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Cardiovascular system adaptability to exercise according
to morphological, temporal, spectral and correlation analysis
of oscillograms
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Background. Diseases of the cardiovascular system (CVS) are among the most common diseases of humankind (WHO).
Monitoring of blood pressure (BP) is an accessible method for evaluating global hemodynamic processes. The functional reserves of
the circulatory system are traditionally determined by the use of functional loading trials and tests.

Obijectives. The aim of the study is to enhance the information collected during the blood pressure measurement process by study-
ing the levels of adaptation of the CVS to physical activity with morphological, temporal, spectral and correlation analyses of arterial
oscillography (AO).

Material and methods. In 178 healthy individuals aged 18-20 years, arterial oscillograms were recorded during blood pressure mea-
surement and correlations of the functional reserve of the cardiovascular system at various stages of adaptation to a Ruffier test were
investigated.

Results. The proposed methods of AO analysis significantly increase the informativeness of the procedure for blood pressure mea-
surement, provide an opportunity to conduct a visual analysis of AOs and to assess the state of the cardiovascular system, its reserve
capabilities and its ways of adapting to shoulder compression at rest, after physical load and in the process of recovery.

Conclusions. Using the information technologies proposed by the authors of the morphological, temporal, spectral and correlation
analysis of arterial oscillograms, their evaluation and clinical interpretation significantly increase the informativeness of the blood pres-
sure measuring process. They can be used for early detection of pre-morbid conditions and functional blood circulation reserves, which
will help the physician to more effectively plan a preventative, diagnostic and therapeutic process.
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Background

Diseases of the cardiovascular system are among the most
common diseases of humankind (WHO). The “rejuvenescence”
of vascular catastrophes leading to severe disability shows that
the current priority is to search for modern information tech-
nologies to aid in the early detection of pre-morbid conditions
and reserve capacities of the body. They will help physicians to

more effectively plan a preventative, diagnostic and therapeutic
process [1-5].

Traditional risk factors for cardiovascular and other diseases
are only indicators of risk [5]. The basis of the paradigm of medi-
cal prophylaxis and the reduction of mortality from cardiovascu-
lar and other diseases should be the strategy of individual mass
prophylaxis, based on the principles of measuring human health
reserves [3-6]. The stock of functional reserves is information,
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energy and metabolic resources, the costs of which are accom-
panied by constant recovery [4-7]. When they are depleted,
there is a functional deficiency of the body, which is manifested
by pathological syndromes or diseases.

Functional reserves of the circulatory system are tradition-
ally determined by the use of functional loading trials and tests
[2-4, 6-8]. Reserves of homeostasis are also evaluated by the
amount of time the internal environment indices can be main-
tained within the limits of physiological norms, the ability to re-
spond to the load without pathological manifestations and the
rate of return to the original level of regulation [2—4, 8].

An accessible method for evaluating global hemodynamic
processes is blood pressure (BP) monitoring [9-11]. The re-
sponse of the blood vessels to compression at the same time
indicates the state of coordination between local self-regulatory
mechanisms and central neurohumoral regulation of the CVS [7,
9, 11], the level of functioning of the ANS (autonomic nervous
system), the functional capacity of the heart, the reflex reaction
of CVS [11, 12], the status of the peripheral blood vessels (tone,
elasticity, flexibility and patency) [10, 11], the activity of mecha-
nisms of urgent reaction to compression (baroreceptor, chemo-
receptor or reflex to ischemia) and others [4, 5, 7, 9-11]. The
methods for studying and evaluating the state of peripheral ves-
sels, as an active hemodynamic factor contributing to peripheral
hemocycling, require improvement [5, 9]. Arterial forms of the
signal (besides the values of systolic, diastolic and mean blood
pressure) contain information that can provide deeper insight
into the general state of hemodynamics [9-12]. The waveform
of the arterial signal can show the characteristic morphological
features and recognizing those will help in the early detection
of diseases, in the diagnosis of complicated hemodynamic situ-
ations and in the study of the results of treatment [9-15]. Vari-
ous invasive and non-invasive devices are used to determine the
arterial signal [1, 16-20]. They differ in the method of removing
biosignals, their primary reproduction, the algorithm of infor-
mation processing and the level of automation of research. The
use of simple, accessible, non-invasive devices for registering ar-
terial signals and the introduction of information technology for
their analysis will facilitate the work of family doctors and will
enable the diagnosis and treatment of CVS diseases in a timely
manner [1, 5, 19-23].

Objectives

The purpose of this research is to improve the capabilities
of blood pressure measurement. To this end, morphological,
temporal, spectral and correlation analyses of arterial oscillo-
grams (AO) recorded during measurement of blood pressure
(BP) was performed in order to examine and evaluate the state
and functional reserves of the cardiovascular system (CVS) and
its mechanisms for adapting to physical activity (PA) in individu-
als aged 18-20 years [3, 10].

