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Abstract. In a previous paper (P. Varotsos, N. Sarlis and E. Skordas, Phys.
Rev. E, 68, 031106, 2003), it was shown that the newly defined entropy S
in the natural time-domain can classify the following types of electric sig-
nals: Seismic Electric Signals activities, “artificial” noises, and ionic currents
fluctuations in membrane channels. Here, the natural domain analysis is ap-
plied to electrocardiograms by using a time-window of certain length sweep-
ing through a fifteen minutes electrocardiogram and calculating the natural
time entropy fluctuations. The method leads to the distinction (in advance)
of healthy humans (H) from the (otherwise healthy) sudden cardiac death
ones (SD). This is the leading cause of deaths worldwide, e.g., one death per
almost 2 min in USA only (1-3). The paper also extends the analysis to dis-
tinguish SD from heart disease individuals in advance. The extension requires
the combination of three kinds of complexity measures associated with the
fluctuations 8S of the entropy in the natural time-domain. These measures
quantify the 8S-variability upon: (i) varying the length of the time-window,
(ii) changing the interval (RR, ORS, or QT), and (iii) “shuffling” (randomiz-
ing) the original data.

*I1. BAPQTZOS, N. SAPAHS, E. SKOPAAE, M. AAZAPIAOY, H yghan v évigoniag

FTOV GUTLRO YEOVO Y& TNV SLAXELE N NASKTELUDY THUATOLY



282 ITPAKTIKA THX AKAAHMIAY AGHNQN

1. INTRODUCTION

It is the aim of the present paper to propose a procedure, by means of
which the sudden cardiac death risk can be identified in advance. The sudden
cardiac deaths are a public health problem of major importance, killing mil-
lions of people worldwide annually ( 1), e.g., around 400,000 each year in the
USA only (eg., 2,3). Up to one third of these individuals did not even know
that they had heart disease. Many others may have known heart problems, but
were not considered to be at risk of sudden death. The procedure proposed
here, requires a new type of analysis of electrocardiograms, based upon the
concept of the natural time suggested recently (4-7).

The entropy S in the natural time-domain, defined as (4,7) S=<ylny>
- <y>In<y>, where 7 stands for the natural time (4-5), was found (7) to dis-
tinguish seismic electric signals (SES) activities from artificial noises (AN).
More precisely, SES activities and AN have S values smaller and larger than
that (S,) of a “uniform” distribution, respectively (as the latter was defined in
Refs. 4-7). Furthermore, ion current fluctuations in membrane channels have
S very close to S, (7).

The entropy S enables the distinction of signals that look (in the conven-
tional time) to be similar, but are emitted in reality from systems of different
dynamics (7). This probably happens in the case when a nominally healthy
individual suddenly suffers a cardiac arrest, although his/her electrocardio-
gram (ECG) looked to be similar to the normal one of healthy humans. Fig.
1A depicts, in the usual (conventional) time-domain, the recording of three
consecutive heartbeats k, k+1, k+2 in an electrocardiogram (ECG, tradition-
ally labeled with the letters P, Q, R, S and T on each of its turning points).
The durations of the consecutive QT-intervals are marked with Qy, Qg+, and
Qg+2 In Fig. 1B, we show how the QT-interval time-series can be read in natu-
ral time. The latter, in an electric signal consisting of N pulses, is introduced
(4, 5) by ascribing to the k-th pulse the value yx=k /N and the analysis is then
carried out in terms of the couple (yx Qx). Figures similar to Fig. 1B can be
made for other intervals as well, eg., the RR or ORS.
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Fig. 1. (a) Schematic diagram (not in scale) of a three heartbeat excerpt of an ECG in the
usual (conventional) time-domain. Only the durations Qy, Og+s, Qg+2 of the QT-interval
(marked in each single cycle of the ECG corresponding to one heartbeat) are shown. (b) The
QT-interval time-series read in natural time; the vertical bars are equally spaced, but the

length of each bar denotes the duration of the corresponding QT-interval marked in (A).

