in well-trained humans.
Am. J. physiology. Heart circulatory physiology 295 (3), H1150–H1155. doi:10.1152/
ajpheart.00003.2008

Cottin, F., Papelier, Y., and Escourrou, P. (1999). Effects of exercise load and
breathing frequency on heart rate and blood pressure variability during dynamic
exercise. Int. J. sports Med. 20 (4), 232–238. doi:10.1055/s-2007-971123

Da Silva, C. D., Catai, A. M., Abreu, R. M. d., Signini, É. D. F., Galdino, G. A. M.,
Lorevice, L., et al. (2023). Cardiorespiratory coupling as an early marker of cardiac
autonomic dysfunction in type 2 diabetes mellitus patients. Respir. Physiology
Neurobiol. 311, 104042. doi:10.1016/j.resp.2023.104042

DeBoer, R. W., Karemaker, J. M., and Strackee, J. (1987). Hemodynamic fluctuations
and baroreflex sensitivity in humans: a beat-to-beat model. Am. J. Physiology - Heart
Circulatory Physiology 253 (3), H680–H689. doi:10.1152/ajpheart.1987.253.3.h680

de la Sierra, A., Banegas, J. R., Bursztyn, M., Parati, G., Stergiou, G., Mateu, A., et al.
(2020). Prognostic relevance of short-term blood pressure variability: the Spanish

Frontiers in Network Physiology frontiersin.org19

Romanchuk 10.3389/fnetp.2023.1276899

https://www.frontiersin.org/articles/10.3389/fnetp.2023.1276899/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnetp.2023.1276899/full#supplementary-material
https://doi.org/10.3389/fnetp.2022.1114733
https://doi.org/10.1016/j.resp.2022.103943
https://doi.org/10.3390/math9030209
https://doi.org/10.3390/math9030209
https://doi.org/10.3389/fphys.2021.612245
https://doi.org/10.3389/fnetp.2021.794392
https://doi.org/10.1146/annurev-neuro-090121-014424
https://doi.org/10.1016/j.xcrm.2022.100895
https://doi.org/10.1097/01.jsm.0000244610.34594.07
https://doi.org/10.1097/01.jsm.0000244610.34594.07
https://doi.org/10.1098/rsta.2014.0097
https://doi.org/10.1016/j.jelectrocard.2013.07.009
https://doi.org/10.1016/j.jelectrocard.2013.07.009
https://doi.org/10.26693/jmbs03.07.074
https://doi.org/10.1111/psyp.12163
https://doi.org/10.1007/s40279-020-01269-w
https://doi.org/10.1007/s40279-020-01269-w
https://doi.org/10.1016/j.mbs.2014.06.015
https://doi.org/10.5817/sts2019-1-2
https://doi.org/10.1097/00004872-200112000-00016
https://doi.org/10.1371/journal.pone.0049074
https://doi.org/10.1113/expphysiol.2005.030262
https://doi.org/10.1113/expphysiol.2005.030262
https://doi.org/10.1016/j.neubiorev.2023.105262
https://doi.org/10.1016/j.neubiorev.2023.105262
https://doi.org/10.1007/s00421-017-3564-6
https://doi.org/10.3389/fphys.2014.00073
https://doi.org/10.1089/acm.2010.0656
https://doi.org/10.1109/TBME.2008.2005949
https://doi.org/10.1016/S0169-2607(01)00158-4
https://doi.org/10.1016/j.ijcard.2015.02.105
https://doi.org/10.3389/fpsyg.2021.621399
https://doi.org/10.1161/CIRCRESAHA.109.208439
https://doi.org/10.11648/j.ajls.s.2015030102.18
https://doi.org/10.1016/j.autneu.2014.08.002
https://doi.org/10.1016/j.autneu.2014.08.002
https://doi.org/10.1152/ajpheart.00003.2008
https://doi.org/10.1152/ajpheart.00003.2008
https://doi.org/10.1055/s-2007-971123
https://doi.org/10.1016/j.resp.2023.104042
https://doi.org/10.1152/ajpheart.1987.253.3.h680
https://www.frontiersin.org/journals/network-physiology
https://www.frontiersin.org
https://doi.org/10.3389/fnetp.2023.1276899


ABPM registry. Hypertens. (Dallas, Tex. 1979) 5 (1), 11914508. doi:10.1161/
HYPERTENSIONAHA.119.14508

Dempsey, J. A., and Smith, C. A. (2019). Update on chemoreception: influence on
cardiorespiratory regulation and pathophysiology. Clin. Chest Med. 40 (2), 269–283.
doi:10.1016/j.ccm.2019.02.001

Dick, T. E., Hsieh, Y. H., Dhingra, R. R., Baekey, D. M., Galán, R. F., Wehrwein, E.,
et al. (2014). Cardiorespiratory coupling: common rhythms in cardiac, sympathetic, and
respiratory activities. Prog. Brain Res. 2014, 191–205. doi:10.1016/B978-0-444-63274-6.
00010-2

Dick, T. E., Mims, J. R., Hsieh, Y. H., Morris, K. F., and Wehrwein, E. A. (2014).
Increased cardio-respiratory coupling evoked by slow deep breathing can persist in normal
humans. Respir. Physiology Neurobiol. 204, 99–111. doi:10.1016/j.resp.2014.09.013

Dupuy, O., Douzi, W., Theurot, D., Bosquet, L., and Dugué, B. (2018). An evidence-
based approach for choosing post-exercise recovery techniques to reduce markers of
muscle damage, soreness, fatigue, and inflammation: a systematic review with meta-
analysis. Front. physiology 9 (403), 403. doi:10.3389/fphys.2018.00403

Eckberg, D. L. (2003). The human respiratory gate. J. Physiology 548 (2), 339–352.
doi:10.1113/jphysiol.2002.037192

Eckberg, D. L., and Karemaker, J. M. (2009). Point:Counterpoint: respiratory sinus
arrhythmia is due to a central mechanism vs. respiratory sinus arrhythmia is due to the
baroreflex mechanism. J. Appl. Physiology 106 (5), 1740–1742. doi:10.1152/japplphysiol.
91107.2008

Elstad, M. (2012). Respiratory variations in pulmonary and systemic blood flow in
healthy humans. Acta Physiol. 205 (3), 341–348. doi:10.1111/j.1748-1716.2012.02419.x

Esco, M. R., Williford, H. N., Flatt, A. A., Freeborn, T. J., and Nakamura, F. Y. (2018).
Ultra-shortened time-domain HRV parameters at rest and following exercise in
athletes: an alternative to frequency computation of sympathovagal balance. Eur.
J. Appl. Physiology 118 (1), 175–184. doi:10.1007/s00421-017-3759-x

