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Abstract. The purpose of this work is to determine the possibility of detecting changes in the relationships
between such physiological rhythms as the activity of neurons in the reticular formation of the medulla oblongata,
fluctuations in the blood pressure and respiration in anesthetized rats before and during the development of
a pathological state associated with painful colorectal distension. This stretch mimics the pain localized in the
lower abdomen in patients with irritable bowel syndrome and it is accompanied by responses of the brain neurons,
fluctuations in the blood pressure and respiration. The analysis of changes in the relationships of these rhythms
consisted in identifying phase synchronization between the time series of the variability of neuronal activity
intervals and the variability of blood pressure intervals at the respiratory rate before and during pain exposure.
Methods. To solve this problem, the synchrosqueezed wavelet transform method was applied, which makes it
possible to effectively calculate the instantaneous frequencies and phases of non-stationary signals. As indicators
of synchronization, we used the values of the index and the duration of phase synchronization as a time interval
during which the value of the synchronization index is close to 1. Results. It has been established that the
pain effect provides an adjustment of the frequency of the neuronal activity variability and the occurrence of
synchronization between this activity and the blood pressure variability at the respiratory rate or causes an
adjustment of the frequency of the blood pressure variability and the occurrence of synchronization between the
blood pressure variability and the respiratory rhythm. It was found that the pain effect increases the duration
of phase synchronization between the variability of the blood pressure and the respiratory rhythm or reduces
the duration of phase synchronization between the variability of neuronal activity and the respiratory rhythm.
Conclusion. The effect of painful colorectal distension on changes in the parameters of phase synchronization
between physiological rhythms in anesthetized rats was studied in detail.
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Introduction

The study of transitions from an unsynchronized state to a synchronized state is of particular
interest for assessing the degree of control impairment in various physical [1-4| and biological
[5—11] systems. For example, the analysis of synchronization of electrical activity in different loci
of the brain allows identifying the epileptic focus in patients with focal epilepsy |12]. The analysis
of synchronization of the slow component of the heart rate and vascular tone oscillations in studies
of simultaneous recordings of electrocardiograms and photoplethysmograms is important for
determining the functional state of the autonomic regulation of blood circulation in patients with
cardiovascular diseases [13-16]. Disturbances in the cardiovascular system after acute myocardial
infarction can cause a decrease in the duration of synchronization between heart rate and
blood pressure oscillations [15,16]. A decrease in the influence of control mechanisms from the
nervous system can lead to a change in the duration of synchronization between the respiratory
and cardiovascular systems [17, 18]. Thus, pathological conditions of the body can change the
synchronized interactions of various physiological systems.

In this paper, abdominal pain accompanying functional diseases of the human
gastrointestinal tract, the most common of which is irritable bowel syndrome, is considered
as a pathological condition. It is assumed that the development of this syndrome is based on the
interaction of a stress factor and disturbances in intestinal motor activity due to dysregulation
in the neural networks that ensure the conduction and control of nociceptive signals in the
gastrointestinal tract—brain—gastrointestinal tract system [19,20].

To study the mechanisms of abdominal pain development in physiology, experiments on
anesthetized animals are used, in which nociceptive colorectal distension imitates pain localized in
the lower abdomen in patients with irritable bowel syndrome [19]. This distension is accompanied
in anesthetized rats by reactions of neurons in the visceral nuclei of the brainstem, as well as
contractions of the abdominal muscles and changes in heart rate and blood pressure [19,20].

In this regard, it seems relevant to analyze the formation of reactions of various
physiological systems, i.e. changes in the rhythms of the cardiovascular, respiratory and nervous
systems to the occurrence of abdominal pain. This involves clarifying the interaction between
the variability of blood pressure, the rhythm of breathing and the variability of neuronal activity
of the brain during pain exposure. To study such interaction, it is important to set the task of
analyzing possible synchronization between the patterns of these physiological rhythms, assessing
the parameters of this synchronization before and during pain exposure.

For this purpose, various approaches related to the analysis of frequency and phase
synchronization of non-stationary signals can be used. For example, the analytical signal method,
including the Hilbert transform [21], is used to identify synchronization between the rhythms of
the cardiovascular and respiratory systems, i.e. to study the interaction between the respiratory
rhythm, blood pressure fluctuations, and the variability of the R—R intervals of the main heart
rhythm [22-25].

Another approach is to extract instantaneous frequencies and phases based on the wavelet
transform of the signal [26]. This approach is used to analyze neural connections between different
brain regions [27] and to identify synchronization between breathing rhythm and heart rate
variability [6-9].

