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

Multiscale cardiac simulations

ECG (1)

Cell lon channel

(1
llllllll

ALY (e
(@« )

e 1
S

Universidad Nacional de Lomas de Zamora, Argentina TEMA 9.- Simulacién computacional de arritmias cardiacas

UNLZ

Chema Ferrero



Multiscale cardiac simulations

experimental simulation simulation experimental
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[Gray et al., 1995]
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[Heidenreich et al., 2011]
[Ch Ferrero et al., 2016]

[A. Ferrero et al., 2017]
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Reentrant Cardiac Arrhythmias

Normal tissue, sinus beats

' Sinus beat  Sinus beat Sinus beat
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Reentrant Cardiac Arrhythmias

Abnormal tissue (obstacle), sinus beats

' Sinus beat  Sinus beat Sinus beat

®

Anatomical
obstacle
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Reentrant Cardiac Arrhythmias

Abnormal tissue (obstacle), premature beat + transient block

' Sinus beat  Sinus beat Premature beat
BLOCK
1 Anatomical
Transient ' , obstacle
Block
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Reentrant Cardiac Arrhythmias

Abnormal tissue (obstacle), premature beat + transient block

\
' Sinus beat  Sinus beat Premature beat
BLOCK
; Anatomical
Transient obstacle
Block
[Wu et al., 2003] J
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Reentrant Cardiac Arrhythmias

Abnormal tissue (obstacle), premature beat + transient block

' Sinus beat  Sinus beat Premature beat

BLOCK NO BLOCK
1
Transient
Block
_] 100 ms f\

The transient block is usually a
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

. Sinus beat  Sinus beat Premature beat

BLOCK NO BLOCK

N

B 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

Transient
Block

Wit & Janse, 1981
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Reentrant Cardiac Arrhythmias

Abnormal tissue (obstacle), premature beat + transient block

Multiple rjfi \>
A

\

_ 100 ms L

Sometimes, there is no anatomical Wit & Janse, 1981

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

Multiple rotors \ [Gray et al., 1995]
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/ Sometimes, there is no anatomical Wit & Janse, 1981
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: summary
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Isquemia miocardica aguda

(tiempo + 25)
[A Ferrero et al, 2018]

0-30 min: ISQUEMIA AGUDA

Zona Normal

0 ™.
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—

Oclusion

Ritmo Sinusal

[Gray et al., 1995]

Zona Central Isquémica

-40

ZCI: Zona Central Isquémica
ZB: Zona de Borde

ZN: Zona Normal

—_—

200 msec

Efecto directo de los
\ cambios metabdlicos / Fibrilacion Ventricular
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Isquemia miocardica aguda

(tiempo + 25)
[A Ferrero et al, 2018]

7,000,000 de muertes al ano
Ritmo Sinusal

RIESGO DE SUFRIR ARRITMIAS [Heidenreich et al., 2011] [Gray et al., 1995]
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Los cambios metabdlicos en isquemia miocardica aguda...

3501 751
10 A\
300 £\
: N\ (Sakamoto et al, 2000)
(Sakamoto et al, 2000) ss0l (Terkildsen et al, 2007) 7t
= 8f =
S S H
E = 200f ~ N\ P,
- — I 65 e
g 6} [ATP]i % 150t . =
< < H
100} I PH;
al 6
50
2 - . : : : : y 0 . . : . C : ' 5.5 - : : - . . y
-5 0 5 10 iS5 20 25 30 -5 0 5 10 15 20 25 30 -5 0 & 10 15 20 25 30
time (min) time (min) time (min)
ischemia ool 20t
151 15¢
= s
= £ [K*]
O1of =101 Y
= X,
5t St )
(Daleau 1999) (Weiss et al, 1992)
0 - : ; : : . ‘ 0 X : ; : y y y
-5 0 5 10 15 20 25 30 -5 0 5 10 15 20 25 30
time (min) time (min)

