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Transitions to Cardiac Arrhythmias
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Challenges and Tasks

Challenges for diagnosis and therapy 

• develop tools for observing the dynamics of arrhythmias (e.g., novel 
measurement modalities and advanced methods for data analysis) 

• understand conditions for the onset of cardiac arrhythmias and characterise 
their dynamical features  

• devise minimal invasive methods for terminating (lethal) states of 
arrhythmias like ventricular fibrillation (avoiding strong shocks with high 
local currents)

Potential contributions from dynamical systems theory 
and data driven modelling?
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Characterization of Cardiac Arrhythmias
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The heart: A Network of Cardiomyocytes

BruceBlaus - Own work, CC BY-SA 4.0,   
https://commons.wikimedia.org/w/
index.php?curid=44969447
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Cardiac Dynamics

E

Excitation-Contraction Coupling

from: M. Scoote et al., Heart 89, 371–376 (2003)
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Mechanical perturbation 
induces electrical stimulation via 
stretch activated ion channels.
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Excitable Media

• An excitable medium 
• is a spatially extended nonlinear dynamical system  
• which has the capacity to propagate excitation waves,  
• and which cannot support the passing of another wave 

until some time has passed (refractory period/phase) 
                 ¿ refractory region/zone

The existence of a refractory region means that an 
excitation wave cannot propagate in any direction 
but only to the excitable region of the medium.

As a result, rotating waves, also called spiral waves 
may occur.

RRXk 1t+Bi�#H2 K2/B� �M/ bTB`�H r�p2b Rdd

RRXk 1t+Bi�#H2 K2/B� �M/ bTB`�H r�p2b

1t+Bi�#H2 K2/B� �`2 bT�iB�HHv 2ti2M/2/ 2t+Bi�#H2 bvbi2Kb Ub22 a2+iX kXkX9V i?�i
+�M #2 7QmM/ �HKQbi 2p2`vr?2`2 BM M�im`2X �M BHHmbi`�iBp2 2t�KTH2 Bb � rBH/}`2X
h?2 7Q`2bi +�M #2 HQ+�HHv 2t+Bi2/ UBX2X- b2i QM }`2V `2bmHiBM; BM ~�K2 7`QMib H2�pBM;
#2?BM/ #m`M2/ p2;2i�iBQMX h?2 p2;2i�iBQM +�M +�``v �MQi?2` ~�K2 7`QMi QMHv �7i2`
Bi ?�b `2;`QrM �;�BMX h?2 iBK2 i`22b �M/ #mb?2b M22/ iQ `2+Qp2` Bb i?2 `27`�+iQ`v
iBK2 Q` T2`BQ/X �7i2` � r�p2 U?2`2, i?2 ~�K2 7`QMiV ?�b T�bb2/ bQK2 HQ+�iBQM i?2
M2ti r�p2 +�M i?2`27Q`2 `mM �+`Qbb i?2 b�K2 bTQi QMHv �7i2` i?2 `27`�+iQ`v T2`BQ/
?�b T�bb2/X h?2 2tBbi2M+2 Q7 � `27`�+iQ`v T?�b2 K2�Mb i?�i �M 2t+Bi�iBQM r�p2
+�MMQi T`QT�;�i2 BM �Mv /B`2+iBQM #mi QMHv iQ i?2 2t+Bi�#H2 `2;BQM Q7 i?2 K2/BmKX
�b � `2bmHi- `Qi�iBM; r�p2b- �HbQ +�HH2/ bTB`�H r�p2b K�v Q++m` �b BHHmbi`�i2/ BM
6B;X RRX9X aTB`�H r�p2b �`2 QKMBT`2b2Mi BM 2t+Bi�#H2 K2/B� �M/ +�M #2 b22M- 7Q`
2t�KTH2- MQi QMHv BM +?2KB+�H `2�+iBQMb HBF2 i?2 "2HQmbQp@w?�#QiBMbFv `2�+iBQM-
#mi �HbQ BM +�`/B�+ �M/ M2m`�H iBbbm2 Q` +QHQMB2b Q7 bHBK2 KQmH/bX �M 2t�KTH2
�MBK�iBQM +�M #2 7QmM/ BM �MBK�iBQMbfRRf}ix?m;?nbTB`�Hr�p2X

6B;X RRX9X aTB`�H r�p2 BM � k. 2t+Bi�#H2 K2/BmKX _2@
;BQMb BM HB;?i #Hm2 �`2 2t+Bi�#H2 �M/ BM /�`F #Hm2f#H�+F
`27`�+iQ`vX h?2 TBMF �``Qrb BM/B+�i2 i?2 /B`2+iBQM Q7 i?2
KQiBQM Q7 i?2 r�p2 7`QMi iQr�`/b i?2 2t+Bi�#H2 `2;BQMX
h?2 `2;BQM i?2 r�p2 ?�/ T�bb2/ BKK2/B�i2Hv #27Q`2 i?Bb
bM�Tb?Qi Bb `27`�+iQ`v �M/ i?2`27Q`2 /Q2b MQi bmTTQ`i
�Mv r�p2 T`QT�;�iBQM v2iX �b � `2bmHi- � `Qi�iBM; r�p2
Q++m`bX

RRXkXR h?2 bT�iBQi2KTQ`�H 6Bix?m;?@L�;mKQ KQ/2H

� 7mM/�K2Mi�H KQ/2H /2b+`B#BM; �M 2t+Bi�#H2 K2/BmK Bb i?2 6Bix>m;?@L�;mKQ
KQ/2H UkXeV- 2ti2M/2/ BM bT�+2 rBi? � /BzmbBp2 +QmTHBM; BM i?2 7�bi p�`B�#H2

URRXR9V

h?2 /BzmbBQM +QMbi�Mi +�M #2 b2i iQ R #v `2b+�HBM; i?2 bT�iB�H
+QQ`/BM�i2b X 6B;m`2 RRX8 b?Qrb /Bz2`2MiHv BMBiB�HBx2/ r�p2b BM � /QK�BM
Q7 bBx2 rBi? MQ@~mt #QmM/�`v +QM/BiBQMbX AM i?2 }`bi `Qr irQ +QM+2Mi`B+
r�p2b 2K2`;2 7`QK irQ HQ+�H TQBMi@HBF2 biBKmHBX AM +QMi`�bi iQ r�p2 bQHmiBQMb Q7
HBM2�` r�p2 2[m�iBQMb- +QHHB/BM; r�p2b BM 2t+Bi�#H2 K2/B� +�MMQi T�bb i?`Qm;? 2�+?
Qi?2` #mi BMbi2�/ �MMB?BH�i2 2�+? Qi?2`X PM+2 i?2 r�p2b `2�+? i?2 #QmM/�`B2b i?2v
/Bb�TT2�` /m2 iQ i?2 MQ@~mt #QmM/�`v +QM/BiBQMbX .�`F +QHQ`b BMbB/2 i?2 +B`+mH�`
r�p2b BM/B+�i2 `27`�+iQ`v xQM2b r?2`2 MQ 7m`i?2` 2t+Bi�iBQM Q7 i?2 K2/BmK Bb
TQbbB#H2 U�i i?�i iBK2VX PM+2 i?2 HB;?i #Hm2 +QHQ`b `2�TT2�` BM/B+�iBM; i?2 p�Hm2
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Excitable Media

The spatiotemporal Fitzhugh-Nagumo model

fundamental model describing 
an excitable medium 

<latexit sha1_base64="lFNvL6XoK3Ce5q/4TRsPAXH5eiU=">AAAEinicbVNLbxMxEN6UUNpQaApHLiPSVIloot0WSguK1EIleuBQpL6kbBp5vU5i1Y+V7c2D1f5QbvwMjtjbFDUtliyNvvlm5pvxOEoY1cb3f5WWnpSfLj9bWa08X3vxcr268epCy1Rhco4lk+oqQpowKsi5oYaRq0QRxCNGLqObr85/OSZKUynOzCwhPY6Ggg4oRsZC/epPCCMypCJDSqFZninM8gpAGEuTpTlsdbYAQQqNtBU1oRG00ia0YALvIIbwmDDjnGHYDTjv3YVNbsPCMVIk0ZRJYaMnTQBLgJCIeF6rX635bb848NgI5kbNm5/T/sbSH1sAp5wIgxnSuhv4ienZ </latexi t>

u̇ = au(u− b)(1− u)− w + d∆u

ẇ = ε(u− w)

spatial domain with no-flux boundary conditions

Depending on initial conditions and specific perturbations plane waves, 
concentric waves or spiral waves can be generated. 

spatial coupling via diffusion term
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Excitable Media