Material and methods
Study design

In order to improve the informative capabilities of the pro-
cess and results of blood pressure measuring, the AOs recorded
during the measurement of blood pressure were subjected to
morphological, temporal, spectral and correlation analyses. The
state and functional reserves of the CVS were studied and evalu-
ated in this way in order to determine the mechanisms for its
adaptation to shoulder compression at rest and after physical
activity in persons aged 18-20 years.

Setting

The data used for the analysis are based on the results of
functional tests (Ruffier test) performed and a control group of

students who were patients of I. Horbachevsky Ternopil State
Medical University, V. Hnatiuk Ternopil National Pedagogical Uni-
versity and their therapeutic prophylactic bases (2013-2017).

Participants

178 generally healthy people (68 in the experimental group
and 110 in the control group), males and females aged 18-20
years with no complaints about their health, were examined.
Arterial oscillograms were recorded during the measurement of
blood pressure, during the period of compression growth, with
the help of a VAT 41-2electronic tonometer (the cuff was placed
on the shoulder) and an electrocardiograph. In 68 representa-
tives of the experimental group (45 males and 23 females), the
AOs were recorded at a state of rest (before physical activity)
and immediately after the Ruffier test (30 squats in 45 sec-
onds) and after 2 or 5 minutes of rest. In 54 subjects from the
main group, an electrocardiogram (ECG), which was subjected
to temporal and spectral analysis (Europe), was also recorded
before the load simultaneously with the oscillogram. In 110
individuals from the control group, the AOs were recorded at
rest; the resulting data was used for comparison with the initial
status of AOs of the representatives of the experimental group.

Due to the absence of such studies, information on circula-
tory mechanics [11], plethysmography, reorientation [23-26],
arterial oscillography [9, 10, 26, 27] and magnetic resonance
angiography [10] was used for morphological analysis of the
oscillograms, analysis of the waveforms of the arterial signal, re-
corded by invasive and non-invasive methods [9-11, 17, 26-29].
The information gathered is subject to logical-visual, scientific,
theoretical conclusions, tested with an analysis of 1200 oscillo-
grams of 380 healthy people [1] and used to study the effect
of metered physical activity on the state of hemodynamic pro-
cesses in people of the main group.

The temporal and spectral analysis of the oscillograms were
conducted on the basis of the study, statistical analysis and eval-
uation of the variability of the duration of pulsations. For this
purpose, the methods, indicators and terminology used in the
study and the evaluation of heart rate variability (HRV) [6, 7, 13,
30-36] were chosen. HRV provides the opportunity to acquire
information from the four levels of regulation of CVS activity:
peripheral (autonomous), vegetative, hypothalamic—pituitary
and the central nervous system (CNS). An indicator of autono-
mous circuit activity is respiratory (sinus) arrhythmia. The inclu-
sion of higher levels of regulation (estimated by the degree of
stabilization of the heart rate) is due to the inability of the last
one to cope with their functions. At the same time, higher levels
inhibit the activity of lower ones [6, 7, 30, 33]. Studying their
activity provides an opportunity to assess the level of the body’s
adaptive ability. This information is used in the analysis of the
variability of the duration of AO oscillations [1]. The obtained
results are subject to statistical analysis.

The relevance of this work is related to the expediency of
implementation of the proposed methods of accounting and
analysis of AOs in practical medicine. A general practice doctor
can use it for the early detection of pre-morbid conditions and
functional blood circulation reserves, which will help to more
effectively plan a preventive, diagnostic and therapeutic pro-
cess.

Variables

All patients from the experimental and control groups were
included in the analysis. Comparison of the like indicators of
ECGs and arterial oscillograms was carried out. We studied the
dynamics of the indicators obtained from the arterial oscillo-
grams at a state of rest, immediately after exercise, after 2 min-
utes or rest and after 5 minutes of rest following a Ruffier test.
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Basis

The patients were included in the general study group by
random sampling. Random sampling was also conducted in the
control group of individuals who were volunteers in the experi-
ment and did not have any pathology. The measurements were
carried out using the adopted methods for measuring blood
pressure and recording ECGs.

Data sources

In this study, we used the results of measurements of vol-
unteers in the experimental group from a blood pressure device
(VAT — 41-2) during the Ruffier test (before, after, after 2 and
5 minutes of rest); in the control group, measurements from
a blood pressure device (VAT — 41-2) and electrocardiographs
were used. The data were subsequently uploaded to a personal
computer and subjected to an analysis developed by the au-
thors of the study: the OscEcgReoPuls software program.

