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The task is to determine the indices of phase synchronization between biological data extracted from neuronal

activity and fluctuations in blood pressure and respiration, based on the calculation of instantaneous frequencies and

phases using the synchrosqueezed wavelet analysis. Differences in synchronization indices between the analyzed

data in two groups of rats (the control group and the group with experimentally induced colitis) were revealed.

Pain exposure was found to be associated with frequency adjustment of the variability of the neuronal activity or

the blood pressure, followed by the onset of phase synchronization.
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Introduction

Studying the interaction between different dynamical

systems leading to the occurrence of synchronization is

an important task in time series analysis [1]. These

interactions are intensively studied in various fields of

physics [2–4] and biology [5,6] and are related to the fact

that the definition of transitions from an unsynchronized

state to a synchronized state [4,7,8] and synchronization

duration can be used to assess the degree of control

disturbance in physical or physiological systems [6,9–15].

For example, synchronization of the slow component of

the heart rate and fluctuations in vascular tone, studied

by synchronous recordings of electrocardiograms and pho-

toplethysmograms, is important for clinical cardiology and

determination of the functional state of the autonomic reg-

ulation of blood circulation for people with cardiovascular

diseases [13,16–19].

Synchronization analysis in different electroencephalo-

gram loci in patients with generalized form of epilepsy

makes it possible to identify the site of epilepsy [20].

Evaluation of synchronization between intermittent pho-

tostimulation and the brain response in the form of

electroencephalograms in order to distinguish between

responses in groups of patients with high blood pressure

and initial manifestations of moderate cognitive impairment

and without such manifestations revealed that the decrease

in cognitive functions correlates with a longer duration

of phase synchronization and a shift in brain responses

into a lower frequency range compared to the excitation

frequency [14,15], which suggests that synchronization

parameters can serve as neurophysiological markers of

cognitive impairment.

The interaction of the cardiovascular and respiratory sys-

tems includes the nervous monitoring of both systems [21].
Nerve monitoring can lead to synchronized interactions of

the nervous, cardiovascular, and respiratory systems, and

pathological conditions can alter these interactions. In

this regard, determination of the interaction between the

variability of arterial blood pressure and the variability of

neuronal activity of the brain at the respiratory rate is of

particular interest.

The aim of this paper is to evaluate the phase synchro-

nization between the variability of arterial blood pressure

and the variability of intervals of neuronal activity of neurons

of the reticular formation of the brain at the respiratory rate

before and during pain exposure in a group of healthy rats

and rats with experimentally induced colitis.

Experiments of this nature in anesthetized animals are

being used to study the mechanisms of pain associated with

irritable bowel syndrome in humans. Colorectal distension is

accompanied in anesthetized rats by brain neuron responses,

abdominal muscle contractions, and changes in heart rate

and blood pressure [22,23]. Accounting for system re-

sponses to pain just expects determination of the interaction

between the variability of blood pressure and the variability

of neuronal activity of the brain at the respiratory rate during

pain exposure.

To assess the phase synchronization between the variabil-

ity of neuronal activity intervals and the variability of blood

pressure intervals at the respiratory rate, the method of

synchronously compressed wavelet transformation [24] was
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Figure 1. a — fragments of neuronal activity, b — blood pressure fluctuations, c — neuronal activity variability (NAV) curve, d — blood

pressure variability (BPV) curve, e — respiratory rate fluctuations. The intervals DNi and DPi are denoted in a and b.

used, which allows one to effectively extract instantaneous

frequencies and phases from experimental data.

1. Methods

1.1. Experimental data

The analyzed data contained fluctuations in blood

pressure, respiration, and neuronal activity in urethane

(1.5mg/kg) anesthetized rats. The data were recorded in

the laboratory of cortico-visceral physiology of the Pavlov

Institute of Physiology, Russian Academy of Science in

accordance with the ethical principles of the International

Association for the Study of Pain and the Directive of the

Council of the European Community (86/609/EEC). The
used data included records before and during painful stimu-

lation of the control group (10 rats) and group (10 rats) with

experimental colitis caused by transrectal administration of

an alcoholic solution of picrylsulfonic acid (20mg in 0.2ml

50% ethanol; TNBS, Sigma, USA) into the colorectal region.

