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Abstract—Synchronization parameters of 0.1-Hz rhythms isolated from the heart rate and the oscillations of
the blood volume in microcirculatory vessels were studied in 12 healthy subjects and 32 patients with acute
myocardial infarction. Recordings of the electrocardiogram and the pulsogram from the distal phalanx of the
index finger, as well as mechanical recording of respiration with the body in a horizontal position, were per-
formed. In patients with myocardial infarction, the recordings were performed during the first three to five days
and the third week after the infarction. Synchronization was tested by plotting phase differences and calculating
the total percentage of phase synchronization. Synchronization parameters of 0.1-Hz rhythms were high in
healthy subjects. In patients with acute myocardial infarction, synchronization of 0.1-Hz rhythms was consid-
erably poorer. The data obtained suggest that the studied 0.1-Hz rhythms are two independent oscillatory pro-
cesses that are synchronized in healthy subjects. However, this interaction may be disturbed in cardiovascular

pathologies, e.g., myocardial infarction.
DOI: 10.1134/S0362119707020089

INTRODUCTION

According to current notions on the organization of
the autonomic control of the cardiovascular system, this
control is characterized by a major self-sustained oscil-
latory process at a frequency of about 0.1 Hz (the low-
frequency spectral range) [1-5]. These oscillations are
believed to characterize the main properties of the cen-
tral link of this control system [6—11]. The finding of
periodic 0.1-Hz oscillations in heart rate variability [6,
7] and blood pressure variability [1-4, 10, 11] indicates
the importance of this control mechanism for the func-
tioning of the entire cardiovascular system. Thus,
0.1-Hz oscillations in the autonomic control of the car-
diovascular system may be considered a general sys-
temic control mechanism generated in the central divi-
sion of the control system [1-11].

It is known that the main oscillatory processes [12]
in the human cardiovascular system may be synchro-
nized with one another [13—15], which agrees with cur-
rent views on the functioning of complex systems [16].
However, the possibility of the mutual synchronization
of 0.1-Hz cardiovascular rhythms has been poorly stud-
ied to date.

The term synchronization is usually taken to mean
adjustment of the rhythms of oscillatory processes as a
result of their interaction. Synchronization is expressed
as the adjustment of the natural frequencies of two self-
sustained oscillations f; and f, in such a way that nf; =
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mf,, where n and m are integers. This is termed an n : m
frequency synchronization. However, to complete the
picture of the quality of interaction between two oscil-
latory processes, the notion of phase synchronization is
used. This means the adjustment of the phases of inter-
acting rhythmic processes ¢,(f) and 0,(f) at which
|nd; — mo, — C| < const, where C is a constant. Thus,
phase synchronization between two signals can be
detected by calculating the phase difference:

12
(pn,m = nq)l - m¢27

where (p,l,’zm is the generalized phase difference, or rel-

ative phase [17]. If |(p,11,2m — C| < const, where C is a con-

stant, an n : m phase locking takes place. In this case,
the plot of the dependence of the relative phase on time

contains a segment where (p,lfm oscillates about a cer-
tain constant value. In noisy systems, phase locking is
statistically evidenced by the presence of a distinct
peak in the distribution of the cyclic relative phase [17]:

12 12
¥, . =0, ,mod2r.

The synchronization between two oscillatory pro-
cesses can be quantitatively characterized by various
measures [17-19], e.g., the total synchronization per-
centage [20].
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We studied the functional characteristics of the auto-
nomic control of the cardiovascular system on the basis
of the synchronization parameters of 0.1-Hz rhythms
detected in different divisions of the cardiovascular sys-
tem of healthy subjects and patients with acute myocar-
dial infarction.

METHODS

We estimated the synchronization parameters of
0.1-Hz rhythms isolated from rhythmograms and pul-
sograms of 12 male volunteers aged 20-34 years with-
out signs of heart pathology and 32 patients with coro-
nary heart disease (21 men and 11 women aged 41—
75 years) that received inpatient treatment for acute
myocardial infarction at the Saratov Research Institute
of Cardiology clinic. All subjects gave their informed
written consent to participate in the study.

A diagnosis of acute myocardial infarction was
based on the following criteria: (1) an attack of
ischemic pain longer than 30 min; (2) characteristic
changes in the electrocardiogram (ECG), namely, the
typical ST segment elevation and, in some cases, the
appearance of the pathological Q wave; and (3) an
increase in the blood content of heart-specific enzymes.