Study size

The study size was calculated by a representative sampling
of the general group. From this group, the study groups were
formed. Each subsequent stage of the study was carried out,
taking into account the results of the previous one. By generaliz-
ing the results of the statistical methods and correlation analysis
used, clustering k-means are developed for a picture of the cor-
relations in each state.

Quantitative variables

The following quantitative variables were considered in the
analysis: the data were recorded by a VAT —41-2 blood pressure
device (with methods of arterial oscillography) and a Cardio
electrocardiograph, then uploaded to a personal computer and
analyzed with the program OscEcgReoPuls, developed by the
authors of the study. For the analysis of the obtained data, the
methods of morphological, temporal, spectral and cluster analy-
sis of arterial oscillograms, 459 indicators were used; 129 indi-
cators — temporal, spectral and cluster analysis — were used for
the electrocardiographs. Correlational portraits of each stage of
the study with the subsequent formation of the markers of each
state were built.

Statistical methods

Statistical analysis of the data was conducted using the
software package “OscEcgReoPuls”, which was developed in
“Matlab”. The statistical significance of differences between
the arithmetic average and relative values was estimated by
Student’s t-test (t) for the normally distributed data set. For
samples that differed from the normal distribution, the Wilcox-
on method was used. During the comparison of all variants of
indicators within the limits of one experiment, we conducted
a liaison analysis of the correlation coefficient (r) by the Pear-
son method [37,38]. Statistical calculation was additionally pro-
cessed in Statistica 10 software.

For a deeper analysis and clustering of indicators within ev-
ery experiment in a group in order to better predict the quality
of adaptive mechanisms at the primary level, we construct cor-
relation portraits of each stage of the study with the subsequent
formation of markers of each state by means of k-mean cluster-
ing [39] and sorting according to the following criteria:

1. The analysis was subjected to correlates that were in
intervals [0.9; 1] and [-0.9; -1] (significant) sorted by
the following criteria — the components of the correla-
tion portrait were analyzed.

2. Inthe experiment, the value of the cluster was unique
(specific) to a particular factor from the entire list of
the experiments conducted.

3. When studying certain types of influence, we investi-
gated common and unique correlates at different stag-
es of the experiment.

4. The amount of significant correlates before and after
the experiment

5. The amount of correlates with direct and inverse rela-
tionships.

6. Inthe conducted experiments, the values of correlates
in the cluster did not go beyond one cluster and were
not sensitive to operating factors.

The resulting array of signals provided the opportunity to
build markers of qualitative adaptation to physical activity and
to conduct a biological interpretation of those involved in these
mechanisms.

Descriptive data

All of the individuals participating in the study, including the
control group, were students of |I. Horbachevsky Ternopil State
Medical University and V. Hnatiuk Ternopil National Pedagogi-
cal University, and permanent residents of Ternopil. No occupa-
tional hazards were found.

Outcome data

Further morphological, temporal and spectral analysis of the
AOs was carried out with the help of special computer programs
proposed by the authors [1]. Due to the lack of such studies,
the authors used the information used in plethysmography and
rheography for morphological analysis of oscillograms [23-26]
by the authors, as well as logical-visual, scientific and theoreti-
cal conclusions of the authors according to the analysis of 1200
oscillograms of 380 healthy individuals [1]. The temporal and
spectral analyses of the oscillograms were carried out accord-
ing to the methods used in the study of the cardiac heart rate
variability (HRV) of the electrocardiological signal [1, 7, 11]. In
110 individuals of the experimental group, we recorded electro-
cardiograms simultaneously with the oscillograms, which were
subjected to temporal and spectral analysis. For convenience of
the analysis, we used terminology from the study of the vari-
ability of cardiac rhythm in ECGs [6, 7].

Ethical consideration

The conclusion of the Commission on Bioethics of I. Hor-
bachevsky Ternopil State Medical University, Ministry of Health
of Ukraine, dated June 1, 2018 (protocol No. 47) was as fol-
lows: “Materials of the article of Associate Prof. D.V. Vakulenko,
Prof. V.P. Martseniuk, Associate Prof. L.O. Vakulenko, Prof. P.R.
Selskyy, O.V. Kutakova and V.V. Lesiv on the subject Cardiovas-
cular system adaptability to exercise according to morphologi-
cal, temporal, spectral and correlation analysis of oscillograms
regarding the examination of patients, and conducting scientific
research conform to the requirements of the rules and princi-
ples of bioethics. In carrying out the work, the rules of patient
safety, the rights and canons of human dignity, as well as moral
and ethical standards in accordance with the main provisions of
the GSP (1996), the Council of Europe of the Convention on Hu-
man Rights and Biomedicine (04.04.1997), the Helsinki Declara-
tion of the World Medical Association on the ethical principles
of carrying out scientific medical research with the participation
of a person (1964-2000), the Order of the Ministry of Health
of Ukraine No. 281 of the 1*t of November, 2000 and the Ethics
Code of the Ukrainian scientist (2009) were observed”.