Rd3 RR S�ii2`M 7Q`K�iBQM �M/ bT�iBQi2KTQ`�H +?�Qb

Q7 i?2 `2biBM; bi�i2 i?2 `27`�+iQ`v T2`BQ/ Bb Qp2` �M/ i?2 bvbi2K Bb HQ+�HHv
`2�/v �;�BM 7Q` i?2 M2ti 2t+Bi�iBQM9X

h?2 b2+QM/ 2t�KTH2 +QMbBbib Q7 � }`bi T2`im`#�iBQM �HQM; � p2`iB+�H HBM2 QM
i?2 H27i �i U`2/ HBM2 BM 6B;X RRX82V r?B+? ;2M2`�i2b irQ TH�M2 r�p2b `mMMBM;
iQ i?2 H27i �M/ iQ i?2 `B;?i- r?2`2 i?2 r�p2 iQ i?2 H27i Bb BKK2/B�i2Hv �#bQ`#2/ #v
i?2 MQ@~mt #QmM/�`vX PM+2 i?2 TH�M2 r�p2 T`QT�;�iBM; iQ i?2 `B;?i 2Mi2`2/ i?2
`B;?i ?�H7 Q7 i?2 /QK�BM � ?Q`BxQMi�H `2+i�M;mH�` `2;BQM U`2/ #�` BM 6B;X RRX87V
Bb 2t+Bi2/ BM i?2 r�F2 Q7 i?2 r�p2 �i X aBM+2 i?2 `2;BQM #2ir22M i?Bb
2t+Bi�iBQM �M/ i?2 T`QT�;�iBM; TH�M2 r�p2 Bb biBHH `27`�+iQ`v i?2 b2+QM/ 2t+Bi�iBQM
+�M QMHv bT`2�/ BMiQ MQM@`27`�+iQ`v `2;BQMbX h?Bb H2�/b iQ i?2 7Q`K�iBQM Q7 irQ
+QmMi2` `Qi�iBM; bTB`�H r�p2b �b b?QrM BM i?2 bM�Tb?Qib �i �M/ BM
6B;bX RRX8; �M/ ?- `2bT2+iBp2HvX h?2 `Qi�iBQM Q7 i?2b2 bTB`�Hb H2�/b iQ � b2H7@2t+BiBM;
T2`BQ/B+ ;2M2`�iBQM Q7 +B`+mH�` r�p2b KQpBM; iQr�`/b i?2 #QmM/�`vX

6B;X RRX8, aM�Tb?Qib Q7 i?2 p�`B�#H2 Q7 i?2 k. 6Bix>m;?@L�;mKQ KQ/2H URRXR9V
b?QrBM; 2t+Bi�iBQM r�p2b 7Q` - - �M/ X U�V@U/V aiBKmH�@
iBQM �i irQ HQ+�iBQMb `2bmHib BM +QM+2Mi`B+ r�p2bX U2V@U?V � b2[m2M+2 Q7 biBKmH�@
iBQMb �i p2`iB+�H U V �M/ ?Q`BxQMi�H U V bi`BT2b H2�/b iQ +QmMi2`@`Qi�iBM;
bTB`�H r�p2b T2`BQ/B+�HHv 2D2+iBM; +QM+2Mi`B+ r�p2b `mMMBM; iQ i?2 #QmM/�`vX �M
�MBK�iBQM Q7 i?2 iBK2 2pQHmiBQM Q7 i?2 2t�KTH2b b?QrM Bb T`QpB/2/ QMHBM2 �i
�MBK�iBQMbfRRf}ix?m;?X

AM ;2M2`�H- 7Q` bvbi2Kb rBi? K�Mv +QmTH2/ }2H/b- QM2 ?�b iQ +QMbB/2` �HH Q7
i?2K iQ;2i?2` iQ /2/m+2 i?2 `�M;2 Q7 2t+Bi�#BHBivX 6Q` i?2 6Bix?m;?@L�;mKQ
KQ/2H r2 K�v 7Q+mb QM i?2 p�Hm2 Q7 - QMHvX

Rd3 RR S�ii2`M 7Q`K�iBQM �M/ bT�iBQi2KTQ`�H +?�Qb

Q7 i?2 `2biBM; bi�i2 i?2 `27`�+iQ`v T2`BQ/ Bb Qp2` �M/ i?2 bvbi2K Bb HQ+�HHv
`2�/v �;�BM 7Q` i?2 M2ti 2t+Bi�iBQM9X

h?2 b2+QM/ 2t�KTH2 +QMbBbib Q7 � }`bi T2`im`#�iBQM �HQM; � p2`iB+�H HBM2 QM
i?2 H27i �i U`2/ HBM2 BM 6B;X RRX82V r?B+? ;2M2`�i2b irQ TH�M2 r�p2b `mMMBM;
iQ i?2 H27i �M/ iQ i?2 `B;?i- r?2`2 i?2 r�p2 iQ i?2 H27i Bb BKK2/B�i2Hv �#bQ`#2/ #v
i?2 MQ@~mt #QmM/�`vX PM+2 i?2 TH�M2 r�p2 T`QT�;�iBM; iQ i?2 `B;?i 2Mi2`2/ i?2
`B;?i ?�H7 Q7 i?2 /QK�BM � ?Q`BxQMi�H `2+i�M;mH�` `2;BQM U`2/ #�` BM 6B;X RRX87V
Bb 2t+Bi2/ BM i?2 r�F2 Q7 i?2 r�p2 �i X aBM+2 i?2 `2;BQM #2ir22M i?Bb
2t+Bi�iBQM �M/ i?2 T`QT�;�iBM; TH�M2 r�p2 Bb biBHH `27`�+iQ`v i?2 b2+QM/ 2t+Bi�iBQM
+�M QMHv bT`2�/ BMiQ MQM@`27`�+iQ`v `2;BQMbX h?Bb H2�/b iQ i?2 7Q`K�iBQM Q7 irQ
+QmMi2` `Qi�iBM; bTB`�H r�p2b �b b?QrM BM i?2 bM�Tb?Qib �i �M/ BM
6B;bX RRX8; �M/ ?- `2bT2+iBp2HvX h?2 `Qi�iBQM Q7 i?2b2 bTB`�Hb H2�/b iQ � b2H7@2t+BiBM;
T2`BQ/B+ ;2M2`�iBQM Q7 +B`+mH�` r�p2b KQpBM; iQr�`/b i?2 #QmM/�`vX

6B;X RRX8, aM�Tb?Qib Q7 i?2 p�`B�#H2 Q7 i?2 k. 6Bix>m;?@L�;mKQ KQ/2H URRXR9V
b?QrBM; 2t+Bi�iBQM r�p2b 7Q` - - �M/ X U�V@U/V aiBKmH�@
iBQM �i irQ HQ+�iBQMb `2bmHib BM +QM+2Mi`B+ r�p2bX U2V@U?V � b2[m2M+2 Q7 biBKmH�@
iBQMb �i p2`iB+�H U V �M/ ?Q`BxQMi�H U V bi`BT2b H2�/b iQ +QmMi2`@`Qi�iBM;
bTB`�H r�p2b T2`BQ/B+�HHv 2D2+iBM; +QM+2Mi`B+ r�p2b `mMMBM; iQ i?2 #QmM/�`vX �M
�MBK�iBQM Q7 i?2 iBK2 2pQHmiBQM Q7 i?2 2t�KTH2b b?QrM Bb T`QpB/2/ QMHBM2 �i
�MBK�iBQMbfRRf}ix?m;?X

AM ;2M2`�H- 7Q` bvbi2Kb rBi? K�Mv +QmTH2/ }2H/b- QM2 ?�b iQ +QMbB/2` �HH Q7
i?2K iQ;2i?2` iQ /2/m+2 i?2 `�M;2 Q7 2t+Bi�#BHBivX 6Q` i?2 6Bix?m;?@L�;mKQ
KQ/2H r2 K�v 7Q+mb QM i?2 p�Hm2 Q7 - QMHvX

refractory 
region

refractory 
region

Fitzhugh-Nagumo model
<latexit sha1_base64="d0s5mWI7Lx2ERsfcf+RID23dHrY="> C0GxTMkcyszYKORATQxHVPh67cGQCKpK3/cKdvk8vvGW9qnRzffubYnmO0XI5eY/rp/AQI58JalCIzh0dUivWZARlpwjkdrYg2Un6tpgOU4kS30PJbP1qAyq5+KkCJ1LQYmq3sz12OPSOmj5IvZ6FLfHXl85m5+m47/pp6xp6lhnGeKUTSqdr3X+CsaGjE012Y7qJ10btp43w9au+7ZLaNdjxPIBcisS64L3LG1H5cVOCIseXS8DtyvR/GbcdE63W9Fua+fDs/r+3nRrlsAT8BRsgAi8APvgEByBE4DBR/AJfAFfa59r32s/aj+vqIsL05jHYMZqv/4Au0pZKg==</latexit>

a = 3, b = 0.2, ε = 0.01, d = 1

initial local excitation

G. Datseris and U. Parlitz, Nonlinear Dynamics, Springer 2022
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Cardiac Modeling

