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Abstract

Based on probability theory, a methodology that allows diagnosing neonatal cardiac dynamics
was previously developed; however, diagnostic applications of this method are required to val-
idate it to the neonatal cardiac dynamics was conducted, allowing to differentiate normal from
pathological dynamics. The hourly maximum and minimum heart rate values from 39 continu-
ous and ambulatory electrocardiographic records with a minimum length of 21 hours were
taken, from newborns between 0 and 10 days of life, 9 clinically within normality limits and
30 with cardiac pathologies. The probability of occurrence of heart rates in ranges of 5
beats/minute was calculated. The distributions of probability were analysed, and finally the
diagnosis was determined by the physical-mathematical methodology. Then, a statistical val-
idation of sensitivity, specificity, and diagnostic agreement was performed. Normal registries
showed probability distributions with absent or minimal presence of heart rates of the ranges
between 125 and 135 beats/minute, while the abnormal ones had values within these ranges, as
well as absence or minimal presence of heart rates from 75 beats/minute to 85 beats/minute. The
sensitivity and specificity were 100%, and the Kappa coefficient had a value of 1. Hereby, it is
concluded that through an application of a physical-mathematical methodology of neonatal
cardiac diagnosis, it is possible to differentiate normality from disease.

Probability theory had its first historical appearance associated to chance games, when it was
pretended to calculate how likely an event can occur considering a set of possible number of
events for a given game. This theory was later mathematically formalised and axiomatised as
a function that establishes the possibility of occurrence of events of a given experiment.?
The applications of this theory have led to the development of several predictive methods in
science and disciplines including medicine, where phenomena such as the adult heart dynam-
ics’ the binding peptides to HLA class II* and the epidemiological trends of infectious dis-
eases’ have been predicted. This wide repertoire of applications suggests that probability
theory can be used to explore relevant issues of paediatric and neonatal health.

Neonatal mortality is one of the most challenging problems that clinical and public health
face to improve in paediatric health since it relates to variables that are difficult to modify like
low bodyweight, hypoxia, congenital malformations, and maternal diseases that directly affect
the fetus.®'" This translates in 45% of deaths in infants under 5 corresponding to newborns.
Most of these deaths happen in the first week of life,!! and of these, about one quarter happen
in the first 24 hours of life.

Different approaches have been developed in diagnostic medicine in order to complement
the clinical surveillance of neonates and to enhance the interpretation of parameters measured
in newborns that are useful to detect neonatal diseases. For example, it has been described that
different characteristic of heart rate can be evaluated based on variability and transitory decel-
erations'?”* which has proven useful to predict unfavourable states that can lead towards
important neonatal outcomes like mortality and sepsis.'?"!*> Nevertheless, the results of these
investigations are not yet clinically applicable because it can be found that values of cases con-
sidered as normal can be found outside normality boundaries, and this does not necessarily
translate in unwanted clinical outcomes.

On the other hand, a methodology capable of achieving precise diagnostics of heart dynamics
in people older than 21 has been previously developed based on probability theory® with con-
firmations of its diagnostic capability in different studies*” achieving sensitivity and specificity
values close to 100%. This method has been proven to be independent of analysing variables
such as surgical or pharmacological interventions, among others, that usually increase the com-
plexity of developing biomedical diagnostic technologies.

Considering the above, the purpose of this research was to apply a methodology based on
probability theory to evaluate heart dynamics of newborns and to establish quantitative
differences between normality and abnormality.
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Table 1. Representative dynamics of the cases analysed

Holter  Age Results
Normal 1 0 days Sinus rhythm. QRS interval of 70 mseg and normal QT. No ventricular tachycardia or ectopic beats. No silent

ischaemia. Heart rate variability time domain with SDNN of 46 ms.

2 1 day Sinus rhythm. QRS interval of 70 mseg and normal QT. No extreme bradycardia nor pauses or AV blocks. No
ventricular tachycardia or ectopic beats. No silent ischaemia. Heart rate variability time domain with SDNN of 56 ms.

3 0 days Sinus rhythm. QRS interval of 70 mseg and normal QTc. No extreme bradycardia nor pauses or AV blocks. No
ventricular tachycardia or ectopic beats. No silent ischaemia. Heart rate variability time domain with SDNN of 51 ms.