Fadel, P. J. (2008). Arterial baroreflex control of the peripheral vasculature in humans:
rest and exercise. Med. Sci. sports Exerc. 40 (12), 2055–2062. doi:10.1249/MSS.
0b013e318180bc80

Fadel, P. J., and Raven, P. B. (2012). Human investigations into the arterial and
cardiopulmonary baroreflexes during exercise. Exp. Physiol. 97 (1), 39–50. doi:10.1113/
expphysiol.2011.057554

Feenstra, R. K., Allaart, C. P., Berkelmans, G. F. N., Westerhof, B. E., and Smulders, Y.
M. (2018). Accuracy of oscillometric blood pressure measurement in atrial fibrillation.
Blood Press. Monit. 23 (2), 59–63. doi:10.1097/MBP.0000000000000305

Fisher, J. P., Zera, T., and Paton, J. F. R. (2022) ‘Respiratory–cardiovascular interactionsin
R. Chen and P. G. Guyenet (ed.) Handbook of clinical neurology. Amsterdam, Netherlands:
Elsevier B.V., pp. 279–308. doi:10.1016/B978-0-323-91534-2.00006-0

Flatt, A. A., Esco, M. R., Nakamura, F. Y., and Plews, D. J. (2017). Interpreting daily
heart rate variability changes in collegiate female soccer players. J. Sports Med. Phys. Fit.
57 (6), 907–915. doi:10.23736/S0022-4707.16.06322-2

Fonoberova, M., Mezić, I., Buckman, J. F., Fonoberov, V. A., Mezić, A., Vaschillo, E. G.,
et al. (2014). A computational physiology approach to personalized treatment models: the
beneficial effects of slow breathing on the human cardiovascular system. Am. J. Physiology -
Heart Circulatory Physiology 307 (7), H1073–H1091. doi:10.1152/ajpheart.01011.2013

Fuller, D. D., Rana, S., Smuder, A. J., and Dale, E. A. (2022). The phrenic
neuromuscular system. Handb. Clin. Neurology 2022, 393–408. doi:10.1016/B978-0-
323-91534-2.00012-6

Galasko, G. I. W., Basu, S., Lahiri, A., and Senior, R. (2004). Is echocardiography a
valid tool to screen for left ventricular systolic dysfunction in chronic survivors of acute
myocardial infarction? A comparison with radionuclide ventriculography. Heart 90
(12), 1422–1426. doi:10.1136/hrt.2003.027425

Gamboa, A., Shibao, C., Diedrich, A., Choi, L., Pohar, B., Jordan, J., et al. (2007).
Contribution of endothelial nitric oxide to blood pressure in humans. Hypertens.
(Dallas, Tex, 1979) 49 (1), 170–177. doi:10.1161/01.HYP.0000252425.06216.26

Garcia, A. J., Koschnitzky, J. E., Dashevskiy, T., and Ramirez, J. M. (2013).
Cardiorespiratory coupling in health and disease. Aut. Neurosci. 175 (1–2), 26–37.
doi:10.1016/j.autneu.2013.02.006

García, X., Mateu, L., Maynar, J., Mercadal, J., Ochagavía, A., and Ferrandiz, A.
(2011). Puesta al día en medicina intensiva. monitorización hemodinámica en
elpaciente crítico. Med. Intensiva 35 (9), 552–561. doi:10.1016/j.medin.2011.01.014

Gardner, W. N. (1996). The pathophysiology of hyperventilation disorders. Chest 109
(2), 516–534. doi:10.1378/chest.109.2.516

Gibbons, T. D., Zuj, K. A., Peterson, S. D., and Hughson, R. L. (2019). Comparison of
pulse contour, aortic Doppler ultrasound and bioelectrical impedance estimates of
stroke volume during rapid changes in blood pressure. Exp. Physiol. 104 (3), 368–378.
doi:10.1113/EP087240

Gilbert, C. (1999). Hyperventilation and the body. Accid. Emerg. Nurs. 7 (3), 130–140.
doi:10.1016/S0965-2302(99)80072-1

Girin, B., Juventin, M., Garcia, S., Lefèvre, L., Amat, C., Fourcaud-Trocmé, N., et al.
(2021). The deep and slow breathing characterizing rest favors brain respiratory-drive.
Sci. Rep. 11 (1), 7044. doi:10.1038/s41598-021-86525-3

Grivas, G. V. (2018). Diagnosis of overtraining and overreaching syndrome in
athletes. Med. - Open J. 4 (3), 74–76. doi:10.17140/SEMOJ-4-165

Gross, M. J., Hall, R., Bringer, J. D., Cook, C. J., Kilduff, L. P., and Shearer, D. A.
(2017). Resonant frequency training in elite sport: a case study example. J. Sport Psychol.
Action 8 (3), 173–183. doi:10.1080/21520704.2017.1287797

Guenette, J. A., and Sheel, A. W. (2007). Physiological consequences of a high work of
breathing during heavy exercise in humans. J. Sci. Med. Sport 10 (6), 341–350. doi:10.
1016/j.jsams.2007.02.003

Guzii, O., Mahlovanyi, A., and Romanchuk, O. (2023). Multifunctional changes in the
athletes’ body during the formation of autonomic regulations’ overstrain under the
influence of training load. Fiz. Reabil. ta Rekreacijno-Ozdorovci Tehnol. 8 (2), 91–104.
doi:10.15391/prrht.2023-8(2).03

Guzii, O., and Romanchuk, A. (2017). Heart rate variability during controlled
respiration after endurance training. J. Phys. Educ. Sport ® (JPES) 17 (203),
2024–2029. doi:10.7752/jpes.2017.03203

Guzii, O., and Romanchuk, A. (2018). Determinants of the functional state of
sportsmen using heart rate variability measurements in tests with controlled
respiration. J. Phys. Educ. Sport 18 (2), 715–724. doi:10.7752/jpes.2018.02105

Guzii, O., Romanchuk, A., Nahlovanyi, A., and Trach, V. (2021). Post-loading
dynamics of beat-to-beat blood pressure variability in highly trained athletes during
sympathetic and parasympathetic overstrain formation. J. Phys. Educ. Sport 21 (5),
2622–2632. doi:10.7752/jpes.2021.05350

Guzii, O., and Romanchuk, O. (2021). Post-loading dynamics of beat-to-beat blood
pressure variability in highly qualified athletes. Fiz. Reabil. ta Rekreacijno-Ozdorovci
Tehnol. 6 (1), 5–14. doi:10.15391/prrht.2021-6(1).01

Guzii, O., and Romanchuk, O. (2021). Assessment of individual changes in the
activity of the athletes cardiorespiratory system during current examinations. Fiz.
Reabil. ta Rekreacijno-Ozdorovci Tehnol. 6 (3), 5–19. doi:10.15391/prrht.2021-
6(3).01