Blood pressure was determined using a pressure sensor

located in a catheter placed in the femoral artery (MLT0670,

ADInstruments Ltd., UK). Respiratory fluctuations were

defined as concentration fluctuations CO2 measured during

inhalation and exhalation using a sensor located in the

endotracheal tube (CapnoScan End-Tidal CO2 Monitoring

Modular System, USA). Neuronal activity was recorded

using a tungsten electrode (WPI, USA) immersed in the

brain tissue in the region of the reticular formation of the

medulla oblongata.

Mechanical distension of the colorectal region of the large

intestine with a rubber balloon inserted rectally was used

as pain stimulation. The stimulation duration was 60 s,

sampling rate was 10 000Hz. After 60 s of relaxation,

the records were repeated (before and during stimulation)
6 times. For this reason, repeated data were analyzed before

and during stimulation.

Fig. 1 shows short fragments (lasting 10 s) of exper-

imental records of neuronal activity and blood pressure

fluctuations for a healthy rat (Fig. 1, a, b), as well as

selected curves of interval variability (DN) of neuronal

activity (Fig. 1, c), interval variability (DP) of systolic blood

pressure (Fig. 1, d) and respiration fluctuations (Fig. 1, e).

After finding the local maxima, the time intervals between

them were determined. Due to the irregularity of the

intervals DN and DP , these sequences of intervals are not

equidistant. To transform them into equidistant sequences

we used approximation by cubic spline and resampling to a

frequency of 1000Hz, and then applied non-linear trend

removal. The resulting equidistant sequence of intervals

DN = DN∗ − DN0 determined the variability of intervals

of neuronal activity (NAV), where DN∗ — interval without

detrending, DN0 — the magnitude of the trend. Similarly,

the equidistant sequence of intervals DP = DP∗ − DP0 of

blood pressure was found and the curve of blood pressure

variability (BPV) was also created without a trend. The
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analyzed respiratory oscillations sequences (RES), as well

as NAV and BPV, contained at least 60 000 points.

To isolate the components of blood pressure variability

and neuronal activity variability with main frequencies close

to the respiratory rate, we applied bandpass filtering of the

BPV and NAV time series, which removes low-frequency

oscillations (< 1Hz).

1.2. Phase synchronization estimate

The phase synchronization estimation algorithm based on

the synchronously compressed wavelet transformation [24]
consists of the following sequence of procedures.

1) Making the projection of the wavelet spectrum

(b, f , |Ws( f , b)|2) of the analyzed time series s(t) onto the

plane (b, f ), where

Ws( f , b) = f

+∞
∫

−∞

s(t)ψ( f (t − b))dt, (1)

f and b — frequency and time shift, symbol ψ̄ means

complex conjunction, ψ( f (t − b)) — wavelet function

obtained from the parent wavelet Gabor-Morlet ψ(t) by

scaling and time shift [25]:

ψ( f (t − b)) = f exp(iω0 f (t − b)) exp(−0.5 f 2(t − b)2).
(2)

2) Making the projection of the synchronously-

compressed wavelet spectrum (b, f , |Ts( f , b)|2) of the

analyzed time series s(t) onto the plane (b, f ), where

Ts( f , b) =
1

1ω

∑

f k

Ws( f k , b) f 3/21 f k ,

f k : |ω( f k , b) − ωl | ≤ 1ω/2, (3)

circular frequency is determined by the formula

ωl = (l/n)Fs , l = 1, . . . , n, 1ω = ωl − ωl−1 = FS/n,
(4)

FS — sampling frequency of the time series s(t), n —
number of scales used when making the wavelet spectrum,

ωl − lth discrete circular frequency, 1 f k = f k − f k−1.

