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En episodios anteriores…
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http://butler.cc.tut.fi/~malmivuo/bem/bembook/06/06x/0603x.htm
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Multiscale cardiac simulations
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Multiscale cardiac simulations

Ion channelCellTissueOrganBody

SI

NORMAL ABNORMAL

experimental simulation

[Gray et al., 1995]

simulation experimental

“reentry”

[A. Ferrero et al., 2017]

[Ch Ferrero et al., 2016]
[Heidenreich et al., 2011]

“sinus rhythm”
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Reentrant Cardiac Arrhythmias

Sinus beat Sinus beat Sinus beat

Normal tissue, sinus beats
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Reentrant Cardiac Arrhythmias

Sinus beat Sinus beat Sinus beat

Abnormal tissue (obstacle), sinus beats

Anatomical
obstacle



Bioelectricidad y Modelado Bioeléctrico del Corazón
Universidad Nacional de Lomas de Zamora, Argentina
Chema Ferrero

TEMA 9.- Simulación computacional de arritmias cardiacas

Reentrant Cardiac Arrhythmias

Transient
Block

BLOQUEO NO BLOCKBLOCK

Premature beatSinus beat Sinus beat

Abnormal tissue (obstacle), premature beat + transient block

Anatomical
obstacle
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Reentrant Cardiac Arrhythmias

Transient
Block

BLOQUEO NO BLOCKBLOCK

Premature beatSinus beat Sinus beat

[Wu et al., 2003]

Abnormal tissue (obstacle), premature beat + transient block

Anatomical
obstacle
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Reentrant Cardiac Arrhythmias

Transient
Block

BLOQUEO NO BLOCKBLOCK

Premature beatSinus beat Sinus beat

The transient block is usually a 
part of the myocardium that is in 

refractory state when the
premature wavefront arrives

Abnormal tissue (obstacle), premature beat + transient block
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Reentrant Cardiac Arrhythmias

Transient
Block

BLOQUEO NO BLOCKBLOCK

Premature beatSinus beat Sinus beat

Sometimes, there is no anatomical
obstacle but rather the transient block 
is an extensive part of the myocardium

that is in refractory state when the
premature wavefront arrives

Abnormal tissue (obstacle), premature beat + transient block

Wit & Janse, 1981
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Reentrant Cardiac Arrhythmias

Abnormal tissue (obstacle), premature beat + transient block

Wit & Janse, 1981

Multiple rotors

Sometimes, there is no anatomical
obstacle but rather the transient block 
is an extensive part of the myocardium

that is in refractory state when the
premature wavefront arrives
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Reentrant Cardiac Arrhythmias

Abnormal tissue (obstacle), premature beat + transient block

Wit & Janse, 1981

Multiple rotors

Sometimes, there is no anatomical
obstacle but rather the transient block 
is an extensive part of the myocardium

that is in refractory state when the
premature wavefront arrives

[Gray et al., 1995]
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Normal 
conduction

Unidirectional
block
(UDB)

Reentrant Cardiac Arrhythmias: summary

Reentry

Sinus rhythm Ventricular Tachycardia Ventricular Fibrillation
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Isquemia miocárdica aguda

Oclusión

Zona Normal

Zona de Borde

Zona Central Isquémica

0-30 min: ISQUEMIA AGUDA

ZCI: Zona Central Isquémica

ZB:  Zona de Borde

ZN:  Zona Normal

[Gray et al., 1995]

[A Ferrero et al, 2018]

(tiempo ÷ 25)

Ritmo Sinusal

Fibrilación Ventricular
Efecto directo de los 
cambios metabólicos
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Isquemia miocárdica aguda

[Gray et al., 1995]

[A Ferrero et al, 2018]

(tiempo ÷ 25)

Ritmo Sinusal

Fibrilación Ventricular

RIESGO DE SUFRIR ARRITMIAS

minutos

[Smith et al,1995]

[Heidenreich et al., 2011]

7,000,000 de muertes al año
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(Daleau 1999)

(Sakamoto et al, 2000) (Terkildsen et al, 2007)

pHi

pHo

(Sakamoto et al, 2000)

ischemia

[ATP]i

[ADP]i

[LPC]i

[K
+
] o

(m
M

)

[K+]o

(Weiss et al, 1992)

