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The dynamic characteristics of heart electrical activity for different ages
based on nonlinear dynamics algorithms of heart rate variability
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Abstract : [Objective] The nonlinear dynamics of heart rhythms has been proved to be effective for evaluating the cardiac health.
Dynamic capability plays a critical role in characterizing hearts from different ages. Qualitatively, the Lorenz plot illustrates the
nonlinear characteristics of long-term heart rate variability (HRV). Quantitatively, the Largest Lyapunov Exponent (LLE) is the
general index of signals’ chaotic dynamics to evaluate the nonlinearity of cardiac systems. HRV data are extracted from
electrocardiographic (ECG), so HRV and ECG should reflect consistent nonlinear dynamics for a same period of heart activity.
[ Methods] In this study, we manage to build a both qualitative and quantitative modeling framework for the nonlinear dynamics of the
cardiac system,and apply it to analyze heart beating states for different age groups. Based on the assumption that ECG signals and
HRYV data from the same period of heart activities should reflect consistent dynamics, we propose a cardiac nonlinearity analyzing
framework to describe heart dynamics qualitatively and quantitatively based on HRV data. HRV data should be extracted to reflect
consistent nonlinear characteristics. A pipeline incorporating GNDBSCAN for HRV data denoising and automatic extraction of steady
segments with the Sequential Probability Ratio Test was designed to achieve a reliable LLE index on HRV data. For the purpose of

smoothing the great fluctuation of LLLLE caused by casually selected HRV segments., sufficient long and steady Lorenz plot on HRV
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data provide a qualitative visual description of the nonlinearity. And LLE offers the quantitative description of the nonlinear dynamics
of heart activity. Therefore, the numerical index and the visual description aim to achieve consistent and reliable dynamic criteria for
long-term heart activity. [Results] We explore the relationship between the visual Lorenz plot and the numerical index LLE,and offer
a comprehensive view and clear understanding of the nonlinear dynamics. The proposed framework for nonlinearity dynamic analyses
of HRV achieves consistent results with ECG,and obtains steady analyses for the heart system. The experiment indicates that HRV
is more suitable for describing nonlinear dynamic characteristics than ECG signals are,and that it possesses better ability than ECG
does to describe long-term nonlinear dynamic characteristics efficiently and accurately. Long-term HRV data can catch nonlinear
dynamic characteristics which may be missed by short-time ECG signals. Using the proposed strategy and pipeline, we analyze young
(16~45 years old) and elderly (=70 years old) groups with clinically-healthy hearts. Based on the collected 24 h holter signals in
three time intervals,clear and consistent tendencies show that the young group secures larger LLLLEs than the elderly group does. This
tendency indicates that the heart activity in young people exhibits more nonlinear characteristics, more complexity and
unpredictability than that in the elderly individuals, with significant correlations between LLE and Lorenz plot. The Lorenz plots of
general elderly hearts exhibit three different branches. For the two oldest subjects (88 and 90 years old) with body function failure,
cardiac systems show significant nonlinearities. The Lorenz plot indicates that their cardiac systems are gradually out of control and
finally leads to failure. [ Conclusions] The reliable LLE index combined with the Lorenz plot describe the cardiac nonlinearity
comprehensively. The significant correlation exists between LLE index and the long and short axis of Lorenz plot, offering
quantitative and qualitative descriptions of the nonlinear characteristics of heart activity. The experiments verified the efficiency and
consistency of the proposed strategy and developed pipeline. The fast processing of HRV data make it more suitable to implement
real-time transmission, processing and analysis, which can be applied to wearable health monitoring devices. The stable and efficient
quantification of the nonlinear dynamic characteristics of cardiac activity provides a new perspective and support for clinical research.
Keywords: nonlinear dynamics; largest Lyapunov exponent (LLE); heart rate variability (HRV) ; electrocardiographic (ECG) ;
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Fig. 1 A qualitative and quantitative modeling framework for nonlinear dynamics of cardiac system

2 HBRES

2.1 BUREHIA

RS T AR B ZiHE 1 24 h ECG
S5 HEM(16~45 B FIBAEH (=70 ), ik E
O EZE B2 AR I PR 12 W X R A R 1. ECG {5 5 il i
12 FEEAP UL 128 Hz RSS2 3b 1 TR, AR R 20
SR A4 Y01, Y02+ Y205 ZAFE4H 22
sk, Ay Bl 4 001, 002--- 020, PL K Vo1,
V02, HHr V01.V02 32l AR 73 il 88 % i 90,
MATEERR AR 5 I PRIAE P A
2.2 EEMEENSTEITE