. afectan a los canales ionicos

iversida aion de Lomas de Zara, retina 50 TEMA 9.- Simulacién computacional de arritmias cardiacas

UNLZ

Chema Ferrero



Modelo de potencial de accidon en isquemia aguda

o e it ee I O'Hara (2011) ... modificado para poder simular isquemia aguda
Simulation of the Undiseased Human Cardiac Ventricular
Action Potential: Model Formulation and Experimental Computing in Cardiology 2020; Vol 47; 232-236 ISSN: 2325-887X DOI: 10.22489/CinC.2020.160 (GOﬂZéJGZ-ASC&SO et a|, 2019)

Validation
(Ferrero et al, 2003)

Thomas O'Hara', Laszlé Virdg®, Andras Varré**, Yoram Rudy'* A Novel Model of Acute Myocardial Ischemia
1 Contie Bilecrcny and Ay Center, D ment of Bomesia Erpireering, Washington Unversiy InSE.Lauk, St Lovis, Misous, Lted sues of Amescs, in H Ventricular Cardi yi
20upatment of Phaemacology and Pammacotharapy, Univesity of Szaged, Saage, Hingaty, SDivison of Chtioussculr Phae oy, Wugaan Acadury of in Human Ventricular Cardiomyocytes
e gy A iy L g S e Y (Babenko et al, 1998)

. Marta Gironés-Sangiiesa!, Claudia Esteban!, Ana Gonzalez-Ascaso!?, (WeiSS et al 1992)

llular elec important for arrhythmia . are usually performed José F Rodriguez-Matas?, José M Ferrrero'” 1
with channels expressed in non myocytes, or with non-human myocytes. Differences between cell types and species affect
results. Thus, an accurate model for the undiseased human ventricular action potential ‘which reproduces a broad range.
ICI2B, Univeristat Politécnica de Valéncia,Valencia, Spain (Cortassa et al, AJP 2006)

2Chemistry, Materials and Chemical Engineering Department, Politécnico di Milano, Milano, Italy

(Ferrero et al, Circ Res 1996)
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Modelo de potencial de accidon en isquemia aguda

O'Hara (2011) ... modificado para poder simular isquemia aguda

Computing in Cardiology 2020; Vol 47; 232-236 ISSN: 23235-887X DOI: 10.22489/CinC.2020.160

0 ‘{\ omv

A Novel Model of Acute Myocardial Ischemia ]

in Human Ventricular Cardiomyocytes

Marta Gironés-Sangiiesa!, Claudia Esteban!, Ana Gonzalez-Ascaso!?, 40
José F Rodriguez-Matas?, José M Ferrrero'”

ICI2B, Univeristat Politécnica de Valéncia,Valencia, Spain

2Chemistry, Materials and Chemical Engineering Department, Politécnico di Milano, Milano, Italy ———

200 msec

Normoxia | Isquemia (5 minutos)
50 T T T - T T -

T T T T T T T

Valtaje (V)

APD

100 | | | | | | | | | | 100 1 1 1 1 1 1 1 1 1 1
3 3.002 3.004 3.006 3.008 3.01 3.012 3.014 3.016 3.018 7.8 7.802 7.804 TT.&OG 7.808 7.81 7812 7814 7816 7.818
PR Tiempo (ms) %105 Tiempo (ms) %10°

Cambios en el potencial de accién ventricular inducidos por la isquemia

» Disminucién de la duracion del potencial de accién (APD)
+ Disminucion (en valor absoluto) del potencial de reposo (V)
» Disminucién de la amplitud maxima del potencial de accion (V,,.,)

» Aumento del periodo refractario (RP)

» oVAS
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Modelado multiescala de la isquemia miocardica

ters in Biology and Medicine 141 (2022) 105038

Contents lists available at ScienceDirect

Computers in Biology and Medicine

Analysis of vulnerability to reentry in acute myocardial ischemia using a
realistic human heart model

