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Unstable periodic orbits in human cardiac rhythms

K. Narayanan, R. B. Govindan, and M. S. Gopinathan*
Department of Chemistry, Indian Institute of Technology, Madras 600 036, Chennai, India

~Received 4 November 1997!

Unstable periodic orbits~UPOs! extracted from experimental electrocardiograph signals are reported for
normal and pathological human cardiac rhythms. The periodicity and distribution of the orbits on the chaotic
attractor are found to be indicative of the state of health of the cardiac system. The normal cardiac system is
characterized by three to four UPOs with typical periodicities and intensities. However, pathological conditions
such as premature ventricular contraction, atrio ventricular block, ventricular tachy arrhythmia, and ventricular
fibrillation have UPOs whose periodicity and intensity distribution are quite distinct from those of the healthy
cases and are characteristic of the pathological conditions. Eigenvalues and the largest positive Lyapunov
exponent value for the UPOs are also reported. The UPOs are shown to be insensitive to the embedding
dimension and the present UPO analysis is demonstrated to be reliable by the method of surrogate analysis.
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I. INTRODUCTION

The detection of unstable periodic orbits~UPOs! in ex-
perimental data has emerged as an important issue in cu
studies of chaotic dynamics@1–5#. Even though the trajecto
ries in a chaotic attractor have in principle infinite period
ity, the attractor is dominated by a limited number of UP
@6#. The importance of determining the UPOs arises from
fact that the invariant properties of the attractor such as
entropy, Lyapunov spectrum, and dimensions can be
pressed in terms of the UPOs@7–9#. Moreover, the possibil-
ity of extraction of UPOs in an experimental system is e
dence for the existence of determinism in its dynamics@10#.
From a practical point of view, chaos control techniqu
@11–18# can be implemented judiciously if the UPOs of
system are known.

In this article we report the UPOs of the human card
system for some typically normal healthy and pathologi
cases. The UPOs are extracted from the chaotic attractor
structed from measured electrocardiograph~ECG! signals. It
turns out that the human cardiac system behaves as a d
ministic chaotic system with a limited number of domina
UPOs. The number of significant UPOs and their dens
distribution are found, in this preliminary study, to be cha
acteristic of the condition of normalcy and pathology of t
heart. However, properties such as the correlation dimen
of the attractor and the eigenvalues or the Lyapunov ex
nents of the UPOs and of the attractor do not show suc
distinction.

For physiological systems such as the cardiac system,
generally difficult to confirm the presence of determinis
chaos from the usual dimensional analysis@19#. Analysis of
ECG signals based on nonlinear dynamical measures su
correlation dimension, Lyapunov exponents, and Kolm
orov entropy has indicated that the dynamics of the card
system is deterministic chaos@20,21#. Varying estimates of
the correlation dimension ranging from 3.6 to 5.2@20# and
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from 2.1 to 3.2 @21# have been reported. The correlatio
dimension estimated at different portions of the time ser
varies for pathological subjects, whereas there is repeata
ity in the case of normal subjects@21#. However, the deter-
mination and interpretation of dimensions and expone
from experimental data is subject to several limitations,
pecially in the presence of noise, and this is an area of ac
current research@22–24#. The control of cardiac chaos b
identifying the stable and unstable directions about a sad
point and applying timely perturbation also has been s
cessfully implemented by cardiac cell preparations@25#. Re-
cently, a dynamic control technique to control the alterna
rhythm @26# has been developed, which may have import
clinical implications.