Guzii, O., Romanchuk, A., and Nahlovanyy, A. (2020). Post-Loading dynamics of
heart rate variability indices in highly qualified athletes in the formation of overstrains
by sympathetic and parasympathetic types. Art Med. 4 (16), 28–36. doi:10.21802/artm.
2020.4.16.28

Guzii,P., Romanchuk, A. P., and Mahlovanyy, A. V. (2019). Polyfunctional express-
evaluation criteria of the sportsman organism state. J. Phys. Educ. Sport ® (JPES) 19 (4),2352–2358. doi:10.7752/jpes.2019.04356

Guzii, P. V., and Romanchuk, A. P. (2016). Sensitivity of arterial baroreflex in the
terms of body recovery after training load. Zaporozhye Med. J. 0 (3), 24–29. doi:10.
14739/2310-1210.2016.3.76922

Harford, M., Catherall, J., Gerry, S., Young, J. D., and Watkinson, P. (2019).
Availability and performance of image-based, non-contact methods of monitoring
heart rate, blood pressure, respiratory rate, and oxygen saturation: a systematic review.
Physiol. Meas. 40 (6), 06TR01. doi:10.1088/1361-6579/ab1f1d

Hayano, J., Yasuma, F., Okada, A., Mukai, S., and Fujinami, T. (1996). Respiratory
sinus arrhythmia: a phenomenon improving pulmonary gas exchange and circulatory
efficiency. Circulation 94 (4), 842–847. doi:10.1161/01.CIR.94.4.842

Headley, J. M. (2006). Arterial pressure-based technologies: a new trend in cardiac
output monitoring. Crit. Care Nurs. Clin. N. Am. 18 (2), 179–187. doi:10.1016/j.ccell.
2006.01.004

Hildebrandt, G. (1953). Uber die rhythmische Funktionsordnung von Puls und Atem.
Z. für Klin. Med. 150 (5), 444–454.

Hoffmann, B., Flatt, A. A., Silva, L. E. V., Młyńczak, M., Baranowski, R., Dziedzic, E.,
et al. (2020). A pilot study of the reliability and agreement of heart rate, respiratory rate
and short-term heart rate variability in elite modern pentathlon athletes. Diagn. (Basel,
Switz. 10 (10), 833. doi:10.3390/diagnostics10100833

Hornsveld, H., Garssen, B., Koornwinder, M., Dop, M. F., van Spiegel, P., and Kolk, A.
(1995). Effects of high and low anxiety provoking instructions on the responses to the
hyperventilation provocation test. Int. J. Behav. Med. 2 (2), 135–156. doi:10.1207/
s15327558ijbm0202_4

Hsieh, C.-W., Mao, C. W., Young, M. S., Yeh, T. L., and Yeh, S. J. (2003). Respiratory
effect on the pulse spectrum. J. Med. Eng. Technol. 27 (2), 77–84. doi:10.1080/
0309190021000025855

Illigens, B. M. W., and Gibbons, C. H. (2019). Autonomic testing, methods and
techniques. Handb. Clin. Neurology 2019, 419–433. doi:10.1016/B978-0-444-64032-1.
00028-X

Incognito, A. V., Duplea, S. G., Lee, J. B., Sussman, J., Shepherd, A. D., Doherty, C. J.,
et al. (2019). Arterial baroreflex regulation of muscle sympathetic nerve activity at rest
and during stress. J. physiology 597 (18), 4729–4741. doi:10.1113/JP278376

Javorka, M., Krohova, J., Czippelova, B., Turianikova, Z., Mazgutova, N., Wiszt, R.,
et al. (2020). Respiratory sinus arrhythmia mechanisms in young obese subjects. Front.
Neurosci. 14, 204. doi:10.3389/fnins.2020.00204

Kalauzi, A., Matić, Z., Platiša, M. M., and Bojić, T. (2023). Two operational modes of
cardio-respiratory coupling revealed by pulse-respiration quotient. Bioengineering 10
(2), 180. doi:10.3390/bioengineering10020180

Frontiers in Network Physiology frontiersin.org20

Romanchuk 10.3389/fnetp.2023.1276899

https://doi.org/10.1161/HYPERTENSIONAHA.119.14508
https://doi.org/10.1161/HYPERTENSIONAHA.119.14508
https://doi.org/10.1016/j.ccm.2019.02.001
https://doi.org/10.1016/B978-0-444-63274-6.00010-2
https://doi.org/10.1016/B978-0-444-63274-6.00010-2
https://doi.org/10.1016/j.resp.2014.09.013
https://doi.org/10.3389/fphys.2018.00403
https://doi.org/10.1113/jphysiol.2002.037192
https://doi.org/10.1152/japplphysiol.91107.2008
https://doi.org/10.1152/japplphysiol.91107.2008
https://doi.org/10.1111/j.1748-1716.2012.02419.x
https://doi.org/10.1007/s00421-017-3759-x
https://doi.org/10.1249/MSS.0b013e318180bc80
https://doi.org/10.1249/MSS.0b013e318180bc80
https://doi.org/10.1113/expphysiol.2011.057554
https://doi.org/10.1113/expphysiol.2011.057554
https://doi.org/10.1097/MBP.0000000000000305
https://doi.org/10.1016/B978-0-323-91534-2.00006-0
https://doi.org/10.23736/S0022-4707.16.06322-2
https://doi.org/10.1152/ajpheart.01011.2013
https://doi.org/10.1016/B978-0-323-91534-2.00012-6
https://doi.org/10.1016/B978-0-323-91534-2.00012-6
https://doi.org/10.1136/hrt.2003.027425
https://doi.org/10.1161/01.HYP.0000252425.06216.26
https://doi.org/10.1016/j.autneu.2013.02.006
https://doi.org/10.1016/j.medin.2011.01.014
https://doi.org/10.1378/chest.109.2.516
https://doi.org/10.1113/EP087240
https://doi.org/10.1016/S0965-2302(99)80072-1
https://doi.org/10.1038/s41598-021-86525-3
https://doi.org/10.17140/SEMOJ-4-165
https://doi.org/10.1080/21520704.2017.1287797
https://doi.org/10.1016/j.jsams.2007.02.003
https://doi.org/10.1016/j.jsams.2007.02.003
https://doi.org/10.15391/prrht.2023-8(2).03
https://doi.org/10.7752/jpes.2017.03203
https://doi.org/10.7752/jpes.2018.02105
https://doi.org/10.7752/jpes.2021.05350
https://doi.org/10.15391/prrht.2021-6(1).01
https://doi.org/10.15391/prrht.2021-6(3).01
https://doi.org/10.15391/prrht.2021-6(3).01
https://doi.org/10.21802/artm.2020.4.16.28
https://doi.org/10.21802/artm.2020.4.16.28
https://doi.org/10.7752/jpes.2019.04356
https://doi.org/10.14739/2310-1210.2016.3.76922
https://doi.org/10.14739/2310-1210.2016.3.76922
https://doi.org/10.1088/1361-6579/ab1f1d
https://doi.org/10.1161/01.CIR.94.4.842
https://doi.org/10.1016/j.ccell.2006.01.004
https://doi.org/10.1016/j.ccell.2006.01.004
https://doi.org/10.3390/diagnostics10100833
https://doi.org/10.1207/s15327558ijbm0202_4
https://doi.org/10.1207/s15327558ijbm0202_4
https://doi.org/10.1080/0309190021000025855
https://doi.org/10.1080/0309190021000025855
https://doi.org/10.1016/B978-0-444-64032-1.00028-X
https://doi.org/10.1016/B978-0-444-64032-1.00028-X
https://doi.org/10.1113/JP278376
https://doi.org/10.3389/fnins.2020.00204
https://doi.org/10.3390/bioengineering10020180
https://www.frontiersin.org/journals/network-physiology
https://www.frontiersin.org
https://doi.org/10.3389/fnetp.2023.1276899