2. THE COMPLEXITY MEASURES

The extent, to which the entropy S fluctuates along an ECG, can be
judged from its standard deviation 8S, when calculating the S-value by means
of a time-window of certain length, eg., 5 beats, sweeping (each time by 1
beat) through the ECG (7,8). When this time-window length changes from
a short value, eg., 5 beats, to a shorter one, eg., 3 beats, the corresponding
8S-value also changes. This variation, in the short(s) scales, is quantified by
the measure A=0S5/6S3 (where the subscript in &S denotes the time-window
length chosen). If a longer (L) scale, e.g., 60 beats, changes to a short one, e.g., 3
beats, the corresponding variation is quantified by another measure A\; =S/
8S3. Since these two measures, As and A, can be calculated for each type (t) of

interval, we define:
Ay(7) =6S5(7)/8S3(7) (1) and AL(7) =6Sep(7)/8S3(7)  (R)

where 1=RR, QRS or QT.
Thus, we have in total six A-values, each of which stands for a certain
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type of interval and quantifies its 6S-variability with the time-window length
scale. If the latter remains the same, but the type of the interval changes, then
the 8S-value is also changed. For example, when comparing the RR-interval
to ORS- or QT-, we define the (relative) measures:

p.(7)=35,(RR)/ &5,(7) (3)

where i denotes either the short, i=s, or the longer range, i=L. Thus, in total, we
have four such measures (there are, of course, two additional measures when
comparing QRS- to QT-intervals, but these can be obtained from the previous
four ones). The scale “s” is taken equal to 3-4 beats and “L” around 60 beats.

We now define a third type of complexity measure, which (for a certain
type of interval and a given time-window length) describes the S-change
upon randomizing the data. The latter means the following: instead of cal-
culating the éS-value for the data corresponding to the heartbeats, as they
occur consecutively in nature (i.e, as being recorded in ECG), we put them
in random order (shuffling procedure indicated by the subscript, shuf) and
repeat the calculation; we then find a new value designated by Syt The ratio
8Sshur/8S (labeled with v) gives a measure of the extent to which the order of
the actual heartbeats regulates the 6S-value. The calculation is usually carried
out for a sequence of single (short or longer) windows (e.g., s=3, 4 beats, or
50 to 70 beats, respectively) and the average of the corresponding 6S-values
is designated by 2S . Thus, we study the two ratios vy(t) and vi(t), and hence
(since T=RR, ORS and QT) six v-values, in total, result. Instead of the six v-
parameters, we can use the six Aggr-parameters (i.., As, shuf(7), and AL, shur(7)),
where the latter are defined by Egs. (1) and (2) applied to the randomized
(shuffled) data. Note, however, that Ay, and v refer to different aspects
(though interconnected) of the heart dynamics.

In summary, in order to quantify the éS-variability of the RR-, QRS- and
QT-intervals, we need 16 parameters, i.e, six for each of A, v (or Ag,r) and
four for p. Since all these parameters refer only to ratios of 8S-values, we also
include in the following investigation the 8S-values themselves of one type of
intervals. We preferred to use (8) those of the QT-interval (labeled 6S(QT)),
since prolonged values of the latter have been reported (eg., 9,10 and refer-
ences therein) to precede sudden cardiac death.
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3. THE METHOD FOR THE DISTINCTION OF SD

