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Compression entropy contributes to risk stratification
in patients with cardiomyopathy
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Abstract

Sudden cardiac death (SCD) is a leading cause of mor-
tality with an incidence of 3 million cases per year world-
wide. Therapies for patients who have survived an SCD
episode or have a high risk of developing lethal ventric-
ular arrhythmia are well established and depend mainly
on risk stratification. In this study we investigated the
suitability of the non-linear measure compression entropy
(H) for improved risk prediction in cardiac patients. We
recorded 24-h Holter ECG for 300 patients with conges-
tive heart failure (CHF). During a mean follow-up period
of 12 months, 32 patients died due to a cardiac event.
H. depends on the compression parameters window
length w and buffer length b, which were optimised by
analysing a subgroup of patients. Compression entropies
based on the beat-to-beat interval (BBI) were subse-
quently calculated and compared with standard heart-
rate variability parameters. Statistical analysis revealed
significant differences between high- and low-risk CHF
patients in standard HRV measures, as well as compres-
sion entropy based on the BBI (cardiac death, p=0.005;
SCD, p=0.02). In conclusion, the implementation of
non-linear compression entropy analysis in multivariate
analysis seems to be useful for enhanced risk stratifica-
tion of cardiac death, especially SCD, in ischaemic
cardiomyopathy patients.

*Corresponding author: Prof. Dr.-Ing. Andreas Voss,
Department of Medical Engineering, University of Applied
Sciences Jena, Carl-Zeiss-Promenade 2, 07745 Jena, Germany
Phone: +49-3641-205601
Fax: +49-3641-205626
E-mail: voss@fh-jena.de

Keywords: cardiomyopathy; compression entropy; non-
linear analysis; risk stratification; sudden cardiac death.

Zusammenfassung

Der pldtzliche Herztod (SCD) ist die Haupttodesursache
weltweit (3 Millionen Félle/Jahr). Moderne Methoden zur
Therapie und Pravention des SCD sind abhangig von der
Erkennung der Hochrisikopatienten. Das Ziel dieser Stu-
die war die Untersuchung der Eignung des nichtlinearen
Parameters der Kompressionsentropie (Ho) zur Risiko-
stratifizierung bei ischamischer Herzinsuffizienz (CHF).
Von 300 CHF-Patienten wurden 24-h Holter-EKGs im
Rahmen einer spanischen Multicenter-Studie (MUSIC)
aufgezeichnet. Innerhalb der anschlieBenden Follow-up-
Phase (12 Monate) verstarben 32 Patienten aufgrund ein-
es kardialen Ereignisses (Hochrisikogruppe). Mittels einer
Patientenuntergruppe wurden die in die H.-Analyse ein-
gehenden Parameter Fenster- und Bufferlange optimiert.
Zusétzlich zu der Berechnung von H. wurden die Stan-
dardparameter der Herzfrequenzvariabilitdét  (HRV)
bestimmt. Die statistische Analyse zeigte signifikante
Unterschiede zwischen CHF-Patienten mit hohem und
niedrigem Risiko in den Standardparametern der HRV
(kardialer Tod: p=0,02; SCD: p=0,04) sowie Parametern
der H. (kardialer Tod: p=0,005; SCD: p=0,02). Diese
Ergebnisse zeigen die prinzipielle Eignung der H,, fur die
Risikoanalyse des kardialen Todes insbesondere des
plétzlichen Herztodes bei Patienten mit ischdmischer
Kardiomyopatie. Durch eine anschlieBende multivariate
Analyse dieses nichtlinearen Parameters soll die Verbes-
serung der Ergebnisse bezuglich Sensitivitdt und Spezi-
fitat bestéatigt werden.

Schiliisselworter: Kardiomyopathie; Kompressionsentro-
pie; nichtlineare Analyse; plétzlicher Herztod; Risikostra-
tifizierung.