Kapidžić, A., Platiša, M. M., Bojić, T., and Kalauzi, A. (2014). RR interval–respiratory
signal waveform modeling in human slow paced and spontaneous breathing. Respir.
Physiology Neurobiol. 203, 51–59. doi:10.1016/j.resp.2014.08.004

Kaplan, V., Bucklar, G. B., and Bloch, K. E. (2003). Noninvasive monitoring of cardiac
output during exercise by inductance cardiography. Med. Sci. Sports Exerc. 35 (5),
747–752. doi:10.1249/01.MSS.0000064997.58069.A6

Karemaker, J. M. (1997). Heart rate variability: why do spectral analysis?Heart 77 (2),
99–101. doi:10.1136/hrt.77.2.99

Karemaker, J. M., and Wesseling, K. H. (2008). Variability in cardiovascular control:
the baroreflex reconsidered. Cardiovasc. Eng. 8 (1), 23–29. doi:10.1007/s10558-007-
9046-4

Kawada, T., Akiyama, T., Shimizu, S., Sata, Y., Turner,M. J., Shirai,M., et al. (2014). Acute
effects of arterial baroreflex on sympathetic nerve activity and plasma norepinephrine
concentration. Aut. Neurosci. basic & Clin. 186, 62–68. doi:10.1016/j.autneu.2014.10.016

Kellmann, M., Bertollo, M., Bosquet, L., Brink, M., Coutts, A. J., Duffield, R., et al.
(2018). Recovery and performance in sport: consensus statement. Int. J. Sports
Physiology Perform. 13 (2), 240–245. doi:10.1123/ijspp.2017-0759

Kim, T. H., Hur, J., Kim, S. J., Kim, H. S., Choi, B. W., Choe, K. O., et al. (2005). Two-
phase reconstruction for the assessment of left ventricular volume and function using
retrospective ECG-gated MDCT: comparison with echocardiography. Am.
J. Roentgenol. 185 (2), 319–325. doi:10.2214/ajr.185.2.01850319

King, J. C. (1988). Hyperventilation-A therapist’s point of view: discussion paper. J. R.
Soc. Med. 81(9), 532–536. doi:10.1177/014107688808100913

Kishi, T. (2018). Baroreflex failure and beat-to-beat blood pressure variation.
Hypertens. Res. 41(8), 547–552. doi:10.1038/s41440-018-0056-y

Kox, M., van Eijk, L. T., Zwaag, J., van den Wildenberg, J., Sweep, F. C. G. J., van der
Hoeven, J. G., et al. (2014). Voluntary activation of the sympathetic nervous system and
attenuation of the innate immune response in humans. Proc. Natl. Acad. Sci. U. S. A. 111
(20), 7379–7384. doi:10.1073/pnas.1322174111

Krohn, F., Novello, M., van der Giessen, R. S., De Zeeuw, C. I., Pel, J. J. M., and
Bosman, L. W. J. (2023). The integrated brain network that controls respiration. eLife
12, e83654. doi:10.7554/elife.83654

Kubicek, W. G., Karnegis, J. N., Patterson, R. P., Witsoe, D. A., and Mattson, R. H.
(1966). Development and evaluation of an impedance cardiac output system. Aerosp
Med. 37 (12), 1208–12.

Lacchini, S., Ferlin, E. L., Moraes, R. S., Ribeiro, J. P., and Irigoyen, M. C. (2001)
‘Contribution of nitric oxide to arterial pressure and heart rate variability in rats
submitted to high-sodium intake. Hypertens. (Dallas, Tex, 1979) 38(3), 326–331. doi:10.
1161/hy0901.091179

Langager, A. M., Hammerberg, B. E., Rotella, D. L., and Stauss, H. M. (2007). Very
low-frequency blood pressure variability depends on voltage-gated L-type Ca2+
channels in conscious rats. Am. J. Physiology - Heart Circulatory Physiology 292 (3),
H1321–H1327. doi:10.1152/ajpheart.00874.2006

Li, C., Chang, Q., Zhang, J., and Chai, W. (2018). Effects of slow breathing rate on
heart rate variability and arterial baroreflex sensitivity in essential hypertension.
Medicine 97 (18), e0639. doi:10.1097/MD.0000000000010639

Limberg, J. K., Morgan, B. J., Schrage, W. G., and Dempsey, J. A. (2013). Respiratory
influences on muscle sympathetic nerve activity and vascular conductance in the steady
state. Am. J. Physiology - Heart Circulatory Physiology 304 (12), H1615–H1623. doi:10.
1152/ajpheart.00112.2013

Lukarski, D., Stavrov, D., and Stankovski, T. (2022). Variability of cardiorespiratory
interactions under different breathing patterns. Biomed. Signal Process. Control 71,
103152. doi:10.1016/j.bspc.2021.103152

Macefield, V. G., and Henderson, L. A. (2019). Identification of the human
sympathetic connectome involved in blood pressure regulation. NeuroImage 202,
116119. doi:10.1016/j.neuroimage.2019.116119

Mainardi, L., Corino, V., Belletti, S., Terranova, P., and Lombardi, F. (2009). Low
frequency component in systolic arterial pressure variability in patients with persistent
atrial fibrillation. Aut. Neurosci. basic & Clin. 151 (2), 147–153. doi:10.1016/j.autneu.
2009.06.008