The above 16 parameters (for either case, i.e., A, v, p or A, Agus p), along
with the 8S(QT)-values, have been calculated for each one of 101 individu-
als, whose fifteen minutes excerpts of ECG were available in the so called QT
Database (1 1). They belong to six groups of individuals. Four of them refer to
patients (67 individuals in total) suffering from various heart diseases, i.e., 15
individuals from MIT-BIH Arrhythmia Database (labeled hereafter MIT), 13
from MIT-BIH Supraventricular Arrhythmia Database (MSV), 33 from the
European ST-T Database (EST) and 6 from MIT-BIH ST change Database
(MST), where BIH stands for the Beth Israel Hospital. The fifth group in-
cludes 10 healthy humans (H) and the sixth one 24 individuals who suffered
sudden cardiac death (SD) (cf. the QT Database also contains a seventh group,
which, however, consists only of a very small number, i.e.,, 4, individuals; thus,
it was not considered in the present calculation). The detailed values of each
of the parameters all 101 individuals are given in Tables I to III, where, for
example, the values of A, Aguf, e are presented (for reasons of brevity, in the
Tables, the subscript shuf has been shortened to sh). The limits, i.e., the lowest
(min) and the highest (max) value, found for every parameter, in each of the
four groups of patients (thus intentionally leaving the 24 SD aside), along
with the limits of H (labeled Hp;, and Hy,ay, respectively), are summarized in
Table I'V (without parenthesis). For the determination of these limits, five out
of 67 patients were disregarded, since they have been identified as “outliers”
(because some of their parameters resulted in values that drastically differ
from those in all the other individuals, see below). The appearance of such
“outliers” is not surprising when using (as we did) an automatic threshold
detector (12, 13) for the allocation of the intervals; this is so, because the al-
location error becomes occasionally large, due to the fact that the morphology
of the ORS, for example (eg., 14), is significantly distorted in some severely
ill patients. Specifically, we omitted the five individuals: sel230, sel231,
sele06 12, sele0704 and sele0136 (i.e., two MIT and three EST). The first four
resulted in vy(QRS)-values unusually larger than unity (cf. the values of all
the other individuals scatter around unity) and the fifth one has a p; (ORS)-
value distinctly larger than the corresponding values of all the other patients.
(cf. The omission, or not, of sele0136 does not alter our conclusions).

If we compare the parameters of each SD to the limits of H, we find that
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a distinction between SD and H can be achieved by any of the following four
procedures: (i) through 8S(QT), (ii) by using both parameters A, Agys, (iii)
using both A, p, and (iv) through the v-values. The first procedure uses the
QT-intervals alone, the second one only the RR- and the other two proce-
dures use, in principle, (but see the summary of the next paragraph), both the
RR- and QRS-intervals. Details on each of these procedures will be shortly
published elsewhere.

We now turn to the comparison of the parameters for each SD individual sep-
arately to the limits of both H and patients given in Table IV. Two facts emerge:

First, concerning the 16 parameters (A, Asus, p), twenty-two SD out of 24
(i.e,, all SD except of the two: sel 30 and sel 34) violate some of the limits given
in Table 1 of both the patients and the healthy (cf. if we alternatively use the
16 parameters A, p, v, we find that twenty SD out of 24 are distinguished).
This points to the conclusion that they belong to a separate category of indi-
viduals, being neither patients nor healthy.

Second, concerning ¢S(QT), all SD have values that distinctly exceed
those of H. (This is the basis of the procedure (i) mentioned above for the
distinction between SD and H)

In other words, the aforementioned two facts reveal the following: The
ratios of the 8S-values (i.e., the measures A, Asuf, p, OF the measures A, o, v) are
able to discriminate the vast majority of SD from all the others (i.e,, healthy
and patients), while the 6S(QT)-values efficiently distinguish all SD from the
healthy individuals. This motivates us to investigate whether a proper combi-
nation of these two facts can serve our purpose, which aims at identifying all
SD among all the other individuals (patients and healthy). Thus, we now fur-
ther proceed to the comparison of the parameters A, Ashus, ¢ (OT A, p, v) of each
SD to the corresponding parameters of only those among the patients that
happen to have 8S(QT)-values that exceed the corresponding values of H. The
(new) limits of the latter patients are put in parenthesis in Table IV (when-
ever necessary, i.e, when they differ from the former limits written without
parenthesis). The results of such a comparison are given in Table V and reveal
that some of the 16 parameters A, g, ¢, Of all SD lie outside the limits of
these patients (cf. the same happens, of course, if we compare each SD to the
limits of H). The same is found if we alternatively use the 16 parameters A, p, v.