Main results

For the morphological analysis of the oscillograms, the infor-
mation technologies developed by the authors of their weight
estimation (on the basis of analysis of 1640 AOs), both separate
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Figure 1. Types of oscillograms, differentiated by the rhythm of pulsations, their form and dynamics of growth and decrease of amplitudes

Note: The X-axis shows the time that the oscillogram was recorded (c); the Y-axis shows the value of the pressure fluctuations in the cuff under the

influence of pulsations of the arterial wall (mm Hg).

pulsations and the oscillogram as a whole, differentiated by 5
degrees of deviation from the signals taken as the norm were
used [1] (Figure 1).

As can be seen from Figure 1, for AO type 1, the standard
form of individual pulsations is characteristic: an anacrotic limb,
a decaying limb and a dicrotic wave (its location and size depend
on the phase of compression) [9-12, 18, 23]. There is a rhythm
of pulsations, a harmony of growth and a decrease in their am-
plitude, maintaining maximum amplitudes in 2 of them (despite
the increase in compression). By the height of the amplitudes
of oscillations, one can judge the tone and vascularity of the
vessels, the state of the CVS and the ANS, the blood pressure
and the neuro-reflex effects on their activity [4, 11, 23, 25]. The
above data indicate a satisfactory condition of CVS, neuroreflec-
tive mechanisms of blood circulation regulation and visco-elas-
tic properties of the vascular wall of the examined patient. AO
types 2, 3 and 4 record different degrees of deviation from the
above signals during individual or all compression phases. AO
type 5 AO features distorted forms as separate pulsations, and
the whole pulsogram. Deviation from the norm for AO types 2,
3, 4 and 5 indicates a different degree of violation of the func-
tional state of the CVS and ANS, the adaptive capacity of the
neuro-reflex mechanisms of blood circulation to compression
and the visco-elastic properties of the vascular wall [1, 11].

The results of the analysis and evaluation of the AOs were
compared with five variants of the health level created by the
physiological interpretation of the HRV of the electrocardio-
grams [7] (Table 1).

As can be seen from the table, the most commonly encoun-
tered type from the AO grading options before exercise was
type 3 — conditionally healthy.

The results obtained are compared with 5 variants of the
health level created by the physiological interpretation of the
HRV of the electrocardiological signal [7].

Table 1. Morphological characteristics of the arterial oscillogram
type in the experimental group before and after exercise and
their physiological interpretation (according to Baievskyi [8])

Types of os- %

Physiological interpre-

cillograms tation (according to
Baievskyi)
Before After Health Adapta-
exercise exercise level tion level
Type 1 8.8 2.9 healthy optimal
adaptation
Type 2 23.5 32.3 almost tense ad-
healthy aptation
Type 3 44.1 41.2 condi- excessive
tionally adaptation
healthy
Type 4 20.6 17.6 pre- adaptation
-disease failure
condition
Type 5 2.9 5.9 sick adaptation
to disorders

The analysis of oscillograms of the experimental group pro-
vided the following findings: type 1 — healthy (optimal adapta-
tion) — was recorded in 8.8% of the examined patients before
exercise and in 2.9% after exercise; type 2 — almost healthy (hard
adaptation) —in 23.5% and 32.3%, respectively; type 3 — condi-
tionally healthy (adaptation overstrain) — in 44.1% and 41.2%;
type 4 — the state of pre-existing diseases (adaptation failure)
—20.6% and 17.6%; type 5 —sick (adaptation to disorders) —2.9%
and 5.9%. Thus, type 3 of gradation levels (conditionally healthy)
was the most frequent before exercise.

After exercise, a change of gradation in the direction of
improvement was recorded in 41.2% of the subjects (Figure 1,
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Figure 2. Oscillograms of healthy individuals M. (left column) and S. (ri
minutes of rest

Note: The X-axis shows the time that the oscillogram was recorded (s); the
of the artery vessel wall (mm Hg).

right column), while some deterioration was found in 23.5%
of the cases. The first finding testifies to the functional nature
of violations caused by the lability of the autonomic nervous
system [7, 11, 13, 31] and the positive effect of metered exer-
cise; the second one demonstrates the reduction in functional
capacity of the cardiovascular system under excessive physical
activity. The improvement indicates the functional nature of the
violations caused by the lability of the ANS (the most accurate
marker of reactivity and resistance of the body) and the positive
effect of metered physical activity. The deterioration indicates
a decrease in the functional capacity of the CVS under excessive
physical activity).

