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Unstable periodic orbits in human cardiac rhythms
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Unstable periodic orbit§UPQOS9 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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PACS numbds): 87.10+¢e, 05.45+b

[. INTRODUCTION from 2.1 to 3.2[21] have been reported. The correlation
dimension estimated at different portions of the time series

The detection of unstable periodic orbitdPO9 in ex-  varies for pathological subjects, whereas there is repeatabil-
perimental data has emerged as an important issue in curreif in the case of normal subjecf&1]. However, the deter-
studies of chaotic dynami¢4—5]. Even though the trajecto- Mination and interpretation of dimensions and exponents
ries in a chaotic attractor have in principle infinite periodic- from experimental data is subject to several limitations, es-
ity, the attractor is dominated by a limited number of UPOsPecially in the presence of noise, and this is an area of active
[6]. The importance of determining the UPOs arises from thecurrent research22—-24. The control of cardiac chaos by
fact that the invariant properties of the attractor such as itédentifying the stable and unstable directions about a saddle
entropy, Lyapunov spectrum, and dimensions can be expoint and applying timely perturbation also has been suc-
pressed in terms of the UPQ&-9]. Moreover, the possibil- ~ cessfully implemented by cardiac cell preparatif2s]. Re-
ity of extraction of UPOs in an experimental system is evi-cently, a dynamic control technique to control the alternans
dence for the existence of determinism in its dynamic.  rhythm[26] has been developed, which may have important
From a practical point of view, chaos control techniquesclinical implications.

[11-1§ can be implemented judiciously if the UPOs of a  Therecurrencemethod for extraction of UPOs from ex-
system are known. perimental data is well document¢d] and it has been ap-

In this article we report the UPOs of the human cardiacPlied to data from the Belousov-Zhabotinsky reacfi6hand
system for some typically normal healthy and pathological chaotic laser solid-state syst¢av]. More recently, UPOs
cases. The UPOs are extracted from the chaotic attractor coRave been extracted by suitable transformation of the time
structed from measured electrocardiogrédBG) signals. It ~ series and have been successfully applied to experimental
turns out that the human cardiac system behaves as a detépaotic data from a gravitationally buckled magnetoelastic
ministic chaotic system with a limited number of dominant fibbon systenj10] and neuronal ensemble from mammalian
UPOs. The number of significant UPOs and their densityorain slices[28]. In this article we employ the recurrence
distribution are found, in this preliminary study, to be char-method of Ref[6] to extract UPOs of the cardiac system.
acteristic of the condition of normalcy and pathology of the The procedure consists briefly of first constructing the attrac-
heart. However, properties such as the correlation dimensioi®r from the time series by the method of delay coordinates
of the attractor and the eigenvalues or the Lyapunov expowith a proper choice of embedding dimensidrand delay
nents of the UPOs and of the attractor do not show such Bime 7 [29]. Then taking the poink; on the attractor, the
distinction. dynamical steps are followed a8, 1,X;2,....X; until we

For physiological systems such as the cardiac system, it iind the smallest index>i such that|x;—x;||<e, wheree
generally difficult to confirm the presence of deterministic>0 is a small predetermined distance below which two
chaos from the usual dimensional analyj4i8]. Analysis of  points on the attractor are considered to be coincident. If
ECG signals based on nonlinear dynamical measures such sigch aj exists, we then definmi=j—i and represent; as
correlation dimension, Lyapunov exponents, and Kolmog-an (m,e) recurrent point. The procedure is repeated for all
orov entropy has indicated that the dynamics of the cardiapointsi=1,...N on the attractor.
system is deterministic cha$20,21]. Varying estimates of
the correlation dimension ranging from 3.6 to $2D] and Il UPOs OF LORENZ AND RO SSLER SYSTEMS
Before applying the method to the study of ECG time
*Electronic address: msgopi@hotmail.com series, we investigate the UPOs for the standard chaotic sys-
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1000 T T T T T T T T g T TABLE I. UPOs for Lorenz and Rssler attractors reconstructed
800 @ from x(t) time series of 40 000 and 10 000 points with delay times
ool i 7 of 0.10 and 1.2 and step sizes 0.01 and 0.12, respectigely.