Edison F. Carpio ", Juan F. Gomez", José F. Rodriguez-Matas ! Beatriz Trenor ",
José M. Ferrero ™
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Modelado multiescala de la isquemia miocardica

Computers in Biology and Medicine 141 (2022) 105038

Contents lists available at ScienceDirect

Computers in Biology and Medicine

o I 8
ELSEVIER journal homepage: www.elsevier.com/locate/compbiomed
L)
Analysis of vulnerability to reentry in acute myocardial ischemia using a sy

realistic human heart model

Edison F. Carpio = Juan F. Gomez ", José F. Rodriguez-Matas ! Beatriz Trenor ",
José M. Ferrero ™
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Modelado multiescala de la isquemia miocardica

mputers in Bi 8 nd Medicine 14
Contents lists available at ScienceDire
Computers in Biology and Medicine

journal homepage: w.else ym/locate/cor

Analysis of vulnerability to reentry in acute myocardial ischemia using a

realistic human heart model

Edison F. Carpio ", Juan F. Gomez", José F. Rodriguez-Matas !, Beatriz Trenor ",
José M. Ferrero ™
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Modelado multiescala de la isquemia miocardica

—20m —

(Janse & Kleber, 1981)

2
BLOQUEO ‘

i Universidad acional d Lomas de Zamora, Arentina

Chema Ferrero SHLZ

3
5
>

;

estimulo prematuro

TEMA 9.- Simulacién computacional de arritmias cardiacas




Modelado multiescala de la isquemia miocardica

estimulo prematuro

—2cm —

(Janse & Kleber, 1981)
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Vulnerabilidad a las arritmias en isquemia miocardica

estimulo prematuro
s1 s1 s1 s2yf

] 1 L -
1 1 1 CI variable

estimulos normales (sinusales)
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nutes r the Arrest of Perfusion 6 6,5 7 7.5 8 8,5 9
adapted from Smith et al. Circulation 92:3051— 60, 1995 Minute of ischemia

Romero et al.,Ann Biomed Eng 2009

Vol. 37, No. 5. August 2009 (© 2009) pp. 1560-157)

Amnals of Blomedical E
DOL: 1010075104394

The Relative Role of Refractoriness and Source-Sink Relationship
in Reentry Generation during Simulated Acute Ischemia

Lucia Romero,' BEaTrIiZ TRENOR.' Jost M. ALONSO,” (\I\LIN/\ Towon,' Javier Saiz,'
and Jost M. FErrERO JR.'

‘Instituto de Inve:
46022 Vale
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Romero et al.,Ann Biomed Eng 2009

tmnals of Blomedical Engieering, Vol. 37, No. 8, August 2009 (€ 2009) pp. 1560-157)
DOL 10.1007/510439.009-9721-2

The Relative Role of Refractoriness and Source-Sink Relationship
in Reentry Generation during Simulated Acute Ischemia

Lucia Romero,' BEaTriz TRENOR,' JosE M. ALONSO,” CATALINA TosoN,' JAVIER Saiz,'
and Jost M. FErrERO JR.'

"Instituto de Investigacion ¢ Innovacion en Bioingenicria, Univer: litécnica de Valencia, Camino de Vera s/n.
46022 Valencia, Spain; and *Departamento de Sistemas Informiticos y putacion, Universidad Politécnica de Valencia,
Camino de Vera s/n, 46022 Valencia, Spain
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Efecto de farmacos en isquemia aguda
La lidocaina modula la vulnerabilidad a la FV en isquemia aguda
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Cardona et al., Am J Physiol 2010

6,5 7 7,5 8 8,5 9

Minute of ischemia
Romero et al.,Ann Biomed Eng 2009

Am J Physiol Heart Circ Physiol 299: H1615-H1624, 2010,
First published August 13, 2010; doi:10.1152/ajpheart 00425.2010.