To improve the efficiency of extracting instantaneous frequencies and phases from non-
stationary experimental data with a high noise level, there is the synchrosqueezed wavelet
transform method [28]. This method is also used to estimate the dynamics of respiration
based on the heart rhythm [29, 30]. In works [10, 11] this method is used to identify
instantaneous phases and frequencies for subsequent analysis of phase synchronization between
rhythmic photostimulation and brain responses in the form of electroencephalograms in patients
with hypertension and initial manifestations of mild cognitive impairment and without such
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manifestations. As a result, data were obtained that allow us to conclude that synchronization
parameters can serve as neurophysiological markers of cognitive impairment.

Thus, methods for assessing the degree of phase synchronization allow us to assess the
degree of impairment of physiological systems in various pathologies.

The aim of this work is to identify phase synchronization between the variability of arterial
blood pressure and the variability of intervals of neuronal activity of neurons of the ventrolateral
reticular formation of the medulla oblongata of anesthetized rats at the respiratory rate before
and during painful colorectal distension.

1. Methodology

1.1. Experimental data. The analyzed data were provided by the Laboratory of
Cortico-Visceral Physiology of the Pavlov Institute of Physiology of the Russian Academy of
Sciences and contained fluctuations in arterial pressure, respiration, and neuronal activity of 10
rats anesthetized with urethane (1.5 mg/kg) before and during pain stimulation. These data
were registered in accordance with the Directive of the Council of the European Communities
(86/609/EEC) and the requirements of the Commission for the Care and Use of Laboratory
Animals at the Pavlov Institute of Physiology of the Russian Academy of Sciences (conclusion
No. 02/24 dated February 24, 2020).

Blood pressure was recorded by a pressure sensor located in a catheter installed in the
femoral artery (MLT0670, ADInstruments Ltd., UK). Respiratory oscillations were defined as
fluctuations in COgy concentration measured during inhalation and exhalation using a sensor
located in the endotracheal tube (CapnoScan End-Tidal CO2 Monitoring Modular System, USA).
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Fig 1. Fragments of the datasets: a — the neuronal activity; b — the blood pressure fluctuations; ¢ — respiratory
oscillations; d — curves of the blood pressure variability (BPV); e — the neuronal activity variability (NAV).
Intervals DN; u DP; are indicated in a and b
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Neuronal activity was recorded using a tungsten electrode (WPI, USA) immersed in the caudal
ventrolateral reticular formation of the medulla oblongata. This was due to the fact that it is
in this area of the medulla oblongata that groups of neurons responding to painful colorectal
distension were found [31].

Pain stimulation meant mechanical stretching of the colorectal region of the colon with a
rubber balloon for 60 seconds. The sampling frequency was 10,000 Hz.

Short fragments of experimental data on neuronal activity, blood pressure and respiration
are shown in Fig. 1, a, b, e; selected curves of neuronal activity interval variability (NAV) and
blood pressure interval variability (BPV) are shown in Fig. 1, ¢, d.

These curves contained sequences of time intervals between local maxima of the original
data of neuronal activity and blood pressure. The obtained curves were approximated by cubic
splines with resampling to a frequency of 1000 Hz and removal of nonlinear trends. Then we
applied filtering, removing low-frequency fluctuations (less than 1 Hz) in the obtained NAV and
BPV curves, to analyze the components of these curves with fundamental frequencies close to
the respiratory rhythm frequency (RES).

1.2. Evaluation of the phase synchronization index. The algorithm for calculating
the phase synchronization index based on the synchrosqueezed wavelet transform [28] consists of
the following sequence of procedures.

1. Construction of the projection of the wavelet spectrum | Wy(w;, b) |? of the analyzed
signal s(t) onto the plane (b, f), where

“+o0o
Wi(f,b) = f / SOV — b)), (1)

f and b are frequency and time shift; the symbol ¢(f(¢ — b)) means the complex conjugate
of the wavelet function {(f(t — b)) obtained from the Morlet mother wavelet }(¢) by scaling and
time shifting [26]:

W(f(t = b)) = fexp(ioo f(t —b) exp(—0.5f(t — b)*. (2)

2. Construction of the projection of the synchrosqueezed wavelet spectrum |T(wy, b)|? onto
the plane (b, f), where

Tt

To(f0) = a S Walfis PP A g
Tk

Afx = fr — fr—1, [x satisfies the condition | o(fx,b) — w; |< Aw/2, w; — Ith discrete circular
frequency calculated according to the formula

w; = (I/n)Fs, 1=1,..,n, (4)

Fy — signal sampling frequency s(t), n — number of scales used in constructing the wavelet
spectrum, Aw = w; — w1 = Fy/n.