After two minutes of rest in 85% of cases, a partial or com-
plete return of the studied parameters to the baseline level was
recorded, which indicates the high adaptive capacity of the CVS
of the examined patients. In 12% of them, they were better than
at a state of rest.

Examples of the AOs of individuals in the main group before
and after exercise are presented in Figure 2.

In the analysis of the AO of subject M. (Figure 2), an AO of
type 1 was recorded before exercise. After exercise, the fre-
quency of pulsations had increased. The rhythm, harmonic
growth and decrease of amplitudes, acute peaks and the lower
placement of the dicrotic wave remain intact. The same maxi-
mum amplitudes remained at 6 pulsations.

After 2 minutes of rest, the abovementioned characteristics
of the AO had returned; the HRV had become smaller than be-
fore the physical activity. The noted dynamics of AO factors indi-
cates morphological changes that occur after exercise and after
2 minutes of rest, with adequate activity of blood circulation
regulation mechanisms [1, 11, 18, 24, 29, 30]. In subject C., an

15 20 25 30 35

ght column): a) before exercise, b) after 30 sit-ups and c) after two

Y-axis shows indices of pressure oscillations in the cuff under influence

AO of type 3 was recorded before the exercise, after which type
2 was improved. A doctor can give an assessment of AO already
with his visual analysis.

The temporal analysis of oscillograms in individuals of the
principal and control groups was carried out by determining the
duration of intervals between the peaks of oscillations. The val-
ues of the following indices were studied [1, 6, 7, 13, 29-34]:
SDSD (0.45 + 0.02) s, RMSSD (0.36 + 0.2) with pNN50 (10.6 +
0.02), Mo (0.87 +0.02) s, AM (37.1 + 1.1) %, BP (0.6 + 0.01), IVR
(75.2 £ 7.6), VPR (0.75 + 0.03), IN (32.3 + 2.9) and HVR-index
(29.2 + 0.12). The indicators of the AOs of representatives of
the experimental and control groups did not differ significantly.
Some of them were put into the range of oscillations (the dif-
ference is not true-to-fact) of the data obtained from the analy-
sis of the HRV of ECG signal from literature sources: Mo (0.9
0.03) s, AMo (37.5 + 3) %. RMSSD (0.43 + 0.19) ¢, pNN50 (18.1
+ 13) [30]. This makes it possible to confirm the reliability of the
data obtained in the analysis of the AO and its affiliation with the
characteristics of the activity of both the heart and blood vessels.

In order to confirm the reliability of the data obtained and to
determine the mechanisms of adaptation to shoulder compres-
sion and physical activity, a comparative analysis of the time indi-
ces of AO and ECG was done. The last one was recorded synchro-
nously with the oscillogram in 54 people of the main group. There
were cases of strong correlation between the Mo index, HRV (Fig-
ure 3) and RMSSD (0.97 + 0.02, p < 0.05) between the ECG and
oscillograms. Studies have shown the following data (Figure 3).

Mo (moda) reflects the value of the interval most commonly
found in this dynamic series and indicates the most likely level
of functioning of the circulatory system; RMSSD is a measure of
the power of high-frequency neurohumoral influences that are
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Figure 3. The moda index (on the left) and heart rate index (on the right) of oscillograms and ECGs before the experiment

Note: The X-axis is a representative sample of 54 individuals; the Y-axis on the left shows the duration of R—R intervals (s), and that of the right graph

shows heart rate.
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Figure 4. Figure 4. The duration of the intervals between the extremes in the process of increasing the compression of the shoulder of sub-

ject M. Solid line — before exercise, the dotted line — after exercise

Note: The X-axis represents time (s); the Y-axis shows the interval duration (ms).

identified with the activity of the parasympathetic link of the
ANS [6, 7, 13, 30]. The coincidence of Mo and RMSSD indices
determined by ECG and oscillogram suggests that these indica-
tors characterize not only the level of cardiac control but also
the blood vessels (“peripheral heart”) [1, 7, 11, 23]. A lack of
certainty between other indicators of temporal analysis makes
it possible to predict their dependence on the sensitivity of the
receptor apparatus and the flexible-elastic properties of the
vascular wall, which the ECG does not register [1].

Attention is drawn to the fact that in each of the individual
oscillograms (Figure 4) during the measurement of BP, the dif-
ference in the duration of the intervals between the extremums
decreased (stabilized), indicating an increase in the activity of
the sympathoadrenal system.