Introduction

Heart failure is recognised as a major and escalating
public health problem in industrialised countries with
ageing populations. The overall prevalence of clinically
identified heart failure is estimated at up to 20 cases/
1000 population, but rises to >100 cases/1000 popula-
tion in those aged >65 years. The prevalence of
confirmed left-ventricular systolic dysfunction also
increases with age and is more common in men [7]. Sud-
den cardiac death (SCD) is a leading cause of mortality
with an incidence of 3 million cases per year worldwide
and may occur at any stage [9].
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Therapies for patients who have survived an SCD epi-
sode or have a high risk of developing lethal ventricular
arrhythmia are now well established, but strategies such
as the application of an implantable cardioverter defibril-
lator (ICD) depend mainly on risk stratification. Various
methods based on non-linear systems theory have been
proposed to obtain information about physiological and
pathological cardiovascular regulation. Several studies
were performed to investigate the usefulness of clinical
application of linear and non-linear heart-rate variability
analysis for physiological interpretation and risk stratifi-
cation in cardiac diseases [1, 3-5, 10, 13, 16]. However,
the problem of SCD risk stratification in patients still
remains.

In this study we investigated the suitability of the non-
linear compression entropy method based on beat-to-
beat interval (BBI) time series, BBl after mean
subtraction, and differences between successive BBls
for non-invasive risk stratification in congestive heart fail-
ure (CHF) patients.

Materials and methods

Data and pre-processing

A total of 300 CHF patients with sinus rhythm were
enrolled in the Spanish MUSIC (Muerta Subita en Insuf-
ficiencia Cardiaca, sudden death in heart failure) study, a
multicentre study designed to assess risk predictors of
sudden cardiac death in patients with heart failure cha-
racterised by class II-Ill of the New York Heart Associa-
tion (NYHA) classification system. The majority of these
patients were in NYHA class Il (216 patients, 80%). Fur-
ther criteria for patient enrolment were a time-lag of more
than 3 months after the last hospitalisation due to heart
failure decompensation and left ventricular ejection frac-
tion (LVEF) <40%, left ventricular diastolic diameter
(LvDD) >60 mm or abnormal relaxation patterns char-
acteristics for diastolic dysfunction. Patients with sus-
tained ventricular tachycardia, atrial fibrillation, or ICD, as
well as ICD implantation or heart transplantation during
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the follow-up period, were excluded from the study. For
all 300 patients, 24-h Holter ECG with a sampling fre-
quency of 200 Hz (Syneflash-MMC; ELA Medical, Bar-
celona, Spain) was recorded.

Ventricular premature beats and artefacts were inter-
polated in the BBI series to obtain normal-to-normal BBI.
Filtering was performed by applying an adaptive variance
estimation algorithm, considering the variance within the
time series just before and directly after an ectopic beat
[15]. In this regard, patients with a percentage of arte-
facts and ectopic beats greater than 10% were excluded
from the analysis (n=30) to reduce the influence of fil-
tering on the time series and the analysis results.

Of the patients, 59 suffered from idiopathic cardiomyo-
pathy (CM), 146 had ischaemic CM caused by coronary
artery disease, and 65 patients suffered mainly from alco-
holic, hypertrophic and hypertensive CM. In 119 patients,
diabetes mellitus had been diagnosed. All patients
received optimal medical treatment with ACE inhibitors
(74%), beta-blockers (66%) and diuretics (72%). During
the median follow up-period of 24 months (range
11-27 months), 121 ischaemic patients remained in sta-
ble physiological conditions (low-risk group, LR) and 32
patients died due to a cardiac event (ischaemic CM;
n=25, high-risk group, HR), whereas 16 patients suffered
from SCD (ischaemic CM; n=14, high-risk group, HRgcp)-

Methodology

In 1977 Ziv and Lempel developed a universal algorithm
for lossless data compression [17]. Lossless compres-
sion ensures that the original information can be exactly
reproduced from the compressed data. This algorithm is
widely used in compression utilities such as gzip, GIF
image compression and the V.42 modem standard.

LZ77 algorithm
The Ziv and Lempel algorithm LZ77 employs a principle

called a sliding-window when a sequence of symbols
X =X;,X,X3,.-. X, has to be compressed.
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Figure 1 Scheme of the compression algorithm.

The window (w=3) and look-ahead buffer (b =3) are shifted through a data stream. The parameters pos, len and next are stored in

a three-column matrix.
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The algorithm keeps the most recently encoded sym-
bols in a sliding window of size w. The not-yet-encoded
sequence of symbols is stored in a look-ahead buffer of
size b (Figure 1). The encoder p positioned at the first
string in look-ahead buffer x, looks for the longest string
match of length len between the not-yet-encoded n-
string x, and the strings in the recently encoded window.