Malik, M., Bigger, J. T., Camm, A. J., Kleiger, R. E., Malliani, A., Moss, A. J., et al.
(1996). Heart rate variability: standards of measurement, physiological interpretation,
and clinical use. Stand. Meas. physiological interpretation, Clin. useEuropean Heart J. 17
(3), 354–381. doi:10.1093/oxfordjournals.eurheartj.a014868

Malliani, A., Pagani, M., and Lombardi, F. (1994). Physiology and clinical
implications of variability of cardiovascular parameters with focus on heart rate and
blood pressure. Am. J. Cardiol. 73 (10), 3C–9C. doi:10.1016/0002-9149(94)90617-3

Malpas, S. C. (2010). Sympathetic nervous system overactivity and its role in the
development of cardiovascular disease. Physiol. Rev. 90 (2), 513–557. doi:10.1152/
physrev.00007.2009

Matić, Z., Kalauzi, A., Moser, M., Platiša, M. M., Lazarević, M., and Bojić, T. (2022).
Pulse respiration quotient as a measure sensitive to changes in dynamic behavior of
cardiorespiratory coupling such as body posture and breathing regime. Front.
Physiology 13, 946613. doi:10.3389/fphys.2022.946613

Meeusen, R., Duclos, M., Foster, C., Fry, A., Gleeson, M., Nieman, D., et al. (2013).
Prevention, diagnosis, and treatment of the overtraining syndrome: joint consensus
statement of the european college of sport science and the American College of Sports
Medicine. Med. Sci. Sports Exerc. 45 (1), 186–205. doi:10.1249/MSS.0b013e318279a10a

Mortola, J. P., Marghescu, D., and Siegrist-Johnstone, R. (2016). Thinking about
breathing: effects on respiratory sinus arrhythmia. Respir. Physiology Neurobiol. 223,
28–36. doi:10.1016/j.resp.2015.12.004

Mühlen, J. M., Stang, J., Lykke Skovgaard, E., Judice, P. B., Molina-Garcia, P., Johnston,
W., et al. (2021). Recommendations for determining the validity of consumer wearable
heart rate devices: expert statement and checklist of the INTERLIVENetwork. Br. J. Sports
Med. 55 (14), 767–779. doi:10.1136/bjsports-2020-103148

Nakamura, F. Y., Pereira, L. A., Esco,M. R., Flatt, A. A.,Moraes, J. E., CalAbad, C. C., et al.
(2017). Intraday and interday reliability of ultra-short-term heart rate variability in rugby
union players. J. Strength Cond. Res. 31 (2), 548–551. doi:10.1519/JSC.0000000000001514

Nederhof, E., Zwerver, J., Brink, M., Meeusen, R., Lemmink, K., et al. (2008). Different
diagnostic tools in nonfunctional overreaching. Int J Sports Med.29 (7), 590–7. doi:10.
1055/s-2007-989264

Nicolò, A., Massaroni, C., Schena, E., and Sacchetti, M. (2020). The importance of
respiratory rate monitoring: from healthcare to sport and exercise. Sensors Switz. 20
(21), 1–45. doi:10.3390/s20216396

Noskin, L. A., Marchenko, V. N., Rubinskiy, A. V., Zarovkina, L. A., and Ternovoy, K.
S. (2020). Disorders of cardiorespiratory coupling in hypercapnic respiratory test and
moderate physical exercise in patients with pulmonological pathology. Sci. Notes Pavlov
Univ. 27 (2), 46–56. doi:10.24884/1607-4181-2020-27-2-46-56

Noskin, L., Rubinsky, A., Romanchuk, A.,Marchenko,V., Pivovarov, V., et al. (2018). Study
of cardiovascular and respiratory synchronization in different types of breathing. Nauchno-
prakticheskii zhurnal «Patogenez» (4), 90–96. doi:10.25557/2310-0435.2018.04.90-96

Ogoh, S., and Tarumi, T. (2019). Cerebral blood flow regulation and cognitive
function: a role of arterial baroreflex function. J. Physiological Sci. 69 (6), 813–823.
doi:10.1007/s12576-019-00704-6

Örün, D., Karaca, S., and Arıkan, Ş. (2021). The effect of breathing exercise on stress
hormones. Cyprus J. Med. Sci. 6 (1), 22–27. doi:10.4274/cjms.2021.2020.2390

Ovadia-Blechman, Z., Gavish, B., Levy-Aharoni, D., Shashar, D., and Aharonson, V.
(2017). The coupling between peripheral microcirculation and slow breathing. Med.
Eng. Phys. 39, 49–56. doi:10.1016/j.medengphy.2016.10.009

Papaioannou, T. G., Fasoulis, R., Toumpaniaris, P., Tsioufis, C., Dilaveris, P., Soulis,
D., et al. (2019). Assessment of arterial baroreflex sensitivity by different computational
analyses of pressure wave signals alone. Comput. Methods Programs Biomed. 172,
25–34. doi:10.1016/j.cmpb.2019.02.002

Paprika, D., Gingl, Z., Rudas, L., and Zöllei, E. (2014). Hemodynamic effects of slow
breathing: does the pattern matter beyond the rate? Acta Physiol. Hung. 101 (3),
273–281. doi:10.1556/APhysiol.101.2014.3.2

Parati, G. (2005). Arterial baroreflex control of heart rate: determining factors and
methods to assess its spontaneous modulation. J. Physiology 565 (3), 706–707. doi:10.
1113/jphysiol.2005.086827

Parati, G., Saul, J. P., Di Rienzo, M., and Mancia, G. (1995). Spectral analysis of blood
pressure and heart rate variability in evaluating cardiovascular regulation: a critical
appraisal. Hypertension 25 (6), 1276–1286. doi:10.1161/01.HYP.25.6.1276

Parati, G., Stergiou, G. S., Bilo, G., Kollias, A., Pengo, M., Ochoa, J. E., et al. (2021).
Home blood pressure monitoring: methodology, clinical relevance and practical
application: a 2021 position paper by the working group on blood pressure
monitoring and cardiovascular variability of the European society of hypertension.
J. Hypertens. 39 (9), 1742–1767. doi:10.1097/HJH.0000000000002922

Parati, G., and Valentini, M. (2006). Prognostic relevance of blood pressure
variability. Hypertension 47 (2), 137–138. doi:10.1161/01.HYP.0000198542.
51471.c4

Parviainen, T., Lyyra, P., and Nokia, M. S. (2022). Cardiorespiratory rhythms,
brain oscillatory activity and cognition: review of evidence and proposal for
significance. Neurosci. Biobehav. Rev. 142, 104908. doi:10.1016/j.neubiorev.
2022.104908

Penáz, J. (1973) ‘Photoelectric measurement of blood pressure, volume and flow in the
fingerin Dig. 10th Int. Conf. Med. Biol. Engng. Dresd., 104.