Mathematical Models of Cardiac Dynamics

simple qualitative models: e.g., Barkley (2),  FitzHugh-Nagumo (2), Aliev-Panfilov (2), …

detailed ionic models: e.g., Luo-Rudy-II (15), Majahan (27), Bondarenko (44), …

local cell dynamics (15-30 variables, 150 - 300 parameters!)

see Scholarpedia article by F. Fenton and E. Cherry discussing 45 models of cardiac cells

generic qualitative models: e.g., Fenton-Karma (3), Beeler-Reuter (8), …

Iion(Vm,h) =
∑

x

Ix(Vm,h) + Iinjection

ionic currents 
∂Vm

∂t
= ∇ ·D∇Vm − Iion(Vm,h)/Cm

∂h

∂t
= H(Vm,h)

membrane 
voltage

continuum models averaging electrical behaviour of many cells
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Transient Chaos
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Transient Chaos

Simulation  
in a rabbit heart geometry

Transient Scroll Wave Dynamics during Ventricular Fibrillation

Sebastian Berg 
Daniel Hornung  
Marion Kunze

Experiment 

Optical mapping of 
a rabbit heart

Thomas 

Lilienkamp

Transient events of fibrillation have also 
been observed with human patients.

T
transient

< T
survival

?

Visualisation of 
membrane voltage 

using fluorescent dyes
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Transient Chaos

Transient chaos in the 

Fenton-Karma model

∂u

∂t
= ∇ ·D∇u− IIon(u,h)/Cm

∂h

∂t
= g(u,h)

<lat exit sha 1_base6 4="iJtT EwVYP+21 mOOv3k4 zOteFN3 A=">AAAF FXicbVN JbxMxFJ6 UsDSshS MXixLUo jZMitgqV SqLBEgc QGoBKQ6R x/Mmsep lsD1tIs t/ghMS/B ZOiCtn/ glH7CGF Ju2TLD19 fsv3tqz kzNg0/dV YONU8fe bsucXW+ QsXL12+s nT1rVGV prBL FVf 6fUYMcCZ h1zLL4X 2pgYiMw7 ts72n8f 7cP2jAl d+ykhL4g Q8kKRok N0GCpcRp nMGTSwU dJtCaT2 76FOcmAB 2RTKKly JQiT3QA XmlCHS6I tIxxV/r 9uPbq1dQ thSTJOE Ka5sghX MgcdeTks iB1lhXv m/aFNhd bRy4F7qa RfqdbQo cXIr95BT wcCYXwi jY1jNP5 7nsBn +je cz9HCIP OjJQ+uLK edtBZ0X OlOleVk Kq8HSwu/ ca5oJUB ayokxvW 5a2r6LBC gH32q1k aEjzQobN FwZKAnd I0PoGUo 45FudR2n fjYDvQy AbpN1G6+ vr6EWNh PGglcc6 lLI66+1i DaUV4+D TRkMYWW RUzDVjZE vDWaGkN bWZYdFuW FlEKtOK cpRPUCU RYPqu3ia P2gHJ Ua E0iiFQj R71cEQYM xFZsIxs zPxfBE/6 61W2eNh 3TJaVBU n/JiqqMC 2F4mqin Gmglk+CQ qhmoQuI jkiYtg0 LPJNFVNw yrQ78fD V1f0wJ1 M+g40oyq nKYQ7kd W00CaMDG 7Yr1usf 7IJn2se 81HOJFfO UZGzJr1 l6Fw5Fr zzXA3uo/ 2ziBkTq IleSaHKD 9UIeKnC UcUCUE C duGI+h73 b5rLeJM 8Tz2UHG3 HE6rXpd ARZpSSQ a63pmjvj veBWjxQ 73DWrid yM/Pxmf5 +DD81Go aGpuiIIL xSc3ziS k3EbYwt vVke3qY9 V3aubeW du6Ht+G Ru4kJL0c EbYUWVG Lg2FbXf7 ibomrAb ta30p2/ jOPK7kbn USd9s7G 8/WR6NOe S68mNZC XpJg+S7 eRF8jrZ T WiDNz41 vjS+Nj8 3vzW/N3/ 8NV1oTH 2uJTPS/P kHGO+s5 Q==</la texit><lat exit sha 1_base6 4="iJtT EwVYP+21 mOOv3k4 zOteFN3 A=">AAAF FXicbVN JbxMxFJ6 UsDSshS MXixLUo jZMitgqV SqLBEgc QGoBKQ6R x/Mmsep lsD1tIs t/ghMS/B ZOiCtn/ glH7CGF Ju2TLD19 fsv3tqz kzNg0/dV YONU8fe bsucXW+ QsXL12+s nT1rVGV prBL FVf 6fUYMcCZ h1zLL4X 2pgYiMw7 ts72n8f 7cP2jAl d+ykhL4g Q8kKRok N0GCpcRp nMGTSwU dJtCaT2 76FOcmAB 2RTKKly JQiT3QA XmlCHS6I tIxxV/r 9uPbq1dQ thSTJOE Ka5sghX MgcdeTks iB1lhXv m/aFNhd bRy4F7qa RfqdbQo cXIr95BT wcCYXwi jY1jNP5 7nsBn +je cz9HCIP OjJQ+uLK edtBZ0X OlOleVk Kq8HSwu/ ca5oJUB ayokxvW 5a2r6LBC gH32q1k aEjzQobN FwZKAnd I0PoGUo 45FudR2n fjYDvQy AbpN1G6+ vr6EWNh PGglcc6 lLI66+1i DaUV4+D TRkMYWW RUzDVjZE vDWaGkN bWZYdFuW FlEKtOK cpRPUCU RYPqu3ia P2gHJ Ua E0iiFQj R71cEQYM xFZsIxs zPxfBE/6 61W2eNh 3TJaVBU n/JiqqMC 2F4mqin Gmglk+CQ qhmoQuI jkiYtg0 LPJNFVNw yrQ78fD V1f0wJ1 M+g40oyq nKYQ7kd W00CaMDG 7Yr1usf 7IJn2se 81HOJFfO UZGzJr1 l6Fw5Fr zzXA3uo/ 2ziBkTq IleSaHKD 9UIeKnC UcUCUE C duGI+h73 b5rLeJM 8Tz2UHG3 HE6rXpd ARZpSSQ a63pmjvj veBWjxQ 73DWrid yM/Pxmf5 +DD81Go aGpuiIIL xSc3ziS k3EbYwt vVke3qY9 V3aubeW du6Ht+G Ru4kJL0c EbYUWVG Lg2FbXf7 ibomrAb ta30p2/ jOPK7kbn USd9s7G 8/WR6NOe S68mNZC XpJg+S7 eRF8jrZ T WiDNz41 vjS+Nj8 3vzW/N3/ 8NV1oTH 2uJTPS/P kHGO+s5 Q==</la texit><lat exit sha 1_base6 4="iJtT EwVYP+21 mOOv3k4 zOteFN3 A=">AAAF FXicbVN JbxMxFJ6 UsDSshS MXixLUo jZMitgqV SqLBEgc QGoBKQ6R x/Mmsep lsD1tIs t/ghMS/B ZOiCtn/ glH7CGF Ju2TLD19 fsv3tqz kzNg0/dV YONU8fe bsucXW+ QsXL12+s nT1rVGV prBL FVf 6fUYMcCZ h1zLL4X 2pgYiMw7 ts72n8f 7cP2jAl d+ykhL4g Q8kKRok N0GCpcRp nMGTSwU dJtCaT2 76FOcmAB 2RTKKly JQiT3QA XmlCHS6I tIxxV/r 9uPbq1dQ thSTJOE Ka5sghX MgcdeTks iB1lhXv m/aFNhd bRy4F7qa RfqdbQo cXIr95BT wcCYXwi jY1jNP5 7nsBn +je cz9HCIP OjJQ+uLK edtBZ0X OlOleVk Kq8HSwu/ ca5oJUB ayokxvW 5a2r6LBC gH32q1k aEjzQobN FwZKAnd I0PoGUo 45FudR2n fjYDvQy AbpN1G6+ vr6EWNh PGglcc6 lLI66+1i DaUV4+D TRkMYWW RUzDVjZE vDWaGkN bWZYdFuW FlEKtOK cpRPUCU RYPqu3ia P2gHJ Ua E0iiFQj R71cEQYM xFZsIxs zPxfBE/6 61W2eNh 3TJaVBU n/JiqqMC 2F4mqin Gmglk+CQ qhmoQuI jkiYtg0 LPJNFVNw yrQ78fD V1f0wJ1 M+g40oyq nKYQ7kd W00CaMDG 7Yr1usf 7IJn2se 81HOJFfO UZGzJr1 l6Fw5Fr zzXA3uo/ 2ziBkTq IleSaHKD 9UIeKnC UcUCUE C duGI+h73 b5rLeJM 8Tz2UHG3 HE6rXpd ARZpSSQ a63pmjvj veBWjxQ 73DWrid yM/Pxmf5 +DD81Go aGpuiIIL xSc3ziS k3EbYwt vVke3qY9 V3aubeW du6Ht+G Ru4kJL0c EbYUWVG Lg2FbXf7 ibomrAb ta30p2/ jOPK7kbn USd9s7G 8/WR6NOe S68mNZC XpJg+S7 eRF8jrZ T WiDNz41 vjS+Nj8 3vzW/N3/ 8NV1oTH 2uJTPS/P kHGO+s5 Q==</la texit>

