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Abstract 
 

Introduction: Intrapartum fetal status surveillance methods must be capable of detecting 

fetuses in a situation of developing short- and long-term complications, in order to carry out 

medical or surgical interventions that attempt to improve their perinatal outcome. 

Objective: to confirm the reproducibility and clinical applicability of a mathematical diagnosis 

based on probability and entropy, designed to evaluate normal and abnormal cardiotocographic 

tracing for 20 minutes in the context of dynamic systems theory. 

Methodology: For this, 80 cardiotocographic tracings were taken divided into two groups of 

normal and with loss of fetal well-being. The frequency of appearance of each heart rate 

presented in discrete time intervals was calculated from the probability and the ratio between 

the entropy value and Boltzmann's constant (S / k). Subsequently, the mathematical diagnosis 

was applied to make distinctions between normal fetal cardiac dynamics of patients. 

Results: the values of the entropy S / k proportions obtained when evaluating the 

cardiotocographic tracings differentiated normal fetal cardiac dynamics from patients. 

Conclusion: The 20-minute normal and abnormal cardiotocography tracings were correctly 

evaluated from the values of the entropy S / k ratio and the previously established diagnostic 

parameters, thus confirming their clinical applicability. 
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Introduction 
 

In physics, an experiment subject to an n number of times the toss of a coin has only two chances 

of landing, therefore it generates two events that can take integer values within a finite number 

of possibilities (1,2). In probability theory, the relationship between the frequency distribution 

of these two events and their probability is called the probability distribution (3). In the context 

of quantum mechanics, the quantity of particles that are distributed in a certain discrete energy 

level that are differentiated by their probability distributions (3). In the kinetic theory of gases, 

the entropy law is stated as the number of possible states in the context of equiprobable systems. 

This law was later generalized within the framework of statistical mechanics, achieving its 

application in out-of-equilibrium systems (4-6). For non-equiprobable systems, entropy is 

evaluated through the Boltzmann-Gibbs equation (4), which in the context of the information 

theory proposed by Claude Shannon maintains its mathematical expression (7). 

 

The World Health Organization in 2018 estimated that 2.5 million children worldwide died in 

the first month of life. Additionally, there are approximately 7000 newborn deaths that are 

reported each day (8). The risk of death of a child is highest during the neonatal period (1). 

Perinatal death is established when it occurs between the 28th week of gestation and the seventh 

day of birth. Monitoring fetal well-being during pregnancy, labor, and delivery are considered 

key components in optimizing fetal outcomes (9). Cardiotocography (CTG) records 

continuously and for 20 minutes the fetal heart rate (FHR) obtained through an ultrasound 

transducer placed on the mother's abdomen (9, 10). The FCF is part of the indicators of fetal 

well-being, which can be evaluated through CTG records during the antepartum period as well 

as intrapartum. In this record, the initial frequency, initial variability, accelerations and 

decelerations can be evaluated (10). 

 

In clinical practice, the use of CTG in pregnancy is based on the fact that it is a test that allows 

the detection and identification of babies with acute or chronic fetal hypoxia or at risk of 

developing this condition (9,10). Additionally, evidence-based studies conclude that fetal 

hypoxia produces specific pathophysiological adaptations in the fetus, which can cause changes 

in the pattern of FHR parameters (10). At the time of interpreting an abnormal CTG tracing, it 

may require additional diagnostic tests, which avoid hospital admission prematurely, as well as 

induction of labor with or without caesarean section (9-11). To minimize the short- and long-

term risks that caesarean sections represent for the mother and the child, studies have been 

conducted that analyze the association between the number of caesarean sections and 

continuous intrapartum fetal monitoring with the CTG that is not adequately interpreted (11) . 

 

Given these results, new investigations have been proposed from the field of theoretical 

mathematics and physics, to develop diagnostic methodologies that evaluate CTG tracings (12-

17). Among them is a methodology based on probability theory and the relationship between 

entropy and Boltzmann's constant (S / k), in the context of the Boltzmann-Gibbs entropy law 

(13), which has been shown to be of useful for identifying situations that are associated with 

the Risk of Loss of Fetal Well-being (RPBF), determining ranges of normality, disease and 
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evolution between these states. The purpose of this study is to apply this methodology (13) in 

a greater number of CTG tracings to confirm its reproducibility and clinical applicability of the 

methodology compared to conventional clinical evaluation (13). 