If x, matches with strings in the sliding window, the
position pos of the beginning string match in the sliding
window, the length len of the string match, and the first
string after the string-matching sequence (next) in the
look-ahead buffer are stored in a three-column matrix.
The sliding window and look-ahead buffer are displaced
by len+1 samples. If the strings of the look-ahead buffer
do not match with the string sequence in the sliding win-
dow with pos=0, len=0 and next=x,, the sliding win-
dow and buffer are displaced by 1 sample. At the end of
the procedure, an original data series x of length L is
compressed into a three-column matrix of length M. In
terms of information theory, the smallest algorithm that
produces a string is the entropy of that string, the Chai-
tin-Kolmogorov entropy [2, 6].

Although it is theoretically impossible to develop such
an algorithm, data compression techniques might rep-
resent a good approximation. Assuming that the source
is an ergodic process, the entropy H. of the compressed
string is determined as the length M of the compressed
string divided by the length L of the original data series:

HC=Z. ()

Compression entropy for heart rate

The modified LZ77 algorithm was used for the analysis
of BBI long-term heart-rate time series. In addition, the
differences between successive BBIls, as well as the
beat-to-beat time series after subtraction of the mean,
were analysed. Thus, the algorithm was applied to three
different variations of one BBI time series (X, X, Xqi):

BBI without any modification:
x=BBIl,,BBI,,BBlI,,...,BBI, )

BBI after mean ﬁ)traction: -
x,,,=BBl,—BBI,...,BBl, —BBI (3)

Differences of consecutive BBIs:
x=BBl,—-BBl,,...,BBlI, —BBI, _,, 4)

where BBI is the mean BBI value.

The alphabet analysed for each data stream is affected
by the sampling rate. For this reason, the implementation
of compression entropy H, for heart-rate time series has
to consider integer numbers. Furthermore, H, is mainly
influenced by window length w and look-ahead buffer
length b. Considering the parameters w and b that affect
it, the compression entropy H. is denoted as:

Hw® for time series x;
Hgm v for BBI time series after mean subtraction; and

Heq™? for times series based on differences.

Surrogate analysis

To verify that compression entropy is a non-linear meth-
od, a surrogate data test was carried out. Assuming the
hypothesis that the time series includes only linear com-
ponents, 50 linear realisations from two different original
BBI time series (|, a healthy subject; Il, a high-risk CHF
patient) — so-called surrogates — were synthesised [12].
Compression entropy H.** in different window-buffer
combinations and the mean value and standard deviation
of the original time series of the healthy subject (X) and
the CHF patient (X,) and of the respective surrogate sets
(S,, S;) were quantified and analysed using discriminating
statistics. The statistical deviation between the original
time series and the surrogates indicates the presence of
a non-linear structure in the original time series.

Optimisation of w and b

According to the influence of the window and buffer
length, the compression parameters w and b were incre-
mented stepwise and compression entropies Hg"?,
He P and Heyv? were calculated for a subgroup of 10
high-risk and 10 low-risk patients. The ranges investi-
gated for window and buffer length were 2 <w <200 and
2<b <100, respectively.

Standard HRV analysis

Previous studies have shown that some standard meas-
ures of heart rate variability (HRV) provide independent
prognostic information for CHF patients [8, 14]. A set of
time-domain and frequency-domain standard HRV para-
meters [11] was calculated (Table 1) to compare the effi-
ciency of compression entropy with standard HRV
measures. The frequency analysis was performed with
linear interpolated time series (resolution 100 ms) after
mean subtraction using fast Fourier transformation with
Blackman Harris windowing.

Statistical analysis

The Mann-Whitney U-test for skewed variables was
applied for surrogate analysis, as well as optimisation of
window and buffer length for best discrimination between
high-risk (cardiac death, SCD) and low-risk CHF patients.
Univariate differences between ischaemic and idiopathic
patients were evaluated. Pearson’s correlation coefficient
and significance were computed for all clinical measures

Table 1 Definition of the HRV parameters calculated.

Parameter Definition

meanNN Mean value of all normal BBI intervals [ms]

sdNN Standard deviation of all normal BBI intervals [ms]

LF Power in the low-frequency band

(LF 0.04-0.15 Hz) [s?]