gating variables h = (v, w)
<latexit sha1_base64="Fxv5pnw b+Cy8P8GDBBHd+/DYg/8=">AAAEI3icbVNJbxMxFHYblnbYWuDGxSKJlE ppNCliKVKltiDRA4ciNbRSJkQejydj1cvI9mTBmv/CCQl+CyfEhQP/gyP 2NKAm5UmWnj6/5XtbnDOqTRj+XFmtXbt+4+baenDr9p279zY277/XslCY9 LBkUp3FSBNGBekZahg5yxVBPGbkND5/5f9Px0RpKsWJmeVkwNFI0JRiZB w03HjYiDgyWZzarIR7sDVuT7Yaw4162AkrgVeV7lypg7kcDzdXf0eJxAU nwmCGtO53w9wMLFKGYkbKIGhCjTNFU+O0qNAkR/gcjUhfY8RIstfZDQc2 I2xMTAmdNJtwe3sbHlWIIwtbB4oi trXobT313PCp82nCEckM1NLnWjAyu WY0lcLoykxTbzcqDESFDrxc5uNUgTjRA1v1toRNhyQwlQr6ELBCL3tYxL We8dhZejZ6+c+D//vrFyZ9MbBU5IUhAl8kSgsGjYR+UDChimDDZk5BWFH XBYgzpBA2bpwLWXjBDFVyUi5XU/VH5wSXC+i0EBTLhCyhzEyNQg7UxHBEh a/XHoyJoKr0fa9gF8/jrdd0RI1uv3VrJNpvFCHnW/9s/QQyOfGVJApN4N jVIT1nQSZYco5EYiMPlv3uwAbrUSxZ4nsoma13y6BaF0dF6FwKSlS1M5d 9T0rroPUP1eoqbk88v3IxPk2mf8PPreahI52miFM2q3ge6vwljAyZmmqy fTWKBzbsPG2HnWfu7ZTQNiLE8gy564h0wYeW7nXLD09CWAxpowzcrXSXL +Oq0tvp7HbCdzv1/cP50ayBR+AxaIEueA72wRE4Bj2AwUfwCXwBX2ufa9 9q32s/LkxXV+Y+D8CC1H79AXfHU4M=</latexit><latexit sha1_base64="Fxv5pnw b+Cy8P8GDBBHd+/DYg/8=">AAAEI3icbVNJbxMxFHYblnbYWuDGxSKJlE ppNCliKVKltiDRA4ciNbRSJkQejydj1cvI9mTBmv/CCQl+CyfEhQP/gyP 2NKAm5UmWnj6/5XtbnDOqTRj+XFmtXbt+4+baenDr9p279zY277/XslCY9 LBkUp3FSBNGBekZahg5yxVBPGbkND5/5f9Px0RpKsWJmeVkwNFI0JRiZB w03HjYiDgyWZzarIR7sDVuT7Yaw4162AkrgVeV7lypg7kcDzdXf0eJxAU nwmCGtO53w9wMLFKGYkbKIGhCjTNFU+O0qNAkR/gcjUhfY8RIstfZDQc2 I2xMTAmdNJtwe3sbHlWIIwtbB4oi trXobT313PCp82nCEckM1NLnWjAyu WY0lcLoykxTbzcqDESFDrxc5uNUgTjRA1v1toRNhyQwlQr6ELBCL3tYxL We8dhZejZ6+c+D//vrFyZ9MbBU5IUhAl8kSgsGjYR+UDChimDDZk5BWFH XBYgzpBA2bpwLWXjBDFVyUi5XU/VH5wSXC+i0EBTLhCyhzEyNQg7UxHBEh a/XHoyJoKr0fa9gF8/jrdd0RI1uv3VrJNpvFCHnW/9s/QQyOfGVJApN4N jVIT1nQSZYco5EYiMPlv3uwAbrUSxZ4nsoma13y6BaF0dF6FwKSlS1M5d 9T0rroPUP1eoqbk88v3IxPk2mf8PPreahI52miFM2q3ge6vwljAyZmmqy fTWKBzbsPG2HnWfu7ZTQNiLE8gy564h0wYeW7nXLD09CWAxpowzcrXSXL +Oq0tvp7HbCdzv1/cP50ayBR+AxaIEueA72wRE4Bj2AwUfwCXwBX2ufa9 9q32s/LkxXV+Y+D8CC1H79AXfHU4M=</latexit><latexit sha1_base64="Fxv5pnw b+Cy8P8GDBBHd+/DYg/8=">AAAEI3icbVNJbxMxFHYblnbYWuDGxSKJlE ppNCliKVKltiDRA4ciNbRSJkQejydj1cvI9mTBmv/CCQl+CyfEhQP/gyP 2NKAm5UmWnj6/5XtbnDOqTRj+XFmtXbt+4+baenDr9p279zY277/XslCY9 LBkUp3FSBNGBekZahg5yxVBPGbkND5/5f9Px0RpKsWJmeVkwNFI0JRiZB w03HjYiDgyWZzarIR7sDVuT7Yaw4162AkrgVeV7lypg7kcDzdXf0eJxAU nwmCGtO53w9wMLFKGYkbKIGhCjTNFU+O0qNAkR/gcjUhfY8RIstfZDQc2 I2xMTAmdNJtwe3sbHlWIIwtbB4oi trXobT313PCp82nCEckM1NLnWjAyu WY0lcLoykxTbzcqDESFDrxc5uNUgTjRA1v1toRNhyQwlQr6ELBCL3tYxL We8dhZejZ6+c+D//vrFyZ9MbBU5IUhAl8kSgsGjYR+UDChimDDZk5BWFH XBYgzpBA2bpwLWXjBDFVyUi5XU/VH5wSXC+i0EBTLhCyhzEyNQg7UxHBEh a/XHoyJoKr0fa9gF8/jrdd0RI1uv3VrJNpvFCHnW/9s/QQyOfGVJApN4N jVIT1nQSZYco5EYiMPlv3uwAbrUSxZ4nsoma13y6BaF0dF6FwKSlS1M5d 9T0rroPUP1eoqbk88v3IxPk2mf8PPreahI52miFM2q3ge6vwljAyZmmqy fTWKBzbsPG2HnWfu7ZTQNiLE8gy564h0wYeW7nXLD09CWAxpowzcrXSXL +Oq0tvp7HbCdzv1/cP50ayBR+AxaIEueA72wRE4Bj2AwUfwCXwBX2ufa9 9q32s/LkxXV+Y+D8CC1H79AXfHU4M=</latexit>

T. Lilienkamp and U. Parlitz, Phys. Rev. Lett. 120 (2018)

average transient lifetime increases 

exponentially with system size

T. Lilienkamp et al., Phys. Rev. Lett. 119 (2017)
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Transient Chaos

Can we predict the end of the chaotic transient?

M. Aron et al., J. Phys. Complex. 2, 035016  (2021)

No, not yet :-)  

We can, however, predict the average transient lifetime from observable quantities like:  

• dominant frequency 
• excitable gap 
• (pseudo) ECG 
• shape of the action-potential- duration (APD) curve 
• no. of phase singularities

But during a period of time close to the end of the transient the system 
responds differently to external perturbations.  Prediction possible ?? 

