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2. INDICE DE ABREVIATURAS

AHA: American Heart Association

AUC: Area under the (ROC) curve

AV: Arritmias ventriculares

BZ: Border zone

BZC: Border zone channels

CE: Conformité Européenne (de la Unién Europea)
Cl: Cardiopatia isquémica

DAI: Desfibrilador automatico implantable

EAC: Enfermedad arterial coronaria

EAM: Electroanatomical map

ECG: Electrocardiograma

EEF: Estudio electrofisiolégico
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EV: Extrasistolia ventricular

FDA: Food and Drug Administration (de Estados Unidos)
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FV: Fibrilacion ventricular

HTC: Heterogeneous tissue channels

IAM: Infarto agudo de miocardio

IC: Insuficiencia cardiaca
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L. INTRODUCCION

a. Arritmias Ventriculares: Definicion general y tipos:

La taquicardia ventricular (TV) se define como la aparicién de tres o mas latidos
consecutivos con origen en el tejido miocardico situado por debajo del haz de His, a una

velocidad superior a 100 latidos por minuto.

Se han desarrollado numerosos esquemas de clasificacidn para ayudar en el diagnéstico y
tratamiento de las TV. Estos incluyen la clasificacién segin la morfologia de la taquicardia,

segln su mecanismo, o de acuerdo a la presencia de cardiopatia subyacente. (1)

a.1 Clasificacion de las TV segun su morfologia:
Gran parte de la terminologia estandar utilizada para describir las TV se basa en criterios
morfolégicos (Figura 1)(2):

e La TV _monomdrfica (en adelante, TVM) se describe como aquélla con una

morfologia QRS estable durante toda la taquicardia. Los pacientes pueden
presentar una sola TVM o multiples, estables, visibles en diferentes momentos. Una
TV monomorfica sostenida (en adelante, TVMS) dura més de 30 segundos o
requiere cardioversion debido a compromiso hemodinamico. Por el contrario, la TV

no sostenida (TVNS) dura menos de 30 segundos.
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e LaTV polimérfica (en adelante, TVP) se refiere a aquella TV con una morfologia del

QRS cambiante de forma continua, sin ninguna morfologia del QRS claramente
dominante.

o La "Torsade de Pointes” es un tipo particular de TVP que aparece en el

contexto de un intervalo QT previamente prolongado y que se asocia con
una “torsién de picos” (QRS) alrededor de la linea de base isoeléctrica.

e La TV pleomérfica se refiere a la presencia de mas de una morfologia del QRS

durante la taquicardia; sin embargo, no hay un cambio continuo en la morfologia,
como se observa en la TVP.

o LaTVbidireccional constituye un tipo especial de TV pleomorfica, y se refiere

a la alternancia, latido a latido, en el QRS, con un patrén de repeticidn. Suele
verse en el escenario de la toxicidad por digoxina o la TV polimérfica
catecolaminérgica.

e El aleteo o "flutter” ventricular se refiere a una TV extremadamente rapida con una

configuracion del QRS sinusoidal.

e La fibrilacién ventricular (FV) es un ritmo ventricular rdpido, muy irregular, con

amplia variabilidad en la amplitud del QRS, la morfologia y la longitud del ciclo. (1,3-

S)
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Figura 1. Distintas morfologias de arritmias ventriculares. Los ECG de 12 derivaciones para los tipos mds

comunes se muestran, de izquierda a derecha, desde las formas mas organizadas hasta las que menos. De
Verma et al. (2)

Por otro lado, atendiendo a la morfologia de las TV, éstas pueden clasificarse segun el
patrén del QRS en la derivacién V1, la transicidn precordial y el eje en las derivaciones
inferiores: (2)

e Las TV con "patrén de blogueo de rama izquierda” presentan una polaridad QRS

predominantemente negativa en la porcién terminal de la derivacién V1. Estas TV se
originan normalmente en el ventriculo derecho (VD) o zona septal del ventriculo

izquierdo (VI).
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e Las TV con "patrén de blogueo de rama derecha”, por el contrario, presentan una

polaridad QRS predominantemente positiva en la porcién terminal de la derivacidon
V1. Estas TV generalmente se originan en el VI.