The recurrencemethod for extraction of UPOs from ex
perimental data is well documented@7# and it has been ap
plied to data from the Belousov-Zhabotinsky reaction@6# and
a chaotic laser solid-state system@27#. More recently, UPOs
have been extracted by suitable transformation of the t
series and have been successfully applied to experime
chaotic data from a gravitationally buckled magnetoelas
ribbon system@10# and neuronal ensemble from mammali
brain slices@28#. In this article we employ the recurrenc
method of Ref.@6# to extract UPOs of the cardiac system
The procedure consists briefly of first constructing the attr
tor from the time series by the method of delay coordina
with a proper choice of embedding dimensiond and delay
time t @29#. Then taking the pointxi on the attractor, the
dynamical steps are followed asxi 11 ,xi 12 ,...,xj until we
find the smallest indexj . i such thatixi2xj i,«, where«
.0 is a small predetermined distance below which t
points on the attractor are considered to be coincident
such aj exists, we then definem5 j 2 i and representxi as
an (m,«) recurrent point. The procedure is repeated for
points i 51,...,N on the attractor.

II. UPOs OF LORENZ AND RÖ SSLER SYSTEMS

Before applying the method to the study of ECG tim
series, we investigate the UPOs for the standard chaotic
4594 © 1998 The American Physical Society
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57 4595UNSTABLE PERIODIC ORBITS IN HUMAN CARDIAC RHYTHMS
tems, the Lorenz and Ro¨ssler attractors with the paramet
values (R,s,b)5(40,16,4) for the Lorenz system an
(a,b,c)5(0.2,0.2,5.7) for the Ro¨ssler system.

In previous works@1,4#, the UPOs of the Lorenz an
Rössler systems were extracted by constructing the Poin´
section.

Figure 1~a! shows the histogram obtained for the UPOs
the Lorenz attractor, where the number of (m,«) points are
plotted againstm. The Lorenz attractor is found to consist
20 significant UPOs~see Table I! with a basic periodicity of
m550, others being integral multiples of this periodicit
This is more clearly seen when the histogram is convolu
with a Gaussian response function of widthm54, as shown
in Fig. 1~b!. The sum of the areas under the peaks for
entire attractor is normalized to 100 for convenience. Si
the integration step size is 0.01, the basic periodicity co
sponds to 0.5 of a time unit. The UPOs, their relati
weights, and their eigenvalues are reported in Table I.

The stability of the individual UPOs is estimated from
linear approximation of the dynamics at points on nea
trajectories~see Ref.@6# for details of the calculation of the
transformation matrixA, which takesxi to xi 1m!. The trans-
formation matrixA is an approximation of the Jacobian m
trix. The absolute value of the largest eigenvalue ofA gives
the strength of repulsion of the saddle orbit nearxi . It is
important to observe that nearly 95% of the attractor po
belong to these UPOs, confirming that UPO analysis of
chaotic attractor is reliable. For example, we also repor
Table I the largest Lyapunov exponentl calculated for the
entire Lorenz attractor as a weighted sum of the exponen
the individual UPOs. This is seen to be in reasonable ag
ment with the exact value directly calculated for the who
attractor@30#: l52.16 bits/sec.

Similar results are obtained for the Ro¨ssler attractor too.
The attractor is well represented by 12~note that period 4 is
absent! significant UPOs~Fig. 2!. The Lyapunov exponen
estimated from the UPOs is again in agreement with
exact values@30#: l50.13 bits/sec.

III. HUMAN CARDIAC SYSTEM AS CHAOTIC

Having gained confidence in the methodology of UPOs
describe well-known chaotic attractors, we now proceed

FIG. 1. UPOs for the Lorenz attractor:~a! histogram and~b! its
convolution.m is the recurrence number of the UPO withm51
corresponding to 0.01 time unit. See Table I for relative intensi
of the UPOs.
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study the UPOs of the human cardiac system from its m
sured ECG time series.

Unlike the theoretical systems analyzed above, the exp
mental system presents several difficulties. The embedd
dimension is not knowna priori and the estimates of th
invariants of the attractor are sensitive to noise that is alw
present in the measurement process. These problems

s

FIG. 2. UPOs for the Ro¨ssler attractor:~a! histogram and~b! its
convolution.m is the recurrence number of the UPO withm51
corresponding to 0.12 time unit. See Table I for relative intensi
of the UPOs.