Immediately after exercise, the signs of respiratory ar-
rhythmia decreased and the intervals of intervals stabilized.
After exercise, there was a significant decrease in the indices of
SDSD, HVR index (Triangular index) (p < 0.001) (Figure 5.1a), Mo
(p < 0.001) (Figure 5.2a) and AMO (p < 0.01) and in IVR, IN,
pNN50 and the mean quadratic deviation of oscillation ampli-
tudes (p < 0.001 non-normal distribution of Wilcoxon methods),
which (by analogy with ECG [1, 6, 7, 13, 30, 31]) indicates an
increase in sympathoadrenal effects and centralization of circu-
latory system management. We observed a significant decrease
in the indices of SDSD, pNN50 (Figure 5.1a) and Mo (p < 0.001)
(Figure 5.2a) and an increase in AMo (p < 0.01), IVR, IN, HVR
index and mean square deviation amplitudes of oscillations
(p <0.001 non-normal distribution of Wilcoxon methods), which
(by analogy with ECG [1, 6, 7, 13, 30, 31]) indicates an increase
in sympathoadrenal effects and centralization of circulatory sys-
tem management (Figure 5).

After 2 minutes of rest, in most of the surveyed individuals,
the above-mentioned indices returned (or approached) to the
baseline values (Figure 5b).

At the same time, it is noteworthy that in the participants
who had the highest indices of the triangular index (80 + 12) 2
minutes after the Ruffier test had even lower levels than before
the load (40 £ 8) respectively. This indicates the functional char-
acter of the marked deviations and the positive effect of physi-
cal activity on the state of the CVS.

Physical activity, accompanied by an increase in the tone of
the sympathetic link of the autonomic nervous system, contrib-
uted to an increase in the proportion of the anacrotic phase in
the duration of the entire oscillation (from 14.5% + 6.7% before
exercise up to 26% + 4.1% after it, p < 0.05), which makes it
possible to show an increase in left ventricular tension during
systole [1, 7,9, 11, 17] and to show an increase in the tonic ten-
sion of the vascular wall [1, 7, 11, 18], which tended to return to
the initial level 2 minutes after the completion of the test (up to
18% + 8.4%, p > 0.05).

According to the analysis of R-R interval duration of the
oscillograms of individuals in the experimental group, the his-
tograms (graphic image of time slot’s repetition frequency)
scattergrams (correlation rhythmograms) and chaosgrams (non-
linear ‘chaotic’ fluctuations of oscillation duration) were devel-
oped [8]. After physical activity in the overwhelming (85%) num-
ber of histograms (Figure 5), chaosgrams and scattergrams, the
shift of indicators of interval duration to the left were recorded,
indicating an increase in the influence of the sympathetic link
of the VNS and the level of concentration of the effect on the
blood circulation system [7]. They are presented with eutonia,
sympathic tone and vagotonia in Figure 6.
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Figure 5. Dynamics of the indicators HVR index (Triangular index) (1) and Mo index (2): a) before and after the Ruffier test; b) before the
Ruffier test and after two minutes of rest. Dotted line — before exercise, solid line — after exercise

Note: The X-axis shows a representative sample of 68 subjects; the Y-axis of the top row of images shows indicators of Triangular index (measures
of power of neuro-humoral influences, etc.) (HVR index); the Y-axis of the bottom row of images shows the value of oscillation intervals happening

most often (Mo, s) in each of the examined patients.
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Figure 6. Types of histograms (left column), scattergrams (middle column) and chaosgrams (right column) created by analyzing the duration
of R-R intervals of the oscillograms a) eutonia b) sympathicotonia and c) vagotonia

As can be seen from the figures, the duration of the oscilla-
tions is characteristic of eutonia 0.7-1.0 s. In case of vagotonia,
they shift to the right, sympathicotonia — to the left.

Before exercise, the mean value of R—R intervals of the AOs
of the subjects in the experimental group was in the range 0.80—
—1.15 s (Figure 7a), which indicates a slight increase in the func-
tional state of the parasympathetic link of the ANS [1, 7, 13, 31].

After exercise, on the overwhelming (85%) number of his-
tograms (Figure 7b), chaosgrams and scattergrams, a displace-
ment of the interval duration indicators towards the left was
noted, indicating an increase in the influence of the sympathetic
link of the ANS and the level of concentration effect on the cir-
culatory system [1, 7, 13, 29, 31].

After 2 minutes of rest, the abovementioned indicators re-
turned or approached the baseline level (Figure 7), indicating
a decrease in the level of centralization of circulatory system
management, an increase in the tone of the parasympathetic
link of the ANS and the quality of the recovery processes [1, 7,
29]. A similar dynamic was observed in 85% of the oscillograms.

