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Abstract. This paper describes a new approach to time series analysis of quantitative 

parameters of functional diagnostics signals. The normalization of measured values is 

introduced, which reduces the influence of individual differences when comparing 

data of different patients In addition, the normalization allows to build classification 

rules based on multivariate statistics and draw distinctions between heterogeneous 

groups more precisely. The effectiveness of normalization algorithms tested on the 

time series of durations of cardiac cycles, systolic output and peripheral vascular 

resistance. We suggest using this approach for time series analysis of quantitative 

parameters of other self-regulating systems. 
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1. Introduction 

Functional diagnostics in its modern sense arose in the early 20th century. The 

first instrumental functional diagnostics method was electrocardiography (ECG) 

invented in 1902-1906 by Willem Einthoven who was afterwards awarded the Nobel 

Prize for his discovery in 1924 [1, 2]. Mathematical analysis of electrocardiograms 

allowed him to make significant clarifications for interpretation of the heart electrical 

activity. In the same 1906, he initiated telemedicine by transmitting the ECG signal by 

the telephone for diagnostic purposes for the first time [3]. His description of ECG 

signals as a quasi-periodic sequence of “waves”, “intervals”, and  “segments” 

corresponding to certain phases of cyclic heart activity are used in medicine at the 

present time, i.e. for more than 110 years. 

As normal and pathological physiology of the cardiovascular system were 

studied, the diagnostic equipment was developed and improved, new instrumental 
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functional diagnostics methods emerged and evolved describing various quasi-

periodic processes: kinetocardiography and ballistocardiography, apexcardiography 

and seismocardiography, phonocardiography and echocardiography, rheovasography 

and photoplethysmography, sphygmoarteriography and tacho-oscillography 

(according to Savitskiy). 

2. Quasi-periodicity 

We are talking about the quasi-periodicity of rhythmic processes in the heart 

and blood vessels because almost every cardiovascular system cycle differs from the 

preceding and subsequent ones in duration in a healthy organism. This phenomenon 

was described as early as the 19th century by Einbrodt [4]. Later, a number of 

researchers continued studies into rhythmical processes of the human cardiovascular 

system and relations between their aperiodicity and various effects [5-11], and, in 

1951, aperiodicity itself became an object of study [12]. In 1962, the first 

mathematical model of cardiac rhythm control was published [13]. Since 1965, works 

on the clinical significance of heart rate variations have been published [14]. A team 

of scientists led by academician V.V. Parin laid foundation research on variations in 

the heart rate of a healthy person [15]. With the development of measurement and 

computing technologies, the analysis of human heart rate variations became more 

widespread, and in 1996 it was "standardized" at the international level [16]. 

It would seem that over the past one and a half centuries of studying the time 

series of cardiocycle durations, all problems have long been resolved and all methods 

of studying rhythmic processes in a living organism have long been optimized. 

However, getting acquainted with both individual articles and with the "standard" 

shows that this is far from the case. 

The main unresolved problem is the normalization of parameters on the 

individual characteristics of the patient. 

3. Anthropometric differences 

First and foremost, these are anthropometric differences: height, weight, body 

type. Cardiac rhythm dependence on the body weight is described, for example, by 

Schmidt-Nielsen [17] who refers to an older paper published by Brody in 1945. They 
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define heart rate (HR, 1/min) by the following formula: HR = 241 × BW  ̂ –0.25, 

where BW is the body weight in kg, –0.25 is the exponent. 

At the same time, this is not taken into account in the "standard", therefore, it is 

incorrect to compare the results of patients significantly differing in body weight using 

the described methods. 

Moreover, there is an expressed dependence between HR and body type, as, 

according to G.M. Akhmadiyev: “The study showed that children of hypersthenic type 

had a relatively low average HR value of 68 bpm (p<0.05), while the values of 

asthenic and normosthenic types were 75.71 bpm (p<0.01) and 80.34 bpm (p<0.01), 

respectively” [18]. 

There are also significant differences in cardiovascular system rhythmics 

depending on the predominant autonomic regulation type (normotonic, vagotonic, 

sympathotonic), which is described in many studies [19, 20]. 

Autonomic regulation in women of fertile age, including cardiovascular system 

activity regulation, depends on the menstrual cycle phase, therefore, rhythmical 

processes of a female organism can be very different from those of males with all 

other conditions being equal both in health and in disease [21, 22]. 

