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Abstract 
The physical methodologies of probability and 

entropy, and Zipf-Mandelbrot law for quantitative 

evaluation of cardiac dynamics were applied 

simultaneously, in order to achieve a differentiation 

between normality and Acute Coronary Syndrome 

(ACS). A blind study was conducted, taking Holter 

monitoring tests from 50 normal subjects and 50 

people with ACS who developed Acute Myocardial 

Infarct (AMI) and Cardiogenic Shock (CS). The 

maximum and minimum heart rate for each hour 

was taken, and the number of beats at minimum 21 

hours. Probability, entropy and proportions of 

consecutive pairs of heart rates in numerical 

attractors were calculated. Zipf-Mandelbrot law 

was applied to cardiac frequencies grouped in 

ranges of 15 beats/min finding the degree of 

complexity of each dynamic and establishing its 

mathematical diagnosis. It was demonstrated that 

physical methodologies can evaluate more 

specifically the ACS, AMI and CS, with values of 

sensitivity and specificity of 100% and Kappa of 1. 
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Introduction 
 

Cardiovascular disease (CVD) leads the causes of 

mortality in North America. Efforts have been 

intensified to achieve an adequate analysis of heart rate 

variability (HRV).1 Cases of Acute Coronary Syndrome 

(ACS) that developed Acute Myocardial Infarction 

(AMI) and Cardiogenic Shock (CS) are particularly 

interesting for its severity. HRV has been studied by 

different techniques.2-4 However, it cannot show the 

dynamic properties of the fluctuations,4 but it is 

possible to use entropy to measure this randomness.5 

 

 

Recent research have revealed that cardiac dynamics 

have a chaotic behavior,6-15 that has been studied with 

physical-mathematical methodologies differentiating 

normality, disease and evolution between them.6-15 

The aim of the present paper is to apply 

simultaneously two methodologies, one based on 

probability and entropy, and the other on Zipf-

Mandelbrot law, to evaluate the behaviour of the 

cardiac dynamics in order to confirm the clinical 

capacity of the methodologies. 
 

Methods 
 

Population 

One hundred continuous electrocardiographic records 

were obtained through Holter monitoring from 50 

normal subjects and 50 people with ACS who 

developed AMI and CS. The ECGs were evaluated for 

a minimum of 21 hours and clinical diagnosis was 

established by an expert cardiologist according to the 

standard parameters. 

Procedure 

Diagnoses were blinded initially. The probability of a 

consecutive pair of heart rates appearing within a range 

was defined as: 

  1 
pairs ordered of Total

YX, range in the found pairs ordered ofNumber 
, EquationYXP 

The entropy of the cardiac attractor was calculated: 
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Where S is the entropy of the cardiac attractor, k is the 

Boltzmann’s constant (1.38x10-23 Joules/Kelvin), 

P(X,Y) is the defined on equation 1. 

The ratio between the entropy and the Boltzmann’s 

constant, 
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and simplified: 
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Where T is the totality and U,D,C,M, are the parts. 

 

The consecutive heart rates were graphed and over 

the graph, the numerical attractor for each registry was 

observed.6 Then, based on equation 1, the probabilities 

of occupation with respect to the total were evaluated to 

determinate the regions of the attractor. Equation 2 was 

used to calculate the entropy of each attractor. The S/k 

ratio was calculated with equation 3, and the ratio 

between the parts was shown in equation 4. Finally, the 

diagnosis was made using previously established 

parameters.6 

Taking the absolute value of the difference between 

the normality limits established,6 and the ratios from 

equation 4 that were outside of these limits, and then 

adding the orders of the magnitudes, the level of 

severity of the disease was quantified, where for higher 

values, the pathology was in a more acute state. 

Also, through a logarithmic linearization of the heart 

rate frequency in ranges of 15 beats/min, 

  Equation 5 

Where D= statistical dimension  

V = 1 / n - 1, where n is the number of frequencies 

obtained on each register. 

P = frequency of occurrence for each range.  

F= secondary factor associated to the intersection 

point with the vertical axis in the obtained linearization. 

 

The Zipf-Mandelbrot law was applied using the 

same registers. Heart rates were grouped in ranges of 15 

beats/min, ordered according to its frequency from 

higher to lower and represented in a graph, showing a 

hyperbolic behaviour, therefore, the fractal statistical 

dimension was obtained through a linearization 

(equation 5). Finally, the mathematical diagnosis was 

made with previously established parameters.16 

Results 
 

Both entropy and S/k ratios quantitatively differentiate 

patients with acute coronary syndrome who developed 

AMI and cardiogenic shock. For normal cases, a 

proportion outside the normal range was obtained for 

normal cases, and for the cases with acute pathology, 

values outside the limits of normality were presented 

from 2 to 13 times, confirming the previous results. 

The sums of the subtractions of the proportions 

outside the limits of normality of the order of thousands 

were found between 1.4536 and 1.976, and for the order 

of hundreds between 0.1782 and 3.610, evidencing the 

acute character of the dynamics with acute coronary 

syndrome that developed AMI and cardiogenic shock. 

