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Abstract: Aim — Investigation of features of interaction between the loops of autonomic control of heart rate and vascular tone under the 
ataractanalgesia and spinal block.  
Material and Methods — The contemporary nonlinear methods developed for the analysis of complex non-periodic signals were applied to 
the study of electrocardiogram (ECG) and photoplethysmogram (PPG) signals from women during minor gynecological operations. The 
registered signals were the single-channel ECG at the II standard lead and three channels of PPG (from earlobe, right ring finger, and right 
second toe). These signals were recorded under resting conditions at 60 minutes before the surgery and during the main stage of operation 
under the spinal anesthesia and ataractanalgesia. The signals were sampled at a frequency of 250 Hz and filtered in the 0.05–0.15 Hz band, 
which includes the rhythms of autonomic control of heart rate and vascular tone.  
Results — The analysis of phase dynamics of the studied oscillatory systems revealed that the spinal anesthesia suppresses the coupling 
between the rhythms of autonomic control of heart rate (extracted from ECG) and vascular tone (extracted from PPG) but in a less degree 
than general anesthesia induced by ataractanalgesia. The strength of the detected coupling between the heart rate variability and PPG 
depends on the distance between the body parts from which the ECG and PPG signals were recorded. The coupling was found out to be 
stronger for smaller distances.  
Conclusion — The obtained results may have not only diagnostic, but also prognostic importance for the estimation of circulatory failure 
during operations under surgical anesthesia.  
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Introduction  

Not only condition of internal organs define ones health but 
also their interactions in an overall functional system [1]. These 
interactions can be estimated from the quantitative indices 
characterizing the structure and strength of couplings between the 
elements of the system. There are several approaches to 
estimation of strength and direction of coupling for complex 
oscillatory systems [2-4]. The diagnostics of interaction between 
various physiological processes in humans is carried out using time 
series of different biological signals (electrocardiogram, 
electroencephalogram, myogram, etc). Many of such signals can 
be recorded noninvasively that simplifies the possibility of their 
analysis in clinical practice. In recent decades new knowledge has 
been obtained about the functioning of different elements of 
human cardiovascular system (CVS). In particular, it was shown 
that measurements of phase synchronization between the low-

frequency rhythms (with a frequency of about 0.1 Hz) in heart rate 
variability (HRV) and photoplethysmogram (PPG) signal can help in 
choosing the more efficient therapeutic approach for treatment of 
several CVS diseases [5, 6]. However, it is important to apply other 
quantitative measures for studying the features and structure of 
couplings between different physiological processes especially in 
the cases of intensive therapy and reanimation. 

Earlier it was demonstrated in [7-12] that different anesthetic 
drugs have different impacts on sympathetic and parasympathetic 
control of heart rate and arterial pressure. During the choice of a 
therapy it is important to take into account the patient’s 
circulation conditions. In the study [13], the synchronization 
between the heart rate and respiration was examined before and 
during general anesthesia and it was shown that the 
synchronization index is lower during the anesthesia. In the study 
[14], the coupling characteristics were estimated for the low-
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frequency rhythms of electroencephalogram (EEG) and 
cardiovascular signals under the effect of different anesthetic 
drugs. However, the features of interaction (strength and 
direction) are yet to be studied for the rhythms of autonomic 
control of heart rate and vascular tone under anesthesia. It hinders 
the prognosis and preventive treatment of potential hemodynamic 
complications especially under the spinal anesthesia. 

The aim of study is to investigate the characteristics of 
coupling between the rhythms of autonomic control of heart 
rate and peripheral blood filling (from PPG data) under the 
ataractanalgesia and spinal block. 

 
Material and methods 
Patients 
17 women (age 30-40) underwent the prospective randomized 

evaluation while in gynecology care after minor gynecological 
surgeries. The patients were separated into two groups according 
to the anesthesia type. For both groups, pretreatment included 
benzodiazines administration before bed (seduxen 5 mg per os) 
and 60 minutes before surgery (seduxen 10 mg intravenously). The 
pretreatment was conducted on surgery table with intravenous 
administration of atropine (0.01 mg per kg), seduxen (0.1-0.15 mg 
per kg) and fentanyl (1-2 µg per kg). Anesthesia was induced by 
intravenous administration of atracurium besilate (0.5-0.6 mg per 
kg). The patients then underwent tracheal intubation and put into 
in the CMW regime (Dräger machine, Germany). General 
anesthesia in the first group of the patients was archived 
according to the ataractanalgesia concept with administration of 
seduxen (0.5 mg per kg) and fentanyl (0.05-0.2 µg per kg). The 
second group underwent surgery under the spinal anesthesia – 
bupivicaine 0.5% (4 ml), puncture in L3-L4 level. Myoplegia was 
achieved with administration of atracurium besylate (50 mg). 
Anesthesia continued from 60 to 90 minutes. 