 

Methods 
 

Definitions 

 

Probability of the fetal heart rate: corresponds to the number of times in which the maximum 

and minimum values of the FHR appear in 10-second intervals, divided by the total of times 

that the maximum and minimum values of the FHR appeared during the entire CTG trace . 

 

𝑃𝑛 =
Heart rate repetitions

Total cardiac repetitions in the entire record
 Equation 1 

 

Entropy of the CTG trace is evaluated with the following equation: 
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Being S the value of the entropy, k the Boltzmann constant which value is 1.38x10-23 Joules / 

kelvin, Pn is the n-th probability value that was evaluated with equation 1. 

 

S / k ratio: it is the result of the algebraic clearing of the constant k of equation 2, to leave it in 

terms of the S / k ratio. 
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Population 
 

 

80 CTG tracings were taken from the archives of the Insight group and the San Luis de 

Bucaramanga Clinic. Pregnant patients older than 21 years were admitted to the gynecology 

service with and without any obstetric pathology that influenced fetal well-being. The CTG 

tracings of these patients were evaluated by a specialist in gynecology and obstetrics during the 

last trimester, according to the parameters of the bulletin of the American College of 

Obstetricians and Gynecologists (ACOG), clinical management guidelines for obstetrics-

gynecology (18). 

 

Procedure 
 

The clinical conclusion of each CTG tracing was masked by the specialist. Next, the maximum 

and minimum value of the FCF was noted and systematized for each tracing in 10-second 

intervals. Then the number of times these values were repeated during the 20 minute traces was 

quantified, to later evaluate the probability with equation 1 in each of these traces. The 

probability distributions found by not presenting an equiprobable distribution, for each of the 

selected CTG tracings, their entropy was evaluated with equation 2 and the S / k relationship 

with equation 3. Finally, the previously developed diagnostic evaluation parameters were 

applied. (13), based on probability and S / k relationships, looking for equalities or differences. 

Statistical Methodology 

 

Subsequently, the clinical conclusions were unmasked to be compared with the physical-

mathematical evaluation. The clinical conclusions include the normal interpretation of the CTG 

tracings, which were taken as Gold Standard, for this specificity, sensitivity, negative predictive 

value (NPV) and positive (PPV) were calculated, the calculation of these values was carried 

out by means of a classification binary where the true positives (VP) are the number of fetal 

cardiac recordings with conventional and abnormal physical-mathematical evaluation, the false 

positives (FP) correspond to the number of fetal cardiac tracings whose physical-mathematical 

evaluation is abnormal but the conventional one was normal. false negatives (FN) correspond 

to the number of fetal cardiac recordings associated with an abnormal conventional diagnosis, 

with normal mathematical values; and finally the true negatives (VN) correspond to the fetal 

heart traces mathematically diagnosed as normal and in the same way with the conventional 

diagnosis. Also, the Kappa coefficient was evaluated. 

 

Ethical aspects 
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This research complies with the ethical principles for medical research in human beings of the 

Declaration of Helsinki of the World Medical Association, in general terms with the ethical, 

scientific, technical and administrative standards for health research, based on the resolution 

No. 008430 of 1993, and specifically with title 11 referring to research in human beings, as it 

is classified in the category of research without risk, since physical calculations are made on 

the results of non-invasive examinations of clinical practice, protecting the integrity and 

anonymity of the participants. 

 

Results 
 

The probability distributions of the frequency of occurrence of the maximum and minimum 

values of the FCF of all the CTG traces ranged between 0 and 0.525. The probability 

distributions of the CTG traces evaluated as reactive varied between 0 and 0.375, the non-

reactive traces varied between 0 and 0.525. 