Ratio of power in the low frequency band to the

power in the high frequency band

(HF 0.15-0.4 Hz) [-]

LFn Portion of power in the low-frequency band in
relation to normalised total power [-]

LF/HF
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and HRV parameters, as well as compression entropies.
Owing to the limited number of high-risk idiopathic
patients (cardiac death n=3; SCD n=1), the suitability of
compression entropy parameters for risk stratification
(cardiac death and SCD) was investigated only in ischae-
mic patients. For the variable follow-up duration, a Cox
regression model was applied for multivariate analysis
and to illustrate the univariate effectiveness of compres-
sion entropy in risk stratification.

Results and discussion

Surrogate analysis

Comparison of meanNN and sdNN for the surrogate sets
(consisting of 50 surrogates from one original time series)
with the values for the original time series showed no
significant differences between surrogate sets S, S, and
the original BBI X,, X, (Table 2).

Optimisation of w and b

Figure 2 displays the mean compression entropy H with-
in the low-risk subgroup as a function of the window and
buffer length. The compression entropy decreases with
increasing window length w. The influence of the buffer
size on H; is only marginal.

The compression entropy of the BBI and BBI after
mean subtraction revealed similar significances for dis-
criminating HR and LR patients. Possible subtraction of
BBI led to the elimination of only linear structures in the
BBI time series. Therefore, both time series x and x,,,
differed only in their linear properties, and all non-linear
structures were preserved.

According to the optimisation procedure, compression
entropies H.2, Hegy'® and Hgy?>® were selected for
application to patient data sets.

HRV and compression entropy

All the groups compared (ischaemic and idiopathic, LR,
HR, HRg.p) were age- and gender-matched and could
not be discriminated by the clinical parameter LVDD
(Table 3). Comparison of the parameters for idiopathic
and ischaemic CM patients showed only significant dif-
ferences for sdNN and medication (diuretics, ACE
inhibitors).

However, the clinical measures NYHA and EF were dif-
ferent in the ischaemic groups (NYHA p<0.005; EF
p=0.024), and the parameters sdNN, LF and compres-

Table 2 Results of surrogate analysis: selection of parameters.
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Figure 2 Influence of window w and look-ahead buffer b on

compression entropy H.

sion entropy revealed significant differences between LR
and HR, and LR and HR.

After adjustment for multiple comparisons (Bonferroni
correction), the compression parameter H.”® remained
significantly different, especially between LR and HR. The
parameters meanNN and sdNN decreased with increas-
ing risk of cardiac death. Furthermore, the parameters
LF/HF and LFn revealed significant differences for dis-
crimination between low-risk patients and cardiac
deaths, but could not contribute to the identification of
ischaemic patients at risk of SCD.

The application of compression entropies offered a
promising result: the compression entropy of BBIs was
significantly lower in patients suffering from cardiac
death, especially SCD. Figure 3 shows the receiver oper-
ator characteristic curves for compression entropy H."3
(sensitivity 78.6%; specificity 61.2%; area under curve
74.4%) in comparison to the traditional parameter sdNN
(sensitivity 64.3%; specificity 62.0%; area under curve
66.6%). Multivariate combination of the parameters
sdNN and H."?® showed marginal enhancement of risk
stratification (sensitivity 71.4%; specificity 68.6%; area
under curve 74.6%). Assuming that the compressibility
of a time series is a measure of its non-linear complexity,
the complexity of heart rate in high-risk patients is
reduced and, therefore, compression entropy decreases
with increasing risk. Compression entropy based on the
differences between successive BBI x4 revealed no sig-
nificant differences for discrimination between HR and
LR patients after adjustment for multiple comparisons.
Compression entropy based on BBI-H; seems to be

meanNN sdNN HJ® Hem? Hegir"?
X 942.6 71 0.759 0.759 0.774
S, 942.6 71 0.753 0.753 0.751
o} n.s. n.s. <0.05 <0.05 <0.001
X, 624.9 26.5 0.464 0.464 0.457
S, 624.9 26.5 0.44 0.44 0.429
Pu n.s. n.s. <0.001 <0.001 <0.001

S..i, surrogate set (average group value); X,,,, original BBI; n.s., not significant; p, univariate significance.
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Table 3 Results of univariate statistical analysis presented as median and interquartile ranges.