e Finalmente, la concordancia positiva (QRS predominantemente positivos) en
derivaciones precordiales (V1 a Vé6) indica un origen mas basal, mientras que un
origen apical da como resultado una concordancia negativa en precordiales. Las TV
son de origen inferior (eje superior) cuando el QRS es predominantemente negativo
en dos de las tres derivaciones inferiores del ECG (ll, lll, aVF), mientras las de eje

inferior se originan mas anteriormente.

a.2 Clasificacion de las TV segiin su mecanismo:

Los mecanismos subyacentes a las TV son los mismos que para otros tipos arritmias:
incremento del automatismo, actividad desencadenada o reentrada. Las TV focales se
originan en un solo punto y se irradian hacia el resto del miocardio ventricular. Siuna TV es

de origen focal, el mecanismo es generalmente por automatismo, actividad

desencadenada o microrreentrada. Las TV relacionadas con la presencia de cicatriz
miocardica, y que van a ocupar el objeto de la presente Tesis, generalmente implican la

propagacién eléctrica a través de un gran circuito reentrante dentro de dicha cicatriz. A esto

se le denomina TV macrorreentrante, y constituye el origen o mecanismo de la mayor parte

de las TV en pacientes con cardiopatia estructural conocida. (5,6)
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Los mecanismos responsables de la aparicion de arritmias ventriculares (AV) en la
cardiopatia isquémica (Cl) serén objeto de un apartado especifico (“c. Etiopatogénesis de
las Arritmias Ventriculares: Implicaciones en la Cardiopatia Isquémica”). De su comprensién
se deriva la correlacion histoldgica con los hallazgos de la resonancia magnética (RM), que,
tal y como indica el titulo de la presente Tesis, permite la evaluacién de la presencia y
evolucidn del sustrato arritmogénico, estratificacién de riesgo y tratamiento de las AV en la

Cl crénica.

a.J Clasificacion de las TV segiin el sustrato subyacente:

Segun la presencia o no de un sustrato anatémico subyacente, las TV pueden clasificarse
(2) en dos grandes grupos: 1) aquéllas asociadas a la presencia de cardiopatia estructural
(o, lo que seria sindnimo, a la presencia de fibrosis en el miocardio), frente a 2) aquéllas no

asociadas a cardiopatia, que definiremos como “idiopaticas”:

e TV asociadas a cardiopatia estructural: La mayoria de TVMS en el contexto de

cardiopatia estructural se deben a un mecanismo de reentrada que afecta a una

region donde existe una cicatriz miocardica. La etiologia mas comdn de las TV
macrorreentrantes en este contexto es la presencia de infarto de miocardio previo,
es decir, la CI crénica. (1,4) Otras etiologias, relacionadas con la presencia de
sustrato que permite la reentrada, incluyen el grupo de las miocardiopatias no
isquémicas, trastornos infiltrativos del miocardio, la miocardiopatia arritmogénica o

el antecedente de cirugia cardiaca previa. Una excepcion notable seria la TV por
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reentrada rama-rama (utilizando para la reentrada en lugar de cicatriz miocardica las

ramas derecha e izquierda del haz de His), que puede observarse en la
miocardiopatia dilatada no isquémica. (4,7)

e TV no asociadas a cardiopatia estructural (“idiopéaticas”): Aproximadamente un 10%

de los pacientes que presentan TV no tienen una cardiopatia estructural obvia. En
estos casos, rara vez se comportan como arritmias “malignas”. Las TV idiopaticas
deben distinguirse de aquéllas que se encuadrarian en el contexto de sindromes
arritmicos hereditarios, ya que la mayoria de las pruebas estructurales y funcionales
en ese grupo de patologias también son normales. También debe tenerse en cuenta
que las TV idiopaticas pueden aparecer en pacientes con cardiopatia estructural (es
decir, TV con un mecanismo no relacionado con la cicatriz miocérdica), por lo que
este diagndstico no debe descartarse en presencia de cardiopatia. Aunque existen
diversas maneras de clasificar a las TV idiopéticas, aqui las reuniremos en dos
grandes grupos:

o IV sensibles a adenosina: La mayoria, aproximadamente el 90%, de las TV

idiopaticas se clasifican como sensibles a adenosina. Son de origen focal,
inducidas por catecolaminas, y son el resultado de post-potenciales tardios
y actividad desencadenada mediada por el monofosfato de adenosina
ciclico (cAMP). (8,9) Existen dos formas, la mas comdn de las cuales es la TV
monomorfica repetitiva. La terminacién de la TV depende del bloqueo
directo de los receptores de dihidropiridina con antagonistas de los canales

de calcio o maniobras para reducir los niveles de cAMP. Estos incluyen la
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utilizacion de betabloqueantes, maniobras vagales, activacion del receptor
muscarinico M2 o del receptor de adenosina A1.(1,10)