Thus, a temporal analysis of oscillograms evaluates the au-
tonomic nervous system state and the level of centralization in
the management of the cardiovascular system. The use of the
Ruffier test makes it possible to evaluate the level and mecha-
nisms of body adaptation process to controlled physical activity
and recovery afterward.
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and c) two minutes after exercise (subject M., 18 years old)
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Figure 8. Dynamics of VLF (top row of images) and Theta (bottom row of images) spectrum power indices before and after the Ruffier test.
Left column — before exercise and after it; right column — before exercise and after 2 minutes of rest. Dotted line — before exercise; solid

line — after exercise

Note: The X-axis shows a representative sample of 68 subjects; the Y-axis shows spectrum power (ms?).

Spectral analysis of the AOs confirmed that exercise con-
tributes to increasing the spectrum power rate of low (%LF,
p <0.01) and very low (%VLF, p < 0.01) frequency and the power
of Theta rhythm spectrum (p < 0.01) and a decrease in high fre-
quency rate (%HF, p < 0.01) in the overall frequency spectrum
[1, 7, 30, 31, 36, 40] (Figure 8). In this case, the synchronism of
changes in indices of %VLF and Theta spectrum is noteworthy.

After resting (Figure 8), the studied parameters returned (or
are approaching) to the baseline values, which indicates a high
adaptive capacity of the body. Its slowdown is associated with
reducing adaptive capacity and low-stress resistance of the
body, which is a vegetative correlator of anxiety [1, 7, 13, 31].

The correlation analysis of the arterial oscillograms of the
representatives in the experimental group showed that be-
fore exercise direct correlations were found in 28 pairs of cor-
relates, mainly between temporal indices of oscillogram — Mo,
AMo, NN50 and IVR — but additionally between the relative and
percentage waves of high (HF) and the lowest (VLF) frequency
spectral analysis in the total capacity of all frequency bands (HF,
LF and VLF) and between them. Studies testify the coordinated
activity of lower levels of regulation by the activity of the CVS
against the background of a limited number of correlations be-
tween the indicators of biorhythmic activity of the brain. Imme-
diately after the Ruffier test, the noted correlations had mostly
disappeared. There were new ones — between the absolute

and percentage values of the Delta, Theta and Alpha (not Beta)
rhythms of the brain in the total power of oscillations (from 0
to 100 Hz). The results indicate the appearance of coordinat-
ed activity after physical activity, brain activity rhythms which
impede the activities of lower levels [7, 30, 31]. The signs of
brain activity disappeared two minutes after the squats, when
we observed the recovery of the vast majority of correlations
that were inherent in the indicators before the examinees per-
formed the exercises.

All of the above discussion leads one to a conclusion about
the involvement of higher levels of management of adaptation
processes in the adaptive process of the reaction to physical ac-
tivity. After all, the highest aspect that binds the waves of brain
activity to human health is the ability to change these states in
accordance with the requirements of the situation [1, 7, 29, 34,
40-42).

Discussion

Key results

The authors have proposed information technologies for
morphological, temporal, spectral and correlation analyses of
arterial oscillograms obtained during measurement of blood
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pressure on the shoulder [1]. The indicated methods were
used in the analysis of 1,640 AOs (healthy and sick), recorded
at a state of rest and after the influence of various (mechanical,
thermal, physical and psychological, etc.) factors. The criteria for
their clinical interpretation, assessment and decision-making by
the physician have been developed. In this paper, the results
obtained are used for the study and clinical interpretation of the
effect of shoulder compression on the state of the cardiovascu-
lar system (CVS) at rest and after metered physical activity. The
application of the proposed methods of AO analysis makes it
possible to assess the functional state of the autonomic nervous
system (ANS) and the adaptive capacity of the body to compress
the shoulder at a state of rest and after physical activity and to
study the mechanisms of the development of these processes.
The urgency of the work is connected with the expediency of
implementation of the proposed methods of recording and ana-
lyzing AOs in practical medicine. They can be used by a general
practice doctor for the early detection of pre-morbid conditions
and functional blood flow reserves, which will help to more ef-
fectively plan a preventive, diagnostic and therapeutic process.

The proposed methods of morphological, temporal, spec-
tral and correlation analyses of arterial oscillograms significantly
increase the information gained from the procedure of mea-
suring blood pressure, and they make it possible to assess the
state, quality and adaptation mechanisms of the cardiovascular
system and its reserve capabilities, at rest, after exercise and in
the process of recovery after exercise.

A morphological analysis of oscillograms, based on individu-
al pulsations and the whole pulsogram, provides an opportunity
to visually assess the quality of the circulatory system’s adapta-
tion to increase shoulder compression during the measurement
of blood pressure at a state of rest, after physical activity and
during recovery from exercise.