00l =0.02 for the Lorenz system and=0.03 for the Resler system.
Herep is the periodyw is the weight(in %), e is the eigenvalue, and

2001 l h I 1 \ is the largest positive Lyapunov exponent in bits/sec.
o
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% 0 200 360/\4/«1.})/\5/6\0 /\e/t'}o /\%0 As{l)}) 9{')\0 1@0 5 ! 13.13 6 5 11.04
m 6 8 12.27 7 2 8.04
FIG. 1. UPOs for the Lorenz attractda) histogram andb) its 7 5 9.85 8 12 10.37
convolution.m is the recurrence number of the UPO witlh= 1 8 3 11.04 9 2 9.57
corresponding to 0.01 time unit. See Table | for relative intensities 9 5 16.07 10 6 10.94
of the UPOs. 10 4 9.22 11 7 55.46
tems, the Lorenz and Reler attractors with the parameter E 2 i;:g; ig 1 72:;2
values R,o,b)=(40,16,4) for the Lorenz system and 13 3 11.24
(a,b,c)=(0.2,0.2,5.7) for the Resler system. 14 5 9'03
In previous works[1,4], the UPOs of the Lorenz and '
Rossler systems were extracted by constructing the Poincare 15 2 8.07
section. 16 2 11.26
Figure 1a) shows the histogram obtained for the UPOs of 17 1 18.03
the Lorenz attractor, where the number af,€) points are 18 2 18.35
plotted againsin. The Lorenz attractor is found to consist of 19 1 5.97
20 significant UPOgsee Table)lwith a basic periodicity of 20 2 14.53

m=>50, others being integral multiples of this periodicity. \) 2.19 \) 0.12
This is more clearly seen when the histogram is convoluted
with a Gaussian response function of widlth=4, as shown

in Fig. 1(b). The sum of the areas under the peaks for they, . the UPOSs of the human cardiac system from its mea-
entire attractor is normalized to 100 for convenience. Smcesured ECG time series

the integration step size is 0.01, the basic periodicity corre- Unlike the theoretical systems analyzed above, the experi-

sponds to 0.5 of a time unit. The UPQOs, their relative it ;
weights, and their eigenvalues are reported in Table . mental system presents several difficulties. The embedding

The stability of the individual UPOs is estimated from a dimension is not knowra priori and the estimates of the
linear approximation of the dynamics at points on nearb nvarlant_s of the attractor are sensitive to noise that is always
trajectories(see Ref[6] for details of the calculation of the ~Present in the measurement process. These problems have
transformation matriXd, which takesx; to x; , ,). The trans-
formation matrixA is an approximation of the Jacobian ma- 2000 . - , - -
trix. The absolute value of the largest eigenvalué\ajives ool @ |
the strength of repulsion of the saddle orbit near It is
important to observe that nearly 95% of the attractor points
belong to these UPOs, confirming that UPO analysis of the |
chaotic attractor is reliable. For example, we also report in | | l 1 l
Table | the largest Lyapunov exponentcalculated for the T R e e o ew 700
entire Lorenz attractor as a weighted sum of the exponent of m
the individual UPOs. This is seen to be in reasonable agree-
ment with the exact value directly calculated for the whole
attractor[30]: \=2.16 bits/sec.

Similar results are obtained for the §ber attractor too.
The attractor is well represented by (bte that period 4 is
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absenk significant UPOS(Fig. 2). The Lyapunov exponent 2t /\ ]
estimated from the UPOs is again in agreement with the ol —A—a = A /3\50 o /5\00/\ = "
exact valueg30]: A =0.13 bits/sec. m