TABLE I. UPOs for Lorenz and Ro¨ssler attractors reconstructe
from x(t) time series of 40 000 and 10 000 points with delay tim
t of 0.10 and 1.2 and step sizes 0.01 and 0.12, respectivel«
50.02 for the Lorenz system and«50.03 for the Ro¨ssler system.
Herep is the period,w is the weight~in %!, e is the eigenvalue, and
l is the largest positive Lyapunov exponent in bits/sec.

Lorenz Rössler
p w e p w e

1 17 2.63 1 4 5.18
2 10 22.84 2 3 8.67
3 12 27.78 3 48 13.02
4 9 18.33 5 9 7.81
5 7 13.13 6 5 11.04
6 8 12.27 7 2 8.04
7 5 9.85 8 12 10.37
8 3 11.04 9 2 9.57
9 5 16.07 10 6 10.94

10 4 9.22 11 7 55.46
11 3 12.52 12 1 70.46
12 2 18.98 13 1 3.34
13 3 11.24
14 2 9.03
15 2 8.07
16 2 11.26
17 1 18.03
18 2 18.35
19 1 5.97
20 2 14.53

^l& 2.19 ^l& 0.12
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been addressed by several authors@31–34#. In order to sup-
press noise in the ECG time series measured at 360 Hz
filtered the ECG time series between 0.5 and 45 Hz
down sampled to 90 Hz. After down sampling, we norm
ized it between 0 and 1 to extract the UPOs. We took 10
points each for normal, premature ventricular contract
~PVC!, and atrio ventricular~AV ! block and 14 000 points
each for ventricular tachy arrhythmia~VTA ! and ventricular
fibrillation ~VF!.

The embedding dimensiond for the experimental attrac
tor is decided by the standard method@35# of estimating the
correlation dimensiond2 as a function of the embedding d
mension and looking for saturation ofd2 . In all cases,d2

essentially saturates around 2–2.8, except for VF, in wh
case it saturates around 5–6. For the sake of comparison
take the embedding dimension to be 3 in all the cases
further studies reported here.

To make certain that we are dealing with determinis
chaos, we have done a short-term predictability analysi
the ECG time series by the method proposed by Lefeb
et al. @36#, which is a modification of Sugihara and May
method@37#. By the term ‘‘deterministic chaos’’ we imply
that the system must be predictable for a short period
time. For a chaotic system the correlation coefficientr be-
tween the actual values and the predicted values falls to
zero as the prediction timeP is increased@37#.

We have applied the short-term prediction analysis
both the normal and pathological time series. In all the ca
the correlation coefficientr falls to zero as the prediction
time P is increased, which indicates the chaotic nature of
ECG time series. Refer to@38# for details of the prediction
analysis.

The presence of a nonlinear structure in the ECG ti
series can be established by performing surrogate data a
sis @39,40#. This analysis has been applied to the ECG ti
series using both the random-phase and Gaussian-s
random-phase surrogates. These surrogates will destroy
nonlinear structure, if any, present in the time series. Si
the original and the surrogate data sets will have the s
linear properties, any difference in the discriminating met
between the original and the surrogate must be only bec
of the nonlinear structure present in the original time ser
The significanceS, defined asS5(^Dsur&2Dori)/s ~where
Dsur andDori are the values obtained for surrogate and or
nal using correlation dimensiond2 as the discriminating met
ric, angular brackets represent the mean, ands is the stan-
dard deviation of theDsur!, has been calculated for th
normal, PVC, VTA, AV block, and VF cases. The values a
6560.2, 181.161.8, 52.760.1, 100.160.3, and 5.260.1,
respectively, for the phase-randomized surrogates@38#. Simi-
larly for Gaussian-scaled surrogates, the values are
60.2, 24.460.1, 1960.1, 25.260.1, and 5.7660.1, respec-
tively @38# ~see Ref.@38# for details of the analysis of surro
gate data!. The sharp fall in the correlation coefficientr with
the prediction timeP, the saturation of correlation dimensio
d2 as a function of embedding dimension, and the prese
of nonlinear structure inferred from the surrogate data an
sis point to the fact that ECG time series is deterministica
chaotic.
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IV. UPOs OF THE HUMAN CARDIAC SYSTEM