Pinna, G. D., Maestri, R., and Mortara, A. (1996). Estimation of arterial blood
pressure variability by spectral analysis: comparison between Finapres and
invasive measurements. Physiol. Meas. 17 (3), 147–169. doi:10.1088/0967-3334/
17/3/002

Pinna, G. D., Porta, A., Maestri, R., De Maria, B., Dalla Vecchia, L. A., and La Rovere,
M. T. (2017). Different estimation methods of spontaneous baroreflex sensitivity have
different predictive value in heart failure patients. J. Hypertens. 35 (8), 1666–1675.
doi:10.1097/HJH.0000000000001377

Pivovarov, V. (2006). Spiroarteriocardiorhyithmograph. Meditsinskaya tekhnika 1,
38–48.

Pivovarov, V. V. (2011). Information-measuring system for functional diagnostics of
nervous regulation of blood circulation. Part II. The implementation. Part II.

Frontiers in Network Physiology frontiersin.org21

Romanchuk 10.3389/fnetp.2023.1276899

https://doi.org/10.1016/j.resp.2014.08.004
https://doi.org/10.1249/01.MSS.0000064997.58069.A6
https://doi.org/10.1136/hrt.77.2.99
https://doi.org/10.1007/s10558-007-9046-4
https://doi.org/10.1007/s10558-007-9046-4
https://doi.org/10.1016/j.autneu.2014.10.016
https://doi.org/10.1123/ijspp.2017-0759
https://doi.org/10.2214/ajr.185.2.01850319
https://doi.org/10.1177/014107688808100913
https://doi.org/10.1038/s41440-018-0056-y
https://doi.org/10.1073/pnas.1322174111
https://doi.org/10.7554/elife.83654
https://doi.org/10.1161/hy0901.091179
https://doi.org/10.1161/hy0901.091179
https://doi.org/10.1152/ajpheart.00874.2006
https://doi.org/10.1097/MD.0000000000010639
https://doi.org/10.1152/ajpheart.00112.2013
https://doi.org/10.1152/ajpheart.00112.2013
https://doi.org/10.1016/j.bspc.2021.103152
https://doi.org/10.1016/j.neuroimage.2019.116119
https://doi.org/10.1016/j.autneu.2009.06.008
https://doi.org/10.1016/j.autneu.2009.06.008
https://doi.org/10.1093/oxfordjournals.eurheartj.a014868
https://doi.org/10.1016/0002-9149(94)90617-3
https://doi.org/10.1152/physrev.00007.2009
https://doi.org/10.1152/physrev.00007.2009
https://doi.org/10.3389/fphys.2022.946613
https://doi.org/10.1249/MSS.0b013e318279a10a
https://doi.org/10.1016/j.resp.2015.12.004
https://doi.org/10.1136/bjsports-2020-103148
https://doi.org/10.1519/JSC.0000000000001514
https://doi.org/10.1055/s-2007-989264
https://doi.org/10.1055/s-2007-989264
https://doi.org/10.3390/s20216396
https://doi.org/10.24884/1607-4181-2020-27-2-46-56
https://doi.org/10.25557/2310-0435.2018.04.90-96
https://doi.org/10.1007/s12576-019-00704-6
https://doi.org/10.4274/cjms.2021.2020.2390
https://doi.org/10.1016/j.medengphy.2016.10.009
https://doi.org/10.1016/j.cmpb.2019.02.002
https://doi.org/10.1556/APhysiol.101.2014.3.2
https://doi.org/10.1113/jphysiol.2005.086827
https://doi.org/10.1113/jphysiol.2005.086827
https://doi.org/10.1161/01.HYP.25.6.1276
https://doi.org/10.1097/HJH.0000000000002922
https://doi.org/10.1161/01.HYP.0000198542.51471.c4
https://doi.org/10.1161/01.HYP.0000198542.51471.c4
https://doi.org/10.1016/j.neubiorev.2022.104908
https://doi.org/10.1016/j.neubiorev.2022.104908
https://doi.org/10.1088/0967-3334/17/3/002
https://doi.org/10.1088/0967-3334/17/3/002
https://doi.org/10.1097/HJH.0000000000001377
https://www.frontiersin.org/journals/network-physiology
https://www.frontiersin.org
https://doi.org/10.3389/fnetp.2023.1276899


implementationAutomation Remote Control 72 (3), 671–676. doi:10.1134/
S0005117911030192

Pivovarov, V. V., Zaytsev, G. K., and Sizov, V. V. (2015). Adaptive stress-testing
system SAKR-VELO. Meditsinskaia tekhnika 2, 9–12.

Porta, A., Takahashi, A. C. M., and Catai, A. M. (2016). Cardiovascular coupling
during graded postural challenge: comparison between linear tools and joint
symbolic analysis. Braz. J. Phys. Ther. 20 (5), 461–470. doi:10.1590/bjpt-rbf.
2014.0179

Radaelii, A., Raco, R., Perfetti, P., Viola, A., Azzellino, A., Signorini, M. G., et al.
(2004). Effects of slow, controlled breathing on baroreceptor control of heart rate and
blood pressure in healthy men. J. Hypertens. 22 (7), 1361–1370. doi:10.1097/01.hjh.
0000125446.28861.51

Reisner, A. T., Xu, D., Ryan, K. L., Convertino, V. A., Rickards, C. A., andMukkamala,
R. (2011). Monitoring non-invasive cardiac output and stroke volume during
experimental human hypovolaemia and resuscitation. Br. J. Anaesth. 106 (1), 23–30.
doi:10.1093/bja/aeq295

Robbe, H. W. J., Mulder, L. J., Rüddel, H., Langewitz, W. A., Veldman, J. B., and
Mulder, G. (1987). Assessment of baroreceptor reflex sensitivity by means of spectral
analysis. Hypertension 10 (5), 538–543. doi:10.1161/01.HYP.10.5.538

Romanchuk, A. (2013) ‘The complex approach to a multipurpose estimation of a
sportsmen conditionin My Karganov. (ed.) Polysystemic approach to school, sport
and environment medicine. 731 Gull Ave, Foster City. CA 94404, US: OMICS
Publishing Group, pp. 39–57. doi:10.4172/978-1-63278-000-3-001-06

Romanchuk, A. (2018). Level of athlete’s health and blood pressure variability.
Biomed. J. Sci. Tech. Res. 10 (3). doi:10.26717/bjstr.2018.10.001943

Romanchuk, A., and Guzii, O. (2017). Multifunctional determinants of athletes’
health. J. Med. Health Res. 2 (1), 12–21.

