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Nonlinear analysis of heart dynamics
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Abstract: A new nonlinear analysis procedure for the
diagnosis of heart dynamics is outlined. This procedure
is based on a qualitative and quantitative evaluation of
Poincard plots of RR and QT intervals.
INTRODUCTION
Analysis of heart action based on the ECG recording
usually is divided into two areas: the analysis of heart rate
variability for which the RR intervals alone are sufficient
and the analysis of the polarization and repolarization
processes in the heart muscle itself. For the latter all
characteristic points of the PQRST ECG complex must be
resolved.

There are several well known quantitative measures of
heart rate variability either in the frequency domain l2l or
in the time domain [3]. Both approaches have been shown
to be very useful for certain kinds of medical diagnosis of
the heart. However, these are linear methods and require
the system analyzeÅ to be in a stationary state to be applicable. Thus the inherent nonstationarity of the ECG
recordings creates problems.
We report here on a procedure of nonlinear analysis of
the dynamics of the heart which we have been developing
recently. This procedure is not yet complete. However, the
results obtained up to now indicate that the approach we
present here is promising for the analysis of sudden cardiac
death due to cardiac arrest and the risk in cardiomyopathy.
The procedure was designed with nonstationary data in
mind. The method consists of observations in phase spacc

of

Poincard plots of both RR intcrvals [4,5,61 and QT
intervals [7] and of a quantitative analysis of the sequences

of

these intervals by means of a complexity measure
for this purpose - pattern entropy [4].

designed

THE DATA
200 24-hour ECG tapes of 174 patients were analyzeÅ:
including 40 normals and 57 sudden cardiac death cases.
Patients with arrhythmias were not excluded but a 2O%
filter was used. Most of the suclden death pts had VF, 8
died or experienced recurrency. 15 patient sex, age and
disease status matched control pairs were formed. The data
was sampled at 128 Hz and the time distance between
consecutive R peaks (the RR intervals) extracted using Del
Mar 563 Strata Scan software.
QT and RR intervals were extracted simultaneously [7]
at the Cybernetics Institute, Barcelona from 24bECG (sam-

A group of 23 pts with hypertrophic
cardiomyopathy was analyz?Å n this way. ln 12 of them at
least 1 of the high risk factor of sudden cardiac death were

pled at 256 Hz).

recorded (family history of sudden death, syncope, recorded

ventricular tachycardia or aborted sudden death). In 11
other pts. none of the risk factors were observed. The
control group consisted of 10 healthy subjects. All pts. had
QRS < 120 ms, sinus rhythm, no conduction abnormalities, well defined T wave morphology without a U wave,
less than IOOlz4h ectopic beats, an excellent quality of the
24h ECG recording and no medications during recording.

THREE-DIMENSIONAL IMAGES OF RR-INTERVALS
Three-dimensional images of the return map RR(i +2r)
RR(i+z) and RR(i), where i is the index of the RR
interval and r is the delay, were formed from the RR
interval raw data. We found that an integer delay r : 2
was adequate [4]. This value has the advantage over r : I
that the image obtained spreads further away from the main
diagonal of the coordinate system so that the image is better
discernible and that certain symmetries in the signal studied
(e.g. alternating long-short intervals) become better visible.
The most information may be obtained when two projections of the 3D images are used simultaneously: the side
view and the axial view [5,6].
We constructecl 3-climensional simultaneously measured
QT and RR intervals [7] for pts. with hypertrophic cardiomyopathy of low risk and the same for high risk pts. and
fbr healthy persons. The mean age, RR interval length and
standard deviation of the RR was similar in the 3 groups.
The mean QT was longest in the high risk group. Note, that
SD of QT was comparable in all the groups analyzed. We
dcmonstrated [7] that threc-dimcnsional plots in time delay
coordinates depict the complexity of beat-to-beat changes.
The shape of QT plots differs highly between patients with
hypertrophic cardiomyopathy even in cases with QT interval
lengths comparable to that of the normals. The shape of the
QT interval images and of the RR interval images is very
different for most healthy persons. On the other hand, for
persons with hypertrophic cardiomyopathy a definite
complex relation betwecn the two 3-dimensional images is
observed. This relationship, however, changes from person
to person. We could not clearly separate low and high risk
patients using QT plots. However, some definite trends
were observed and the analysis of more cases should
improve the separation of the forms into groups.
versus

PATTERN ENTROPY
Pattern entropy is calculated t4] as a Shannon information entropy modified by the use of an (approximate) joint
probability density that the probability distributions of inter-
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vals shifted by 0, z, and 2r will be similar. Thus, pattern
entropy is a measure of coincidence and of the ordering of
the RR interval sequence. Because joint probability is used
pattern entropy increases with the degree of the ordering of
the signal. Pattern entropy has been applied both to
sequences of RR intervals t4l (PE) and to sequences of the
differences of consecutive RR-intervals (PD). As a function
of the time, pattern entropy was calculated in two forms: as
window pattern entropy WPE or WPD - calculated in a
time window of a given fixed number of beats (window
length) and cumulative pattern entropy CPE or CPD - in
a time window beginning at the first RR interval and ending
at the current RR interval index. While CPE measures
global features of the RR sequence, WPE measures local
time properties. The degree of locality is governed by the
width of the window used.
We have used pattern entropy to analyze sex, age and
disease matched control pairs in 15 cases of the risk of
cardiac arrest (CA) t4l. The maximum and average of
CPE and, to a lesser extent, the maximum of WPE were
found to discriminate well between the pair members [4,5].
We have also analyzed histograms of 24-hour sequences of
CPE and WPE calculated from Z4-hour RR-interval
sequences [6]. Recent results on the histograming of pattern
entropy of RR intervals are reported in a separate communication submitted to the program of this conference.

Table 1 Correlation coefficients between pattern entropy
and time domain parameters of heart rate variability

CONCLUSIONS
The basic concepts for a nonlinear procedure of diagnosis of heart dynamics have been developed. This procedure
consists of 3-dimensional imaging of 24-hour sequences of

RR and QT intervals in time delay coordinates in two
different projections, observations of the behavior of these
sgquences within a time window and of calculations of
pattern entropies for the two sequences. The procedure is
found to be robust against low sampling rates and arrhythmias. The quantitative measures introduced are free of the
difficulties seen in the fractal analysis of ECG data.
Although the procedure is not yet complete, the possibilnonlinear
diagnosis technique exists.

ity of obtaining in the near future a workable
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SDNN

pNN50

RMSSD

av. CPE

-o.76

-0.51

-0.55

av. WPE

-0.74

-0.78

0.84

min.WPE

-o.75

-0.6

-0.76

av. CPD

-0.54

-0.83

-0.86

av. WPE

-0.39

-o.77

-0.8

p < 0.0001 for all entries

SDNN, pNN50, RMSSD calculated for the same data
(Table 1). It can be seen that CPD, WPD as well as the 24hour average of WPE reflect the tonus of the vagal system
as measured by pNN50 and RMSSD. By contrast, the
maximum of CPE correlates well with SDNN which
reflects in part the tonus of the sympathetic nervous system.
The calculations of pattern entropy for QT intervals is in
progress at the time this paper is submitted and will be
discussed during presentation at the conference.
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