Exploring the role of pH in modulating the effects of lidocaine in virtual
ischemic tissue

Karen Cardona,' Beatriz Trénor,' Germéan Molté,” Miguel Martinez.* José Maria Ferrero, Jr.,'

Frank Starmer,* and Javier Saiz'

nstituto de Investigacion Interuniversitario en Bioingenieria y Tecnologia Orientada al Ser Humano, *Departamento de
Sistemas Informdticos y Computacion, and *Instituto Universitario de Automdtica e Informdtica Industrial, Universidad

Politécnica de Valencia, Valencia, Spain; and *Biostatistics and Bioinformatics, Duke University, Singapore

Submitied 3 May 2010: accepted in final form 10 August 2010
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DOL 10.1007/510439.009-9721-2

The Relative Role of Refractoriness and Source-Sink Relationship
in Reentry Generation during Simulated Acute Ischemia

Lucia Romero,' BEaTriz TRENOR,' JosE M. ALONSO,” CATALINA TosoN,' JAVIER Saiz,'
and Jost M. FErrERO JR.'
‘Instituto de Investigacion ¢ Innovacion en Bioingenicria, Universidad Politéenica de Valencia, Camino de Vera s/n.

46022 Valencia, Spain; and “Departamento de Sistemas Informaticos y Computacion, Universidad Politéenica de Valencia,
Camino de Vera s/n, 46022 Valencia, Spain
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Efecto de farmacos en isquemia aguda
El pinacidil modula la vulnerabiliad a la FV en isquemia aguda

N
L
S N)J\Nl><
H H

Critical dose

Vulnerable window (ms)

a

{ IK(ATP)
L
1 h*j

> UDB

High dose
1 Ixare) M) 4 Tinyara W) BDB

: . 4

6 6,5 7 7,5 8 8,5 9

0

w

10 [Pinacidil] (umol/L) Minute of ischemia

Romero et al.,Ann Biomed Eng 2009

EFTCP .
Trenor et al., Ann Biomed Eng 2005

Annals of Biomedical Engineering, Nol. 33, No. 7. July 2005 (© 2005) pp. 897-906
DOI: 10.1007/510439-005-3554-4

tmnals of Blomedic
DOL: 1010075104

The Relative Role of Refractoriness and Source-Sink Relationship

Effects of Pinacidil on Reentrant Arrhythmias Generated in Roentry Generation during Simclated Acute schemia

During Acute Regional Ischemia: A Simulation Study

Lucia Romero,' BEATRIZ TRENOR.' JosE M. ALONSO,” CATALINA ToBON,' Javier Saiz,'

. . . and Josi M. FERRERO JR.'
BEATRIZ TRENOR,! JOSE M. FERRERO, JR.,! BLANCA RODRIGUEZ.? and FULGENCIO MONTILLA!
"Instituto de Investigacion ¢ Innovacion cn Bioingenic
46022 Valencia, Spain; and *Departamenty
Camino de Vera

!Centro de Investigacion e Innovacion en Bioingenieria, Departamento de Ingenieria Electrénica, Universidad Politécnica
de Valencia, Camino de Vera s/n, 46022 Valencia, Spain and *Oxford University Computing Laboratory, Wolfson Building.
Parks Road. Oxford OX1 3QD. UK
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Efecto de farmacos en isquemia aguda

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

Critical dose

Vulnerable window (ms)

a

{ IK(ATP)
L
1 h*j

> UDB

High dose
1 Ieare) M) W linyara w8 BDB

w

0 10 [Pinacidil] (umol/L)
EFTCP

Trenor et al., Ann Biomed Eng 2005 A Ferrero et al, 2005

Annals of Biomedical Engineering, Vol. 33, No. 7. July 2005 (© 2005) pp. 897-906
DOI: 10.1007/510439-005-3554-4

Effects of Pinacidil on Reentrant Arrhythmias Generated
During Acute Regional Ischemia: A Simulation Study

BEATRIZ TRENOR,! JOSE M. FERRERO, JR.,! BLANCA RODRIGUEZ.? and FULGENCIO MONTILLA!