Ischaemic Idiopathic LR HR HRseo Ischaemic LR LR
vS. VS, VS.
ideopathic HR HRsco

Age [years] 64 [58-71] 62 [51-69] 64 [58-71] 65 [61-71] 64 [61-70] n.s. n.s. n.s.
LVEF 35 [26-40] 30 [25-37] 35 [26.5-40] 30 [25-36.5] 29.5[20-35.8] n.s. * *
NYHA class Il 113 (77.4%) 49 (83.1%) 103 (85.1%) 10 (40%) 7 (50%) n.s. * >
(]
LvDD 63 [58-67] 65 [60-72] 63 [568-77] 64 [59.5-67.5] 63 [60-65] n.s. n.s. n.s.
Beta-blockers 107 (73.3%) 35 (59.3%) 91 (75.2%) 16 (64%) 9 (64.3%) n.s. n.s. n.s.
[n]

Diuretics [n] 91 (62.3%) 48 (81.4%) 71 (58.7%) 20 (80%) 12 (85.7%) * * *
ACE [n] 101 (69.2%) 52 (88.1%) 86 (71.1%) 15 (60%) 11 (78.6%) * n.s. n.s.
meanNN [ms] 835 [741-953] 831 [745-894] 855 [753-965] 807 [714-896] 755[705-928] n.s. n.s. n.s.
sdNN [ms] 97 [73-127] 117 [92-139] 99 [77-129] 82 [56-115] 73 [65-115] * * *
LF [s?] 45 [19-103] 64 [29-126] 51 [23-108] 24 [6.3-71] 23 [4.5-58] n.s. * *
LF/HF 2.3[1.5-4.0] 2.5[1.3-3.9] 2.4[1.6-4.1] 1.8[1.3-2.9] 1.9 [1.3-3.3] n.s. * n.s.
LFn 0.71 0.64 0.65

0.7 [0.6-0.8] [0.57-0.79] 0.7 [0.62-0.81] [0.56-0.74] [0.57-0.77] n.s. * n.s.
HJ"® 0.52 0.44 0.42

0.5[0.43-0.57] [0.46-0.60] 0.5 [0.46-0.58] [0.38-0.51] [0.37-0.53] n.s. * *
Hegi?®? 0.33 0.34 0.33 0.31

[0.31-0.35] [0.33-0.36] [0.32-0.35] [0.30-0.34] 0.32 [0.3-0.34] n.s. * *
Heas” 0.32 0.33 0.32 0.31

[0.31-0.33] [0.31-0.34] [0.31-0.34] [0.30-0.33] 0.31[0.3-0.33] n.s. * n.s.

ACE, angiotensin-converting enzyme inhibitors. *p <0.05; **p <0.005 by univariate analysis; n.s., not significant.

more useful than Hy for risk stratification. The results
of window and buffer optimisation were confirmed.

Cross-correlations between the clinical parameters,
measures of HRV and H, were analysed using Pearson’s
correlation coefficient (r,,). H."* was slightly correlated
with meanNN (r,,=0.5) and sdNN (r,,=0.67). The com-
pressibility of a time series is mainly influenced by its
variability. In this case, the H, correlation with sdNN and
meanNN as established measures of variability can be
explained. H; shows nearly no dependence on traditional
clinical parameters (r,,~H./EF =0.06; r,,~H./NYHA=0.18;
r,~H/LVDD =0.07).

Despite the clinical applicability of assessment of func-
tional class, the NYHA measure has some potential lim-
itations as a specific risk marker of arrhythmic death. The
degree of functional impairment, the degree of left ven-
tricular dysfunction, and the prevalence of fatal arrhyth-
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Figure 3 Receiver operator characteristic curves for risk strat-
ification of SCD (LR/HRgp)-

mias are not linearly related, as the proportion of sudden
death from total cardiac mortality is higher among the
patients with mild to moderate heart failure than in those
with severe heart failure [4].

One of the limitations of this study was that the clinical
parameters were diagnosed by very experienced spe-
cialists, which increases the positive predictive value of
NYHA classification.

Because of the limited number of patients with dia-
betes mellitus in the HR groups, the influence of diabetes
on the efficiency of compression entropy and HRV could
not be analysed. Analysis of ECG data in combination
with the BBI time series may lead to further enhancement
of the risk stratification.

For further investigations it would be useful to imple-
ment the compression entropy of heart-rate time series
into a multivariate analysis for risk stratification of SCD
in idiopathic cardiomyopathy patients.