We recorded ECGs for normal healthy people using v
unteers with a 12-bit analog-to-digital converter sampled a
rate of 360 Hz. ECGs for pathological subjects were tak
from the MIT-BIH arrhythmia database@41#. All the patho-
logical subjects were sampled at 360 Hz, except those w
VTA and VF, which were sampled at 250 Hz.

Figures 3~a!–3~e! show three-dimensional views of th
chaotic attractor for a typically normal and pathologic
cases such as PVC, VTA, AV block, and VF, respective
along with the ECG time series and their power spec
Even though ECGs for the normal and these patholog
cases can be distinguished qualitatively by a trained ph
cian, neither the power spectrum nor the dimension esti
tion can provide much additional information. However, t
situation turns out to be quite different when we consider
UPOs.

We have determined the UPOs for the cardiac rhythm
the recurrence procedure outlined above, for several yo
healthy ~ten cases!, old healthy ~ten cases!, and different
pathological PVC~six cases!, AV block ~two cases!, VTA
~four cases!, and VF ~four cases! cases. These are summ
rized in Table II, where the periodicityp, weight w ~in %!,
eigenvaluee, and largest positive Lyapunov exponentl are
given. Table II also lists~in column 1! the delay timet and
radius« used in the extraction of UPOs for all cases. T
UPO distribution is essentially insensitive to the variation
« within 10% of the reported values in Tables I and II. Ge
erally ;80% of the number of attractor points are found
belong to the dominant UPOs of the attractor for this cho
of «.

The histogram for a typical healthy case and its convo
tion with the Gaussian response function of width 4 is sho
in Figs. 4~a! and 4~b!. Typical trajectories for period 1 and
of a normal subject and a PVC subject are shown in F
5~a!–5~d!.

There are three to four dominant UPOs in the young n
mal ~healthy! individual. The strongest UPO is in the rang
of m values 85–95 and it is the basic period~0.94–1.05 sec!.
The UPOs of a typical young normal case is shown in F
6~a!. The largest positive Lyapunov exponents of the
UPOs are 2.27, 1.38, and 0.94, respectively. Their weight
given by the relative areas under these Gaussian curves
77%, 13%, and 10%, respectively. The shortest UPO ham
;90, which we take as period 1. This is also the strong
The other two UPOs are of period 2 and 3, withm;180 and
270, respectively. Since the sampling time is 0.011, perio
corresponds to a recurrence time of nearly 0.99 sec, whic
of the order of a normal heart rhythm. The physiologic
origin of the other two less dominant UPOs is not clear. T
power spectrum of the normal ECG shows peaks at sev
frequencies@Fig. 3~a!#. In ECG second lead time series, th
peak with maximum amplitude is called anR wave. The
distance between two successiveR waves is called anR-R
interval. It is known@42# that R-R intervals in ECG signals
are variable for the normal case.

Healthy old subjects are also characterized by three
four UPOs. Here the basic periodicity is in the range ofm
values 60–80~0.66–0.88 sec!, where as for young normal i
is around 85–95. A typical case of this type is shown in t
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FIG. 3. ECG time series, power spectra, and attractor for typical~a! normal, ~b! PVC, ~c! VTA, ~d! AV block, and ~e! VF cases,
respectively.x1, x2, andx3 representx(t), x(t1t), andx(t12t) respectively, wherex is the time series~arbitrary units! andt is the delay
time in seconds.
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TABLE II. Eigenvalue for individual periods and the largest positive Lyapunov exponent~l! for the whole system, for normal an
pathological cases. In column 1 the entries within parentheses refer to the delay timet and radius«, respectively. In column 3 the unit perio
(m51) corresponds to 0.011 sec.