Las TV sensibles a la adenosina generalmente se originan en los tractos de
salida ventriculares. La mayoria, 60 a 80%, se originan en el tracto de salida
del ventriculo derecho (TSVD), aunque a menudo se observan desde el
tracto de salida del ventriculo izquierdo (TSVI) y las clspides adrticas. Otros
sitios del VI incluyen la continuidad mitro-aértica, el anillo mitral y origenes
epicardicos cerca de la gran vena cardiaca o interventricular anterior. Otras
localizaciones infrecuentes de TV idiopaticas incluyen las extensiones
musculares por encima de la véalvula pulmonar, el anillo tricuspideo y los
musculos papilares derecho e izquierdo. (11,12)

TV sensibles a verapamilo: Se conocen también como TV fasciculares y se

originan por un mecanismo de reentrada. Representan aproximadamente el
10% de las TV idiopaticas y constituyen la forma méas comun de TV del VI
idiopatica. (9) Existe cierta controversia en cuanto a la naturaleza exacta del
circuito de reentrada; sin embargo, parece que el fasciculo posterior
izquierdo junto con tejido de Purkinje anormal, de conduccién lenta,
proporciona el sustrato para la reentrada y la TV. La adenosina no tiene

ningun efecto sobre este tipo de ritmo.
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b. Cardiopatia Isquémica: Definicion general, epidemiologia, patogénesis, evolucion y

pronostico:

b.1 Definicion General y Epidemiologia de la Cardiopatia Isquémica:

En 1970, Burch et al. (13) utilizaron por primera vez el término “cardiopatia isquémica” (en
adelante, Cl) para describir la patologia en la que la presencia de enfermedad arterial
coronaria (EAC) crénica (estable) produce disfuncién miocéardica grave, con
manifestaciones clinicas a menudo indistinguibles de las de una miocardiopatia dilatada
primaria. Los sintomas de insuficiencia cardiaca (IC) causados por la existencia de
disfuncidén e hibernacion del miocardio isquémico, fibrosis miocérdica difusa, o infartos de
miocardio (IM) multiples, apareciendo estos factores solos o en combinacién, son los que
dominan el cuadro clinico de la EAC. En algunos pacientes con EAC crénica, la angina de
pecho puede aparecer puntualmente, pero mas tarde este sintoma disminuye o incluso
desaparece a medida que la IC se vuelve mas prominente. (14) Durante el diagndstico de
la Cl, es importante reconocer la presencia de miocardio hibernado, que resultaria de la
presencia de isquemia reversible y es causa de disfuncién ventricular, (15) potencialmente

corregible mediante revascularizacion coronaria. (16)

36



Introduccion Tesis Doctoral

En adelante, cuando nos refiramos a Cl, se dard como sobreentendida la ausencia de
miocardio hibernado, incluyendo sélo a aquellos pacientes con EAC estable,
revascularizada en la medida que haya sido posible, o sin revascularizar en casos con IM
evolucionados y territorio dependiente de la coronaria culpable no viable, pero en
cualquier caso siempre y cuando encontremos presencia de miocardio necrético y

cicatrizado. (17)

A nivel mundial, la Cl afecta a alrededor de 126 millones de personas (1.655 por 100.000),
lo que representa aproximadamente el 1,72% del total de la poblacién mundial. Entre 1990
y 2017, 9 millones de muertes fueron causadas por Cl en todo el mundo. (18) Los hombres
se vieron afectados con maés frecuencia que las mujeres, y la incidencia generalmente
comenzé a partir de la cuarta década de la vida, aumentando progresivamente con la edad.
La prevalencia mundial de Cl, ademas, estd aumentando en los Ultimos afios; se estima que
la tasa de prevalencia actual de 1.655 por 100.000 habitantes supere los 1.845 por 100.000
para el ano 2030. (18) Por regiones, los paises de Europa del Este tienen actualmente la
prevalencia mas alta. (18) En resumen, la ClI constituye la principal causa de muerte y

discapacidad en todo el mundo.