3) Finding the frequency components of the time series

(ridges) by solving the problem of conditional search opti-

mization among all curves that maximize the coefficients of

the synchronously compressed wavelet transformation [26]:

ωr (b) = argmax |Ts(ωL, b)|,

ωl ∈ [ωr(b) − 1ω/2, ωr(b) + 1ω/2]. (5)

4) Finding instantaneous phases and frequencies based on

calculated ridges ωr (b) according to formulas [26]:

f s(b) = ωr (b)/2π, φs(b) = arg|Ts(ωr (b), b)|. (6)

5) Further, after finding the instantaneous phases and

frequencies for the two analyzed time series, the ratio of in-

stantaneous frequencies f s (b)/ f p(b) and the instantaneous

phase difference are calculated

1φn,m(b) = (bφs (b) − mφp(b))/2π, (7)

where n and m — are integers.

6) Phase synchronization of order n : m between two time

series is determined by the conditions [5]:

|1φn,m(b) − c1| < ε1, (8)

| f s1(b)/ f s2(b) − m/n| < ε2, (9)

where c1 is a constant and ε1 = 0.03 and ε2 = 0.03. This

means that during synchronization of phases of order of

n : m, the instantaneous phase difference oscillates around

the constant value c1, and the value of the ratio of

instantaneous frequencies changes around the value m/n.
The time-averaged energy distribution of the syn-

chronously compressed wavelet spectrum by frequencies is

determined by the formula [24]:

ESW ( f ) =

t2
∫

t1

|Ts( f , b)|2db. (10)

The duration of phase synchronization n : m between two

time series is defined as the time interval 1tsyn during which

the value of the phase synchronization index, calculated

according to [27]:

γn,m =
∣

∣

∣

〈

exp(2πi1φn,m(b))
〉

[b+1b]

∣

∣

∣

=

∣

∣

∣

∣

k
∑

j=1

exp

(

2πi1φn,m

(

b +
j1b
k

))∣

∣

∣

∣

, (11)

close to unity.

Differences between the average values of the duration

of phase synchronization for the two groups of data

were determined by the method of one-way ANOVA.

Statistically significant differences between groups (k = 2)
were determined at the significance level of p < 0.05, since

n = k(k − 1)/2 = 1 and 1− 0.951/n = 0.05.

2. Results

Fig. 2 shows examples of NAV, BPV, and RES wavelet

spectra before (Fig. 2, a−f) and during pain exposure

(Fig. 2, g−l) in the control group rat. The projection

of wavelet s[ectra b, f , |Ws( f , b)|2) onto the plane (b, f )
obtained as a result of wavelet transformation for the

variability of intervals of neuronal activity and the time-

averaged distribution of the synchronously compressed

wavelet spectrum |Ts( f , b)|2 by frequencies ESW ( f ) before

pain exposure demonstrates the presence of many frequen-

cies in the range from 1 to 3Hz and the presence of a local
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Figure 2. Examples of NAV, BPV and RES wavelet spectra before pain stimulation (a−f) and during stimulation (g−l) healthy rat.

a−c and g−i — projections of the wavelet surface (b, f , |Ws ( f , b)|2) onto the plane (b, f) for NAV, BPV and RES; d−f and j−l —
time-averaged energy distributions ESW ( f ) of the synchronously compressed wavelet spectrum |Ts ( f , b)|2 by frequencies for NAV, BPV

and RES.

maximum near the frequency corresponding to the maxima

ESW ( f ) for respiration and BPV (Fig. 2, d−f).

The time-averaged energy distribution ESW ( f ) for the

variability of blood pressure intervals has maximum

at the respiratory rate frequency f RES = 1.88± 0.03Hz

(Fig. 2, e, f), but the projection of the wavelet spectrum

(b, f , |Ws( f , b)|2) onto the plane (b, f ) shows that this

frequency is present in BPV not on the entire time interval

(Fig. 2, b).

During pain exposure, the respiratory frequency de-

creased to the value f RES = 1.76± 0.03Hz, this was ac-

companied by a decrease in the frequency of blood pressure

variability and the appearance of a maximum of neuronal

activity variability at the same frequency (Fig. 2, g−l).