Subject Period m
Weight

~%! Eigenvalue
l

~bits/sec! Subject Period m
Weight

~%! Eigenvalue
l

~bits/sec!
healthy
young
1 1 91 77 4.91
~0.04, 2 180 13 6.86 1.89
0.008! 3 275 10 7.44

2 1 95 80 9.52
~0.02, 2 192 12 10.34 2.57
0.015! 3 284 8 9.86

3 1 85 76 8.22
~0.02, 2 166 12 9.52 2.81
0.02! 3 253 8 9.97

4 347 4 9.09

4 1 87 72 9.04
~0.03, 2 174 18 9.15 2.57
0.015! 3 284 10 10.78

healthy
old
1 1 80 70 3.73
~0.03, 2 159 16 9.54
0.016! 3 237 9 9.50 1.94

4 317 5 11.71

2 1 67 69 4.20
~0.04, 2 139 16 4.86
0.013! 3 206 9 5.80 2.36

4 273 6 5.83

3 1 75 60 5.08
~0.03, 2 150 20 5.71
0.02! 3 227 12 4.82 2.21

4 297 8 5.94

4 1 63 57 4.57
~0.03, 2 167 21 5.45
0.03! 3 189 14 5.82 2.43

4 254 8 5.43

PVC
MIT
107 1 75 51 4.59
~0.06, 2 157 13 3.77
0.04! 3 234 13 4.63

4 302 6 5.43 1.67
5 386 9 4.28
6 460 8 3.52

109 1 62 61 4.29
~0.04, 2 124 14 6.81
0.011! 3 184 8 7.51 2.50

4 251 7 7.81
5 313 6 9.55
6 374 4 7.83

106 2 94 51 5.67
~0.11, 4 160 14 4.29
0.0275! 5 196 13 5.67 1.60

7 285 6 4.35
9 359 11 4.21

13 518 5 4.93

124 1 108 52 3.94
~0.04, 2 216 24 4.05
0.017! 3 326 13 4.32 1.18

4 432 7 8.05
5 540 4 7.22

AV
block
MIT
231 1 147 84 5.55
~0.03, 2 285 16 11.50 1.45
0.009!

207 1 175 72 3.62
~0.08, 2 354 15 4.66 0.78
0.02! 3 533 8 4.99

4 708 5 5.35

VTA
CUDB
cu02 1 51 76 2.62
~0.13, 2 103 10 3.10
0.03! 3 153 6 3.60 2.18

4 204 4 3.94
5 257 4 4.60

cu06 1 57 41 2.10
~0.07, 2 115 14 2.23
0.015! 3 173 11 2.64

4 230 11 2.68 0.88
5 288 14 2.67
6 346 9 2.89

cu11 1 65 72 7.24
~0.07, 2 132 14 9.63
0.012! 3 197 5 9.88 2.92

4 269 5 9.82
5 324 4 13.73

cu13 1 47 51 2.30
~0.04, 2 95 15 2.92
0.015! 3 143 12 2.97

4 192 9 3.15
5 240 5 4.33 1.73
6 287 4 4.91
7 336 4 3.47

VF
CUDB
cu01 1 15 28 3.34
~0.04, 2 30 15 4.38
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TABLE II. (Continued).

Subject Period m
Weight

~%! Eigenvalue
l

~bits/sec! Subject Period m
Weight

~%! Eigenvalue
l

~bits/sec!