Por otra parte, la Cl sigue siendo la causa predominante de IC en los paises desarrollados,
y representa hasta el 60% de todos los casos de miocardiopatia. (19) Esto se debe en parte
al éxito de las intervenciones de reperfusion precoz en el IM, (20) donde el grado variable
de recuperacién del miocardio expone a los pacientes a un riesgo igualmente variable de

disfuncion miocardica progresiva. Los pacientes con IC por EAC presentan un peor
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prondstico en comparacion con los pacientes con miocardiopatia idiopatica después de
ajustar por variables clinicas basales. (21) Estos hallazgos subrayan la necesidad de un
diagndstico precoz e implementacion de terapias adecuadas, en particular relacionadas

con la revascularizacién miocardica.

b.2 Patogénesis de la Cardiopatia Isquémica:

La patogénesis de la Cl estd determinada predominantemente por la presencia de
isquemia o necrosis y el remodelado o dilatacion ventricular. La Cl puede ser el resultado
de un IM grande y Unico o de multiples IM méas pequefios. (22) Estos eventos isquémicos
van seguidos de una disfuncién y dilatacion progresivas del VI (“remodelado”), que puede
desarrollarse de forma aguda (ej. en casos de un Unico IM de grandes dimensiones y que
afecte a un alto porcentaje de la masa ventricular izquierda), o progresivamente, a lo largo
de anos. (23) Mdltiples eventos moleculares participan en la dilatacién progresiva del VI,
incluyendo la muerte o apoptosis de los miocitos necréticos, la fibrosis de reemplazo, la
inflamacién crénica, fendmenos de autofagia, la disfuncién mitocondrial y un metabolismo
alterado. (24) La remodelacion extensa del VI no ocurre en la misma medida en todos los
pacientes con IM previo: los IM que afectan a la pared anterior y, sobre todo, cuando son
de gran tamafo, son especialmente propensos a este remodelado adverso. Ademas, en
algunos pacientes con Cl, la dilatacién y disfuncién del VI constituye la presentacion clinica

inicial (IM previo “silente” o inadvertido por el paciente).
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El remodelado adverso del VI (Figura 2) se refiere a cambios en su tamafio, forma y funcién
después de una lesion (en nuestro caso, un IM previo). (25) Estos cambios son inicialmente
compensatorios, pero posteriormente desadaptativos. La remodelacidén cardiaca que
ocurre unos dias después del IM comprende un adelgazamiento radial y un aumento
circunferencial de la region del IM. Esto modifica la forma del ventriculo de cénica (normal)
a esférica, lo que aumenta la tensidén de la pared y perpetda ain mas la isquemia
subendocardica. (26) Estos efectos pueden exacerbar ain més la remodelacién posterior,
que se asocia con dilatacién e hipertrofia compensadora transmural, se extiende mas alla
de la zona infartada e involucra a todo el ventriculo, alterando la mecénica ventricular
general y reduciendo la eficiencia mecénica. En ultima instancia, la tensién de la pared
aumenta, y una mayor dilataciéon puede provocar incluso una insuficiencia mitral funcional,
que no hace sino contribuir al empeoramiento de la IC.

La remodelacién precede a los sintomas de IC, pero es progresiva a medida que aparecen
los sintomas. (27) Los cambios geométricos van acompafnados de alteraciones estructurales
y activacién neurohormonal, que transforman los mecanismos compensatorios iniciales en

cambios desadaptativos que perpetian los sintomas de IC. (28)
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Figura 2: Mecanismos de remodelado ventricular patologico. De Burchfield et al. (25)
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b.3 Evolucion y Pronéstico de la Cardiopatia Isquémica:

La evolucion clinica y el prondstico de la Cl van a venir determinadas por la apariciéon de
eventos adversos que podremos encuadrar en dos grandes grupos desde el punto de vista
fisiopatoldgico: i) la IC y ii) la aparicién de AV relacionadas con la muerte subita cardiaca

(MSC).