Fig. 3 demonstrates the absence of phase synchronization

between the rhythms of neuronal activity variability and

blood pressure variability before pain exposure in this

rat, as well as the presence of phase synchronization be-

tween the respiration rhythm and blood pressure variability.

The dependence of the ratio of instantaneous frequencies

f NAV/ f BPV differs from unity (Fig. 3, a), the dependence

of the instantaneous phase difference on time 1φNAV-BPV

has no sections of horizontal plateau (Fig. 3, b), the phase

synchronization index γNAV-BPV fluctuates around a value

close to zero (Fig. 3, c). The ratio of instantaneous

frequencies f BPV/ f RES is close to unity at time intervals

12−26 s and 41−60 s (Fig. 3, d), the instantaneous phase

difference 1φBPV-RES is close to zero (Fig. 3, e), and the

phase synchronization index γBPV-RES fluctuates around a

value close to unity (Fig. 3, f) at these time intervals. This

indicates the presence of phase synchronization of the or-

der 1 : 1 and duration 1tsyn = 1t1syn + 1t2syn = 33 s between

the respiration rhythm and blood pressure variability.

Fig. 4 illustrates the presence of phase synchronization

between neuronal activity variability and blood pressure

variability, as well as between the respiration rate and

blood pressure variability during pain stimulation in the

same rat. The ratio of instantaneous frequencies f BPV/ f RES

oscillates around the value close to unity (Fig. 4, a), the

instantaneous phase difference 1φBVP-RES oscillates around

Technical Physics, 2023, Vol. 68, No. 6
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Figure 3. Lack of synchronization between NAV and BPV and presence of synchronization between BPV and RES prior to pain

stimulation in the healthy rat. a, d — ratios of instantaneous frequencies f NAV/ f BPV and f BPV/ f RES; b, e — instantaneous phase differences

1φNAV-BPV and 1φBPV-RES; c, f — dependences of the phase synchronization indices γNAV-BPV and γBPV-RES on time.

zero (Fig. 4, b), and the phase synchronization index

γBPV-RES oscillates around unity (Fig. 4, c) in the time

interval 60−93.5 s. The phase synchronization duration

in this example is 1tsyn = 33.5 s. At the eighth second

from the beginning of exposure, the frequency of neu-

ronal activity variability was adjusted, and synchronization

appeared between neuronal activity and blood pressure

variability at the respiration rate f RES = 1.76± 0.03Hz.

The duration of phase synchronization between NAV and

BPV is 1tsyn = 29 s (Fig. 4, f). In the time interval 68−97 s,

the ratio of instantaneous frequencies f NAV/ f BVP fluctuates

around a value close to unity (Fig. 4, d), the instantaneous

phase difference 1φNAV-BPV oscillates around zero (Fig. 4, e),
and the phase synchronization index γNAV-BPV oscillates

around unity (Fig. 4, f).

Fig. 5 shows examples of NAV, BPV, and RES wavelet

spectra before (Fig. 5, a−f) and during pain exposure

(Fig. 5, g−l) in the rat with experimental colitis. This

example is characterized by significant variability in blood

pressure intervals and the presence of a local maximum

near the frequency f = 1.52 ± 0.03Hz, corresponding to

maxima ESW ( f ) for respiration and NAV (Fig. 5, d−f).

During pain exposure there is change in blood pressure

variability, and the maximum ESW ( f ) for BPV at the

frequency f = 1.52Hz now corresponds to the maxima

ESW ( f ) for the respiration rate and variability of neuronal

activity (Fig. 5, j−l).

Fig. 6 illustrates the absence of phase synchronization

between BPV and RES, and the presence of phase synchro-

nization between NAV and RES before pain stimulation in

the rat, for which wavelet spectra are presented in Fig. 5.