Il. HUMAN CARDIAC SYSTEM AS CHAOTIC FIG. 2. UPOs for the Rssler attractor(a) histogram andb) its

convolution.m is the recurrence number of the UPO witin= 1
Having gained confidence in the methodology of UPOs tacorresponding to 0.12 time unit. See Table | for relative intensities
describe well-known chaotic attractors, we now proceed t®f the UPOs.
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been addressed by several auti@%s—34. In order to sup- IV. UPOs OF THE HUMAN CARDIAC SYSTEM

press noise in the ECG time series measured at 360 Hz, we We recorded ECGs for normal healthv people using vol-
filtered the ECG time series between 0.5 and 45 Hz and Y peop 9

down sampled to 90 Hz. After down sampling, we nc)rmal_unteers with a 12-bit analog-to-digital converter sampled at a

ized it between 0 and 1 to extract the UPOs. We took 10 00 ate of 360 Hz. ECGs for pathologlcal subjects were taken
. . . _from the MIT-BIH arrhythmia databaddl]. All the patho-
points each for normal, premature ventricular contractlor]

(PVO), and atrio ventriculatAV) block and 14 000 points ogical subjects were sampled at 360 Hz, except those with

each for ventricular tachy arrhythm@&TA) and ventricular VTA. and VF, which were sampleql at 25.0 Hz. .
fibrillation (VF). Flg_ures 3a)—3(e) show three-dlmensmnal views of t_he
The embedding dimensio for the experimental attrac- chaotic attractor for a typically normal and pathological

tor is decided by the standard meth@®] of estimating the cases SL.‘Ch as PVC, V.TA’ AV.b|OCk’ and _VF’ respectively,
; ) . . > . along with the ECG time series and their power spectra.
correlation dimensiowl, as a function of the embedding di-

mension and looking for saturation df,. In all casesd Even though ECGs for the normal and these pathological
' ng uratl ' 2 cases can be distinguished qualitatively by a trained physi-

essentially saturates around 2-2.8, except for VF, in Whld&ian, neither the power spectrum nor the dimension estima-

case it saturates around 5-6. For the sake of comparison, WBn can provide much additional information. However, the

take the embeddlng dimension to be 3 in all the cases foéituation turns out to be quite different when we consider the
further studies reported here.

. . . ... UPOs.
To make certain that we are dealing with deterministic We have determined the UPOs for the cardiac rhythm by
chaos, we have done a short-term predictability analysis toh

) ; e recurrence procedure outlined above, for several young
the ECG time series by the method proposed by Lefebvrgesithy (ten cases old healthy (ten cases and different
et al. [36], which is a modification of Sugihara and May’s pathological PVC(six casel AV block (two casel VTA
method[37]. By the term “deterministic chaos” we imply (four casey and VF (four cases cases. These are summa-
that the system must be predictable for a short period O;ized in Table Il, where the periodicity, weightw (in %),
time. For a chaotic SyStem the correlation COGfﬁCiﬁme- eigenva“v]&, and |argest positive Lyapunov exponenare
tween the actual values and the predicted values falls to negjven. Table Il also listgin column J) the delay timer and
zero as the prediction time is increased37]. radiuse used in the extraction of UPOs for all cases. The
We have applied the short-term prediction analysis forUPO distribution is essentially insensitive to the variation of
both the normal and pathological time series. In all the cases; within 10% of the reported values in Tables | and Il. Gen-
the correlation coefficienp falls to zero as the prediction erally ~80% of the number of attractor points are found to
time P is increased, which indicates the chaotic nature of thdelong to the dominant UPOs of the attractor for this choice
ECG time series. Refer 88] for details of the prediction ©0f .
analysis. The histogram for a typical healthy case and its convolu-
The presence of a nonlinear structure in the ECG timdion with the Gaussian response function of width 4 is shown

series can be established by performing surrogate data anait Figs. 48 and 4b). Typical trajectories for period 1 and 2
sis[39,40. This analysis has been applied to the ECG timePf @ normal subject and a PVC subject are shown in Figs.
series using both the random-phase and Gaussian-scale@®—2d)-

random-phase surrogates. These surrogates will destroy the ':'hr?relar]re .thé?e.dto f|0L_JI_rhd0minant UPL?;Oin' the yrcl)ung nor-
nonlinear structure, if any, present in the time series. Sincd1@ (healthy individual. The strongest IS In the range

the original and the surrogate data sets will have the sa f m values 85-95 and it s the basic periflid4—1.05 sec

linear properties, any difference in the discriminating metricﬁg:;e UPOs of a typical young normal case is shown in Fig.