T. Lilienkamp and U. Parlitz, PRL 120 (2018); PRE 98 (2018); PRE 102 (2020)
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Controlling Transient Chaos

Persistent chaos  vs.  Transient chaos

control: kick state into basin of 
another attractor

kick state to neighbouring orbit with 
(much) shorter transient time

can be achieved with (very) small perturbationsminimal perturbation strength required

Potential Implications of Transient Chaos for Defibrillation
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Terminating spiral wave chaos with few single perturbations 

Controlling Transient Chaos

Fenton-Karma model
∂u

∂t
= ∇ ·D∇u− IIon(u,h)/Cm

∂h

∂t
= g(u,h)

<lat exit sha 1_base64 ="iJtTEw VYP+21mO Ov3k4zOt eFN3A="> AAAFFXic bVNJbxMx FJ6UsDSs hSMXixLU ojZMitgq VSqLBEgc QGoBKQ6R x/Mmsepl sD1tIst/ ghMS/BZO iCtn/glH 7CGFJu2T LD19fsv3 tqzkzNg0 /dVYONU8 febsucXW +QsXL12+ snT1rVGV prBL FVf6 fUYMcCZh 1zLL4X2p gYiMw7ts 72n8f7cP 2jAld+yk hL4gQ8kK RokN0GCp cRpnMGTS wUdJtCaT 276FOcmA B2RTKKly JQiT3QAX mlCHS6It IxxV/r9u Pbq1dQth STJOEKa5 sghXMgcd eTksiB1l hXvm/aFN hdbRy4F7 qaRfqdbQ ocXIr95B TwcCYXwi jY1jNP57 nsBn +jec z9HCIPOj JQ+uLKed tBZ0XOlO leVkKq8H Swu/ca5o JUBayokx vW5a2r6L BCgH32q1 kaEjzQob NFwZKAnd I0PoGUo4 5FudR2nf jYDvQyAb pN1G6+vr 6EWNhPGg lcc6lLI6 6+1iDaUV 4+DTRkMY WWRUzDVj ZEvDWaG kNbWZYdF uWFlEKtO KcpRPUCU RYPqu3ia P2gHJ UaE 0iiFQjR7 1cEQYMxF ZsIxszPx fBE/661W 2eNh3TJa VBUn/Jiq qMC2F4mq inGmglk+ CQqhmoQu IjkiYtg0 LPJNFVNw yrQ78fDV 1f0wJ1M+ g40oyqnK YQ7kdW00 CaMDG7Yr 1usf7IJn 2se81HOJ FfOUZGzJ r1l6Fw5F rzzXA3uo /2ziBkTq IleSaHKD 9UIeKnCU cUCUE Cdu GI+h73b5 rLeJM8Tz 2UHG3HE6 rXpdARZp SSQa63pm jvjveBWj xQ73DWri dyM/Pxmf 5+DD81Go aGpuiIIL xSc3ziSk 3EbYwtvV ke3qY9V3 aubeWdu6 Ht+GRu4k JL0cEbYU WVGLg2Fb Xf7ibomr Abta30p2 /jOPK7kb nUSd9s7G 8/WR6NOe S68mNZCX pJg+S7eR F8jrZ TWi DNz41vjS +Nj83vzW /N3/8NV1 oTH2uJTP S/PkHGO+ s5Q==</l atexit><lat exit sha 1_base64 ="iJtTEw VYP+21mO Ov3k4zOt eFN3A="> AAAFFXic bVNJbxMx FJ6UsDSs hSMXixLU ojZMitgq VSqLBEgc QGoBKQ6R x/Mmsepl sD1tIst/ ghMS/BZO iCtn/glH 7CGFJu2T LD19fsv3 tqzkzNg0 /dVYONU8 febsucXW +QsXL12+ snT1rVGV prBL FVf6 fUYMcCZh 1zLL4X2p gYiMw7ts 72n8f7cP 2jAld+yk hL4gQ8kK RokN0GCp cRpnMGTS wUdJtCaT 276FOcmA B2RTKKly JQiT3QAX mlCHS6It IxxV/r9u Pbq1dQth STJOEKa5 sghXMgcd eTksiB1l hXvm/aFN hdbRy4F7 qaRfqdbQ ocXIr95B TwcCYXwi jY1jNP57 nsBn +jec z9HCIPOj JQ+uLKed tBZ0XOlO leVkKq8H Swu/ca5o JUBayokx vW5a2r6L BCgH32q1 kaEjzQob NFwZKAnd I0PoGUo4 5FudR2nf jYDvQyAb pN1G6+vr 6EWNhPGg lcc6lLI6 6+1iDaUV 4+DTRkMY WWRUzDVj ZEvDWaG kNbWZYdF uWFlEKtO KcpRPUCU RYPqu3ia P2gHJ UaE 0iiFQjR7 1cEQYMxF ZsIxszPx fBE/661W 2eNh3TJa VBUn/Jiq qMC2F4mq inGmglk+ CQqhmoQu IjkiYtg0 LPJNFVNw yrQ78fDV 1f0wJ1M+ g40oyqnK YQ7kdW00 CaMDG7Yr 1usf7IJn 2se81HOJ FfOUZGzJ r1l6Fw5F rzzXA3uo /2ziBkTq IleSaHKD 9UIeKnCU cUCUE Cdu GI+h73b5 rLeJM8Tz 2UHG3HE6 rXpdARZp SSQa63pm jvjveBWj xQ73DWri dyM/Pxmf 5+DD81Go aGpuiIIL xSc3ziSk 3EbYwtvV ke3qY9V3 aubeWdu6 Ht+GRu4k JL0cEbYU WVGLg2Fb Xf7ibomr Abta30p2 /jOPK7kb nUSd9s7G 8/WR6NOe S68mNZCX pJg+S7eR F8jrZ TWi DNz41vjS +Nj83vzW /N3/8NV1 oTH2uJTP S/PkHGO+ s5Q==</l atexit><lat exit sha 1_base64 ="iJtTEw VYP+21mO Ov3k4zOt eFN3A="> AAAFFXic bVNJbxMx FJ6UsDSs hSMXixLU ojZMitgq VSqLBEgc QGoBKQ6R x/Mmsepl sD1tIst/ ghMS/BZO iCtn/glH 7CGFJu2T LD19fsv3 tqzkzNg0 /dVYONU8 febsucXW +QsXL12+ snT1rVGV prBL FVf6 fUYMcCZh 1zLL4X2p gYiMw7ts 72n8f7cP 2jAld+yk hL4gQ8kK RokN0GCp cRpnMGTS wUdJtCaT 276FOcmA B2RTKKly JQiT3QAX mlCHS6It IxxV/r9u Pbq1dQth STJOEKa5 sghXMgcd eTksiB1l hXvm/aFN hdbRy4F7 qaRfqdbQ ocXIr95B TwcCYXwi jY1jNP57 nsBn +jec z9HCIPOj JQ+uLKed tBZ0XOlO leVkKq8H Swu/ca5o JUBayokx vW5a2r6L BCgH32q1 kaEjzQob NFwZKAnd I0PoGUo4 5FudR2nf jYDvQyAb pN1G6+vr 6EWNhPGg lcc6lLI6 6+1iDaUV 4+DTRkMY WWRUzDVj ZEvDWaG kNbWZYdF uWFlEKtO KcpRPUCU RYPqu3ia P2gHJ UaE 0iiFQjR7 1cEQYMxF ZsIxszPx fBE/661W 2eNh3TJa VBUn/Jiq qMC2F4mq inGmglk+ CQqhmoQu IjkiYtg0 LPJNFVNw yrQ78fDV 1f0wJ1M+ g40oyqnK YQ7kdW00 CaMDG7Yr 1usf7IJn 2se81HOJ FfOUZGzJ r1l6Fw5F rzzXA3uo /2ziBkTq IleSaHKD 9UIeKnCU cUCUE Cdu GI+h73b5 rLeJM8Tz 2UHG3HE6 rXpdARZp SSQa63pm jvjveBWj xQ73DWri dyM/Pxmf 5+DD81Go aGpuiIIL xSc3ziSk 3EbYwtvV ke3qY9V3 aubeWdu6 Ht+GRu4k JL0cEbYU WVGLg2Fb Xf7ibomr Abta30p2 /jOPK7kb nUSd9s7G 8/WR6NOe S68mNZCX pJg+S7eR F8jrZ TWi DNz41vjS +Nj83vzW /N3/8NV1 oTH2uJTP S/PkHGO+ s5Q==</l atexit>