!Centro de Investigacion e Innovacion en Bioir ia, Departamento de Ingenieria Electrénica, Universidad Politécnica
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Myocardial ischemia and infarction
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Myocardial ischemia and infarction
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Myocardial ischemia and infarction

Months/years after the infarction... INFARCTION
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Radiofrequency ablation in patients with
chronic myocardial infarction suffering ventricular tachycardia

Referral for
VT ablation

-
Pre-ablation MRI \ Multi-electrode mapping and ablation catheters

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

RAO  LAO

Invasive EPS
Ablation

Standard Approach

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

Referral for
VT ablation

Pre-ablation MRI

Standard Approach

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

Real time: 16 minutes

AT

INTELLA MIFI (Boston Sci.)

EGM

Referral for
VT ablation

Pre-ablation MRI

Invasive EPS
Ablation

[adapted from Ashikaga et al, Heart Rhythm 2013]

Universidad Nacional de Lomas de Zara, retina 50 TEMA 9.- Simulacién computacional de arritmias cardiacas
Chema Ferrero ONLZ



Radiofrequency ablation in patients with
chronic myocardial infarction suffering ventricular tachycardia

Electroanatomical map of the endocardium...

Referral for
VT ablation

Pre-ablation MRI

RAO  LAO CARTO

Invasive EPS
Ablation

Q

Standard Approach

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

RF ablation

RF ablation

Ablation
catheter

_ Cardiac

muscle
Referral for

VT ablation

Pre-ablation MRI

Tissue ablation by RF energy

Invasive EPS
Ablation

Standard Approach

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

Personalized Cardiac Computational
Models: From Clinical Data to

Simulation of Infarct-Related % frontiers RF ablation
Ablation FR—

Ventricular Tachycardia in Physiology | eaheter

Alejandro Lopez-Perez ™, Rafael Sebastian?, M. Izquierdo®*, Ricardo Ruiz®*, Cardiac

Martin Bishop® and Jose M. Ferrero’ * muscle

5$feg’la|t.for In the chronic stage of myocardial infarction, a significant number of patients develop Ablated

apation life-threatening ventricular tachycardias (VT) due to the arrhythmogenic nature of tissue

the remodeled myocardium. Radiofrequency ablation (RFA) is a common procedure
Pre-ablation MRI to isolate reentry pathways across the infarct scar that are responsible for VT.

In the last decade, intensive research Tissue ablation by RF energy

in the field of computational cardiac electrophysiclogy (EP) has demonstrated the

RAO LAO CARTO

Invasive EPS

Ablation ablation

Standard Approach

[adapted from Ashikaga et al, Heart Rhythm 2013]
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Radiofrequency ablation in patients with

chronic myocardial infarction suffering ventricular tachycardia
<\ 7/
D A
Personalized Cardiac Computational
Models: From Clinical Data to
Simulation of Infarct-Related % trontiers
Ventricular Tachycardia in Physiology

Alejandro Lopez-Perez ™, Rafael Sebastian?, M. Izquierdo®*, Ricardo Ruiz®*,
Martin Bishop® and Jose M. Ferrero’

\F\;$feglalt_for In the chronic stage of myocardial infarction, a significant number of patients develop
apation life-threatening ventricular tachycardias (VT) due to the arrhythmogenic nature of

PN
the remodeled myocardium. Radiofrequency ablation (RFA) is a common procedure

to isolate reentry pathways across the infarct scar that are responsib\e for VT.