3. Finding ridges (frequency components of a signal) by solving a conditional
search optimization problem among all those curves that maximize the coefficients of the
synchrosqueezed wavelet transform [26]:

w,(b) = argmax | Ts(w;, b) |, (5)
o) € [0,(b) — Aw/2, 0, (b) + Aw/2]. (6)
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4. Calculation of instantaneous phases and frequencies based on the found ridges w,(b) in
accordance with the formulas [32]

fs(b) = wp(b) /2, (7)
$s(b) = arg | Ts(r, b) |- (8)

5. Calculation of the ratio of instantaneous frequencies fs1(b)/fs2(b) and the phase
difference for two analyzed signals

Adnm(b) = (nds1(b) — mds2(b))/2m, (9)
where n and m are integers.
6. According to [6], phase synchronization of order n : m is determined by the following
conditions:

| Apm(b) — c|< e, (10)
| fs1(b)/ fsa(b) —m/n |< €2, (11)

where ¢ is a constant and &1 = 0.03, €5 = 0.03, that is, in the case of phase synchronization, the
instantaneous phase difference oscillates around a constant value ¢, and the value of the ratio of
instantaneous frequencies fs1(b)/fs2(b) changes near the value m/n.

The time-averaged energy propagation Esw(f) of the synchrosqueezed wavelet transform
| Ts(f,b) |? over frequency values is calculated in accordance with the formula

t2
Esw(f) = / | TL(f.b) | db. (12)
t1

The duration of phase synchronization n : m between two time series is calculated as
the time interval Atgy, during which the value of the phase synchronization index, calculated
according to [33],

k

Yam = | 3 exp2xAGnm(b + j5b/K) (13)
=1

is close to 1. ’

The differences between the average values of the phase synchronization duration for the
two groups of data before and during pain stimulation in this work were identified using the one-
way ANOVA analysis of variance. In this case, statistically significant differences between these
data were determined based on p < 0.05, since k = 2, n = k(k—1)/2 =1 and 1—0.95'/" = 0.05.

2. Results

Examples of projections of local wavelet spectra | W(w;,b) |* onto the plane (b, f) for
respiration rate (RES), blood pressure variability (BPV) and neuronal activity variability (NAV)
before pain exposure are shown in Fig. 2, a—c.

The global wavelet spectrum, which is the time-averaged energy distribution Egw(f) of
the synchrosqeezed wavelet spectrum | Ts(wy,b) |? over frequencies, for the NAV time series
(Fig. 2, f) demonstrates the presence of many frequencies in the range from 1 to 3 Hz and the
presence of a local maximum near the frequency corresponding to the maxima of the global
wavelet spectra Egw(f) for respiration rate (RES) and the BPV time series (Fig. 2, d—f). The
global wavelet spectrum Egw(f) for intervals of blood pressure variability has a maximum at
respiration rate frps = 1.880.03Hz (Fig. 2, e), but this rate is not present in the BPV time
series throughout the entire time interval (Fig. 2, b).
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Frequency and phase synchronization between the NAV and BPV time series is absent in
this example, since the ratio of instantaneous frequencies fxav/fspv does not satisfy condition
(9) (Fig. 2, g), the dependence of the instantaneous phase difference Apnxav_ppy on time does
not have horizontal plateau sections (Fig. 2, h), and the phase synchronization index ynav-Bpv
fluctuates around a value close to zero (Fig. 2, 7).

In contrast, phase synchronization between the RES and BPV time series is found in the
time intervals [14,26] s and [40, 60] s. In these intervals, the ratio of instantaneous frequencies
fepv/frEs is close to 1 (Fig. 2, j), the instantaneous phase difference A¢pppy_rEs is close to 0
(Fig. 2, k), and the phase synchronization index ygpy_grgs fluctuates around a value close to 1
(Fig. 2, 1).

Fig. 3 demonstrates the presence of phase synchronization intervals between the rhythms
of neuronal activity variability and blood pressure variability, as well as between the respiratory
rhythm and blood pressure variability in the same rat during pain exposure.

The ratio of instantaneous frequencies fppy/frrs oscillates around a value close to 1
(Fig. 3, g). Oscillations of the instantaneous phase difference A¢ppy_grgs occur around 0
(Fig. 3, h). Oscillations of the phase synchronization index yppy_grrs around 1 (Fig. 3, i) in
the time interval [60...93.5] s. At the tenth second from the onset of pain exposure, the frequency
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Fig 2. Examples of wavelet spectra of the RES, BPV and NAV time series and phase and frequency characteristics
before the pain stimulation: a—c — projections of the local wavelet criekrpos (b, f,| Ws(wi,b) |*) onto the (b, f)
plane for the RES, BPV and NAV time series; d—-f — global wavelet spectra Esw/(f) for RES, BPV, NAV;
g, 7 — ratios of instantaneous frequencies fnxav/fspv and fepv/fres; h, k¥ — instantaneous phase differences
Adnav-sprv and Adspv-_rEs; i, | — dependences of phase synchronization indices ynav—spv and YBpv_rEs on
time
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of neuronal activity variability is adjusted and synchronization occurs between neuronal activity
and blood pressure variability at a respiratory rate of frrg=1.76+0.03 Hz.