Los cambios metabólicos en isquemia miocárdica aguda…

… afectan a los canales iónicos
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Modelo de potencial de acción en isquemia aguda

IK(ATP)

[ATP]i [ADP]i
pHi

O’Hara (2011)… modificado para simular isquemia aguda

[LPC]i

pHo

(Ferrero et al, Circ Res 1996)

(Cortassa et al, AJP 2006)

(Ferrero et al, 2003)

… modificado para poder simular isquemia aguda

(González-Ascaso et al, 2019)

INa(t)

ICaL(t)

IKr(t)

IKs(t)

IK1(t)

Ito(t)

Vm(t)

(Weiss et al, 1992)

(Babenko et al, 1998)
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Cambios en el potencial de acción ventricular inducidos por la isquemia

DVrep

Vmax

• Disminución (en valor absoluto) del potencial de reposo (Vrep)

• Disminución de la duración del potencial de acción (APD)

• Disminución de la amplitud máxima del potencial de acción (Vmax)

• Disminución de la pendiente máxima de despolarización (Vmax)
.

• Aumento del periodo refractario (RP)

PR PR

APD
APD

Isquemia (5 minutos)Normoxia

Modelo de potencial de acción en isquemia aguda

O’Hara (2011)… modificado para simular isquemia aguda… modificado para poder simular isquemia aguda
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[Carpio et al., 2020]

Modelado multiescala de la isquemia miocárdica
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[Carpio et al., 2020]

Modelado multiescala de la isquemia miocárdica

S2S1S1 S1

CI variable

estímulos normales (sinusales)

estímulo prematuro

[K+]o APD90Vrep
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Modelado multiescala de la isquemia miocárdica

S2S1S1 S1

CI variable

estímulos normales (sinusales)

estímulo prematuro
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S2S1S1 S1

CI variable

estímulos normales (sinusales)

estímulo prematuro

Modelado multiescala de la isquemia miocárdica

(Janse & Kleber, 1981)

BLOQUEO
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S2S1S1 S1

CI variable

estímulos normales (sinusales)

estímulo prematuro

Modelado multiescala de la isquemia miocárdica

(Janse & Kleber, 1981)

BLOQUEO

BLOQUEO UNIDIRECCIONAL



Bioelectricidad y Modelado Bioeléctrico del Corazón
Universidad Nacional de Lomas de Zamora, Argentina
Chema Ferrero

TEMA 9.- Simulación computacional de arritmias cardiacas

adapted from Smith et al. Circulation 92:3051– 60, 1995

Romero et al.,Ann Biomed Eng 2009

Vulnerabilidad a las arritmias en isquemia miocárdica

S2S1S1 S1

CI variable

estímulos normales (sinusales)

estímulo prematuro

IK(ATP) baja &  [K+]o baja

No hay bloqueos

IK(ATP) moderada &  [K+]o alta

Tendencia al BUD

IK(ATP) alta &  [K+]o alta

Tendencia al BBD
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Romero et al.,Ann Biomed Eng 2009

IK(ATP) baja &  [K+]o baja

No hay bloqueos

IK(ATP) moderada &  [K+]o alta

Tendencia al BUD

IK(ATP) alta &  [K+]o alta

Tendencia al BBD

Tema 9

9.1.- Fundamentos bioeléctricos de las arritmias por reentrada

9.2.- Simulación computacional de arritmias en isquemia miocárdica aguda

9.3.- Efecto de fármacos en arritmias en isquemia miocárdica aguda

9.4.- Terapia de ablación en infarto crónico

9.5.- Construcción de un modelo cardiaco 3D personalizado a paciente

9.6.- Mejora de la terapia de ablación en pacientes post-infarto mediante simulación
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Cardona et al., Am J Physiol 2010

La lidocaína modula la vulnerabilidad a la FV en isquemia aguda

Efecto de fármacos en isquemia aguda

Romero et al.,Ann Biomed Eng 2009
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[Pinacidil] (mmol/L)

Critical dose

 IK(ATP)

 INa

 h*j

UDB  

High dose

  IK(ATP)            Iinward BDB

Vulnerable window (ms)

0     1     3                               10  

45 

Trenor et al., Ann Biomed Eng 2005

El pinacidil modula la vulnerabiliad a la FV en isquemia aguda

Efecto de fármacos en isquemia aguda

Romero et al.,Ann Biomed Eng 2009

EFTCP
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adapted from Smith et al. Circulation 92:3051– 60, 1995