0.03! 3 48 10 4.73
4 61 9 4.74
5 74 7 4.76
6 93 6 5.10 5.56
7 103 6 4.08
8 117 6 5.60
9 145 4 4.89
10 169 4 4.76
11 184 5 4.78

cu03 1 45 14 2.99
~0.06, 2 89 7 3.24
0.015! 3 135 7 3.43

4 179 15 3.14
5 222 9 3.96
6 267 4 3.55
7 312 5 3.96
8 357 6 5.28
9 402 5 4.32 1.26
10 446 4 6.05
11 490 3 5.84
12 536 6 5.76
13 579 3 5.34
14 624 2 4.26
15 672 2 9.68

16 719 4 9.56
17 757 4 6.71

cu09 1 36 9 7.12
~0.06, 2 80 26 5.71
0.04! 3 120 7 5.61

4 161 11 6.10
5 202 7 6.02
6 243 9 5.56 1.90
7 291 3 6.13
8 324 15 5.59
9 365 5 6.78
10 405 5 5.83
11 447 3 4.87

cu11 1 15 27 2.97
~0.03, 2 28 13 3.35
0.05! 3 42 6 4.06

4 56 6 4.11
5 77 7 3.93
6 92 8 3.75
7 106 7 2.98 4.19
8 122 9 3.03
9 129 7 3.29
10 147 5 3.39
11 164 5 3.27
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Fig. 6~b!. In the aging process the walls of the blood vess
become thick and this leads to a slight decrease in the b
circulation. To compensate for this the heart will work fast
which results in the shift of UPOs to a lower value of recu
rence time@43#.

In sharp contrast to three to four UPOs for normal card
system, we find that a pathological case such as PVC c
tains significantly more UPOs of higher periods~approxi-
mately six UPOs!. The basic period is usually the mo

FIG. 4. UPOs of the healthy young subject~1!. ~a! Histogram
and ~b! its convolution. The relative intensities are given
Table II.
ls
od
,
-

c
n-

dominant and occurs in the wide range ofm values 62–110
~0.68–1.22 sec! ~see Table II!. From the point of view of the
attractor we can see that the PVC attractor has additio
orbits compared to the healthy subject@Fig. 3~b!#. In fact,
most of the other pathological cases also have additio
orbits compared to normal subjects. In Fig. 7~b!, we observe
the occurrence of dominant UPOs from 3.33 to 5.55 sec
the PVC case, in addition to the UPOs of lower recurren
time values of 0.77–3.33 sec, which we find in the norm
case.

In the normal heart, the impulse originating at the sin
node travels through an atrium, the atrio ventricular no
and then into the ventricles through a specialized conduc
system consisting of the bundle of His and Purkinje fibe
The activity of the atria and ventricles are synchroniz
@19,44,45#. In PVC, this synchronization is lost, resulting i
irregular and higherR-R intervals@45#. The higher number
of UPOs probably reflects this larger number of possible
namical states in PVC, occurring at different sites of t
cardiac system.

UPOs for the AV block are shifted to higher values
recurrence time depending on the degree of the block. UP
for a 2:1 AV block are shown in Fig. 7~c!. There are only
two dominant UPOs with areas 84% and 16%. Here the b
periodicity is 147~1.63 sec!, which is much higher than the
normal case. In AV block there is delay in the conduction
electrical impulses from the atrium to the atrio ventricu
node@45#. As a result, ventricular stimulation is delayed. S
we get UPOs at higher values of recurrence time.
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For VTA, there are five to seven dominant UPOs with t
basic periodicity in the range ofm values 45–65~0.50–0.72
sec!. UPOs are shifted to lower values of recurrence ti
compared to the normal~Fig. 8!. UPOs of a typical VTA are
shown in the Fig. 8~b!. There are five dominant UPOs wit
areas of 76%, 10%, 6%, 4%, and 4%. Here the basic per
icity is m550 ~0.55 sec!. VTA results from a rapidly dis-
charging focus developed in the ventricular myocardi
usually from a single focus@45#. It will not respond to the

FIG. 5. Trajectories of periods 1 and 2 for a healthy su
ject: ~a! period 1,m;90; ~b! period 2,m;180, and pathologica
PVC subject;~c! period 1,m;75; and~d! period 2,m;150. In
time units 1 m50.011 sec.x1, x2, andx3 representx(t), x(t1t),
and x(t12t), respectively, wherex is the time series~arbitrary
units! andt is the delay time in seconds.