o 6(a). The largest positive Lyapunov exponents of these
between th_e original and the surrogate mu_st_be o_nly beC?“ Os are 2.27, 1.38, and 0.94, respectively. Their weights as
of the nonlinear structure present in the original time series

o ) given by the relative areas under these Gaussian curves are
The significanceS, defined asS=((Dsu) —Don)/o (Where 7794 1305 and 10%, respectively. The shortest UPOrhias
DsurandD,,; are the values obtained for surrogate and origi-_gq which we take as period 1. This is also the strongest.
nal using correlation dimensiaty as the discriminating met- The other two UPOs are of period 2 and 3, with- 180 and
ric, angular brackets represent the mean, arid the stan- 270, respectively. Since the sampling time is 0.011, period 1
dard deviation of theDg,), has been calculated for the corresponds to a recurrence time of nearly 0.99 sec, which is
normal, PVC, VTA, AV block, and VF cases. The values areof the order of a normal heart rhythm. The physiological
65+0.2, 181.1* 1.8, 52.7-0.1, 100.2-0.3, and 5.20.1,  origin of the other two less dominant UPOs is not clear. The
respectively, for the phase-randomized surroge88k Simi-  power spectrum of the normal ECG shows peaks at several
larly for Gaussian-scaled surrogates, the values are 33fsequenciegFig. 3@]. In ECG second lead time series, the
+0.2, 24.4-0.1, 19-0.1, 25.2-0.1, and 5.76:0.1, respec- peak with maximum amplitude is called @ wave. The
tively [38] (see Ref[38] for details of the analysis of surro- distance between two successRewaves is called aiR-R
gate data The sharp fall in the correlation coefficigmwith  interval. It is known[42] thatR-R intervals in ECG signals
the prediction timeP, the saturation of correlation dimension are variable for the normal case.
d, as a function of embedding dimension, and the presence Healthy old subjects are also characterized by three to
of nonlinear structure inferred from the surrogate data analyfour UPOs. Here the basic periodicity is in the rangenof
sis point to the fact that ECG time series is deterministicallyvalues 60—800.66—0.88 se¢ where as for young normal it
chaatic. is around 85-95. A typical case of this type is shown in the



57 UNSTABLE PERIODIC ORBITS IN HUMAN CARDIAC RHYTHMS

. 400) s
“
5 28
3 300 z
o 24l
(8) 5, 2
~ el
s -3
E °
= 100 Ed
a o2
£ o
<
0 1
100
1M1 112 113 114 15 16 17 0 5 10 15 20 25
Time (sec) Frequency (Hz)
300 8
200 7
7 100 6|
z a
ER c5
" E
(b) -100 a4
° 2
° -
3200 o3
H H
2@0 a2
<
-400 1
“n o bl
" 112 113 14 15 16 117 [ 5 10 15 20 2
Time (sec) Frequency (Hz)
5
500 45
- 4
»
=z ®35
S 300 z
2 20 >3
« a
- 25
(¢) T s
° T2
2 0 °
= 315
a °
£-100) o
< 1
-200 05
3 o i
240 2405 241 2415 242 2425 243 2435 244 [ 5 10 15
Time (sec) Frequency (Hz)
- 5
45
300
- 4
0)
= %35
a 53
(d) S 100] 225
m
© -
© - 2
3 °
= 0
= z
z 215
£ o
<100
0.5
. N (PRTRI 4
26 97 98 9 100 101 [ 10 20 25 30
Time (sec) Frequency (H2)
500, 5,
400 45
. 300 4
bed -
< 200t @35
> c
4 10 ERE
(e) s o 225
® 2
 -100] e 2
3 ®
’_;.200 . E!.S
13
530 1
-400 05
500/ o
240 240.5 241 2415 242 2425 243 [} 5 10 15

Time (sec)

Frequency (Hz)

4597

FIG. 3. ECG time series, power spectra, and attractor for tygmahormal, (b) PVC, (c) VTA, (d) AV block, and (e) VF cases,
respectivelyx,, X,, andxz represenk(t), x(t+ 7), andx(t+27) respectively, whera is the time seriegarbitrary unit3 and r is the delay

time in seconds.
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TABLE II. Eigenvalue for individual periods and the largest positive Lyapunov expofégnfor the whole system, for normal and
pathological cases. In column 1 the entries within parentheses refer to the delayatimi@adius:, respectively. In column 3 the unit period
(m=1) corresponds to 0.011 sec.