D IR LT E A AT AL

B 2 45 TR AR AE A ZI0E W 4 s ECG
JEFN 24 h () HRV 3182580 B nEl 2o frh) , 7
SEREFZIE I ECG (F5 Z %A B 2557, H
I, B 2(0) F (D) FTR M6 A8 26 8IS BB R T 3 48 A

A ZAE Z A7 AE 1) B 5 22 5, 3 B0 I A9 o] 725 g
FTINE RN AR I Wk /D, X 5 Sk [ 23 100 45 5 - fe
JREN B0 FEL TR st IR 25l 2 BRI 9 5 8 3
ZRMER R RS, B R H 2k —
. (A A AL 2 B L 3 10 2% 3 1L AT e b U0 A
IRZE YA Z 18] (4 728 S VAR IS, AR HIC R BT AT DAk
TEAG A O BRI L.

2) 7o LM

FEIE A 2L B P 25 [ R 404 20 ms X 20 ms
1) P A% U A DA %) B R 9% B TE IS AR 25 1
A Fiz H GNDBSCAN #3259 % HRV 304 k17
MK 3 4 H T IR 2C0) FI (D) M5 X LI %
P LR RE B 2 ik R A B PEAR.

3) PR AL

FIH SPRT X 4 (a) FiaRFEAR O01(—44 79 %
HHOTE 00:00 £ 02:00 Z A HRV B4 217 F 2
FEBERE. I 4 Ca) Al 6 R A B BROIR SR O IR
B I Bt B B Y. SPRT $2BUH 19 Fa 5 HRV $



B3 RS A 2% Hon K

Fig. 3 Lorenz plots after denoising

(@)

. 320 - I AR CF SR R D) 2025 4F
20—
3 T T T ."
ok | . 1.5k . ]
> 1+ J = 4
]BE' OWW § 1.oF '. j
2 -1r 1 0.5¢ & g
oL ]
= ] 2 3 4 0 05 10 15 20
HHE)/s RR, /s
(a) ECG-Y19 (¢) HRV-Y19
3 . . : 2.0 —
2f |
E 1k ] 1.5F g
= O.MA.L/QJLJ\—-«JLJQJLJQJLJMJLJ\—A <z
=a & LOF 1
o -1r B ~ Ry )
-2+ B 0.5k ,j:' ’ N
-3 1 2 3 4 N
ttil/s 0 05 10 15 20
(b) ECG-010 RR, /s
(d) HRV-010
B 2 Y19 F1 O10 A4t ECG {55 FIK B8 2% s &
Fig. 2 Short-time ECG signals and long-time Lorenz plots of Y19 and O10
PRS2, 1 4 45 H T X AR, S2 B B e &
2.0 — 2.0 - RR [0 3] 38 2 R (E . 3 R B0 R4 A0 S Fatd L e e
15} 4 15 | SPRT HE AR,
210 200 4) LLE {1344
E':ﬂﬂ" . »> HHEERERY 35 2 LHEREA Y09 ML 02:00 % 05:00
SHe e =" 0.5 1 o g v .
raly ) ECG f5 51 HRV B 535180 18 43543 . 44 %6
0 05 10 15 20 0 05 10 15 20 d A 10 min . X F A4 10 min 9 ECG {55 F1
RR,_\/s RR, \/s ¥, N — N g
(a) HRV-Y19 (b) HRV-010 HRV 2die, 3155 LLE. [ 5 @5 148 ECG {5 5 M

HRV 5dE ) LLE k. Wik LLE fh& A8 fb gk
W —E R BTN BRI AL X R ) B2 2R kA S5 A
BR 0,88 (p=7.1X10"") /R S A X R ¥ H