= 500 ms T
evo

T. Lilienkamp and U. Parlitz, 
Chaos 30, 051108 (2020) 

gating variables h = (v, w)
<latexit sha1_b ase64="Fxv5pnwb+Cy8P8GDBBHd+ /DYg/8=">AAAEI3icbVNJbxMxFHYb lnbYWuDGxSKJlEppNCliKVKltiDRA 4ciNbRSJkQejydj1cvI9mTBmv/CC Ql+CyfEhQP/gyP2NKAm5UmWnj6/5X tbnDOqTRj+XFmtXbt+4+baenDr9p 279zY277/XslCY9LBkUp3FSBNGBek Zahg5yxVBPGbkND5/5f9Px0RpKsW JmeVkwNFI0JRiZBw03HjYiDgyWZza rIR7sDVuT7Yaw4162AkrgVeV7lypg 7kcDzdXf0eJxAUnwmCGtO53w9wML FKGYkbKIGhCjTNFU+O0qNAkR/gcjU hfY8RIstfZDQc2I2xMTAmdNJtwe3 sbHlWIIwtbB4oi trXobT313PCp82n CEckM1NLnWjAyuWY0lcLoykxTbzc qDESFDrxc5uNUgTjRA1v1toRNhyQw lQr6ELBCL3tYxLWe8dhZejZ6+c+D/ /vrFyZ9MbBU5IUhAl8kSgsGjYR+U DChimDDZk5BWFHXBYgzpBA2bpwLWX jBDFVyUi5XU/VH5wSXC+i0EBTLhC yhzEyNQg7UxHBEha/XHoyJoKr0fa9 gF8/jrdd0RI1uv3VrJNpvFCHnW/9s /QQyOfGVJApN4NjVIT1nQSZYco5E YiMPlv3uwAbrUSxZ4nsoma13y6BaF 0dF6FwKSlS1M5d9T0rroPUP1eoqb k88v3IxPk2mf8PPreahI52miFM2q3 ge6vwljAyZmmqyfTWKBzbsPG2HnW fu7ZTQNiLE8gy564h0wYeW7nXLD09 CWAxpowzcrXSXL+Oq0tvp7HbCdzv1 /cP50ayBR+AxaIEueA72wRE4Bj2A wUfwCXwBX2ufa99q32s/LkxXV+Y+D 8CC1H79AXfHU4M=</latexit><latexit sha1_b ase64="Fxv5pnwb+Cy8P8GDBBHd+ /DYg/8=">AAAEI3icbVNJbxMxFHYb lnbYWuDGxSKJlEppNCliKVKltiDRA 4ciNbRSJkQejydj1cvI9mTBmv/CC Ql+CyfEhQP/gyP2NKAm5UmWnj6/5X tbnDOqTRj+XFmtXbt+4+baenDr9p 279zY277/XslCY9LBkUp3FSBNGBek Zahg5yxVBPGbkND5/5f9Px0RpKsW JmeVkwNFI0JRiZBw03HjYiDgyWZza rIR7sDVuT7Yaw4162AkrgVeV7lypg 7kcDzdXf0eJxAUnwmCGtO53w9wML FKGYkbKIGhCjTNFU+O0qNAkR/gcjU hfY8RIstfZDQc2I2xMTAmdNJtwe3 sbHlWIIwtbB4oi trXobT313PCp82n CEckM1NLnWjAyuWY0lcLoykxTbzc qDESFDrxc5uNUgTjRA1v1toRNhyQw lQr6ELBCL3tYxLWe8dhZejZ6+c+D/ /vrFyZ9MbBU5IUhAl8kSgsGjYR+U DChimDDZk5BWFHXBYgzpBA2bpwLWX jBDFVyUi5XU/VH5wSXC+i0EBTLhC yhzEyNQg7UxHBEha/XHoyJoKr0fa9 gF8/jrdd0RI1uv3VrJNpvFCHnW/9s /QQyOfGVJApN4NjVIT1nQSZYco5E YiMPlv3uwAbrUSxZ4nsoma13y6BaF 0dF6FwKSlS1M5d9T0rroPUP1eoqb k88v3IxPk2mf8PPreahI52miFM2q3 ge6vwljAyZmmqyfTWKBzbsPG2HnW fu7ZTQNiLE8gy564h0wYeW7nXLD09 CWAxpowzcrXSXL+Oq0tvp7HbCdzv1 /cP50ayBR+AxaIEueA72wRE4Bj2A wUfwCXwBX2ufa99q32s/LkxXV+Y+D 8CC1H79AXfHU4M=</latexit><latexit sha1_b ase64="Fxv5pnwb+Cy8P8GDBBHd+ /DYg/8=">AAAEI3icbVNJbxMxFHYb lnbYWuDGxSKJlEppNCliKVKltiDRA 4ciNbRSJkQejydj1cvI9mTBmv/CC Ql+CyfEhQP/gyP2NKAm5UmWnj6/5X tbnDOqTRj+XFmtXbt+4+baenDr9p 279zY277/XslCY9LBkUp3FSBNGBek Zahg5yxVBPGbkND5/5f9Px0RpKsW JmeVkwNFI0JRiZBw03HjYiDgyWZza rIR7sDVuT7Yaw4162AkrgVeV7lypg 7kcDzdXf0eJxAUnwmCGtO53w9wML FKGYkbKIGhCjTNFU+O0qNAkR/gcjU hfY8RIstfZDQc2I2xMTAmdNJtwe3 sbHlWIIwtbB4oi trXobT313PCp82n CEckM1NLnWjAyuWY0lcLoykxTbzc qDESFDrxc5uNUgTjRA1v1toRNhyQw lQr6ELBCL3tYxLWe8dhZejZ6+c+D/ /vrFyZ9MbBU5IUhAl8kSgsGjYR+U DChimDDZk5BWFHXBYgzpBA2bpwLWX jBDFVyUi5XU/VH5wSXC+i0EBTLhC yhzEyNQg7UxHBEha/XHoyJoKr0fa9 gF8/jrdd0RI1uv3VrJNpvFCHnW/9s /QQyOfGVJApN4NjVIT1nQSZYco5E YiMPlv3uwAbrUSxZ4nsoma13y6BaF 0dF6FwKSlS1M5d9T0rroPUP1eoqb k88v3IxPk2mf8PPreahI52miFM2q3 ge6vwljAyZmmqyfTWKBzbsPG2HnW fu7ZTQNiLE8gy564h0wYeW7nXLD09 CWAxpowzcrXSXL+Oq0tvp7HbCdzv1 /cP50ayBR+AxaIEueA72wRE4Bj2A wUfwCXwBX2ufa99q32s/LkxXV+Y+D 8CC1H79AXfHU4M=</latexit>

S. P. Cornelius et al., Nat. Commun. 4, 2939 (2013)
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Measurering Cardiac Dynamics  



Ampliûer
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Filtered Cameras

Optical Mappinga) b)
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Measuring Cardiac Dynamics

Optical mapping in Langendorff perfusion system

Ventricular Fibrillation

J. Schröder-Schetelig

pig 
heart

Visualisation of membrane voltage and Ca+ concentration on the 

surface of the heart using fluorescent dyes
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Simultaneous  Optical Mapping and 4D Ultrasound
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Acuson SC2000  
(Siemens Inc.),  
Transducer 4Z1c,   
2.8 MHz, 
134 vps,  
0.5 mm

J. Christoph et al.  
Nature (2018)

   
 

contractile

tensile

-Ã

Ã

Strain 
Rate

Phase

1 cm

Mechanical  
Filament

Visualizing mechanical scroll waves within the heart muscle 

using highspeed ultrasound
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Registered volume  
(non-moving)

Observed volume  
(moving)

Motion analysis estimates a 3D displacement vector field that describes the motion of the tissue 

Ultrasound imaging of a human heart during by-pass surgery 
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Motion tracking in high-resolution 4D ultrasound resolves 

mechanical motion during ventricular fibrillation

First observation of mechanical 
scroll waves within the heart muscle: 
J. Christoph et al. Nature 555 (2018)

ultrasound device



23

Challenges and Tasks

Data driven modelling in cardiac research

• prediction of future evolution (e.g., membrane voltages, mechanical motion)  
• extraction of relevant features from (noisy) raw data  ¿  classification                                   
• cross estimation of observables that are difficult to measure directly (e.g. 

electrical activity inside the heart muscle)

Methods for spatio-temporal timeseries: 

• nearest neighbours prediction using reconstructed local states                 
J. Isensee et al., J. of Nonlin. Sci. 30, 713–735 (2020) 

• echo state networks (reservoir computing)                                              
R.S. Zimmermann and U. Parlitz, Chaos 28, 043118 (2018); S. Herzog et al., Frontiers in Appl. 
Math. and Statistics 6, 616584 (2021) 

• convolutional neural networks                                                                

S. Herzog et al., Front. in Appl. Math. and Stat. 4, 60 (2018); Chaos 29, 123116 (2019); 
     R. Stenger et al., (under review)
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Data Driven Modeling

Prediction of future evolution of membrane voltage
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Model to generate training and test data:  The Bueno-Orovio-Cherry-Fenton model

∂u

∂t
= D ·∇

2
u− (Jsi + Jfi + Jso)