Weight N Weight N

Subject Period m (%) Eigenvalue (bits/se¢ Subject Period m (%) Eigenvalue (bits/seg
healthy (0.11, 4 160 14 4.29
young 0.0275 5 196 13 5.67 1.60
1 1 91 77 4.91 7 285 6 4.35
(0.04, 2 180 13 6.86 1.89 9 359 11 4.21
0.008 3 275 10 7.44 13 518 5 4.93
2 1 95 80 9.52 124 1 108 52 3.94
(0.02, 2 192 12 10.34 2.57  (0.04, 2 216 24 4.05
0.015 3 284 8 9.86 0.017 3 326 13 4.32 1.18
: Lo e ¢ @7
(0.02, 2 166 12 9.52 2.81 '
0.02 3 253 8 9.97 AV

4 347 4 9.09 block

MIT

4 1 87 72 9.04 231 1 147 84 5.55
(0.08, 2 174 18 9.15 257 (0.03, 2 285 16 11.50 1.45
0.015 3 284 10 10.78 0.009
Sza'thy 207 1 175 72 3.62
Y e w em om 2 w3 m o
(0.03, 2 159 16 9.54 . Co8 c 535
0.016 3 237 9 9.50 1.94 '

4 317 5 11.71 VTA

CUDB

2 1 67 69 4.20 cu02 1 51 76 2.62
(0.04, 2 139 16 4.86 (0.13, 2 103 10 3.10
0.013 3 206 9 5.80 236 003 3 153 6 3.60 518

4 273 6 5.83 4 204 4 3.94
3 1 75 60 5.08 5 257 4 4.60
(0.03, 2 150 20 5.71 cu06 1 57 41 2.10
0.02 3 227 12 4.82 221  (0.07, 2 115 14 2.23

4 297 8 5.94 0.015 3 173 11 2.64
4 1 63 57 457 ‘5" ggg 1‘11 2:23 0.88
(0.03, 2 167 21 5.45 5 246 9 5 89
0.03 3 189 14 5.82 2.43

4 254 8 5.43 cull 1 65 72 7.24
PVC (0.07, 2 132 14 9.63
MIT 0.012 3 197 5 9.88 2.92
107 1 75 51 4.59 4 269 o 9.82
(0.08, 2 157 13 3.77 5 324 4 13.73
0.09 3 234 13 4.63 cul3 1 47 51 2.30

S 386 9 4.28 0.015 3 143 12 2.97

6 460 8 3.52 4 192 9 315
109 1 62 61 4.29 5 240 5 4.33 1.73
(0.04, 2 124 14 6.81 6 287 4 4.091
0.013 3 184 8 7.51 2.50 7 336 4 347

4 251 7 7.81 VF

5 313 6 9.55 CUDB

6 374 4 7.83 cuol 1 15 28 3.34
106 2 94 51 5.67 (0.04, 2 30 15 4.38
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TABLE II. (Continued).

Weight N Weight \

Subject Period m (%) Eigenvalue (bits/se¢ Subject Period m (%) Eigenvalue (bits/seg
0.03 3 48 10 4.73 16 719 4 9.56

4 61 9 4.74 17 757 4 6.71

5 74 7 4.76 cu09 1 36 9 7.12

6 93 6 5.10 5.56 (0.06, 2 80 26 5.71

7 103 6 4.08 0.04 3 120 7 5.61

8 117 6 5.60 4 161 11 6.10

9 145 4 4.89 5 202 7 6.02

10 169 4 4.76 6 243 9 5.56 1.90

11 184 5 4.78 7 291 3 6.13
cu03 1 45 14 2.99 8 324 15 5.59
(0.06, 2 89 7 3.24 9 365 > 6.78
0.015 3 135 7 3.43 10 405 > 5.83