4 1 day Sinus rhythm. QRS interval of 60 mseg and normal QTc. No extreme bradycardia nor pauses or AV blocks. No
ventricular tachycardia or ectopic beats. No silent ischaemia. Heart rate variability time domain with SDNN of 55 ms.

5 0 days Sinus rhythm. QRS interval of 60 mseg and normal QTc. No extreme bradycardia nor pauses or AV blocks. No

ventricular tachycardia or ectopic beats. No silent ischaemia. Heart rate variability time domain with SDNN of 58 ms.

Abnormal 1 1 day Sinus rhythm. The average heart rate was 120. Normal PR and QTc intervals. No silent ischaemia. Decreased heart
rate variability.
2 1 day Sinus rhythm. The average heart rate was 143. Normal PR and QTc intervals. No silent ischaemia. Decreased heart
rate variability
3 2 days Sinus rhythm. The average heart rate was 131. Normal PR and QTc intervals. No silent ischaemia. Decreased heart
rate variability
4 1 days Sinus rhythm. The average heart rate was 137. Normal PR and QTc intervals. No silent ischaemia. Decreased heart
rate variability.
5 1 day Sinus rhythm. The average heart rate was 148. Normal PR and QTc intervals. No silent ischaemia. Decreased heart
rate variability.
6 2 days Sinus rhythm. The average heart rate was 140. Normal PR and QTc intervals. No silent ischaemia. Decreased heart
rate variability.
7 1 day Sinus rhythm. The average heart rate was 141. Normal PR and QTc intervals. No silent ischaemia. Decreased heart
rate variability.
8 1 day Sinus rhythm. The average heart rate was 146. Normal PR and QTc intervals. No silent ischaemia. Decreased heart
rate variability.
9 1 day Sinus rhythm. The average heart rate was 129. Normal PR and QTc intervals. No silent ischaemia. Decreased heart
rate variability
10 1 day Sinus rhythm. The average heart rate was 142. Normal PR and QTc intervals. Nonspecific ST abnormality. Decreased

heart rate variability

registries were taken from the databases of Insight Group and
Hospital Universitario San Ignacio’s Neonatal Intensive Care
Unit after the signing of informed consent by parents.
Range of neonatal heart rates: heart rates of each electrocardio-
graphic registry were divided in ranges that group 5 consecutive
heartbeats, so that the first range includes rates from 1 beat/minute
to 5 beats/minute and the second range includes rates of 6 beats/
minute to 10 beats/minute and so on.
Probability of the ranges of neonatal heart rates: defined
through equation (1) as follows:

Initially, the clinical diagnostics were blinded in pursuit of prevent-
ing biases. Then, based on the information of electrocardiographic
records, the maximal and minimal values of heart rates hour were
taken each hour for 21 hours. Then, these values were organised in
ranges of 5 heartbeats/minute (see definitions), and the quantity of
heart rates found in each range was quantified to determine their
probability by means of equation (1) with respect to the totality of
heart rates in each registry. Finally, after observing the probability
(1) distributions of the ranges, differentiating mathematical parame-
ters between normality and abnormal dynamics was established
so a physical mathematical diagnosis could be determined for neo-
natal heart dynamics.

Repetitions of the range R _ N

~ Totality of repetitions of the measured ranges N

(R)

A total of 39 continuous and ambulatory electrocardiographic
registries of at least 21 hours were taken from newborn patients

between 0 and 10 days old. Two groups were defined: group A that
comprised 9 registries of normal patients and group B that com-
prised 30 abnormal registries. Normality and abnormality of said
registries were defined according to clinical diagnostic criteria by
an expert neonatologist, considered as Gold Standard. The
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The clinical diagnostics of the registries examined were unblinded
with the purpose of developing the statistical analysis that imple-
mented a binary classification. True positives represent the quan-
tity of patients that were clinically diagnosed as abnormal and that
are inside the limits of the mathematical values of abnormality; true
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Table 2. Ranges of heart rates with their respective probability of occurrence for dynamics in Table 1