 
Registration of biological signals  
Single channel II standard lead ECG and three PPG channels 

(earlobe PPG (PPGear), ring finger PPG (PPGfinger), and second right 
toe (PPGtoe)) were sampled at a frequency of 250 Hz with the 
standard electroencephalograph analyzer EEGA-21/26 ‘Encephalan-
131-03’ (Medicom MTD Ltd, Taganrog, Russia). The data were 
registered from the patients without cardiovascular diseases under 
three different conditions: (i) day before the operation in resting 
supine position; (ii) during the main stage of the operation under the 
spinal anesthesia; and (iii) during the main stage of the operation 
under the ataractanalgesia; Typical signals are shown in Figure 1. 
Lines on the figure seem continuous but in fact consist of dots 
separated by ∆t = 4 ms which correspond to moments tn = nΔt, 
where n = 1, 2, 3, … N is a discrete time. The values x in those 
moments (numerical sequence x(1), …, x(N)) we will name as the 
time series and will write as {xn}, were N is the series length.  

 
Processing of biological data 
From the registered signals we extracted the sections without 

artifacts, high noise and interference. The time intervals between 
ECG R-spikes were calculated form heart rate variability signal 
(HRV). The low-frequency (0.05-0.15 Hz) rhythms in HRV are 
assumed to reflect the dynamics of heart rate autonomic control, 
while the low-frequency rhythms in PPG reflect the dynamics of 
vascular tone autonomic control [15, 16]. The obtained HRV and 
PPG signals were then filtered with band-pass filter (0.05-0.15 Hz) 
and analyzed for the presence of coupling. 

 
 
Figure 1. The typical ECG and PPG signals: а) ECG; b) PPGear; c) PPGfinger; 
d) PPGtoe. The indications x(ti) of measuring devices recorded at the 
moments tn = nΔt, where n = 0, 1, 2, … N, are shown in arbitrary units in 
vertical axis. 

 
 

 
 

Figure 2. Dependences of coupling indices γ1,2 on delay time τ  for pre 
the surgical recordings: (а) influence of PPGear on HRV; (b) influence of 
HRV on PPGear; (c) influence of PPGfinger on HRV; (d) influence of HRV on 
PPGfinger; (e) influence of PPGtoe on HRV; (f) influence of HRV on PPGtoe. 
The vertical tick marks represent 95% confidence interval. 

 
 
Data analysis 
There are a number of approaches to coupling detection from 

time series [17, 18]. The most widespread among them are cross-
correlation and cross-spectra. However, they can’t determine the 
direction of coupling, i.e. to define whether the coupling between 
the systems is unidirectional or bidirectional, and to reveal the 
direction of coupling in the case of unidirectional interaction. The 
direction of coupling between a master system, lets refer to it as X, 
and a slave system Y can be determined with methods of nonlinear 
dynamics from time series of studied systems {xn} and {yn}. To do 
so two mathematical models are constructed. The first model is 
based solely on data from the time series {xn}, and the second 

https://www.multitran.com/m.exe?s=fentanyl&l1=1&l2=2
https://www.multitran.com/m.exe?s=single%20channel&l1=1&l2=2
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model is constructed with addition of the data from time series 
{yn}, which is considered to be a driver. Then both models are 
used to predict future values of {xn} from the earlier data. The 
difference between predicted and real values of {xn} then 
calculated to estimate the precision of prediction and prognostic 
properties of the model. If addition of {yn} data to the first model 
leads to less prediction error, then the system Y is considered to 
be driving the system X. 

This idea was originally implemented by 2003 Nobel Prize 
Winner in Economics C. Granger [3]. It can be illustrated with 
predictive models in terms of point maps (difference equations): 

 

xn+m = f1(xn, xn-1, …xn-k),    (1) 

 

xn+m = f2(xn, xn-1, …xn-k, yn-d, yn-d-1,... yn-d-u),   (2) 

 
where f1,2 are the functions of x, which coefficients are chosen for 
the best possible precision of the prediction. The subscript indices 
correspond to the number of points in the time series, for 
example, n=1,2,3,… is the discrete time, m is the prediction 
interval, and the index (n+m) corresponds to a point in future that 
is shifted by m samples from n. Indices d and u correspond to the 
values of time series {yn} used in the model (2). 

We used the modified approach of coupling detection that is 
better suited for the aim of the study. From the sampled time 
series {xn} and {yn} we calculated the phases of oscillations {φx} 
and {φy}. We used the phases as characteristics of oscillations in 
cardio-vascular system because the phases are the most sensitive 
to changes in the systems parameters. It is apparent that such 
sensitivity could be perspective for early diagnosis of developing 
diseases including disorders in functional relationships.  

 

 

 
Figure 3. Dependences of coupling indices γ1,2 on delay time τ for the 
signals recorded during the spinal block: (а) influence of PPGear on HRV; 
(b) influence of HRV on PPGear; (c) influence of PPGfinger on HRV; (d) 
influence of HRV on PPGfinger; (e) influence of PPGtoe on HRV; (f) influence 
of HRV on PPGtoe. The vertical tick marks represent 95% confidence 
interval. 