4 179 15 3.14 1 447 3 4.87

5 222 9 3.96 cull 1 15 27 2.97

6 267 4 3.55 (0.03, 2 28 13 3.35

7 312 5 3.96 0.05 3 42 6 4.06

8 357 6 5.28 4 56 6 411

9 402 5 4.32 1.26 5 77 7 3.93

10 446 4 6.05 6 92 8 3.75

11 490 3 5.84 7 106 7 2.98 4.19

12 536 6 5.76 8 122 9 3.03

13 579 3 5.34 9 129 7 3.29

14 624 2 4.26 10 147 5 3.39

15 672 2 9.68 11 164 5 3.27

Fig. 6(b). In the aging process the walls of the blood vesselslominant and occurs in the wide rangerofvalues 62—110
become thick and this leads to a slight decrease in the bloo®.68—1.22 sec(see Table |l. From the point of view of the
circulation. To compensate for this the heart will work faster,attractor we can see that the PVC attractor has additional
which results in the shift of UPOs to a lower value of recur-orbits compared to the healthy subj¢&ig. 3b)]. In fact,
rence time[43]. most of the other pathological cases also have additional

In sharp contrast to three to four UPOs for normal cardiacrbits compared to normal subjects. In Figb)7 we observe
System, we f|nd that a path0|ogica| case SUCh as PVC Coﬁhe occurrence Of dom[nant UPOs fl’0m 3.33 to 5.55 sec fOI’
tains significantly more UPOs of higher periotEpproxi- t_he PVC case, in addition to the L_JPOs of_ Iovv_er recurrence
mately six UPOs The basic period is usually the most time values of 0.77-3.33 sec, which we find in the normal

case.

30 ' ' ' ' ' ' ' In the normal heart, the impulse originating at the sinus

‘ node travels through an atrium, the atrio ventricular node,
and then into the ventricles through a specialized conducting
system consisting of the bundle of His and Purkinje fibers.
The activity of the atria and ventricles are synchronized
[19,44,49. In PVC, this synchronization is lost, resulting in
irregular and higheR-R intervals[45]. The higher number

of UPOs probably reflects this larger number of possible dy-

10f ' ' ' ‘ ' ' ' ] namical states in PVC, occurring at different sites of the
cardiac system.

UPOs for the AV block are shifted to higher values of
recurrence time depending on the degree of the block. UPOs
for a 2:1 AV block are shown in Fig.(@). There are only
, , ‘ ‘ , two dominant UPOs with areas 84% and 16%. Here the basic
° 05 ! " rmedse 3 35 4 periodicity is 147(1.63 seg, which is much higher than the

normal case. In AV block there is delay in the conduction of

FIG. 4. UPOs of the healthy young subjdd). (a) Histogram  electrical impulses from the atrium to the atrio ventricular
and (b) its convolution. The relative intensities are given in node[45]. As a result, ventricular stimulation is delayed. So
Table 1. we get UPOs at higher values of recurrence time.

2
Time (sec)

Amplitude (arb. units)




4600 K. NARAYANAN, R. B. GOVINDAN, AND M. S. GOPINATHAN 57

(a) (b)
500 500
400 400
300 300 —_
X3 200 X3 200 -g
100 100 g
0 0 o
-100 -100 E’,
-500 -500 o
©
X ° 500 X, 0 500 E
500 500 ox2 500 500 OxO E
- <
(c) (d)
600 400 Time (sec)
400 200 FIG. 7. Comparison of UPOs @8) a healthy young subje¢t),
X o (b) PVC (107), and(c) AV block (231). Refer to Table Il for the
3 200 %3 0 relative intensities of the UPOs.

0 -400 sino atrial(SA) node and both of them act independently of
200] 500 each other. Thus VTA is the result of a reentry mechanism
-500 -500° within the ventricular myocardium. Consequently, the UPOs
x, o . are shifted towards the lower values of recurrence time._The

500 500 cases of VF are found to have more than ten UPOs with a
500 500 500 "5g0 basic periodicity oim=15-45(0.16—0.50 sec The number

X, X,

of UPOs varies slightly, depending on the extent of fibrilla-
FIG. 5. Trajectories of periods 1 and 2 for a healthy sub-tion. A typical case is shown in Fig(8. The area under the

ject: (a) period 1,m~90; (b) period 2,m~ 180, and pathological peaks ar€25-30%, 15%, 10%, 9%, 7%, 6%, 6%, 6%, 6%,