The limit of fluctuations of the time dependence of the

ratio of instantaneous frequencies f BPV/ f RES exceeds the

values determined by formula (9) for possible frequency

synchronization (Fig. 6, d), sections of the horizontal plateau
in dependence of instantaneous phase difference on time

1φBPV-RES are absent (Fig. 6, e), the phase synchroniza-

tion index γBPV-RES fluctuates around value close to zero

(Fig. 6, f). In contrast, on two time intervals 0−38 s and

43−60 s the ratio of instantaneous frequencies f NAV/ f RES is

close to unity (Fig. 6, a), the instantaneous phase difference

is close to zero (Fig. 6, b), and the phase synchronization

index γNAV-RES fluctuates around value close to unity

(Fig. 6, c). The duration of synchronization between the

0 Technical Physics, 2023, Vol. 68, No. 6
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Figure 4. The presence of synchronization between NAV and BPV and between BPV and RES during pain stimulation in healthy rats.

a, f — are similar to Fig. 3.

respiration rhythm and the variability of neuronal activity is

1tsyn = 1t1syn + 1t2syn = 55 s.

Fig. 7 demonstrates the synchronization between the

respiration rate and blood pressure variability that occurs

at the sixth second from the onset of colorectal distension

, when the BVP frequency adjusts to the respiratory

rate f RES = 1.54± 0.02. Synchronization is maintained

until the end of the pain exposure, the synchronization

duration is 1tsyn = 54 s (Fig. 7, f). At the beginning

of pain exposure the phase synchronization between the

respiration rhythm and the variability of neuronal activity

is disturbed, and then restored at the twenty-first second

after the onset of exposure and is maintained until the

one hundred and sixteenth second. The value of the phase

synchronization index γNAV-RES fluctuates near unity in the

time interval [81−116] s (Fig. 7, c). The duration of phase

synchronization is 1tsynNAV-RES = 35 s.

Table 1 presents data showing synchronization options

before and during pain exposure in two groups of rats.

Most of the data (79% of the control group) (subgroup Ia)
and (76% of the group with colitis) (subgroup IIa) showed

synchronization between blood pressure variability and

respiration rate. For 21% of the data of the control

group (subgroup Ib) and 24% of the data of the group

with colitis (subgroup IIb), synchronization between the

respiration rhythm and the variability of neuronal activity

was revealed.

For subgroups Ia and IIa, during colorectal distension,

synchronization between blood pressure variability and

respiration rate is maintained, and synchronization occurs

between neuronal activity variability and blood pressure

variability.

For subgroups Ib and IIb during pain exposure syn-

chronization is maintained between the respiration rhythm

and variability of neuronal activity, and synchronization

occurs between the respiration rhythm and blood pressure

variability.

Table 2 shows averaged values of phase synchronization

durations 1tsynBPV-RES, 1tsynNAV-BPV, 1tsyn NAV-RES. During

pain exposure, the duration of synchronization between

blood pressure variability and respiration rhythm and be-

tween neuronal activity variability and blood pressure vari-

ability, as well as between neuronal activity variability and

respiration rhythm for the group with experimental colitis

is less than for the control group (1tsynNAV-RES = 38± 3

for subgroup Ib and 1tsynNAV-RES = 34± 3 for sub-

Technical Physics, 2023, Vol. 68, No. 6
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Figure 5. Examples of NAV, BPV and RES wavelet spectra before pain stimulation (a−f) and during stimulation (g−l) rats from the

group with colitis. a−l — are similar to Fig. 2.

Table 1. Synchronization options before and during pain exposure

Options

Control group Group with colitis

79% 21% 76% 24%

(subgroup Ia) (subgroup Ib) (subgroup IIa) (subgroup IIb)

Before BVP-RES NAV-RES BVP-RES NAV-RES

During BVP-RES, NAV-RES, BVP-RES, NAV-RES,

NAV-BVP BVP-RES NAV-BVP BVP-RES

group IIb, 1tsyn NAV-BPV = 34± 3 for subgroup Ib and

1tsyn NAV-BPV = 31± 3 for subgroup IIb).