Conclusion

In this study we investigated the suitability of compres-
sion entropy based on different variations of BBI time
series for the analyses of non-linear structures in heart-
rate time series, and especially for risk stratification in
ischaemic cardiomyopathy patients. Surrogate analysis
proved that compression entropy can detect non-linear
structures in BBI time series. Using this new method, sig-
nificant discrimination between low-risk patients and
patients with a high risk of cardiac death was achieved.
Hence, the implementation of compression entropy anal-
ysis based on BBI seems to be useful for multivariate
analysis for enhanced risk stratification of SCD in ischae-
mic cardiomyopathy patients.



82 S. Truebner et al.: Suitability of compression entropy for risk stratification in cardiac patients

Acknowledgements

This study was supported by the MUSIC trial (I. Carlos Ill - Spain
network group) and grants from the Federal Ministry of Educa-
tion, Science, Research and Technology BMBF (13N7720/4) and
the Ministry of Culture and Education of Thuringia (HWP project
25713723).

References

(1]

(2]

(3]

[4]

(5]

(6]
(7]

Baumert M, Voss A, Baier V, et al. Forecasting of life threat-
ening arrhythmias using the compression entropy of heart
rate. Methods Inf Med 2004; 43: 202-206.

Chatin GJ. Information, randomness and incompleteness.
Singapore: World Scientific 1990.

Hallstrom AP, Stein PK, Schneider R, Hodges M, Schmidt
G, Ulm K, the CAST Investigators. Characteristics of heart
beat intervals and prediction of death. Int J Cardiol 2005;
100: 37-45.

Huikuri HV, Makikallio TH, Raatikainen MJ, Perkiomaki J,
Castellanos A, Myerburg RJ. Prediction of sudden cardiac
death: appraisal of the studies and methods assessing the
risk of sudden arrhythmic death. Circulation 2003; 108:
110-115.

Kleiger RE, Stein PK, Bigger JT Jr. Heart rate variability:
measurement and clinical utility. Ann Noninvasive Electro-
cardiol 10; 2005: 88-101.

Li M, Vitanyi P. An introduction to Kolmogorov complexity
and its applications. Berlin/Heidelberg: Springer 1997.
McMurray JJ, Stewart S. Epidemiology, aetiology, and prog-
nosis of heart failure. Heart 2000; 83: 596-602.

(8]

(9]

[10]

[15]

[16]

Nolan J, Batin PA, Andrews R, et al. Prospective study of
heart rate variability and mortality in chronic heart failure:
results of the UK Heart Failure Evaluation and Assessment
of Risk Trial (UK-Heart). Circulation 1998; 98: 1510-1516.
Priori SG, Aliot E, Blomstrom-Lundqvist C, et al. Task Force
on Sudden Cardiac Death of the European Society of Car-
diology. Eur Heart J 2000; 22: 1374-1450.

Stein PK, Domitrovich PP, Hui N, Rautaharju P, Gottdiener
J. Sometimes higher heart rate variability is not better heart
rate variability: results of graphical and non-linear analyses.
J Cardiovasc Electrophysiol 2005; 16: 954-959.

Task Force of the European Society of Cardiology and the
North American Society of Pacing and Electrophysiology.
Heart rate variability — standards of measurement, physio-
logical interpretation and clinical use. Circulation 1996; 93:
1043-1065.

Theiler J, Eubank S, Longtin A, Galdrikian B, Farmer JD.
Testing for non-linearity in time series: the method of sur-
rogate data. Physica D 1992; 58: 77-94.

Voss A, Hnatkova K, Wessel N, et al. Multi-parametric anal-
ysis of heart rate variability used for risk stratification among
survivors of acute myocardial infarction. Pace 1998; 21:
186-192.

Voss A, Kurths J, Kleiner HJ, et al. The application of meth-
ods of non-linear dynamics for the improved and predictive
recognition of patients threatened by sudden cardiac death.
Cardiovasc Res 1996; 31: 419-433.

Wessel N, Voss A, Malberg H, et al. Non-linear analysis of
complex phenomena in cardiological data. Herzschrittma-
chertherapie und Elektrophysiologie 2000; 11: 159-173.
Zareba W, Moss AJ. Noninvasive risk stratification in post-
infarction patients with severe left ventricular dysfunction
and methodology of the MADIT Il noninvasive electrocar-
diology sub-study. J Electrocardiol 2003; 36: 101-108.

Ziv J, Lempel A. A universal algorithm for sequential data
compression. |IEEE Trans Inf Theory 1977; 23: 337-343.