PVC subject;(c) period 1,m~75; and(d) period 2,m~150. In 4%, 4%, and 5%. Here the basic periodicity is 21. In VF,

time units 1 m=0.011 secx;, X,, andx; represeni(t), x(t+7), rapidly discharging stimuli come from the single or multifoci
and x(t+27), respectively, where is the time seriegarbitrary ~ within the ventricled45]. As a result, ventricles cannot ef-
unit9) and 7 is the delay time in seconds. fectively respond to each stimulus from the SA node and its

rate is rapid and irregular. So we get more UPOs with sig-
For VTA, there are five to seven dominant UPOs with thenificantly lower values of recurrence time. The eigenvalues
basic periodicity in the range oh values 45-6%0.50-0.72 and the largest Lyapunov exponent of individual UPOs for
seg. UPOs are shifted to lower values of recurrence timefour cases in each of the different cardiac conditions also are
compared to the norm&Fig. 8. UPOs of a typical VTA are given in Table II.(Only two cases are given for AV blogk.
shown in the Fig. &). There are five dominant UPOs with
areas of 76%, 10%, 6%, 4%, and 4%. Here the basic period-v. DIMENSION INDEPENDENCE AND STATIONARITY

icity is m=50 (0.55 seg. VTA results from a rapidly dis- OF UPOs
charging focus developed in the ventricular myocardium o . e
usually from a single focuf4s]. It will not respond to the The distribution and the relative intensitye., area under

the peaksof the UPOs of the cardiac system are essentially

........................................................
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S R | e SRR Jeemmennan ‘- -------- e S
d ? 5
N e I R R 5
@
= [}
Z o R LR R Sl Rt E
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FIG. 6. Comparison of UPOs @) a healthy young subject) FIG. 8. Comparison of UPOs @#) a healthy young subje¢t),

and (b) healthy old subjectl). Refer to Table Il for the relative (b) VTA-cu02, and(c) VF-cuOl. Refer to Table Il for relative in-
intensities of the UPOs. tensities of the UPOs.
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FIG. 9. Comparison of UPOs in various embedding dimensions  F|G. 11. Comparison of UPOs in different portions of time se-
d for a typical healthy subject(a) d=3 {80,12,8, (b) d=5  ries for a normal subjectta) portion 1 (first 10 000 data poin}s
{77,16,%, and(c) d=6 {80,12,8. Numbers in curly brackets give (77 13 10 and(b) portion 2(the next 10 000 data point&’8,15,7.
the relative intensities of the UPOs in the order of increasing valuef§jumbers in curly brackets give the relative intensities of the UPOs
of the recurrence time. in the order of increasing values of the recurrence time.

invariant to increasing embedding dimension. The relativaypical normal time series are shown in Figs(diland 11b)

intensity (in percent of the three UPOs for a healthy heart and that of PVC is shown in Figs. (& and 12Zb).

for embedding dimensions 3, 5, and 6 af80,12,8,

(77,16,7, and(80,12,8, respectively, with a basic periodic- VI]. SURROGATE ANALYSIS OF UPOs

ity of m=90 (recurrence time of 1 s¢cThese results are ] ] o

shown in Figs. 88—9(c). A similar analysis has been carried Finally, in order to assess the rellablllty_ of the observed

out for the PVC subject. These are shown in Figs(ato U_POs, the UPO analysis is extended to its surroge_lte data.

10(c). The intensity(in percent for embedding dimensions Slpqe the surrogate data are the random representation of the

3, 5, and 6 are(51,13,13,6,9,8 (44,12,14,7,12,11 and or!g!nal data, the surrogates are not precteq to preserve the

(46,13,16,8,10)7 respectively. In all cases the recurrence©riginal UPO distributior] 10]. The statistical S|g.n|f|cance' o_f

time remains essentially the same. This clearly proves thdf€¢ frequency of occurrence of the patterns in the original