1.4 T T T T T T T T
S1 S2 S3

1.2F i
% ' |
phes| i .
=~ ' !
z e

0.4} g

0.2 - . L ’ ' L

0 1000 2000 3000 4000 5000 6000 7000 8000
g

W "{‘::i.““‘ vt ¥

i

Pl NPl SR RS L., LT O ¢ I
3000 4000 500 6 000 7 000
el

Kl 4 001 MRE T 5 $E s 3

Fig. 4 Stable sequence extraction results of O01

8000



% 2 W% TR S 20 11 SV R AR 0 AT S
2.0 ' ' ' ' '
15_(a) —e— WoIf-HRV |
A e WOIf-ECG
= 1.0F

4 'S 4 4 ry
02:00 02:30 03:00 03:30 04:00 04:30 05:00
0.04 ) T T T T T
H0.02p P SRt TR i Pk
o) e - "
0 i 1 1 1 1
02:00 02:30 03:00 03:30 04:00 04:30 05:00

Bl (b) R E (a) ' Wolf-ECG £k i K &l

5 Y09 i) LLE
Fig.5 LLE of Y09

0.85(p=4.8X10"°),

AR A B S2 FdEFAs R B S1 M S3 9 LLE
8, 4158 1 foR, Al LAFE R S1 A1 S3 1Y LLE {E 3 sh#
KL S2 By LLE {Eif e E.

# 1 S1.S2 1S3 By LLE
Tab.1 LLEs of S1,S2 and S3 segments

HRV H Bt ik B it 5 LLE
S1CH PSR 1 000~2 000 0.153 0
1100~2 100 0.069 4
1 200~2 200 0.127 5
S2(PREU R E 1T 1) 4 000~5 000 0.161 8
4 100~5 100 0.164 0
4 200~5 200 0.170 0
S3CH I BNIIFF) 6 000~7 000 0.076 3
6 100~7 100 0.154 9
6 200~7 200 0.109 9

EE X PANAE RS 41 5 HRV SR8 6 2 2 4.

Gi—mkaA g, BIE AR 4R LLE KT 2441, £ W
TR RO IETE 30 b 4F N ELAT sk iR Bl g g FndlE
LRMERRIE. [ AR R 2 0, B AR A O RV B () JE etk
SR AE 10 SRR 4 &8 Ty T
B AR Lk o R T (R A O R TR LAY L AFAE
P AR S L A8 S5 1 ) 2 2 AT g2 0o L 403 O T K.
SERWIRFAENR O EA TR A AL B0 ) 22k
P RO U 355 B L 27 1 B R B YR L, 5 W PR &5 18—
XA — DI R TR A AT SRR A A

5) FERT

ALt 43 BT FE B R R 4 Dk X T 128 Hz SRAEHR
1 minf) ECG {55, fdi Jf] Wolf & ¥:35 LLE {75 %
2 h. 715 30 min HRV #219 LLE {H{{F 2 40 s.

HRV i i) Pl Ab 3414 0 5 45 50 30 5 A A%
By AL FEFN 53 AT ADRR O IE R G AR LM B S T A
T R 2 A R
2.3 EFLERSH

2.3.1 AREREACHEREWIELENNFRIEX

AR 10 SAIRA 4 S =R B LLE, 45 B4l 6 BB
Fin, 1] LLE B = AN A B RS LLE {H#B s i & H. A2 B S R AT DL T BRSO L A 328 1 R
@ 030 | 200y s | 1000 | 1600
025 1 025F 1 025F  _ |
1
020f . 020f 1 1 0.20F g 1
S oast - . S 0.sp E + =NOE : .
0.10 T A o1oF B 1 ook T -
B3
00sf = ! . 0.05F I 0.05F -
— |
0 1 1 0 1 l_ 0 1 1
HAE HAE HAE B A B
Fl 6 FHAEHMBAELA = uFa B LLE F546 1K

Fig. 6 Boxplots of LLEs on HRV at three time periods for young and elderly group



. 322 - JEE 1T AR IO

2025 4F

F1500 S AR R A5 S T R A R R ) B T
BLANFERY, Sz, T 3 A EAEZIRE M 6 4 A
ZARE W 2D 1 3D IEAE 2L RS A I R A A A
RETESAEAE 3 003 Hh 3 B EFZIAE (16 %,
30 % H1 43 %) R 56 B A0 £ BRI A 24 [, G
Kl 7(a) ~ (o) s, {HRIE R AE T 432108 N, B A
AEIA B B R AR A AN L O W Sh S R PE AR L
I RE T T B