Romanchuk, A., and Guzii, O. (2020). Variability and pattern of spontaneous
respiration in different types of cardiac rhythm regulation of highly trained
athletes. Int. J. Hum. Mov. Sports Sci. 8 (6), 483–493. doi:10.13189/saj.2020.
080622

Romanchuk, A., Guzii, O., and Mahlyovanyi, A. (2022) ‘Changes in volumetric
variability of spontaneous respiration under the influence of training loadin Abstract
book BASEM conference 2022 - positive health and performance. United Kingdom:
Brighton, BASEM, p. 90.

Romanchuk, A., Noskinni, L., Pivorav, V., and Karganov, M. (2011). Kompleksnyiy
podhod k diagnostike sostoyaniya kardiorespiratornoy sistemyi u sportsmenov [Complex
approach to the diagnosis of the cardiorespiratory systems state in athletes]. Odessa:
Feniks.

Romanchuk, A. P. (2006). Modern approaches to assessing cardiorespiratory
interactions in athletes. Odesa Astroprint. doi:10.13140/RG.2.1.4555.9847

Romanchuk, O. (2005). To a question of an estimation of activity of autonomic
nervous system at sportsmen. Med. Rehabil. balneology, Physiother. (4), 31–34. doi:10.
5281/zenodo.18109

Romanchuk, O. (2022a). Comparative features of the immediate impact of manual
therapy traction manipulations on the cardiorespiratory system of men and women.
Phys. rehabilitation Recreat. health Technol. 7 (4), 130–142. doi:10.15391/prrht.2022-
7(4).24

Romanchuk, O. (2022b). The immediate effects of the manual therapy traction
manipulations on parameters of cardiorespiratory system functioning. Int. J. Hum.
Mov. Sports Sci. 10 (4), 832–840. doi:10.13189/saj.2022.100424

Romanchuk, O., and Guzii, O. (2020). Modern approaches to the objectification of the
functional state of the athletes’ body during current examinations. Phys. rehabilitation
Recreat. health Technol. 5 (1), 8–18. doi:10.15391/prrht.2020-5(1).02

Romanchuk, O., Guzii, O., Mahlovanyi, A., Sereda, S., and Ostrovskyy, M. (2023).
Comparative features of the morphometric correlates of blood pressure response to
physical load of qualified athletes in some sports. Phys. Rehabilitation Recreat. Health
Technol. 8 (1), 3–12. doi:10.15391/prrht.2023-8(1).01

Romanchuk, O. P., and Guzii, O. V. (2020). Peculiarities of changes in respiratory
variability under the influence of training load in athletes with cardiovascular overstrain
by sympathetic type. Int. J. Educ. Sci. 3 (2). doi:10.26697/ijes.2020.2.38

Romanchuk, O. P., Velychko, V. I., and Bazhora, Y. I. (2019). Reactivity of
cardiorespiratory system in bronchial asthma patients according to the tests with
respiratory maneuvers performance. Zaporozhye Med. J. 21 (4), 449–457. doi:10.14739/
2310-1210.2019.4.173191

Rosei, E. A., Chiarini, G., and Rizzoni, D. (2020). How important is blood pressure
variability? Eur. heart J. Suppl. J. Eur. Soc. Cardiol. 22, E1–E6. doi:10.1093/eurheartj/
suaa061

Russo, M. A., Santarelli, D. M., and O’Rourke, D. (2017). The physiological effects of
slow breathing in the healthy human. Breathe 13 (4), 298–309. doi:10.1183/20734735.
009817

Rydlewska, A., Ponikowska, B., Borodulin-Nadzieja, L., Banasiak, W., Jankowska, E.
A., and Ponikowski, P. (2010). Assessment of the functioning of autonomic nervous
system in the context of cardiorespiratory reflex control. Kardiologia Pol. 68 (8),
951–957.

Sampaio, K. N., Mauad, H., Vasquez, E. C., and Schenberg, L. C. (2012). Role of
pulmonary stretch receptors and sympathetic system in the inhibition of reflex
bradycardia produced by chemical stimulation of the periaqueductal gray matter of
the rat. Neuroscience 210, 222–233. doi:10.1016/j.neuroscience.2012.02.041

Scherhag, A., Pfleger, S., Haase, K. K., Sueselbeck, T., and Borggrefe, M. (2005).
Diagnostic value of stress echocardiography for the detection of restenosis after PTCA.
Int J Cardiol. 98 (2), 191–197. doi:10.1016/j.ijcard.2004.02.012

Schneider, C., Wiewelhove, T., Raeder, C., Flatt, A. A., Hoos, O., Hottenrott, L.,
et al. (2019). Heart rate variability monitoring during strength and high-intensity
interval training overload microcycles. Front. Physiology 10, 582. doi:10.3389/
fphys.2019.00582

Schulz, S., Adochiei, F. C., Edu, I. R., Schroeder, R., Costin, H., Bär, K. J., et al. (2013).
Cardiovascular and cardiorespiratory coupling analyses: a review. Philosophical Trans.
R. Soc. A Math. Phys. Eng. Sci. 371, 20120191. doi:10.1098/rsta.2012.0191

Shams, S., LeVan, P., and Chen, J. J. (2021). The neuronal associations of respiratory-
volume variability in the resting state. NeuroImage 230, 117783. doi:10.1016/j.
neuroimage.2021.117783

Shantsila, A., McIntyre, D. B., Lip, G. Y. H., Fadel, P. J., Paton, J. F. R., Pickering, A. E.,
et al. (2015). Influence of age on respiratory modulation of muscle sympathetic nerve
activity, blood pressure and baroreflex function in humans. Exp. Physiol. 100 (9),
1039–1051. doi:10.1113/EP085071

Sin, P. Y.W., Galletly, D. C., and Tzeng, Y. C. (2010). Influence of breathing frequency
on the pattern of respiratory sinus arrhythmia and blood pressure: old questions
revisited. Am. J. Physiology - Heart Circulatory Physiology 298 (5), H1588–H1599.
doi:10.1152/ajpheart.00036.2010

Skytioti, M., and Elstad, M. (2022). Respiratory sinus arrhythmia is mainly driven by
central feedforward mechanisms in healthy humans. Front. Physiology 13, 768465.
doi:10.3389/fphys.2022.768465

Stromberg, S. E., Russell, M. E., and Carlson, C. R. (2015). Diaphragmatic breathing
and its effectiveness for the management of motion sickness. Aerosp. Med. Hum.
Perform. 86 (5), 452–457. doi:10.3357/AMHP.4152.2015

Tan, C. O., and Taylor, J. A. (2010). Does respiratory sinus arrhythmia serve a
buffering role for diastolic pressure fluctuations? Am. J. Physiology - Heart Circulatory
Physiology 298 (5), H1492–H1498. doi:10.1152/ajpheart.00974.2009

Thompson, D., Peacock, O., Western, M., and Batterham, A. M. (2015).
Multidimensional physical activity: an opportunity, not a problem. Exerc. Sport Sci.
Rev. 43 (2), 67–74. doi:10.1249/JES.0000000000000039

Towie, D., Hart, E., and Pickering, A. (2012) ‘Evidence that central respiratory-
sympathetic coupling drives Traube- Hering waves in manin Proc. Physiol. Soc., 2012.
PC104.