The above results dictate the procedure to identify all 24 SD among 101
individuals. This can be summarized as follows: We first tabulate the limits of
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the quantities A, Ashus, @5 (01 A, p, v) and 8S(QT) for the H. Second, we tabulate
the limits of the same quantities for those of the patients that happen to have
8S(QT)-values larger than those in H. All these properties of H and patients
become known, of course, in advance, since the precise study of such cases is
always feasible. We can now identify all SD (that may exist in a given popula-
tion), as being the individuals whom the parameters do not obey one or more
of the known limits (determined in advance) of both H and patients.

The essence of the above procedure(s) is understandable in the following
context: Since each of the aforementioned parameters focuses on certain “ele-
ments” of heart dynamics only, we naturally expect that in SD some of these
“elements” (and hence their relevant parameters) should deviate from those in
the patients and H.

4. THE INFLUENCE OF THE EXPERIMENTAL ERROR ON
THE DISTINCTION OF SD

Beyond the error introduced by the use of an automatic threshold detector
for the allocation of the corresponding intervals (cf. this is largest for the
QT- and smallest for the RR-intervals), an estimation error emerges when
analyzing -instead of the original time series of length / ~ 10%- smaller lengths
I’, which, however, still significantly exceed the time-window lengths used,
for example I ~ 2x10% The latter (percentage) estimation error was found
to be around ~ 10% for the complexity measures A, Ashuf, 0, v associated with
the RR- and QRS-intervals (cf. this is an average value; in general, the errors
associated with the measures in the short range, s, are smaller from those
corresponding to the longer range, L, because for the latter range the I/1-
values -due to the restricted length of the records available- are small, thus
not allowing more reliable statistics). Furthermore, since the error in the
dS(QT) may reach ~ 20%, the estimation error in the complexity measures
that involve dS(QT) may be as high as ~ 30%. Upon considering such error-
levels, labeled “plausible estimation errors” (e ) in Table VI, a study of each
of the methods for the distinction of SD was made. The study was repeated
by assuming larger (percentage) estimation errors, hereafter labeled “modified

estimation errors” (¢ p), calculated from

H
+H

150
Em = Ep(1+ min maX)

Hmin max
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for each parameter (see Table VI). Both studies led, however, more or less, to
the same results. The calculation, in each study, was made as follows: Each
parameter was assumed to be equal to its value (initially estimated from the
original time-series available) multiplied by a number randomly selected in
the range 1 £ ¢ ,(or 1 +¢ ,, respectively) and then each of the methods for the
distinction of SD was applied. This application was repeated for each method
10?times via Monte Carlo and relevant conclusions have been drawn for both
studies. The extent to which these conclusions hold, was also investigated in
the following extreme case: the limits of the parameters of H (and patients),
which are automatically adjusted for each “random” selection of the values
described above, have been assumed to additionally relax by (extra) amounts
equal to e , or € 4 (Such a “relaxation” faces the extreme possibility that the
populations of H and patients treated here are not considered large enough
to allow a precise determination of their limits, and hence future increased
populations’ studies could broaden these limits by amounts as large as * ¢, or
t e;). The following conclusions were finally drawn (see also Table VII):

(i) Concerning the distinction between SD and H: Among the four
methods suggested, the one that uses the measures A, o (associated, however,
with all three types of intervals, i.e, 10 parameters in total) seems to be robust
in the following sense: even when assuming error-levels as large as those
mentioned above, the use of A, p still allow (with a confidence level above
99%) the distinction of all SD from H. The confidence level decreases to
63%, 49% and 32% respectively, when using four parameters only as follows:
First: ;(RR) and p;(ORS); second: A(RR) and A grui(RR); third: vi(RR) and
vi(ORS). If we investigate the extreme case of the additional relaxation of the
H-limits (possibly arisen from a future study of an increased population of H,
as discussed above), the distinction of all SD still remains with the following
results: In the case of using all 10 parameters of A, p, the confidence level
distinguishing all SD is ~ 88%; it increases to ~ 99% if we allow, at the most,
one SD -out of 24- to be misinterpreted as being H. When using, however, four
parameters only in the aforementioned three combinations, the confidence
level decreases to 90%, 36% and 8% respectively, even when allowing, at the
most, two (instead of one) SD -out of 24- to be misinterpreted as being H.