FIG. 6. Comparison of UPOs of~a! a healthy young subject~1!
and ~b! healthy old subject~1!. Refer to Table II for the relative
intensities of the UPOs.
e

d-

sino atrial~SA! node and both of them act independently
each other. Thus VTA is the result of a reentry mechani
within the ventricular myocardium. Consequently, the UP
are shifted towards the lower values of recurrence time. T
cases of VF are found to have more than ten UPOs wit
basic periodicity ofm515– 45~0.16–0.50 sec!. The number
of UPOs varies slightly, depending on the extent of fibrill
tion. A typical case is shown in Fig. 8~c!. The area under the
peaks are~25–30!%, 15%, 10%, 9%, 7%, 6%, 6%, 6%, 6%
4%, 4%, and 5%. Here the basic periodicity is 21. In V
rapidly discharging stimuli come from the single or multifo
within the ventricles@45#. As a result, ventricles cannot e
fectively respond to each stimulus from the SA node and
rate is rapid and irregular. So we get more UPOs with s
nificantly lower values of recurrence time. The eigenvalu
and the largest Lyapunov exponent of individual UPOs
four cases in each of the different cardiac conditions also
given in Table II.~Only two cases are given for AV block.!

V. DIMENSION INDEPENDENCE AND STATIONARITY
OF UPOs

The distribution and the relative intensity~i.e., area under
the peaks! of the UPOs of the cardiac system are essentia

-

FIG. 7. Comparison of UPOs of~a! a healthy young subject~1!,
~b! PVC ~107!, and ~c! AV block ~231!. Refer to Table II for the
relative intensities of the UPOs.

FIG. 8. Comparison of UPOs of~a! a healthy young subject~1!,
~b! VTA-cu02, and~c! VF-cu01. Refer to Table II for relative in-
tensities of the UPOs.
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invariant to increasing embedding dimension. The relat
intensity ~in percent! of the three UPOs for a healthy hea
for embedding dimensions 3, 5, and 6 are~80,12,8!,
~77,16,7!, and~80,12,8!, respectively, with a basic periodic
ity of m590 ~recurrence time of 1 sec!. These results are
shown in Figs. 9~a!–9~c!. A similar analysis has been carrie
out for the PVC subject. These are shown in Figs. 10~a!–
10~c!. The intensity~in percent! for embedding dimension
3, 5, and 6 are~51,13,13,6,9,8!, ~44,12,14,7,12,11!, and
~46,13,16,8,10,7!, respectively. In all cases the recurren
time remains essentially the same. This clearly proves
UPOs are essentially insensitive to the embedding dimen
and hence they are genuine returns@17#.

Furthermore, there are no significant changes in the n
ber of UPOs and their distribution when the UPO analysi
performed in different portions of the time series, whi
proves the stationary character of the ECG time series.
UPO analysis of the different portions of the time series o

FIG. 9. Comparison of UPOs in various embedding dimensi
d for a typical healthy subject:~a! d53 $80,12,8%, ~b! d55
$77,16,7%, and ~c! d56 $80,12,8%. Numbers in curly brackets give
the relative intensities of the UPOs in the order of increasing va
of the recurrence time.

FIG. 10. Comparison of UPOs in various embedding dimens
d for a typical pathological subject with PVC:~a! d53
$51,13,13,6,9,8%, ~b! d55 $44,12,14,7,12,11%, and ~c! d56
$46,13,16,8,10,7%. Numbers in curly brackets give the relative inte
sities of the UPOs in the order of increasing values of the rec
rence time.
e

at
on

-
s

he
a

typical normal time series are shown in Figs. 11~a! and 11~b!
and that of PVC is shown in Figs. 12~a! and 12~b!.