Normal Abnormal
Range 1 2 3 4 5 1 2 3 4 5 6 7 8 9 10
50 0,0417 0 0 0 0 0 0 0 0 0 0 0 0 0
55 0,0417 0 0 0 0 0 0 0 0 0 0 0 0 0 0
60 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
65 0.0208 0 0 0 0 0 0 0 0 0 0 0 0 0 0
70 0 0 0 0 0 0 0 0 0 0,0278 0 0 0 0 0
75 0 0 0 0 0,0455 0 0 0 0 0 0 0 0 0 0
80 0 0 0 0 0,0455 0 0 0 0 0 0 0 0 0 0
85 0.063 0.0217 0.0217 0.0435 0.0909 0 0 0 0 0 0 0 0 0 0
920 0.042 0.1304 0.0652 0.1087 0.1364 0 0 0.0208 0 0 0.0217 0 0.0208 0 0
95 0.063 0.2826 0.0435 0.1739 0.0909 0 0 0 0 0 0 0 0 0 0.0208
100 0.125 0.0217 0.1304 0.0870 0.0682 0.0208 0 0.0208 0 0 0 0 0.0208 0.0625 0.0208
105 0.104 0.0435 0.1304 0.0652 0.0227 0.2708 0 0.0417 0 0 0 0 0.0208 0.0417 0.0417
110 0 0 0.0435 0.0217 0 0.1875 0 0.0417 0.0833 0.0278 0 0 0.0208 0.1458 0.0417
115 0 0 0.0652 0 0 0.0208 0.0208 0.1042 0.1250 0.0278 0.1304 0.1136 0 0.0625 0.0625
120 0 0 0 0 0 0.0208 0.1458 0.1458 0.1250 0.0278 0.1087 0.0909 0.0833 0.1250 0.1458
125 0 0 0 0 0 0.0417 0.1250 0.0417 0.0208 0.0278 0.0217 0.0682 0.0833 0.0417 0.0833
130 0.0208 0 0 0 0 0.0417 0.0833 0.0833 0.1042 0.0556 0.1522 0.0682 0.0833 0.0208 0.0625
135 0 0 0 0 0 0.0417 0.0833 0.1250 0.0417 0.0833 0.0435 0.0909 0 0.063 0
140 0 0 0 0.0435 0.0227 0 0.0625 0.0625 0.0208 0.0556 0 0.0909 0.1667 0.0833 0.0208
145 0.0417 0 0.0870 0.0435 0.0455 0.125 0.0625 0.0417 0 0.1944 0.0652 0.0227 0.0833 0.0833 0.0208
150 0.0625 0.0435 0.1522 0 0.0455 0.1042 0.0208 0.0208 0.0208 0.0833 0.1522 0.0455 0.0833 0.0833 0.0417
155 0.0625 0.1522 0.1304 0.0870 0.0682 0.0208 0.0417 0 0 0.0556 0.0435 0.1591 0.0208 0 0.0208
160 0.0625 0.0652 0.0870 0.1304 0.1818 0.0417 0.1250 0.1042 0.0417 0.0278 0.0435 0.0455 0.1458 0.0417 0.0417
165 0.0208 0 0.0435 0.0217 0 0 0.0208 0.0417 0.1667 0.0556 0.0435 0.0455 0 0.0208 0
170 0.1250 0.0217 0 0.0652 0.0909 0 0.0833 0 0.1042 0.0556 0.0435 0 0.0417 0.0208 0.0208
175 0.0625 0.0217 0 0.0217 0 0.063 0.0208 0.063 0.1042 0.0833 0.1087 0.0682 0.0625 0.0833 0.0833
180 0 0 0 0.0217 0.0455 0 0.0417 0 0 0.0278 0 0.0455 0.0208 0.0208 0.0208
185 0 0.0217 0 0.0217 0 0 0 0.0208 0.0208 0.0278 0.0217 0.0227 0.0208 0 0.0833
190 0 0.0652 0 0.0435 0 0 0.0208 0.0208 0.0208 0 0 0 0 0 0.0833
195 0.0208 0.0217 0 0 0 0 0.0417 0 0 0.0556 0 0.0227 0.0208 0 0.0833
200 0 0.0435 0 0 0 0 0 0 0 0 0 0 0 0 0
205 0.0208 0.0435 0 0 0 0 0 0 0 0 0 0 0 0 0
210 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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negatives are those cases clinically and mathematically diagnosed
as normal. The false positives are those cases clinically diagnosed as
normal but mathematically as abnormal, while false negatives are
those cases mathematically diagnosed as normal but clinically
abnormal.