La IC constituye un sindrome clinico, via final comin de diversas cardiopatias (incluida la
Cl), que como tal implica la aparicién de signos y sintomas debidos a fallo de érgano, esto
es, a una incapacidad mas o menos severa para llevar a cabo el bombeo efectivo de sangre
al organismo. Este “fallo de bomba” se relaciona directamente con ingresos hospitalarios
repetidos por descompensacion clinica, fallo de otros érganos por hipoperfusion e
isquemia (ej. insuficiencia renal) y el empeoramiento progresivo de la capacidad funcional
del sujeto. En ultima instancia, puede aparecer una insuficiencia cardiaca terminal, con
ausencia de respuesta al tratamiento farmacoldgico intensivo, o llegando a requerir soporte
circulatorio mecénico o trasplante cardiaco. Finalmente, estos sujetos pueden sufrir muerte
por IC refractaria a todas las medidas terapéuticas. Desde el punto de vista
electrofisioldgico, el final de la vida en esta situacion se produce habitualmente por asistolia
(ausencia de ritmo cardiaco y parada cardiaca secundaria) o de disociacion
electromecénica (parada cardiaca en presencia de ritmo residual), aunque también es
frecuente encontrar bloqueos de conduccién y fibrilacion ventricular, que no serian la causa
de, sino que acompanarian al proceso de la muerte (“arritmias del final de la vida").
Normalmente, la muerte en estos pacientes suele ser predecible, a menudo precedida por

un proceso mas o menos prolongado en el tiempo de deterioro clinico progresivo.
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Por el contrario, la aparicién de AV (TV/FV) constituye una complicacidén temible en
cualquier cardiopatia, incluida la Cl; de un lado, por su impredictibilidad, y de otro porque
sus consecuencias son potencialmente funestas, al relacionarse directamente con la
aparicién de MSC. Aunque los mecanismos electrofisiolégicos concretos que intervienen
en la aparicién de estas arritmias en la Cl serén discutidos més adelante en profundidad,
resulta imprescindible reconocer este tipo de complicacién como relacionada, aunque no
dependiente de forma lineal con la IC. Asi, las AV son causa de MSC, prematura, incluso en
pacientes sin sintomas de IC y con una buena calidad de vida previa. En este sentido, uno
de los aspectos a mejorar en la Cardiologia actual es precisamente mejorar la estratificacion
del riesgo de AV y MSC en los pacientes con cardiopatia, incluida la Cl, y es alrededor de
esta cuestion concreta sobre la que se han desarrollado los distintos objetivos planteados

en la presente Tesis.

b.3.1 Insuficiencia Cardiaca en la Cardiopatia Isquémica:

A pesar de los notables avances en el tratamiento de la EAC y el IAM durante las Gltimas
décadas, la Cl sigue siendo la causa mas comudn de IC. (29,30) De acuerdo con la secuencia
temporal entre la aparicion del IAM y el desarrollo de IC, se pueden identificar tres
presentaciones clinicas que difieren en fisiopatologia, caracteristicas clinicas y resultados:
(i) IC aguda, en el momento de la presentacion del IAM, (ii) IC durante la hospitalizacién por

IAM vy (iii) inicio de la IC después del alta de la hospitalizacién indice.
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Dado que el objeto de la presente Tesis es lo que venimos a denominar “Cl crénica”, nos
centraremos en la aparicidon de IC tras el alta de la hospitalizacién indice. Esta IC, que se
desarrolla habitualmente a largo plazo desde el evento coronario inicial, se produce a
consecuencia de la apoptosis de cardiomiocitos y la formacién de cicatrices en el
miocardio, eventos que desencadenan una activacién neurohumoral crénica (eje renina-
angiotensina-aldosterona y sobrerregulacién del sistema nervioso simpético) vy
remodelacién ventricular. La remodelacién del VI es mas pronunciada en hombres,
pacientes con IAM de mayor tamafo y reperfusion tardia o fallida del lecho epicardico o
microvascular. (31) El desarrollo de IC es relativamente frecuente en pacientes con Cl. Se
diagnostica en aproximadamente el 13% de los pacientes a los 30 dias del alta hospitalaria,
y en el 20-30% al ano tras el alta por IAM. (32,33) La incidencia de IC después del alta tras
el IAM es mas alta en los primeros meses, para disminuir y permanecer estable

posteriormente, con una tasa de incidencia del 1.3-2.2% por afio. (33)