Pre-ablation MRI
experience recl after the procedure \n the last decade intensive research
in the field of computat\onal card\ac electrophysiclogy (EP) has demonstrated the

RAO  LAO CARTO

optimal
mp\ ablation

Invasive EPS
Ablation

Q

Standard Approach

[adapted from Ashikaga et al, Heart Rhythm 2013]

[ the computational model must be personalized (i.e. patient-specific) ]
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1. Cardiac geometry

A L

MRI images

Detailed endocardium

Magnetic Resonance (MRI)

TEMA 9.- Simulacién computacional de arritmias cardiacas

Universidad Nacional de Lomas de Zamora, Argentina
Chema Ferrero

UNLZ



2. Infarct scar (core + border zone)

Infarct Scar Electro-anatomical MRI images
map (CARTO) , 2] (Delayed Enhancement)
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3. Fibrosis

fibrosis MRI images - grey level

_graylLevel
—1.810e+02

1.000e+00

% - o . S .
o l% TEMA 9.- Simulacion computacional de arritmias cardiacas




4. Myocardial structure (fiber orientation)
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4. Myocardial structure (fiber orientation)

Fiber orientation estimation MRI-DTI (Diffusion Tensor Imaging)

| y Rule-based
Rele-based method ' / ﬁ\ T‘ (Streeter, 1969)
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4. Myocardial structure (fiber orientation)

Fiber orientation estimation

N

MRI-DTI (Diffusion Tensor Imaging)

Rule-based
(Streeter, 1969)
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5. Cardiac conduction system (His-Purkinje)

Inverse estimation of the Purkinje tree

Electro-anatomical map
(CARTO)
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Chema Ferrero

[‘Estimation of Purkinje trees from electro-anatomical
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mapping of the left ventricle using minimal cost geodesics”

Cérdenes, Sebastian, Soto, Berruezo & Camara, 2015]
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6. Electrophysiologic heterogeneity

Transmural heterogeneity

BCL = 8000 msec

Epicardio
]
Distance

Apex to Base =
Midmiocardio
Endocardio I;UV

5 0.75 . .
Fois (Liu & Antzelevitch 1993)
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Conversion to a computational model

FEM meshing

0

iversidad Nac 50 TEMA 9.- Simulacién computacional de arritmias cardiacas

UNLZ

Chema Ferrero



Conversion to a computational model
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Propagation model
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Action potential and ionic current model
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dt Ty Vi)
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Conversion to a computational model

Action potential models

A. Healthy EPI: O'Hara et al., 2011

B. Healthy M-cells: O'Hara et al., 2011

C. Healthy ENDO: O'Hara et al., 2011

D. Purkinje fib.: Stewart et al., 2009

E. Border zone: modified Ten Tuscher et al., 2006

F. Fibroblasts: MacCannel et al., 2007
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Action potential and ionic current model
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Conversion to a computational model
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Conversion to a computational model

Paralelization
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Embedding the heart in a torso model
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Simulating the Ventricular Tachycardia

Lépez-Pérez et al., 2019
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in Physiology !

Personalized Cardiac Computational
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Martin Bishop® and Jose M. Ferrero'

Universidad Nacional de Lomas de Zamora, Argentina L%

TEMA 9.- Simulacién computacional de arritmias cardiacas

Chema Ferrero




Simulating the Ventricular Tachycardia

Time: 0.0 ms

Potential (mV)

-85.00 -58 -30 -3 25.00
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Simulating the Ventricular Tachycardia
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397 5
E 265
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t=52+5ms

Lopez-Pérez et al., 2019
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Simulating the Ventricular Tachycardia

.

Precordial lead V6 - WITH electrical remodelling in the BZ

— Real ECG i
— 10% fib - CVs at 25% in BZ - CORR =0.96
— 10% fib - CVs at 50% in BZ - CORR =0.96

10% fib - CVs at 75% in BZ - CORR =0.95

Amplitude (mV)
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Time (ms)

Lépez-Pérez et al., 2019
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Simulating the Ventricular Tachycardia

Normalized potential (mV)

Lépez-Pérez et al., 2019
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Radiofrequency ablation in patients with

chronic myocardial infarction suffering ventricular tachycardia
\ /
N

Image-based Simulation

Refarrai for Image Processing  Infarct Geometry  Myofiber Orientation Slmulatlon
VT ablat|on
Predict Optimal
Pre- ablatlon MRI | Ablation Target

optimal
ablation

Invasive EPS
Ablation

Standard Approach
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