UPOs are essentially insensitive to the embedding dimensioHPOS can be tested by a comparison with the UPOs ex-

and hence they are genuine retufg). trac_teq from the surrogate da@iB]. We can calculate the
Furthermore, there are no significant changes in the nunstatistical measureS [18], which is given by S=(N

ber of UPOs and their distribution when the UPO analysis is~ (Ns))/o, whereN is the value of the discriminating statis-

performed in different portions of the time series, whichlic for the original andN; is that for the surrogate. Angular

proves the stationary character of the ECG time series. Tharackets and represent the mean and the standard deviation

UPO analysis of the different portions of the time series of &°f Ns, respectively. Here the number ofn() recurrence

o]
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Amplitude (arb. units)

o @
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Time (sec) Time (sec)

FIG. 10. Comparison of UPOs in various embedding dimension FIG. 12. Comparison of UPOs of a typical pathological subject
d for a typical pathological subject with PVC:(@ d=3 with PVC in different portions of the time serie&) portion 1(first
{51,13,13,6,98 (b) d=5 {44,12,14,7,12,11 and (c) d=6 10 000 data poinys{51,13,13,6,9,8and (b) portion 2 (the next
{46,13,16,8,10 7 Numbers in curly brackets give the relative inten- 10 000 data poinjs{52,13,12,7,10,6 Numbers in curly brackets
sities of the UPOs in the order of increasing values of the recurgive the relative intensities of UPOs with increasing values of the
rence time. recurrence time.
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30 T T T T T TABLE IIl. SignificanceS value of the UPOs of typical normal

Sasr WVM% @ and pathological subjects for phase-randomized surrogates and
§2O- 1 Gaussian-scaled surrogates.
2 15F .
cor 1 Phase-randomized Gaussian-scaled
o 5F ] Subject surrogate surrogate

o . . . . .

0 % Ne of surragates 0 %0 normal 23.54-0.06 19.830.16

. . ' ' . PVC 7.970.02 10.0%0.03
@ 95| (®) | AV block 26.36-0.11 18.94-0.07
N B VTA 36.14+0.18 30.930.19
Sas| i VF 4.75+0.01 4.95-0.01
210
o 8
’ the normal and pathological cases. This is so even among the

0 50 No of Surrapates 20 normal cases. Thus the exponents or the related dimensions
cannot serve as a useful characterization of the cardiac sys-

FIG. 13. SignificanceS (dimensionlessfor a typical healthy  tem. Nor can the power spectrum be used to distinguish the
subject: (8) Gaussian-scaled surrogate afij phase-randomized  states of the cardiac system since the spectra are quite com-
surrogate. See the text for the definition®f plicated in both the normal and pathological cases.

. ) ) o The number and distribution in terms of periodicity and
points of dominant UPOs is used as the discriminating stajensity of the UPOs, on the other hand, are seen to provide
tistic. For an UPO with a recurrence tinme, we calculate 5 ynambiguous and quantitative characterization of the car-
Sm. which we define a§y=(Nm—(Ns)m)/o. From this, the  gjac condition. The healthy heart is well characterized by
significanceS is obtained by the weighted average ®,  three to four UPOs of well-defined recurrence time ranges.
where the weighting factor is the number ahe) points.  The recurrence time, intensity distribution, and number of
The number of surrogates was increased until the saturationpos for the various pathological conditions such as PVC,
of S is observed(See Fig. 13 for a typical normal healthy A, AV block, and VF are quite distinct and characteristic.
case) The significances values for 250 surrogates in each  ypo analysis is shown to be robust in that UPOs are
case of normal, PVC, AV block, VTA, and VF for both rather insensitive to embedding dimension and are station-
phase-randomized surrogates and Gaussian-scaled randogy. Surrogate analysis indicates the nonlinear structure of
phase surrogates are shown in the Table IIl. the ECG time series with UPO distribution as the discrimi-

It has been suggested that any valuSof2 indicates that  pating statistic and supports an earlier surrogate analysis
the original data do not arise from a linear stochastic procesgith correlation dimensiond, as the discriminating factor.
[18]. The values obtained for each subject are greater than Znowledge of the Lyapunov exponents and the periodicity

indicating that a nonlinear structure is present in the dynamof the UPOs may be of help in the possible control of chaos
ics producing the time series for all cases. in human cardiac systems.
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