(Table 1) 

For statistical fractal dimensions, it was found that 

both normal cases and acute cases presented values 

within the previously established ranges, obtaining 

values between 0.7157 and 0.9492 (table 2) for normal 

Holter monitoring tests and between 0, 4339 and 0.6677 

for Holter tests with acute pathology. The R2 values 

were between 0.8516 and 0.9932. 

The sensitivity and specificity values  for both 

methodologies were 100%, with a Kappa coefficient of 

1, confirming the concordance between physical-

mathematical diagnosis and the Gold Standard. 

Table 1. Entropy values, S / k ratio, proportions of 

entropy and sums of the subtractions of the order of 

units (U), tens (D), hundreds (C) and thousands (M) 

corresponding to some of the studied Holter monitoring 

tests. 
 

Discussion 
 

This is this first work comparing the methodology 

of proportional entropy with a methodology based on 

Zipf-Mandelbrot law for the evaluation of cardiac 

dynamics in patients with acute coronary syndrome. 

The first one showed its diagnostic predictive capacity 

in cardiac dynamics, its ability to differentiate 

adequately evolution states towards disease, its clinical 

application and its capacity to establish severity, which 

would provide new follow-up tools for patients.  

The methodology based on Zipf-Mandelbrot law 

showed its capacity to differentiate acute cardiac 

pathology from normality according to the degree of 

complexity of the system, which is higher in normal 

cases. Both methodologies are applicable to particular 

 

Where   T= 
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Table 1. Entropy values, S / k ratio, proportions of entropy and sums of the subtractions of the order of units 

(U), tens (D), hundreds (C) and thousands (M) corresponding to some of the studied Holters. 
 

 

Figure 1. Numerical attractor in the phase space of the three defined regions. This attractor corresponds to the 

dynamic number 9 of Table 1. 
 

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180 185 190 195 200

5                                         

10                                         

15                                         

20                                         

25                                         

30                                         

35                                         

40                                         

45         39 131 128 119 19 19 8                          

50         120 778 859 627 87 84 53                          

55         137 854 2043 2161 1391 549 219 39                         

60         125 615 2222 4203 3637 1646 925 127 8                        

65         17 84 1360 3664 5408 3101 1407 483 43                        

70         17 90 526 1666 3112 2927 1583 658 203 42                       

75         8 55 210 925 1430 1563 1444 698 281 52                       

80           43 137 442 684 674 588 307 53                       

85            7 39 204 294 295 283 43                       

90              50 59 41 40 12                       

95                                         

100                                         

105                                         

110                                         

115                                         

120                                         

125                                         

130                                         

135                                         

140                                         

145                                         

150                                         

155                                         

160                                         

165                                         

170                                         

175                                         

180                                         

185                                         

190                                         

195                                         

200                                         



 

                                                                                                     

JOURNAL OF THE INTERNATIONAL SOCIETY FOR TELEMEDICINE AND EHEALTH                              

          

 

Rodriguez et al., J Int Soc Telemed eHealth 2017;5(GKR):e43  4 

Table 2. Values of the statistical fractal dimension (DF) 

and R2 for some of the studied Holters, from cases of 

table 1. 

No. DF R2 

1 0.8436 0.9292 

2 0.8421 0.8716 

3 0.9354 0.972 

4 0.8908 0.9859 

5 0.6207 0.9436 

6 0.4887 0.9534 

7 0.5959 0.8849 

8 0.5057 0.8835 

9 0.4409 0.9685 

10 0.5036 0.9831 

 

cases independent of other considerations such as risk 

factors, and their diagnostic capacity is objective and 

reproducible. A sensitivity and specificity of 100%, 

and a kappa coefficient of 1 was obtained for both 

methodologies. 

The results found in the present study corroborate 

previous findings where the clinical applicability of the 

method based on proportional entropy was confirmed, 

including blind studies with 450 and 600 patients.7,8 

Zipf-Mandelbrot law was applied in immunology,13 

where an analogy between linguistic phenomena17-20 

and the distribution of the T cell repertoire against the 

Poa p9 allergen in the setting of an allergic patient was 

evidenced.21 It was also used in the development of a 

new diagnosis of foetal monitoring.22,23 This work also 

confirms previous findings16 and validates its clinical 

application. 

Diagnoses in patients with arrhythmia,24 ICU 

mortality predictions,8 and evaluations of the neonatal 

cardiac system have been developed.25 In addition, 

there have been achieved diagnoses and 

characterisations in arterial and cellular 

morphometry,26-28 hematology,29 infectology,30 

epidemic predictions31,32 and immunology in the 

prediction of binding of Peptides from Plasmodium 

falciparum to HLA class II.33 

 

Conclusion 
 

Both methodologies allowed to establish diagnoses of 

cardiac dynamics, in an objective and reproducible 

way. 

………………………………………………………….. 
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