All patients treated for acute myocardial infarction
at the Saratov Research Institute of Cardiology clinic
underwent a complete clinical examination. According
to ECG data, 19 and 13 patients, respectively, had Q
and non-Q myocardial infarctions. Signs of massive
infarction were observed in seven patients. Patients
with acute myocardial infarction were treated with
B-blockers and angiotensin converting enzyme inhibi-
tors [21, 22].

When studying 0.1-Hz rhythms, we did not divide
the patients with acute myocardial infarction according
to the degree of disturbance of myocardial contractile
function because the dependence of heart rate variabil-
ity on the severity of heart failure reported by some
authors [23-25] is insignificant in the case of acute
myocardial infarction [26, 27].

Since heart rate variability in acute myocardial inf-
arction is practically age-independent [26], we did not
take into account the patients’ ages when estimating the
parameters of 0.1-Hz oscillations in the cardiovascular
system.

For each subject, we simultaneously recorded the
ECG and the pulsogram from the distal phalanx of the
index finger, which reflected the oscillations in the
amount of blood in the microcirculatory vessels, and
performed the mechanical recording of respiration with
the body in a horizontal position using an EEGA-21/26
Entsefalan-131-03 (model 10) multichannel encephalo-
graph/analyzer (NPKF Medikom-MTD, Russia) with a
set of standard sensors. The duration of each record was
10 min. The signals were recorded at a frequency of
250 Hz with 12-digit resolution. While the signals were
recorded, all subjects breathed freely. The mechanical
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Fig. 1. Fragments of simultaneous records of (a) the ECG,
(b) respiration, and (c) the pulsogram in one of the subjects.
The abscissa shows time in seconds.

recording of respiration was performed to check its
spontaneity and exclude forced respiration and volun-
tary breath holding. In the group of patients with acute
myocardial infarction, these recordings were per-
formed during the first three to five days and during the
third week after the infarction. All recordings were per-
formed between 1 and 4 p.m.

For subsequent analysis, we selected the records of
ECG and pulsogram signals that contained no noise,
extrasystoles, noticeable linear trends, or transitional
processes.

Figure 1 shows fragments of typical ECG, respira-
tion, and pulsogram signals. Information on heart rate
variability was obtained by isolating the sequence of
RR intervals from the ECG, i.e., by constructing a
series of time intervals 7; between two subsequent R
waves.

To isolate the major rhythm with a frequency of f,, ~
0.1 Hz from the series of RR intervals, we filtered the
RR-interval sequence, eliminating high-frequency
(HF) oscillations (v > 0.15 Hz) predominantly related
to respiration, i.e., respiratory arrhythmia, and
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Fig. 2. The difference of the phases of the 0.1-Hz rhythms
isolated from the sequences of RR intervals and the pul-
sogram in the groups of (a) healthy subjects and (b) patients
with acute myocardial infarction. The abscissa shows time
in seconds.
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Fig. 3. Normalized distribution of the total synchronization
percentage Sy, in the samples of (a) healthy subjects and (b)
patients with acute myocardial infarction.

ultralow-frequency (ULF) oscillations (v < 0.05 Hz).
After this band filtration, we used the Gilbert transfor-
mation [28] to calculate the phase of 0.1-Hz oscilla-

tions ¢ in the signal.

Similar transformations were performed in the pul-
sogram signal; i.e., we isolated oscillations with a fre-
quency of about 0.1 Hz similar to those in the heart rate
variability. Pulsogram records were analyzed as a peri-
odic wave process; therefore, individual parameters of
the pulsogram curve were not studied specially. The
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pulsogram signal was filtered in the same way as the
heart rate variability signal; i.e., the HF and ULF oscil-
lations were eliminated. Then, we calculated the phase

of 0.1-Hz periodic oscillations ¢€”l in the pulsogram
with the use of the Gilbert transformation.

To check the synchronization between the rhythm
with f,, ~ 0.1 Hz isolated from the sequence of RR inter-
vals and the same rhythm isolated from the pulsogram,

we constructed the phase difference (¢! — ¢"*')/2m.

The phase difference was used to calculate the total
duration of all synchronization segments (the time dur-
ing which the rhythms were synchronized), which was
expressed in percent of the duration of the entire record
(the total synchronization percentage, S,,). We deter-
mined the synchronization segments by detecting the
segments of the phase difference versus time plot in
which the relative phase varied about a constant value.
This total rhythm synchronization percentage (S,,) was
used for quantitative characterization of the synchroni-
zation between the two rhythms. The total synchroniza-
tion percentage was calculated using the package Soft-
ware for Calculating the Total Percentage of Phase
Locking between Rhythms of the Human Cardiovascu-
lar System (Sinkhro), developed at the Saratov
Research Institute of Cardiology (Computer Software
Certificate no. 2005610960 dated April 20, 2005).