VI. SURROGATE ANALYSIS OF UPOs

Finally, in order to assess the reliability of the observ
UPOs, the UPO analysis is extended to its surrogate d
Since the surrogate data are the random representation o
original data, the surrogates are not expected to preserve
original UPO distribution@10#. The statistical significance o
the frequency of occurrence of the patterns in the origi
UPOs can be tested by a comparison with the UPOs
tracted from the surrogate data@18#. We can calculate the
statistical measureS @18#, which is given by S5(N
2^Ns&)/s, whereN is the value of the discriminating statis
tic for the original andNs is that for the surrogate. Angula
brackets ands represent the mean and the standard devia
of Ns , respectively. Here the number of (m,«) recurrence

s

s

n

r-

FIG. 11. Comparison of UPOs in different portions of time s
ries for a normal subject:~a! portion 1 ~first 10 000 data points!
$77,13,10% and~b! portion 2~the next 10 000 data points! $78,15,7%.
Numbers in curly brackets give the relative intensities of the UP
in the order of increasing values of the recurrence time.

FIG. 12. Comparison of UPOs of a typical pathological subj
with PVC in different portions of the time series:~a! portion 1~first
10 000 data points! $51,13,13,6,9,8% and ~b! portion 2 ~the next
10 000 data points! $52,13,12,7,10,6%. Numbers in curly brackets
give the relative intensities of UPOs with increasing values of
recurrence time.
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points of dominant UPOs is used as the discriminating
tistic. For an UPO with a recurrence timem, we calculate
Sm , which we define asSm5(Nm2^Ns&m)/s. From this, the
significanceS is obtained by the weighted average ofSm ,
where the weighting factor is the number of (m,«) points.
The number of surrogates was increased until the satura
of S is observed.~See Fig. 13 for a typical normal health
case.! The significanceS values for 250 surrogates in eac
case of normal, PVC, AV block, VTA, and VF for bot
phase-randomized surrogates and Gaussian-scaled ran
phase surrogates are shown in the Table III.

It has been suggested that any value ofS.2 indicates that
the original data do not arise from a linear stochastic proc
@18#. The values obtained for each subject are greater tha
indicating that a nonlinear structure is present in the dyna
ics producing the time series for all cases.

VII. SUMMARY

In summary, we observe that neither the average expo
for the whole attractor nor the individual exponents of t
UPOs have any noticeable regularity or distinction betwe

FIG. 13. SignificanceS ~dimensionless! for a typical healthy
subject: ~a! Gaussian-scaled surrogate and~b! phase-randomized
surrogate. See the text for the definition ofS.
an
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the normal and pathological cases. This is so even among
normal cases. Thus the exponents or the related dimens
cannot serve as a useful characterization of the cardiac
tem. Nor can the power spectrum be used to distinguish
states of the cardiac system since the spectra are quite
plicated in both the normal and pathological cases.

The number and distribution in terms of periodicity an
intensity of the UPOs, on the other hand, are seen to pro
an unambiguous and quantitative characterization of the
diac condition. The healthy heart is well characterized
three to four UPOs of well-defined recurrence time rang
The recurrence time, intensity distribution, and number
UPOs for the various pathological conditions such as PV
VTA, AV block, and VF are quite distinct and characteristi

UPO analysis is shown to be robust in that UPOs
rather insensitive to embedding dimension and are stat
ary. Surrogate analysis indicates the nonlinear structure
the ECG time series with UPO distribution as the discrim
nating statistic and supports an earlier surrogate anal
with correlation dimensiond2 as the discriminating factor
Knowledge of the Lyapunov exponents and the periodic
of the UPOs may be of help in the possible control of cha
in human cardiac systems.
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TABLE III. SignificanceS value of the UPOs of typical norma
and pathological subjects for phase-randomized surrogates
Gaussian-scaled surrogates.

Subject
Phase-randomized

surrogate
Gaussian-scaled

surrogate

normal 23.5460.06 19.8360.16
PVC 7.9760.02 10.0360.03
AV block 26.3660.11 18.9460.07
VTA 36.1460.18 30.9360.19
VF 4.7560.01 4.9560.01
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