 

The values of the entropy S/k ratio for each of the probability distributions of the FCF ranged 

between -2.315 and -1.278. The values of the S/k ratio ranged between -1.941 and -1.717, for 

the reactive CTG traces, between -2.315 and -1.278 for the non-reactive CTG traces 

 

In the analysis of diagnostic concordance between the mathematical physical diagnosis and 

the conventional clinical evaluation, sensitivity and specificity values of 100% and a Kappa 

coefficient of one were found. 

 

Discussion 
 

This is the first study that confirms the clinical applicability of a diagnostic methodology based 

on probability, entropy and the entropy S / k ratio, to evaluate normal and abnormal FCF values 

from cardiotocography tracings, in the context of a blinded study. The methodology once again 

showed its ability to differentiate normal from abnormal FHR, including episodes of 

bradycardia and tachycardia, based on the values of the entropy S / k ratio, also establishing a 

special range for evolution between normality and disease. , of clinical importance at the 

preventive level. Additionally, the range of values of the entropy S / k relationship, for which 

the loss of fetal well-being is established, allows within a general group to discriminate 

subgroups of patients at perinatal risk, additionally, it focuses attention on cases of greater 

clinical risk, this methodology being very useful for making clinical decisions. 

 

In the current medical literature, there are studies in which the lack of uniform criteria for the 

patterns of normality and abnormality established for FCF (19-22) is discussed, in the 

guidelines designed by the International Federation of Gynecology and Obstetrics ( FIGO) and 

the (ACOG). Instead, this research shows how a methodology that previously established 

mathematical parameters and diagnoses of normality and abnormality, as well as the evolution 

towards one of these two states, can be reproducible, which implies a significant decrease in 

subjectivity in the interpretations of cardiotocography. . 
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Currently, inter and intra observation for the interpretation of CTG tracings is still a matter of 

discussion (19,21). In a study conducted with six physicians with more than five years of 

experience in the obstetric service, they were asked to evaluate the basic characteristics of CTG 

tracings, including baseline, variability, accelerations and decelerations, sinusoidal pattern. , 

tachysystole and classify each scan as normal, suspicious or pathological, according to the 

FIGO 2015 guidelines on intrapartum fetal monitoring (21). The results of the study reveal that, 

although there is good inter-observer agreement in the evaluation of most of the CTG 

characteristics, there is no agreement in the interpretation of bradycardia, reduced variability, 

the jumping pattern, the absence of accelerations and decelerations. (twenty-one). In contrast, 

in a study carried out with nine obstetricians who were asked to review 360 CTG recordings, 

each with an approximate duration of 60 minutes, no agreement was found between the 

characteristics of the CTG and whether a discharge inherent variability between and within 

observers (22). 

 

For its part, the application of physical and mathematical theories for the evaluation of fetal 

cardiac physiology, such as the one applied in this study, allows, through the values of the S / 

k ratios, to evaluate all fetal cardiac dynamics and differentiate normality of disease and 

evolution between these. Additionally, the methodology makes it possible to evaluate chronic 

diseases, their evolution, show cases in a state of exacerbation, and also evaluate tachycardias, 

bradycardias, failed attempts to induce labor and Loss of Fetal Well-being (RPBF). The 

precision of the methodology to evaluate the behavior of the FCF of the CTG tracings is due to 

the underlying mathematical characteristics of the mathematical physical diagnosis, established 

from mathematical patterns that characterize normality and establish how far away a fetal 

cardiac dynamics is. of normality, undoubtedly within the mathematical characteristics of the 

disease (13). The clinical reproducibility of this diagnostic methodology was confirmed in two 

studies, the first carried out on 25 CTG traces and the second on 40 CTG traces (14,15). 

Additionally, the methodology showed the possibility of evaluating the FCF from the CTG 

traces of 15 minutes duration (16). 

 

The application of the theory of probability and entropy has allowed the study of other 

phenomena achieving predictions and diagnoses in different areas of medicine, such as studies 

carried out in fields such as immunology and molecular biology, cardiology, public health, 

among others (23-26). Like the methodology applied in the present work, these works obey an 

acausal understanding of the phenomena of medicine, which reveal underlying mathematical 

orders.  
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