Critical dose

 IK(ATP)

 INa

 h*j

UDB  

High dose

  IK(ATP)            Iinward BDB

Vulnerable window (ms)

45 

A Ferrero et al, 2005

El pinacidil modula la Ventana vulnerable a la FV en isquemia aguda

Efecto de fármacos en isquemia aguda

Trenor et al., Ann Biomed Eng 2005
EFTCP

[Pinacidil] (mmol/L)0     1     3                               10  
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9.2.- Simulación computacional de arritmias en isquemia miocárdica aguda

9.3.- Efecto de fármacos en arritmias en isquemia miocárdica aguda

9.4.- Terapia de ablación en infarto crónico

9.5.- Construcción de un modelo cardiaco 3D personalizado a paciente

9.6.- Mejora de la terapia de ablación en pacientes post-infarto mediante simulación
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Myocardial ischemia and infarction

Occlusion

Normal Zone

Border Zone

Central Ischemic Zone

0-30 min: ACUTE ISCHEMIA

CIZ: Central Ischemic Zone

BZ:  Border Zone

NZ:  Normal Zone

Hours later…
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Myocardial ischemia and infarction

Normal Zone

Border Zone

Central Ischemic Zone

Normal Zone

Border Zone

Infarct Scar

0-30 min: ACUTE ISCHEMIA 45 min  INFARCTION

IS:   Infarct Scar (NON excitable)

BZ:  Border Zone

NZ:  Normal Zone
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Myocardial ischemia and infarction

Normal Zone

Border Zone

Infarct Scar

45 min : INFARCTION

IS: Infarct Scar (NON excitable)

BZ:  Border Zone

NZ:  Normal Zone

Ventricular tachycardia

Months/years after the infarction…
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[adapted from Ashikaga et al, Heart Rhythm 2013]

Multi-electrode mapping and ablation catheters

(Johnson & Johnson, St. Jude, Boston Sc.)

Radiofrequency ablation in patients with
chronic myocardial infarction suffering ventricular tachycardia
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[adapted from Ashikaga et al, Heart Rhythm 2013]

Radiofrequency ablation in patients with
chronic myocardial infarction suffering ventricular tachycardia
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Radiofrequency ablation in patients with
chronic myocardial infarction suffering ventricular tachycardia

[adapted from Ashikaga et al, Heart Rhythm 2013]

INTELLA MIFI  (Boston Sci.)
Real time: 16 minutes
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[adapted from Ashikaga et al, Heart Rhythm 2013]

Electroanatomical map of the endocardium…

Radiofrequency ablation in patients with
chronic myocardial infarction suffering ventricular tachycardia
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[adapted from Ashikaga et al, Heart Rhythm 2013]

ablation

RF ablation

Radiofrequency ablation in patients with
chronic myocardial infarction suffering ventricular tachycardia
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[adapted from Ashikaga et al, Heart Rhythm 2013]

ablation

RF ablation

Radiofrequency ablation in patients with
chronic myocardial infarction suffering ventricular tachycardia
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[adapted from Ashikaga et al, Heart Rhythm 2013]

… the computational model must be personalized (i.e. patient-specific)

ablation
optimal

Radiofrequency ablation in patients with
chronic myocardial infarction suffering ventricular tachycardia
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3. Fibrosis

MRI images - grey levelmyocardium + scar + BZ + fibrosis
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4. Myocardial structure (fiber orientation)

MRI-DTI (Diffusion Tensor Imaging)
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5. Cardiac conduction system (His-Purkinje)

Electro-anatomical map

(CARTO)    [LAT]

Inverse estimation of the Purkinje tree

[“Estimation of Purkinje trees from electro-anatomical 

mapping of the left ventricle using minimal cost geodesics”

Cárdenes, Sebastián, Soto, Berruezo & Cámara, 2015]

His Bundle
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Epicardio

6. Electrophysiologic heterogeneity
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Conversion to a computational model
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Action potential models
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MRI
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Simulating the Ventricular Tachycardia

López-Pérez et al., 2019
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Radiofrequency ablation in patients with
chronic myocardial infarction suffering ventricular tachycardia

ablation
optimal

… not science fiction :-)
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