For subgroups Ia and IIa the pain exposure increases the

duration of phase synchronization between blood pressure

variability and respiration rate (1tsyn BPV-RES = 32± 4 and

1tsyn BPV-RES = 37± 4 for subgroup Ia before and during

pain exposure, respectively). For subgroups Ib and IIb

the pain exposure reduces the duration of phase syn-

chronization between the variability of neuronal activity

and the respiration rhythm (1tsynNAV-RES = 43± 4 and

1tsyn NAV-RES = 38± 3 for subgroup Ib before and during

pain exposure, respectively).

Statistically significant differences in mean synchroniza-

tion durations 1tsynBPV-RES, 1tsynNAV-BPV, and 1tsynNAV-RES
between subgroups Ia and IIa, as well as between sub-

groups Ib and IIb, were determined at the significance level

p < 0.05.

Thus, using the phase synchronization analysis method

based on the synchronously compressed wavelet transfor-

mation, in most of the data on neuronal activity variability,

blood pressure variability and respiration rate obtained for

the control group of rats and the group of rats with colitis,

we found the presence of phase synchronization between

the variability of blood pressure and respiration rate in the

0∗ Technical Physics, 2023, Vol. 68, No. 6
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Figure 6. Lack of synchronization between NAV and BPV and presence of synchronization between BPV and RES prior to pain

stimulation in the healthy rat. a, d — ratios of instantaneous frequencies f NAV/ f RES and f BPV/ f RES; b, e — instantaneous differences of

phases and 1φBPV-RES c, f — dependences of the phase synchronization indices γNAV-RES and γBPV-RES on time.

Table 2. Averaged values from phase synchronization durations 1tsyn BPV-RES, 1tsynNAV-BPV, 1tsynNAV-RES

Durations Control group Group with colitis

Syhchronizations (subgroup Ia) (subgroup IIa)

Before exposure
During

Before exposure
During

exposure exposure

1tsynBPV-RES 32± 4 37± 4 30± 3 33± 3

1tsynNAV-BPV 34± 3 31± 3

(subgroup Ia) (subgroup IIa)

BEfore exposure During Before exposure During

exposure exposure

1tsynBPV-RES 58± 6 56± 6

1tsynNAV-RES 43± 4 38± 3 53± 5 34± 3

background data. Painful colorectal distension maintained

this synchronization. The frequency of neuronal activity

variability adjustment ensured the phase synchronization

between neuronal activity and blood pressure variability

at the respiration rate some time after onset of the pain

exposure beginning Therefore, this work shows for the first

time the possibility of detecting synchronization between

the variability of arterial blood pressure and the variability

of neuronal activity in experimental data for anesthetized

rats.

In a smaller number of background data records obtained

for the control group of rats and the group of rats with

colitis, we revealed the absence of phase synchronization

between blood pressure variability and respiration rhythm
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Figure 7. The synchronization between NAV and RES, and between BPV and RES during pain stimulation in group with colitis. a, f —
are similar to Fig. 6.

and the presence of phase synchronization between neu-

ronal activity variability and respiration rhythm. The pain

exposure reduced the duration of phase synchronization

by the variability of neuronal activity and the respiration

rhythm and caused adjustment of the frequency of arterial

pressure variability to the respiration rate, followed by phase

synchronization of the arterial pressure variability and the

respiration rhythm. This is in agreement with the data that

the respiration rhythm, as a rule, controls the rhythm of

the cardiovascular system (usually the variability of R−R

intervals identified from the electrocardiogram) [5,28–30].

For the group of rats with experimental colitis (compared

to the control group) we found the decrease in the duration

of phase synchronization between the variability of blood

pressure and the respiration rhythm and between the

variability of neuronal activity and the variability of blood

pressure.

Conclusion

The method of synchronously compressed wavelet trans-

formation made it possible to reveal the possibility of phase

synchronization between the variability of neuronal activity

and the variability of blood pressure in anesthetized rats

and to evaluate the differences in the duration of phase

synchronization for different groups of rats (the control

group and the group with experimentally induced colitis).
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