∂v

∂t
=

1

τ
−

v

(1−H(u− θv)) (v∞ − v)−
1

τ
+
v

H(u− θv)v

∂w

∂t
=

1

τ
−

w

(1−H(u− θw))(w∞ − w)−
1

τ
+
w

H(u− θw)w

∂s

∂t
=

1

2τs
((1 + tanh(ks(u− us)))− 2s)
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PDEs describing electrical excitation waves in cardiac tissue

A. Bueno-Orovio et al., J. Theor. Biol. 253 (2008)

u membrane potential

with ionic currents:

Jsi = −

1

τsi
H(u− θw)ws

Jfi = −

1

τfi
vH(u− θv)(u− θv)(uu − u)

Jso =
1

τo
(u− uo)(1−H(u− θw)) +

1

τso
H(u− θw)
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Data Driven Modeling of Spatio-Temporal Systems

to be predicted
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temporal 

sequence of 

m images

¿

input 

layer

…
sequence of features

¿ Y = (yt−m+1, . . . , yt)
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(xt−m+1, . . . , xt)
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… ¿

output 

layer predicted 

image

x̂t+1
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ŷt+1 = argmax
ȳ

P (ȳ | Y )
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¿

estimated future feature

¿
conditional probability distribution describing 

temporal evolution in feature space 
(Conditional Random Field)

Prediction

Convolutional Auto-Encoder

S. Herzog et al., Chaos 29, 
123116 (2019)



27

Iterated Forecasting of u(t)

true forecast difference 

S. Herzog et al., Frontiers in Appl. Math. and Statistics 4, 60 (2018)

Convolutional Auto-Encoder

good for 5 spiral rotations
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Convolutional Auto-Encoder

J. Pathak et al.,  

Phys. Rev. Lett. 120 (2018)

Prediction of Kuramoto-Sivashinsky Dynamics

largest Lyapunov exponent 
Λ

max
= 0.09

Lyapunov time
T

L
=

1

Λmax

= 11.1 error
22.2 t/TL
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L = 120 : ≈ 4Λt
<latexit sha1_base64="rE5BwwX5MwoerhB6EpBDw9FRMGM=">AAAEMXicdVPLThsxFDWkD0hf0C67cRsigQTRTHiUIEUFWqksWFCJl5QJkePxJBZ+jGxPEmTNuvv+R1eV2k/ool/Aruq2P9AdtQeoCGrvaKSr43Ovz324mzKqTRCcT0yW7ty9d39quvzg4aPHT2Zm nx5qmSlMDrBkUh13kSaMCnJgqGHkOFUE8S4jR93TN/78aECUplLsm7OUtDnqCZpQjIyDOjMvdpthPdiAkftghNJUyRFcgdGuSxEjaGDUmakEtaC+vrpSh0Gtvho0woZzVoOwsbYCw1pQWOX1xcX3jxsL3/Y6s5O/o1jijBNhMENat8IgNW2LlKGYkbxcrkKN+4omxnlR pkmK8CnqkZbGiJG4WWsEbdsnbEBMDp1Vq3BpaQnuFIhTDue3FEVsYTzacmT6qeEjF1OFPdI3UEt/1xjJpJrRRAqjC5qmntfLDESZLnu7qce5AnGi27ZodA6rDolhIhX0KWCB3oywiGt9xruO6dXo22ce/NdZKzPJettSkWaGCHx5UZIxaCT0U4MxVQQbduYchBV1XYC4 jxTCxs127BaeMUOVHOa3qyn6o1OC8zF0lAmKZUxuocyMjEIO1MRwRIWv124NiKAq930vYJfP4/NvaY8avbjrdkosvlOEnC785foJ9OXQVxIrNIQDV4f0mgUZYsk5ErGNPJi3wrYtT0ddyWLfQ8lsJczLxbo4KUKnUlCiip25GbufWwdNn0Rej+J23+vLx/PTeHSd/op1 lTrSSYI4ZWeFzm2dupdgyMgUk22pXrdt3aovBrU199dzaOcixNI+gk3Xgox3LG2G+clyALMOncvL7q1cPwj4f+ewXguXa/X3QWVzG1zaFHgOXoJ5EIJXYBPsgD1wADD4AD6BL+Br6XPpvPSj9POSOjlxFfMMjFnp1x/XclyI</latexit>

∂u

∂t
+

∂2u

∂x2
+

∂4u

∂x4
+

∣

∣

∣

∣

∂u

∂x

∣

∣

∣

∣

2

= µ cos(
2πx

λ
)

<latexit sha1_base64="Z9mp1tFc76/9s2EfFzFU3NkJv7Q=">AAAExnicfVNZaxsxEF6nbpu4R5L2sX0QdQwOTcyuk54QSNJCA81DCrnAaxtZq/WK6FgkrQ+Uhf6q/pf+kz5W2rit1wkdEAzffHNqZpBSorTv/6ws3avef/BweaX26PGTp6tr68/OlcgkwmdIUCEv B1BhSjg+00RTfJlKDNmA4ovB1SdnvxhhqYjgp3qa4i6DQ05igqC2UH/tRxhLiEyYQqkJpCDL/+k6B69B2d5rzxMmvfYdlF1Q5uwWHIpjff2fZJM8lGSY6OteG+yBkGUgREI1bzzaYUosw4TUdhbBfLO/VvdbfiHgthLMlLo3k5P++tKvMBIoY5hrRKFSncBPdde47Iji vFZrAIUSSWJttTBTOIXoCg5xRyFIcbTX+uB3TYLpCNuxWGk0wPb2NjgqEDtO0DyQto/NsrdhUCepZhPr0wBDnGighMtVIulUURILrlVBU8TxhpkGMFM1J/P1WJVDhlXXFL+fg4ZFIhALCVwIUKDzHgYypaZsYJmuGrVoc+Bdtk6m4/ddQ3iaaczRTaI4s3shgFslEBGJ kaZTq0AkiZ0CQAm0/6XtwpWysIxqIsU4X+ymmI9KMcpL6CTjBIkIL6BUT7SEFlRYM0i469ccjDAnMndzL2Abz+HNz2RItNo6tovOt75IjK82/3LdDyRi7DqJJByDke1DuJo5HiPBGOSRCR2Yd4Kuqa2EA0EjN0NBTT3Ia8W62FK4SgUnWBY7M+97mhsLrfRCV49k5tTV l5fjk2jyJ/yMNQsdqjiGjNBpUeehSj+CUOOJLn62I4eDrvFbb7b81lv77AWajRDSNIHublTG+obsBXlvxwdZn2zkNXsrweJl3FbO261gp9X+tlvfP5xdzbL3wnvlNb3Ae+fte0feiXfmocrLymHla+W4elTl1aw6vqEuVWY+z72SVL//BtGUjy0=</latexit>

µ = 0.01
<latexit sha1_base64="XL7+TG7s0YOItEEi3U1cMfMlRtk=">AAAEGHicbVNLa9wwEFayfSTuK2mPvYhuFhJIFnvTNwSStNAcekghL7p2FlmWd0X0MJK8D4T/RU+F9rf0Vnrtrf+kx0rOtmQ3HTAePn0z+mZGkxaMahOGvxYWGzdu3rq9tBzcuXvv/oOV1YcnWpYK k2MsmVRnKdKEUUGODTWMnBWKIJ4ycppevPHnp0OiNJXiyEwKknDUFzSnGBkHfYx5CXdg2A6j3krT/WqD151o6jTB1A57q4u/40zikhNhMENad6OwMIlFylDMSBUELajxQNHcOC8uNSkQvkB90tUYMZLttF+FiR0QNiSmgs5aLbi1tQUPasQJhOt7iiK2MRttOTKDwvCx i2nBPhkYqKW/a4ZkCs1oLoXRNU1Tz+uXBqJSB96u6nGuQJzoxNb9rGDLIRnMpYI+BazRqxEWca0nPHVMr0bPn3nwf2fd0uQvE0tFURoi8OVFecmgkdAPB2ZUEWzYxDkIK+q6APEAKYSNG+HMLbxkhio5quarqfujC4KrGXRcCoplRuZQZsZGIQdqYjiiwtdr94ZEUFX5 vtewy+fx9be0T43efO+ejth8pwi52PjH9RMYyJGvJFNoBIeuDuk1CzLCknMkMht7sOpGiQ2W41SyzPdQMtuMqqB+Lk6K0IUUlKj6zVyNPaqsg5bPY69HcXvk9VWz+Wk2/pt+ypqmjnWeI07ZpNa5r4vXMDZkbOrJdlU/TWzYfrYZtp+7r1NBuxYjVgyQ241Yl7xn6U5U nW+HsOzRtSpwuxLNb8Z156TTjrbbnQ9Pm7v7061ZAo/BE7AOIvAC7IIDcAiOAQYCfAJfwNfG58a3xvfGj0vq4sI05hGYscbPPxcITz4=</latexit>
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Cross estimation tasks:

• recovering complex wave patterns from impaired observations (e.g. noise) 
• cross-predicting electrical excitation from mechanical contraction  
• predicting electrical excitation waves inside the heart muscle from 

observations on the surface

Data Driven Modeling in Cardiac Dynamics
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Recovering Complex Wave Patterns From Impaired Observations 

Reconstruct original data from noisy, blurred or 
undersampled data. 

blurred:

noisy:

CAE = convolutional autoencoder
S. Herzog et al., Frontiers in Appl. Math. and Statistics 6, 
616584 (2021)

Data Driven Modeling of Spatio-Temporal Systems



31

Data Driven Modeling

Electrical excitation from mechanical deformation

Data generated by a conceptual electro-mechanical model  (BOCF model driving a mass-spring system)
Convolutional Auto-encoder; Reservoir Computing
S. Herzog et al., Frontiers Appl. Math. Stat. 6 (2021)

ground truth

mechanical deformation

prediction

electrical excitation

input

; J. Christoph and J. Lebert, Chaos 30 (2020)
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Data Driven Modeling

From the surface into the depth

pig heart 
ventricular fibrillation

optical mapping using voltage sensitive 
dyes provides electrical excitation waves 
only on the surface of the heart

simulation of a 3D 
excitable medium

predict activity in deeper layers using 
Convolutional Neural Network 

ground 
truth

input

prediction

Inga Kottlarz
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From Surface To Depth 

3D Barkley model

a = 0.75 b = 0.06 ε = 0.08

grid: 120 × 120 × 120
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D = 0.02

predict deeper layers from data at surface
using convolutional neural networks:

Data Driven Modeling

Auto-Encoder, Spatio-Temporal LSTM, Diffusion Model
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From the surface into the depth
G
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Reconstruction using Autoencoder with different input lengths T * {1, 8, 32} 

R. Stenger et al., (under review, Chaos, 2022)
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From the surface into the depth
G
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=
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0.0 0.2 0.4 0.6 0.8 1.0

Reconstruction using diffusion model with different input lengths of T * {1, 8, 32}

qualitative agreement

\

R. Stenger et al., (under review, Chaos, 2022)
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Terminating cardiac arrhythmias



1000 V  20 A  12ms  ¿  240 J

37

Defibrillation

ICD 
housing

electric  
field

electrode

internal

Principle:   Reset electrical activity of all cells by synchronous excitation 

Terminating Cardiac Arrhythmias

external

PhilippN 
wikimedia.org

400 V  8 A  12 ms  ¿  40J

Severe side effects:   tissue damage - traumatic pain   G.P. Walcott et al., Resuscitation 59 (2003)



E"electric field E
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Conduction heterogeneities act as virtual electrodes 

Super-threshold depolarization leads to wave emission 

if a short rectangular electric field pulse is applied.

A. Pumir and V. Krinsky, J. Theor. Biol. 199 (1999); P. Bittihn et al., Phys. Rev. Lett. 109 (2012)

Terminating Cardiac Arrhythmias

blood vessels, scars, fatty tissue, …
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Terminating Cardiac Arrhythmias

Conventional defibrillation:  termination with a single electrical pulse

from:  K.F. Kwaku and S.M. Dillon, 
Circulation Research 79, 957–973 (1996)

Defibrillation success versus 
shock voltage for 273 shocks 
in 23 hearts

sigmoid dose-response curve

Pulse timing matters

Strong temporal fluctuations in termination success rate
J. Steyer et al., to appear in:  Frontiers in Network Physiology  (2022) Predictable ??
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Low-energy Anti-fibrillation Pacing

Terminating Cardiac Arrhythmias (Defibrillation) 

avoiding strong shocks

Experiments: 
S. Luther, F. Fenton et al., Nature 475 (2011) 
H. Janardhan et al., J. of the American College of Cardiology 63 (2014)1 

Simulations: 
P. Buran et al., Chaos 27 (2017) 
….

Sequences of weak pulses (LEAP)



E
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Terminating Cardiac Arrhythmias

Recruiting Virtual Electrodes for Terminating Cardiac Arrhythmias

Animation: T. Lilienkamp

heterogeneities

sequence of 
electrical pulses



-80 20 mV

Membrane Potential

N = 5 low energy pulses  
E = 1.4 V/cm 
dt = 90 ms

Pulse Generator 

Power Amplifier
S. Luther et al., Nature 475,  235 (2011)

Low-Energy Anti-Fibrillation Pacing (LEAP)

42
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Impact of Pulse Sequences

2Scienti昀؀c Reports https://doi.org/10.1038/s41598-022-16068-8

Methodology

Overview of investigated cardiac cell models. 

Initializing chaotic states. 

Implementation of termination attempts. 

T. Lilienkamp et al., Scientific Reports 12 (2022) 

Four model systems investigated

What does the dose-response curve look like for sequences of pulses?
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Termination Success Rate

Fenton-Karma model

Termination success rate vs. pacing amplitude and pacing frequency

5
Scienti昀؀c R

eports
https://doi.org/10.1038/s41598-022-16068-8

success rate0% 100%

5Scienti昀؀c Reports https://doi.org/10.1038/s41598-022-16068-8

5Scienti昀؀c Reports https://doi.org/10.1038/s41598-022-16068-8

5 pulses

5Scienti昀؀c Reports https://doi.org/10.1038/s41598-022-16068-8

5Scienti昀؀c Reports https://doi.org/10.1038/s41598-022-16068-8

10 pulses

5Scienti昀؀c Reports https://doi.org/10.1038/s41598-022-16068-8

20 pulses

high success at 
low amplitudes

1 pulse

5Scienti昀؀c Reports https://doi.org/10.1038/s41598-022-16068-8

5Scienti昀؀c Reports https://doi.org/10.1038/s41598-022-16068-8

5Scienti昀؀c Reports https://doi.org/10.1038/s41598-022-16068-8



45

Non-monotonous Dose-Response Curve

5Scienti昀؀c Reports https://doi.org/10.1038/s41598-022-16068-8

5Scienti昀؀c Reports https://doi.org/10.1038/s41598-022-16068-8

non-monotonous 
dose-response 
curves

with a peak of 
high termination 
probability at low 
pacing energy

T. Lilienkamp et al.,  

Scientific Reports 12 (2022) 

Sequences 
of pulses 
result in

Proper choice of pacing parameters is crucial 
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Non-equidistant Pulses 

Use non-equidistant pulse sequences to cover a frequency range

power spectrum (e.g., ECG)

dominant frequency  fdom

equidistant pulses:   τ = 1/fdom

non-equidistant pulses:  τk = 1/fk

¿ deceleration pacing
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Linearly Increasing Inter-pulse Intervals

Fenton-Karma model

single 
pulse

10 pulses deceleration

Dose-response curves

10 pulses 
equidistant

Choice of start  and end value  
is crucial and depends on model.

τ1 τN

¿ Need for a robust, model-independent protocol that is practical to use 

similar results for 
other models

BOCF

linear increase of 
inter-pulse intervals

τ1 τN

time

τk = τ1 +
k − 1

N − 1
(τN − τ1)

no dip!
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Adaptive Deceleration Pacing

Adaptive deceleration pacing (ADP)

Fourier spectrum (e.g., ECG)

Integral:   equidistant levels  ¿  fk

frequencies   ¿  pulse intervals fk τk = 1/fk

• ADP pacing sequences are highly adaptable 
to the specific characteristics of the dynamics 

• only two free parameters:                                                              
cut-off frequency & no. of pulses 

• easy to implement experimentally



49

Adaptive Deceleration Pacing

Adaptive deceleration pacing (ADP)

dose-response 
curves

ADP almost as good 
as linear deceleration 
with carefully 
selected start and 
end frequencies 

significant reduction of 
required pulse amplitude 

T. Lilienkamp et al., Chaos (2022)
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Summary

• Ventricular fibrillation (VF) is a lethal state which requires immediate 
treatment: defibrillation using strong electrical shocks with side effects  

• VF is closely connected to spiral wave chaos in excitable media 
• data driven modelling is a promising approach to predict excitable cardiac 

dynamics and to reconstruct quantities that are difficult observe directly 
• complex dynamics in excitable media can be governed by transient chaos 

with immediate consequence for its controllability 
• pulse sequences of low energy may provide an alternative for defibrillation 

avoiding strong shocks with adverse side effects  
• a novel and very promising approach employs adaptive deceleration  

pacing where pacing is slowed down in a systematic manner
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Thank you!
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