RESULTS

Figure 2a shows a characteristic pattern of the phase
difference between the 0.1-Hz rhythms isolated from
the sequence of RR intervals and the pulsogram in the
group of healthy subjects. The mean total synchroniza-
tion percentage S, of these rhythms in healthy subjects
was 81% (individual values varied from 58 to 100%).
Figure 3a shows the normalized distribution of the total
synchronization percentage S, in the sample of healthy
subjects. The entire range of its values was partitioned
at a step of 1%; if the total percentage for an individual
case fell within the interval [p,;, + (i — 1), ppmin + il,
where i =1, ..., (Pax — Pmin)»> then the distribution func-
tion was increased by 1. Thus, the distribution function
was 0 at p < p.;i, and 1 at p = p,., (the function was nor-
malized to the total number of elements in the sample,
which was equal to 12).

Figure 2b shows the characteristic pattern of the
phase difference between the 0.1-Hz rhythms isolated
from different sources of signals in myocardial infarc-
tion patients. The mean total percentage of rhythm syn-
chronization in this group was 27% (individual values
varied from 8 to 57%). Figure 3b shows the normalized
distribution of the total synchronization percentage S,,
for the entire sample of patients with myocardial infarc-
tion.

Afterwards, we divided the data on myocardial inf-
arction patients into two groups according to the time of
recording. The mean total synchronization percentage
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of 0.1-Hz rhythms in recordings made within three to
five days after the infarction was 22% (8-50%); in the
third week of the disease, S,, became 32% (17-57%).
Figure 4 shows the normalized distribution of the total
percentages for these records.

After that, we subdivided the group of myocardial
infarction patients according to the individual patterns
of the changes in the total synchronization percentage
S in the period from the first to the third week of the
disease. This synchronization parameter decreased dur-
ing the period of observation in 10 patients and
increased in 22 patients (Fig. 5). Note that the groups of
patients that exhibited positive and negative changes in
the mean total synchronization percentage were similar
with respect to the main clinical characteristics.

DISCUSSION

The high synchronization parameters of 0.1-Hz
oscillations in the human cardiac rhythm and pul-
sogram that have been found in this study indicate qual-
itative functional interaction between the mechanisms
of heart rate and microcirculation control, which
ensures a high adaptability of the cardiovascular sys-
tem. The interaction between these two regulatory
mechanisms may be accounted for by a common center
controlling them; on the other hand, they may be auton-
omous and functionally interact with each other. The
question arises of whether these 0.1-Hz periodic pro-
cesses result from the activity of a single control center
or they are two independent self-sustained loops that
have similar oscillation frequencies and are qualita-
tively synchronized with each other in the normal state
for optimal, efficient control of the cardiovascular sys-
tem. Answering this question would add to the existing
views on the autonomic control of the cardiovascular
system.

The study of patients with acute myocardial infarc-
tion demonstrated that the quality of the synchroniza-
tion of 0.1-Hz rhythms in the cardiovascular system is
considerably deteriorated in this disease, although
these periodic processes are retained in the signals stud-
ied (the heart rate and pulsogram). This finding shows
that the mechanisms of 0.1-Hz self-sustained oscilla-
tions in the control of heart rate and microcirculatory
blood flow may function independently of each other.
This independence may be explained by the assumption
that the 0.1-Hz oscillations of the heart rate and micro-
circulation result from the operation of different control
loops, generated, presumably, in the subcortical cardio-
vascular center.

The results of our study suggest that the observed
0.1-Hz oscillations of the heart rate and microcircula-
tion are two independent oscillatory processes that are
strongly synchronized with each other in healthy
humans. However, their interaction may be disturbed in
various cardiovascular pathologies, e.g., acute myocar-
dial infarction, where these 0.1-Hz oscillations become
2007
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Fig. 4. Normalized distribution of the total synchronization
percentage S, in the sample of patients with acute myocar-
dial infarction as dependent on the time of recording: (a)
immediately after the infarction; (b) during the third week
of the disease.
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Fig. 5. Total synchronization percentage S, in patients with
acute myocardial infarction with positive and negative
dynamics of this synchronization parameter in the period
from the first to the third week of the disease (designated by
squares and circles, respectively). The straight line arbi-
trarily separates sectors a and b containing the values of the
total synchronization percentage S, for the patients with
positive and negative dynamics of this parameter, respec-
tively.