Vaschillo, E. G., Vaschillo, B., and Lehrer, P. M. (2006). Characteristics of resonance
in heart rate variability stimulated by biofeedback. Appl. Psychophysiol. Biofeedback 31
(2), 129–142. doi:10.1007/s10484-006-9009-3

Vidigalde, G. A. P., Tavares, B. S., Garner, D. M., Porto, A. A., Carlos de Abreu, L.,
Ferreira, C., et al. (2016). Slow breathing influences cardiac autonomic responses to
postural maneuver: slow breathing and HRV. Complementary Ther. Clin. Pract. 23,
14–20. doi:10.1016/j.ctcp.2015.11.005

Volpes, G., Barà, C., Busacca, A., Stivala, S., Javorka, M., Faes, L., et al. (2022).
Feasibility of ultra-short-term analysis of heart rate and systolic arterial pressure
variability at rest and during stress via time-domain and entropy-based measures.
Sensors 22 (23), 9149. doi:10.3390/s22239149

Vostatek, P., Novák, D., Rychnovský, T., and Rychnovská, S. (2013). Diaphragm
postural function analysis using magnetic resonance imaging. PLoS ONE 8 (3), e56724.
doi:10.1371/journal.pone.0056724

Wang, Y. P., Kuo, T. B. J., Lai, C. T., Chu, J. W., and Yang, C. C. H. (2013). Effects of
respiratory time ratio on heart rate variability and spontaneous baroreflex sensitivity.
J. Appl. Physiology 115 (11), 1648–1655. doi:10.1152/japplphysiol.00163.2013

Wesseling, K. H. (1990). “Finapres, continuous noninvasive finger arterial pressure
based on the method of Peñáz,” in Blood pressure measurements. (Berlin, Germany:
Springer), 161–172. doi:10.1007/978-3-642-72423-7_18

Zhao, L., Yang, L., Su, Z., and Liu, C. (2019). Cardiorespiratory coupling analysis
based on entropy and cross-entropy in distinguishing different depression stages. Front.
Physiology 10, 359. doi:10.3389/fphys.2019.00359

Zoccal, D. B., Machado, B. H., and Moraes, D. J. A. (2022). Cardiorespiratory
interactions in health and diseasein Primer on the autonomic nervous system, Fourth
Edition. Amsterdam, Netherlands Elsevier, pp. 165–169. doi:10.1016/B978-0-323-
85492-4.00043-0

Frontiers in Network Physiology frontiersin.org22

Romanchuk 10.3389/fnetp.2023.1276899

https://doi.org/10.1134/S0005117911030192
https://doi.org/10.1134/S0005117911030192
https://doi.org/10.1590/bjpt-rbf.2014.0179
https://doi.org/10.1590/bjpt-rbf.2014.0179
https://doi.org/10.1097/01.hjh.0000125446.28861.51
https://doi.org/10.1097/01.hjh.0000125446.28861.51
https://doi.org/10.1093/bja/aeq295
https://doi.org/10.1161/01.HYP.10.5.538
https://doi.org/10.4172/978-1-63278-000-3-001-06
https://doi.org/10.26717/bjstr.2018.10.001943
https://doi.org/10.13189/saj.2020.080622
https://doi.org/10.13189/saj.2020.080622
https://doi.org/10.13140/RG.2.1.4555.9847
https://doi.org/10.5281/zenodo.18109
https://doi.org/10.5281/zenodo.18109
https://doi.org/10.15391/prrht.2022-7(4).24
https://doi.org/10.15391/prrht.2022-7(4).24
https://doi.org/10.13189/saj.2022.100424
https://doi.org/10.15391/prrht.2020-5(1).02
https://doi.org/10.15391/prrht.2023-8(1).01
https://doi.org/10.26697/ijes.2020.2.38
https://doi.org/10.14739/2310-1210.2019.4.173191
https://doi.org/10.14739/2310-1210.2019.4.173191
https://doi.org/10.1093/eurheartj/suaa061
https://doi.org/10.1093/eurheartj/suaa061
https://doi.org/10.1183/20734735.009817
https://doi.org/10.1183/20734735.009817
https://doi.org/10.1016/j.neuroscience.2012.02.041
https://doi.org/10.1016/j.ijcard.2004.02.012
https://doi.org/10.3389/fphys.2019.00582
https://doi.org/10.3389/fphys.2019.00582
https://doi.org/10.1098/rsta.2012.0191
https://doi.org/10.1016/j.neuroimage.2021.117783
https://doi.org/10.1016/j.neuroimage.2021.117783
https://doi.org/10.1113/EP085071
https://doi.org/10.1152/ajpheart.00036.2010
https://doi.org/10.3389/fphys.2022.768465
https://doi.org/10.3357/AMHP.4152.2015
https://doi.org/10.1152/ajpheart.00974.2009
https://doi.org/10.1249/JES.0000000000000039
https://doi.org/10.1007/s10484-006-9009-3
https://doi.org/10.1016/j.ctcp.2015.11.005
https://doi.org/10.3390/s22239149
https://doi.org/10.1371/journal.pone.0056724
https://doi.org/10.1152/japplphysiol.00163.2013
https://doi.org/10.1007/978-3-642-72423-7_18
https://doi.org/10.3389/fphys.2019.00359
https://doi.org/10.1016/B978-0-323-85492-4.00043-0
https://doi.org/10.1016/B978-0-323-85492-4.00043-0
https://www.frontiersin.org/journals/network-physiology
https://www.frontiersin.org
https://doi.org/10.3389/fnetp.2023.1276899

	Cardiorespiratory dynamics during respiratory maneuver in athletes
	1 Introduction
	2 Materials and methods
	2.1 Study subjects
	2.2 Procedure of study
	2.3 Method
	2.4 Statistical analysis

	3 Results
	3.1 Morphofunctional data result
	3.2 Breathing maneuver and indicators of breathing pattern and volume variability
	3.3 Breathing maneuver and heart rate variability
	3.4 Breathing maneuver and blood pressure variability
	3.5 Breathing maneuver and indicators of hemodynamics
	3.6 Breathing maneuver and indicators of the cardiorespiratory system synchronization

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


