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1. What is short-term cardiac memory?
2. What has been known about memory on APD dynamics?

1. Early repolarization syndrome: Short-QT, Brugada, & J-wave syndrome
2. Reduced repolarization reserve: Long QT syndrome

1. Memory from ion channel recovery
2. Memory from ion accumulation 



(under review)



Long-term memory

Cardiac memory

Short-term memory

(Franz et al, JCI 1988)

(Rosen and Cohen, JP 2006)



S1S2 and dynamic APD restitution curves

S1S2 restitution
(BCL=1500 ms)

S1S2 restitution
(BCL=500)

Dynamic restitution

(Elharrarand Surawicz, AJP 1983)



An iterated map model without memory

APDn+1=f(DIn)=f(mT-APDn)



APDn+1 =(1-aMn+1)f(DIn)

T

An iterated map model with memory

(Fox et al, PRL 2002)



Sources of memory

1. Slow ion channel recovery: Iks

Time scale: 1-2 sec

2. Slow intracellular ion concentration accumulation: [Ca], [Na]
Time scale: many secs to minutes

ÅLong-term memory: protein synthesis, posttranslational 
regulation

ÅShort-term memory:



Memory from ion channel recovery 



Early repolarization syndrome: Brugadasyndrome

(Patocskaiet al, JACC-CE 2017) 



Complex APD dynamics in Brugadasyndrome

(Lukas & Antzelevitch, Circulation 1993)

Complex APD dynamics in Brugadasyndrome

(Lukas & Antzelevitch, Circulation 1993)



Experiment

Simulation

Patient ECG

T-wave alternans in Brugadasyndrome

(Qu et al, Front Physiol, 2010)



Complex APD dynamics in the presence of Ito

(Maozet al, Heart Rhythm, 2009)



Unmask/exacerbation of memory by Ito

APDn+1=f(DIn)= f(T-APDn)

AP model (LR1)

1991 Luo and Rudy (LR1)

1:12:13:1

1:12:13:1



<5 ms

<40 ms

Adding Ito to the LR1 model

(Mahajan et al, BiophysJ, 2008)
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Ito induced memory and chaos
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Ito induced memory and chaos

LR1

APDn+1=f(DIn)= f(T-APDn) APDn+1=f(DIn)= f(T-APDn)
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A new iterated map model incorporating memory
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Recapitulate the bifurcations by the new iterated map model
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Recapitulate the bifurcations by the new iterated map model
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Mechanistic insights from the new iterated map model
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Mechanistic insights from the new iterated map model



Reduced repolarization reserve: long QT syndrome

(Sridhar A, Am J Physiol 2008)

(Gilmour R, JACC 1996)

EADs



Chaotic EADs in ventricular myocytes

Isolated rabbit ventricular myocyte 

exposed to 1 mM H2O2.

Computational model 
(UCLA rabbit ventricular model with 

modifications)

(Sato, et al., PNAS 2009)



APDn+1=f(DIn)= f(T-APDn)

What is the dynamical mechanism of EAD chaos?

(Sato et al, BiophysJ 2010)



Memory under reduced repolarization reserve

No Ito



Summary

Memory due to slow ion channel recovery (namely IKs) plays important roles in 
inducing complex APD dynamics (high periodicity and chaos) in either early 
repolarization syndrome (BrS) or reduced repolarization reserve (LQTS and HF).
Memory promotes instabilities instead of suppressing instabilities. 



Memory from intracellular ion accumulation

TP04 (Ten Tusscheret al, AJP Heart 2004) 



Memory caused by intracellular Ca accumulation

<5 ms

<40 ms

(Mahajan et al, BiophysJ, 2008)

[Na]i=constant

[Ca]i

Source of Memory:

Recover quickly, no 
contribution to memory. 
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An iterated map model with Ca2+ accumulation memory



An iterated map model with Ca2+ accumulation memory



A new map with Ca2+ accumulation memory



TP04

An iterated map model with Ca2+ accumulation memory



Theoretical prediction of the iterated map model



EAD and chaos in the TP04 model

No Ito



Bifurcations using APD=f(DI)



Bifurcation of the new iterated map model



Bifurcation of the new iterated map model

TP04

MAP



Summary

Memory due to slow intracellular Ca accumulation plays some roles as slow ion 
channel recovery in inducing complex APD dynamics, i.e., instead of suppressing 
instabilities, it promote APD instabilities. 



Constant-DI pacing control

APDn+1=f(DIn)

Jordan and Christini, JCE 2004

Chaos focus issue (2017)

Zilochiveret al: Model-dependent or V-Ca coupling strength

Cherry: can be used for inferring the source of instability-V-driven or Ca-driven.

Otani: General map analysis 



A general iterated map analysis by Otani

(Otani, Chaos 2017)

Constant-T pacing Constant-DI pacing



Constant-T and constant-DI pacing in the LR1 model



Constant-T and constant-DI pacing in the iterated maps



Conclusions

1. Memory can be unmasked/exacerbated by Ito (early repolarization syndrome) or by 
reduced repolarization reserve (long QT syndrome)

2. Memory, instead of suppressing complex APD dynamics, can induce complex APD 
dynamics, namely high periodicity and chaos, by converting monotonic map functions 
into nonmonotonic map functions.

3. Constant-DI pacing may fail to control voltage-driven instabilities.



an+1=g(dn, xn+1, cn+1)

Future works

sn+1=h(an, T, cn)

Memory due to slow recovery of other ion channels, such LCCs or slow Ito

An equation describing the intracellular Na accumulation is needed to 
investigate the effects caused by [Na] accumulation memory.

an+1=g(dn, xn+1, cn+1, sn+1)



(Xie et al, Circulation AE 2015)

Future works



Future works

(Krogh-Madsen & Christini, Chaos 2017)