X B I 2O B Bon iy 3 N4k
AN B AR 2 RRAE , i SeRe R 43 S B R 21 7 (D
~ O a3 A 2 41 3k 55 & 15T
AT R E R AR E, AT A 2L BT E
EAFE, 5B R, B 2
TR AR 2 AR A 2L S R R ) R
IR 5 m IEH FFEALH HRV B HEO AL X
— 43 SR IE FR G R B A0 I B A AR AR
BRI YRR, FE58 — 00 b 4 5238 73 il ol 75
82 % AT R AR RS 2. L R R AE SR O
RIGASAL G BB R K, e R BRI B R R AE R
S 3 SO OO 3E R e A R IO RN S T R BR T

TUHE L Ebe o 5 B TR T O U A A0 U AR R T
—ANPUE AR TAE. 55 0 X RO R S
ThRA e S 7E Bk S A T & O E TAE. RAESE =4y
KB 442K 88 BN 90 X Ab TR
IR Je A T2 AT % 98 48 2% 10 1] S s TG R %
VA A (R 5 . 3K T 4% 23 e B S I 1 T A
R C R At — 24 323058 7R B E AR I AR A
B IR E— R AT . o — 4% A B
i 114 32 583 A0 T T L. T8 H K R I A8 28 O R
S AT B B PR SR v AR R A L H X T —
Gy XMW Z R E S . T RE A S A i TR
(4. 32K LLE % B 38 48 28 B T T BE R AL
RGR T HEA BRI 5 3 Bl N O R W BE T 5 I
KD RGP A S s,

& 8 25 Y T AH I 1) = 4E3% 10 25 1w 1T Hor =4
HLER RR EIVE A XY F1Z bR, =4Ei8182%%
B R AL TS TR S A A AL T 4RV S
ZEHS B B 5 B — A1 b, H B R T — S
B AE ARG A R R S AEIK A ZE B DR
i =22 ) ) e Zof R Al A R LY.

(@) Y11 (d) 013 (e) 003
2000 ; ; , 2000 2000
15001 . 1500f . 1500
g ; E E
S 1000 . <1000 1 S1o000f
= = = ;/
5001 ; . 500f . 500 :
0 L 1 1 0 1 1 1 0 1 1 1
0 500 1000 1500 2000 0 500 1000 1500 2000 0 500 1000 1500 2000
RR,_,/ms RR,_,/ms oal RR, ,/ms
(b) Y19 () 010 (g) O18
2000 . — 2000 2000
15001 . 1500 . 1500f
g g E b
=1000F . S1000F 1 S1000F #"’
2 ;\-‘1 § ’~ § ".'
5001 o A . 500 . 5001
"-‘a £
%500 1000 1500 2000 %0500 1000 1500 2000 %500 1000 1500 2000
RR,_,/ms RR,_,/ms 45392 RR, ,/ms
(©) Y20 (h) 001 (i) Vo2
' T 2000 2000
L 30r ] 1500 - . 1500 o
g E id E
1000 1 = =
< . =1 000} e, 210001 !
= 2 / & "’ & O
5008 ] s00F W - . 500F
0 ! L L 0 1 1 1 0 1 1 1
0 500 1000 1500 2000 0 500 1000 1500 2000 0 500 1000 1500 2000
RR,_,/ms RR,_,/ms RR,_,/ms
"’ 533
4 HAFE

7 HFEMEAEZAE 24 h HRV 0 281848 25005 &
Fig. 7 2D Lorenz plots of 24 h HRV from young to elderly subjects



552 ) A RO A AR LA Bl ) 2 T BN TR AR O 23 A -+ 323 -

RR, /™S

(d)O13 (e) 003
2000 2000
£ z
£ 1000 £ 1000
g ¢ 3 '
0 [} 0 |
2000 ‘ > 000 2000
2000
4’,&\//1 000 5% 1 OOOM\S 2 ’f,\ 1/000 000
s R g 00 g At
43371
(&) Y19 (H 010 () 018
2000
w 2000 2000
E " B
2100 £ 1000 £ oo Ty
= < s :
0
o 200 2000 2 oo% 2000
%,1 00 1000 2000 4 1000 2 1000 1 00%\%

8 HAEMEEZIXE 24 h HRV 19 = 4EiK 1025 /05 A
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