From Figure 1 it is evident that experimental ECG and PPG are 
far from being sinusoidal signals, but they have a pronounced 
periodicity (rhythmic behavior). Therefore, the calculation of the 
oscillations phases is conducted via a projection into the phase 
space, and for the construction of a predictive model we used 
widespread differential equations (phase oscillator equations (3)) 
instead of the point maps (1) and (2). They provide adequate 
representation of phase dynamics of oscillating systems with 
defined main rhythm [19]: 

 

dφ/dt = ω + F(φ),   (3) 

 
where ω is the oscillation frequency, F(φ) is the phase function 
specific to the studied system. For discrete time series, it is 
convenient to use difference form of equation (3) where infinitely 
small changes in phases dφ/dt are replaced by finite difference 

Δφ(t) ≡ φ(t+) – φ(t) characterizing the phase increment at the 

finite time interval . As , a conditional period of oscillations is 
commonly used. For oscillation sources X and Y, the phase time 
series {φx} and {φy} are written as: 

 

Δφx = F1(φx , φy) + εx, 

                            Δφy = F2(φx , φy) + εy,                    (4) 

 

where εx and εy are small random variables (zero mean 
uncorrelated Gaussian white noise) introduced to simulate realistic 
noises. For F, we used trigonometric polynomial functions. Thus, 
for the system X, the model has the following form: 

 
 F1(φx , φy) = wx + Σαm,n cos(mφx – nφy) + βm,n sin(mφx – nφy),   (5) 

 

where αm,n, βm,n are the coefficients estimated from the 
experimental data with least square fitting method to provide 
least possible difference between the experimental phase 
increment and the model results, m and n are integers, and w is 
the oscillation angular frequency. For the system Y model, one 
should interchange the subscripts x and y in equation (5). 

The function F1(φx , φy) in equation (5) depends on the phases 
of both the first and second oscillators. Steepness of this 
dependence can be used to estimate the strength of directional 
coupling. Therefore, one can use formulae (6) (the coupling index) 
as a quantitative measure of coupling strength between a pair of 
oscillators: 

 

 

nm

nmnmn

,

2
,

2
,

2
2,1 )(  ,                       (6) 

 
In our study the index (6) is used to measure coupling direction 

and strength between the elements of cardiovascular system [3, 
20]. The influence of vascular tone regulation on the heart rate 

regulation we will denote as γ1, and the influence in the opposite 

direction we will denote as γ2. To assess the statistical significance 

of γ1 and γ2 we used the analytical formulae for 95% confidence 
intervals derived in [19].  

Calculations of γ1 and γ2 were conducted for different time 

delays τ between HRV and PPG. Value of the delay τ represents the 
possible time delay in coupling (originating from finite speed of 
influence transmission or finite reaction time). 

 

https://www.multitran.com/m.exe?s=finite%20difference&l1=1&l2=2
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Results  

Dependences of γ1,2 on τ calculated from the experimental 
time series of HRV and PPG for one of the subjects are presented in 
Figure 2 for the pre surgical data and in Figure 3 for the data 
recorded during the spinal anesthesia. The vertical tick marks 
represent pointwise 95% confidence interval. We consider coupling 

to be statistically significant for the time delays τ for which the 
vertical marks do not cross the horizontal red line at zero level. 

Figure 2 demonstrates that in pre surgery normal state there is 
significant influence from heart rate regulation on vascular tone 
regulation in earlobe, ring finger and second toe (Figures 2b, 2d, 
and 2f), since the coupling indices with 95% confidence interval are 
above zero. The influence in the opposite direction was not 
detected (i.e. the influence of PPGfinger, PPGear, and PPGtoe on HRV) 
for the considered patient. 

Figure 3 demonstrates that during the spinal block there is no 
coupling between the loops of autonomic control of heart rate and 
vascular tone. Similar results were obtained for the signals 
recorded during the ataractanalgesia (general anesthesia). In this 
case, no coupling was also detected between the 0.1 Hz rhythms of 
the studied systems. 

 

Discussion 
In contrast to the previous studies [7-12] focused on the 

detection of influence of different anesthetic drugs on autonomic 
control of heart rate and arterial pressure, the present study was 
aimed at estimating the strength and direction of coupling 
between the autonomic control of heart rate and vascular tone for 
the patients under the spinal block and the ataractanalgesia. In [8-
10] it was demonstrated that propofol suppresses the activity of 
sympathetic control of heart rate. Using the phase dynamics 
modeling approach for coupling detection, the present study 
demonstrated that the spinal block and ataractanalgesia induction 
with administration of propofol suppress the influence of loop of 
heart rate autonomic control on the loop of vascular tone 
autonomic control. The results were obtained from the analysis of 
coupling between the HRV and PPG signal from the several body 
regions (earlobe, right ring finger, and right second toe). Therefore, 
the study shows that method of the regional anesthesia and 
ataractanalgesia are both influencing central mechanisms of 
autonomic control through optic thalamus and suppress coupling 
between the heart rate control and vascular tone control. 

The obtained results may have not only diagnostic, but also 
prognostic importance for the estimation of circulatory failure 
during operations under surgical anesthesia. 

 

Conclusion  
The method of coupling detection based on phase dynamics 

modeling was used to demonstrate that the spinal block and 
araktanalgeziya suppress coupling between the loops of 
sympathetic control of heart rate and vascular tone. 
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