(ii) Concerning the distinction of SD from the patients: Upon considering
the error-levels mentioned above, either method suggested, i.e., using A, v, g,
¢ S5.4(QT) or A, Ashuts @5 & S3-4(QT), is found to likely lead to the distinction
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of all SD from the patients (and H). This dictates the robustness of either
method (in the range, of course, of the aforementioned error-levels). If we
allow one, at the most, SD -out of 24- to be misinterpreted as patient, the
confidence levels are "83% and “91% for the two methods, respectively. The
investigation of the extreme case of the additional relaxation of the limits of
both patients and H, led to the following result: When using the quantities A,
Ashufs 5 V5 © S3-4(QT)- and & Sghur 3-4(QT)-values altogether (i.e., considering the
limits of only those of the patients whom both ¢ S3.,(QT)- and & Sgur,3-4(QT)
exceed the corresponding values of H-), we find that with a confidence level
“86% only five SD (out of 24), at the most, can be misinterpreted as patients.

In summary, the study of the estimation errors reveals that we can
satisfactorily distinguish the totality of SD from H as well as discriminate the
vast majority of SD from the heart disease patients, upon employing preferably
the following methods: A, ¢ (of all intervals) for the former distinction, and A,
Ashufs P> V5 © S3-4(QT), & Sehur,3-4(QT) altogether for the latter one (i.e., the first
and the last method in Table VII).

5. CONCLUSIONS

1. Four procedures can distinguish H from (otherwise healthy) SD.

2. We also propose a procedure, which has been proven to be successful for
the identification of 24 SD among 101 individuals, where the latter include
H and heart disease patients. The procedure has the privilege that it requires
data which are certainly available for an appreciably larger number of cases
(especially for patients, who during their stay at the hospital suffered sudden
cardiac arrest). Hence, a wider check of the efficiency of the procedure pro-
posed is shortly feasible.

Remark. In the aforementioned procedure(s), the twelve independ-
ent quantities, i.e., the six: 6S;(t) and the six ones for the randomized data
S shut(T), Where i=s,L, are in reality extracted from the experimental data.
Thus, beyond 8S3.4(QT), eleven (out of 16) additional parameters of the ra-
tios: A, p, v O A, Aghur, ¢ are in principle required. These, however, should not be
fortuitously selected, i.e., (i) priority should be given to the eight parameters
associated with A-values and Agy- (or v-) values of RR and QRS, (ii) using,
at least, one p-parameter (involving 6S3.4(QT)), and (iii) examining whether
the totality of the parameters used can actually reproduce the twelve 6S-values
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determined from the data, as mentioned above. However, in order to avoid
the difficulty arising from the completeness (or not) of the aforementioned
selection, it was recommended above to use all the 16 parameters of either
combination A, g, v or A, Aghufs ¢-

The following point should also be stressed. There are several studies in
the ECG literature clarifying the decisive role of the age of the subjects on the
values of various parameters. For example, consider the heart rate variability
(HRV): younger healthy individuals have significantly higher HRV than
elderly ones (eg., see N. Wessel et al., Phys. Rev. Lett. 91, 119801-1, 2003
and references therein). As a second example, we refer to the observation that
various complexity measures reveal increased randomness in the heartbeat
time series with physiological aging (e.g., A.C.-C. Y'ang et. al., Phys. Rev. Lett.
90, 108103-1, 2003 and references therein). Such an influence of the age
on the limits of some of the parameters used in the present investigation,
has been indeed observed (cf. details will be published elsewhere). Thus,
when investigating whether an individual could be characterized as SD, the
following care should be taken of: his/her parameters should be compared
to the limits (of the parameters) obtained for H and patients of the same
age category (eg. young, middle aged, elders) and preferably determined
separately for male and female.
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