asynchronous. The deterioration of synchronization
quality may be accounted for by both a decrease in the
activity of the mechanisms determining the interaction
between their respective control loops in the cardiovas-
cular center and other factors, such as disturbances in
the feedback of the oscillatory circuit or biomechanical
factors. Various factors may deteriorate the quality of
synchronization between oscillatory processes in bio-
logical systems; therefore, we cannot yet point to the
most probable factor playing the main role in the loss of
synchronization between 0.1-Hz rhythms of the cardio-
vascular system in acute myocardial infarction. How-
ever, it is obvious that the functional integrity of the
autonomic control of the cardiovascular system as a
complex biological system is disrupted in this disease.
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This disruption includes destruction of functional rela-
tionships between its components controlling different
divisions of the cardiovascular system, e.g., the cardiac
function and regional circulation.

The data obtained demonstrate the heterogeneity of
the autonomic control of the cardiovascular system. We
may assume that there are at least two functionally
independent control loops with a natural frequency of
about 0.1 Hz: (1) the heart rate control loop and (2) the
microcirculation volume control loop. The possibility
of interaction between these loops indicates the exist-
ence of mechanisms ensuring their relationship. To
date, it is difficult to determine at which organizational
level of the cardiovascular system the given rhythmic
processes interact. The location of the central compo-
nents of these oscillatory mechanisms also remains an
open question. Probably, the subcortical cardiovascular
center, whose neurons form functional regions involved
in the studied 0.1-Hz oscillatory loops, is the central
component of these control loops. However, we can
conclude that the mechanisms responsible for the func-
tional synchronization of the two 0.1-Hz oscillatory
mechanisms are highly sensitive to cardiovascular
pathologies.

When studying the changes in the synchronization
parameters in patients with acute myocardial infarction
during the period from the first to the third week of the
disease, we found a significant improvement in 0.1-Hz
rhythm synchronization quality in the group as a whole.
This finding suggests that the functional integrity of the
autonomic control system may be gradually restored
after various catastrophic changes in the state of the
cardiovascular system, which is also an important
descriptive characteristic of this control system.

Analysis of the individual patterns of the total syn-
chronization percentage S, in patients with acute myo-
cardial infarction over time in the period from the first
to the third week of the disease showed that the relative
synchronization time was decreased in some patients
(ten subjects) that received integrated treatment, which
indicated further functional uncoupling of components
of the circulatory system. It is conceivable that the
treatment performed in the group of acute myocardial
infarction patients did not ensure stabilization of or an
improvement in the functional state of the cardiovascu-
lar system, which led to the further functional uncou-
pling of its components. The drug treatment for myo-
cardial infarction uses some preparations affecting the
autonomic control of the cardiovascular system, e.g.,
B-blockers and angiotensin converting enzyme inhibi-
tors [29-31]. Therefore, we can assume that, in patients
with a negative dynamics of the mean total synchroni-
zation percentage S,,, these drugs were not sufficiently
effective; they may even have deteriorated the quality
of 0.1-Hz rhythm synchronization because of different
individual characteristics of autonomic control. There-
fore, individual characteristics should be taken into
account for selecting adequate treatment for acute myo-

cardial infarction in this group of patients. The changes
in 0.1-Hz synchronization quality over time, character-
izing the functional interaction between the control
loops of the heart rate and microcirculation volume, can
be used as an individual criterion of treatment ade-
quacy.

Thus, the new data present the possibility of an indi-
vidual approach to study of the state of the autonomic
control of the cardiovascular system in health and
pathologies.

CONCLUSIONS

The results of this study allow us to conclude that
the cardiovascular autonomic control system contains
two potentially independent control loops (the heart
rate control loop and the microcirculation volume con-
trol loop) with natural oscillation frequencies of about
0.1 Hz. In healthy subjects, the 0.1-Hz rhythms of these
control mechanisms are mutually synchronized, which
ensures optimal control over the functioning of the
entire cardiovascular system and determines its adapt-
ability. However, the mechanisms of interaction
between these control loops are affected by external
factors and may be disturbed in various pathologies,
e.g., acute myocardial infarction. Further analysis of
the synchronization parameters of the 0.1-Hz oscilla-
tions in the microcirculation volume and heart rate
could make it possible to develop individual criteria for
estimating the functional integrity of the cardiovascular
system and parameters of its autonomic control in
health and in various diseases, as well as quantitative
characteristics of the effectiveness of treatment.
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