In the time interval [70...97| s, the ratio of instantaneous frequencies fyav/fapy oscillates
around a value close to 1 (Fig. 3, 7). The instantaneous phase difference A¢nav_ppy oscillates
around 0 (Fig. 3, k). The phase synchronization index ynav_ppy oscillates around 1 (Fig. 3, 1).

The table shows the average values of the phase synchronization durations Atsynppv—RES,
AtsynNAvV-BPV, AtsynNAV-_RES in rats before and during pain exposure.

The data in the Table show that before the pain stimulus, phase synchronization between
the variability of blood pressure and the respiratory rhythm was found for the majority of
experimental recordings (in seven rats out of ten). In the other three rats, synchronization
between these rhythms was absent (this is indicated by the close-to-zero value of Atsynppv_RES)-
At the same time, in these rats, phase synchronization between the variability of blood pressure
and the respiratory rhythm was maintained during the pain stimulus. Synchronization between
the variability of blood pressure and the variability of neuronal activity before pain stimulation
was absent in these rats (Atsynnav—py = 0.540.3 s). Adjustment of the frequency of neuronal
activity variability ensured the emergence of phase synchronization between the variability of
neuronal activity and the variability of blood pressure at the respiratory rate some time after
the onset of pain exposure.

Statistically significant differences between the mean values of phase synchronization
duration Atgynppv—_grEs for data before and during pain stimulation were determined based on
p < 0.05. Pain exposure increased the duration of phase synchronization between blood pressure
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Fig 3. Examples of wavelet spectra of the RES, BPV and NAV time series and phase and frequency characteristics
during the pain stimulation: a-l — are the same as in Fig. 2
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Table. Averaged values of durations of the phase synchronization
AtsynBPV-_RES, OtsynNAV-_BPV; AlsynNAV_RES
rats (7/10)
before pain stimulation | during pain stimulation
AteynBPV_RES 33.7+£3.5 38.5+3.9
AtgynNAV—BPV 0.54+0.3 344+ 34
rats (3/10)
before pain stimulation | during pain stimulation
AtsynBPV—RES 0.74+0.3 56.2 £ 5.7
AtsynNAV-RES 46.7+£ 4.9 37.8£3.9

variability and respiratory rhythm (Atsnepv-rEs = 33.7£3.5 s and Atgmppv—RrES = 38.5+£3.9
s before and after exposure, respectively).

Synchronization between the respiratory rhythm and the variability of neuronal activity
intervals in the absence of pain stimulation was found in a smaller number of data (in three rats
out of ten) (see Table). The analysis of variance also revealed statistically significant differences
between the mean values of the duration of phase synchronization before and during pain
stimulation for the values of Atsynnav—rEs at the level of p < 0.05.

In these cases, the pain stimulus did not disrupt the synchronization between the
respiratory rhythm and the variability of neuronal activity, but decreased the duration of phase
synchronization (Atsynnav—res = 46.7 & 4.9 s before the stimulus and after Atgnnav—rES =
37.8 £ 3.9 s) and caused the frequency of blood pressure variability to be adjusted to the
respiratory rate, leading to synchronization between the respiratory rhythm and blood pressure
variability. The average duration of phase synchronization between blood pressure variability
and the respiratory rhythm for these rats was Atgynppv_RrEs = 56.2 £ 5.7 s.

Conclusion

Using the synchrosqueezed wavelet transform method, we assessed the possibility of
obtaining data on the occurrence of phase synchronization between various physiological rhythms
in anesthetized rats before and during pain exposure.

We found that pain exposure can cause an adjustment of the frequency of variability
of neuronal activity of the ventrolateral reticular formation of the medulla oblongata or the
frequency of variability of arterial pressure to the respiratory rate, followed by the occurrence of
phase synchronization between these time series.

Evaluation of the disappearance or occurrence of synchronization between the rhythms
of various physiological systems in various pathologies of the functional state seems to be a
promising means for analyzing the degree of disturbance of the regulation of these systems.

In the development of specific analgesic drugs that could influence regulation in neural
networks and eliminate irritable bowel syndrome, and the need to take into account possible
side effects on heart rate and blood pressure, the results obtained in the work can be used to
screen new antinociceptive pharmacological drugs, to analyze their effect on interactions between
physiological rhythms, in particular, on the possible suppression of synchronization between the
variability of blood pressure and the variability of neuronal activity of the brain.
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