In our morphological analysis of oscillograms, we found
a decrease in the level of health in 67% of cases; this finding
coincides with the studies of other authors [5]. However, the
use of physical exercise makes it possible not only to assess the
quality of the circulatory system’s adaptation to physical activ-
ity, but also to differentiate the causes of deviations from the
norm which are adopted. An improvement of the morphologi-
cal status immediately after exercise (which was characteris-
tic in 41.2% of the subjects) indicates the functional nature of
the violations caused by the lability of the autonomic nervous
system — the most accurate marker of reactivity and resistance
of the body [8] — and by the positive effect of physical activity
in this. The deterioration noted in 23.5% of the cases was due
to a decrease in the functional reserves of the cardiovascular
system and inadequate exercise. A high level of functional re-
serve of the cardiovascular system in 85% of the subjects in the
experimental group was confirmed by the results of temporal,
spectral and correlation of AO analyses.

Thus, the generally accepted views on the need for func-
tional tests to determine the level of health and functional re-
serves of the human body are objectively confirmed [5] as well
as the high informativeness of the methods of morphological,
temporal, spectral and correlation analyses of arterial oscillo-
grams [1]. The above directs the preventative activities of a doc-
tor. Low levels of health and reserve capacity are the cause of
chronic diseases [7]. Therefore, individuals with the 3" type of
grading options require some lifestyle correction, while those
with the 4" type need a detailed study of the status of their
peripheral vessels and the cardiovascular system as a whole, as
well as preventative rehabilitation; those with the 5% type re-
quire urgent examination and treatment [7]. Studies firmly con-
firm that physical activity is an important element in the process
of rehabilitation.

The results of the temporal, spectral and correlation analy-
sis of the AO made it possible to determine the mechanisms
of adaptation of the CVS to shoulder compression and physical

activity. The use of a standard Ruffier test along with informa-
tion technologies for the morphological, temporal, spectral and
correlation analyses of oscillograms makes it possible to assess
the level and development mechanisms of the body adaptation
process to physiological stress (controlled physical activity and
compression of the shoulder with a cuff) and the quality of re-
storative processes after it. To preserve homeostasis when exer-
cising, the following mechanisms are included: increased level of
the sympathetic link of the autonomic nervous system, increased
centralization of the control of the circulatory system’s function-
ing, increased tone of the blood vessels in the shoulder and ten-
sion in the activity of the left ventricle during systole. After the
end of exercise, the return to the initial state is accompanied by
an increase in the tonus of the parasympathetic link of the VNS,
a decrease in the level of centralization in controlling the func-
tioning of the blood circulation system, and a decrease in the
tone of the shoulder vessels and load on the left ventricle. These
results correspond to the dynamics adopted for the analysis of
the heart rate variability [7, 8, 13, 30, 31, 33].

This research confirms other authors [7, 9, 11, 23-25, 27,
28], that the heterogeneous response of smooth muscle in the
blood vessels to compression and physical activity is due to a dif-
ferent initial state of the body (functional state of the cardiovas-
cular and autonomic nervous systems, the quality of centraliza-
tion of the CVS activity management control and the elastic and
flexible properties of the vascular wall) and the level of adaptive
capacity of the circulatory system (sensitivity of receptor devices
of baro- and chemoreceptors controlling different parameters of
blood circulation, flexibility of adaptive capacity of the heart and
blood vessels to changing environment conditions). The time
and quality of restorative processes testify to the ability of the
body to recover from external influences, which is also an objec-
tive indicator of one’s level of health [2-4, 8, 29].

The reliability of studies is confirmed by comparing the nu-
merical indices produced with literature source data, synchro-
nous records of ECG and correlation and statistical analyses.

Limitations of the study

The proposed information technology of arterial oscillog-
raphy has not yet been widely introduced in electronic blood
pressure devices. Although studies have been conducted and
legalized methods of arterial oscillography (according to D.V.
Vakulenko and L.O. Vakulenko) exist in Ukraine [21] (in the future
in other countries of the world), the software and hardware solu-
tions developed will provide comfortable and effective use in the
practice of a family doctor and other professionals, both for diag-
nosing and evaluating the effectiveness of medical interventions.

Conclusions

The reliability of studies is confirmed by comparing the nu-
merical indices produced with literature source data, synchro-
nous records of ECG and correlation and statistical analyses.

The use of information technology offered by the authors
for morphological, temporal, spectral and correlation analyses
of oscillograms (recorded at rest and after physical activity)
for clinical interpretation, evaluation and decision-making by
a physician significantly increases the information gained from
the blood pressure measuring procedure. These tools provide
an opportunity to assess the adaptive capacity of the body to
shoulder compression at a state of rest and after physical ac-
tivity, as well as the mechanisms by which these processes de-
velop. They can be used for the early detection of donozological
and pre-morbid conditions and functional circulatory system
reserves, which will help to more effectively plan a preventive,
diagnostic and therapeutic process.
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