The four factors mentioned above, which affect the quantitative parameters of 

quasi-periodic processes in the human body make the task of classification by these 

parameters both under normal and pathological conditions rather difficult. 

Is it possible to take into account all these factors or to normalize the time series 

of quantitative parameters in such a way that the comparison and classification 

problems are significantly simplified and their solutions become more correct? 

4. Research and results 

As actual consideration of all variants and combinations thereof for the above 

factors is a complicated task, we have introduced internal normalization for both 

analysis varying conditions of one and the same human organism and comparison and 

classification of different people. Our normalization was introduced based on the 

following considerations of physiological cybernetics: 
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1) Regulatory impacts of the vegetative nervous system sympathetic and 

parasympathetic parts are commutative but not additive, that is, if necessary, heart rate 

increases (or decreases) not "by X beats per minute", but in "Y times". 

2) Regulation of actuators is based on a balance of positive and negative 

feedbacks. 

On that basis, it is more logical to analyze not the sequence of individual cardiac 

cycle durations, which in each patient is individual, but the sequence of the each 

cardiac cycle duration ratio to the previous one, which reflects the abovementioned 

principles of regulation. To separate effects of positive and negative feedbacks on the 

actuator, we decided to take the logarithm of these relations. In other words, the 

sequence of Ti ( -1). 

Let's consider what we got as a result. 

Figure 1 shows a diagram of a patient’s cardiac cycle durations sequence during 

a three-phase active orthostatic test (lying-standing-lying). It can be clearly seen that, 

in lying positions (test phases 1 and 3), cardiac cycle duration exceeds 1000 

milliseconds, i.e. HR is less than 60 per minute (bradycardia). Figure 2 shows a 

diagram of relative variations logarithms of the same sequence. While in the first 

diagram all values are positive and differ from one patient to another and from one 

state of the same patient to another, in the second diagram, values are distributed 

almost evenly in relation to the zero line and mostly differ among functional states but 

not among patients. 

As per Figure 3, graphical representation of distribution of initial values (the left 

histogram) only shows its difference from the normal one, while frequency 

distribution of standardized values (the right diagram) distinguishes between results of 

accelerating (to the left of zero) and decelerating (to the right of zero) regulation 

effects. In the case of heart rate, we can say that the left and right halves of the 

diagram of normalized values probability density show the effect of the vegetative 

nervous system sympathetic and parasympathetic parts, respectively. The example 

provided clearly shows the autonomic imbalance. 
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Fig. 1. Diagram of a patient’s cardiac cycle durations times series during a three-

phase active orthostatic test (lying-standing-lying). 
 

 

Fig. 2. Diagram of logarithms of relative variations of the same series. 
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Fig. 3. Diagrams of statistical distributions of original (on the left) and normalized 
values (approximation using algorithms of [23] on the right) of a fragment of the 

same time series. 
 

To valuate regulation effects on the process represented by the time series of 

quantitative parameters, we introduced two new parameters: the reduction and 

increase factors of the regulated values (Kn and Kp, respectively). They are 

calculated by processing fragments of normalized time series with negative (Kn) and 

positive (Kp) values using the following formula: 

, 

where M is the statistical mode, σ is the standard deviation in the calculation window. 

Figure 4 shows diagrams of Kn and Kp values obtained by processing time 

series of patient cardiac cycle durations during a three-phase active orthostatic test  

(lying-standing-lying) in a moving window of 150 values with a shift of 10 (on the 

left), and a 3D diagram of approximating distributions trend (on the right). 

Similar results were obtained by us also in the analysis of time series of the 

stroke volume and the total peripheral resistance of small diameter vessels. Study of 

the informative value of parameters of the normalized attribute space against the 
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initial one showed that multivariate statistics methods give much better classification 

results for normalized values [24]. 

 

 

 

Fig. 4. Diagrams of Kn and Kp values during a three-phase active orthostatic test 
(lying-standing-lying) on the left, and a diagram of normalized values statistical 

distributions trend on the right. Along the X axis: relative variation logarithm value; 
Y axis: share of such values; Z axis: calculation window number (discrete time) 

 

In view of the foregoing, we can assume that the same approach can also be 

used in analysis of other time series representing behavior of quantitative parameters 

in self-regulating systems. 
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