To evaluate the diagnostic agreement between the physical
mathematical values and the conventional clinical diagnosis, the
Kappa coefficient was calculated through equation (2).

Co—Ca
K=— = )

To—Ca
where Co corresponds to the observed concordances, that is, the num-
ber of patients with the same diagnosis according to the proposed
methodology and the clinical Gold Standard, To represents the total-
ity of normal and abnormal cases, and Ca represents the agreements
attributable to randomness, which is calculated with equation (3).

_ [AxCG f,xCy
Ca= |:T—0:| + |:T—0:| (3)

where f; is the number of registries with a mathematical evaluation of
normality. C, are the registries clinically diagnosed inside the limits of
normality. f, is the numbers of registries that presented mathematical
values associated to disease, C, is the number of registries clinically
diagnosed as abnormal, and To is the totality of registries.

In Table 1, the diagnostics of 15 representative heart dynamics are
shown, exhibiting 5 normal and 10 abnormal cases. It is high-
lighted that the distributions of probability present ranges of heart
rates that vary between 50 and 210 heartbeat/minute with a totality
of 32 ranges. The probability of each of these ranges was between
0.0208 and 0.282 for normal cases, while for abnormality these val-
ues were 0.0208 and 0.270. A minimal quantity of 11 ranges of
heart rates and a maximal of 18 for each dynamic were quantified,
observing that while normal dynamics presented ranges between
11 and 17, the dynamics with any abnormality for said ranges were
between 12 and 18 (Table 2). The highest frequency of occurrence
for the ranges was 150, while the least frequent value was 50.
The normal dynamics were characterised for either showing
absence or minimal frequency of occurrence, that is a value of 1,
for the heart rate ranges between 125 and 135 heartbeats/minute
along the probability distribution. In exchange, the dynamics cor-
responding to abnormal cases presented in their probability distri-
bution that the frequencies of occurrence in the ranges between
125 and 135 heartbeats/minute were always superior to 1 or that
the ranges between 75 and 85 heartbeats/minute had values asso-
ciated to 0 or 1. The statistical analysis yielded values of sensitivity
and specificity of 100%, and the Kappa coefficient was equal to 1.

This is the first investigation in which heart dynamics of neonatal
patients were analysed in the context of probability theory, achiev-
ing to mathematically characteris its behaviour and highlighting a
probabilistic self-organisation of the neonatal dynamics. The
results found allow to exhibit the utility of this physical-math-
ematical methodology and its capacity to establish objective quan-
titative differences between normal and abnormal dynamics in
function of the probability distributions and the ranges of heart
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rates, achieving values of specificity and sensitivity of 100% and
a Kappa coefficient of 1. However, this method must be applied
to a larger quantity of cases to confirm the findings described
and its relevance.

Given the high sensitivity achieved with this methodology to
detect subtle variations of neonatal heart dynamics, this method
could be useful to detect early mild changes of cardiac dynamics
that suggest the cardiac dynamic is evolving towards disease, which
is not possible with current conventional methods. Further, it is
worth noting that this investigation shares the foundations of other
works in which the use of physical-mathematical theories allowed
the development of objective quantifications and precise diagnos-
tics. That is the case of different diagnostic methodologies for adult,
fetal, and neonatal heart dynamics.!”*

Currently, a vast quantity of the studies conducted to analyse
adult, fetal?®*" and neonatal heart dynamics are based on heart rate
variability?? with the objective of finding relationships between the
decrease of variability and abnormal states as chronic heart failure,
myocardial disfunction,”*=?* infections®**” or acute myocardial
infarction.”® However, it has not been achieved to establish an
unequivocal and definitive diagnosis that allows to differentiate
normality and disease through the analysis of RR interval variabil-
ity, which is why more objective measurements are required.

On the other hand, physical and mathematical thinking has
allowed to established quantifications and diagnostics of greater
precision than clinical methods that is reflected on diverse method-
ologies that are applicable in different medical specialties as adult
cardiology,®~>!7 fetal heart dynamics,'®, immunology® and the pre-
diction of malaria epidemics’. These examples reveal the high
applicability of theoretical physics and mathematics to generate
diagnostic and predictive solutions in medicine.
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