El desarrollo de IC después de un IAM tiene un impacto significativo en el prondstico
clinico. (34) Entre los sujetos con antecedentes de IAM, el desarrollo de IC aumenta tres
veces el riesgo de mortalidad total y cuatro veces la mortalidad cardiovascular. El momento
del desarrollo de la IC también tiene un impacto en los eventos adversos. La IC que se
desarrolla mas de 3 dias después del IAM se asocia con un 43% mas de riesgo de
mortalidad total en comparacién con los pacientes con IC que se desarrolla en los primeros
3 dias después del IAM. (34) Las estimaciones mas recientes de supervivencia a 5 afios
ajustadas por edad y sexo en 2001 a 2010 frente a 1990 a 2000 fueron del 82% (intervalo

de confianza al 95%: 80%-84%) y del 81% (79%-83%) entre los sujetos sin IC, en
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comparacion con el 61% (57%-64%) y el 54% (51%-57%) entre los pacientes con IC,

respectivamente (p = 0,05 para la heterogeneidad en las tendencias). (34)

En conclusion, La IC que se desarrolla después de un IAM constituye un factor de riesgo
importante para mortalidad por todas las causas, tanto cardiovasculares como no
cardiovasculares. (35) La mayoria de las muertes después de un IAM siguen ocurriendo en
pacientes que desarrollan IC, (35) pero es previsible que la mortalidad global, que ya viene
disminuyendo en las ultimas décadas, (34,35) continde haciéndolo a expensas de la
aparicién de nuevas alternativas terapéuticas, mas alld de los betabloqueantes, (36) los
inhibidores de la enzima convertidora de angiotensina (IECAs), (37) antagonistas de los
receptores de aldosterona 2 (ARA-Il), y los antialdosterdnicos (38): los nuevos inhibidores
de la neprisilina (sacubitrilo) (39) e inhibidores del co-transportador de sodio-glucosa 2

(iSGLT2). (40)

En la figura 3 se muestra la supervivencia global de los pacientes con IC secundaria a Cl, de

forma comparada a otras etiologias causantes de IC:
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Figura 3. Supervivencia variable en pacientes con miocardiopatia dilatada en funcion de su etiologia. De Felker et al. (35)

h.3.2 Muerte Sibita y Arritmias Ventriculares en la Cardiopatia Isquémica:

Como ya se comenté al principio del apartado de “Evolucidn y Pronéstico de la Cardiopatia
Isquémica”, las AV son causa de muerte prematura, incluso en pacientes sin sintomas de IC
y con una buena calidad de vida previa. Esta caracteristica diferencial sitia el problema de

las AV como uno de los mayores retos de la Cardiologia actual en cuanto a su prevencién.

La definicién aceptada de MSC es la “muerte que ocurre dentro en la primera hora tras la
apariciéon de los sintomas en los casos presenciados, y en las primeras 24 horas de haber
sido visto con vida por dltima vez cuando no hay testigos”. (41,42) Es dificil estimar la

incidencia mundial de MSC porque las cifras varian en funcién de la prevalencia de
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cardiopatia coronaria en diferentes paises. (43) Las estimaciones del nimero anual de MSC
en los Estados Unidos (EEUU) se basan en gran medida en andlisis retrospectivos de
certificados de defuncién, (44) actualizaciones estadisticas de la American Heart
Association (AHA) basadas en datos del Centro Nacional de Estadisticas de Salud de EEUU,
(45) y extrapolaciones nacionales de distintos registros. (46,47) Las estadisticas extraidas a
partir de certificados de defuncién procedentes de estos registros varian desde menos de
250.000 MSC al afio cuando la definicién etioldgica se limita a la presencia de Cl, hasta méas
de 460.000 MSC por afio cuando se incluyen todas las causas de MSC. (44,45) Este amplio
rango de cifras, asi como las diferencias regionales reportadas en cuanto a la incidencia de
MSCy los resultados tras una parada cardiaca ya sugieren la necesidad de realizar estudios
prospectivos bien disehados. (48) No obstante, las estimaciones mas citadas de MSC
permanecen en el rango de 300.000 a 350.000 MSC al afio, (49) que corresponden a entre

1y 2 MSC por cada 1000 personas en la poblacién general.

Teniendo en mente las cifras globales de incidencia de MSC previamente comentadas, se
estima que la presencia de EAC y sus consecuencias representan la causa de, al menos, el
80% de las MSC en los paises occidentales (unas 240.000 - 280.000 MSC al afo), (50)
constituyendo las miocardiopatias no isquémicas, que no seran objeto de la presente Tesis,
otro 10 a 15%. La EAC también es la causa mas comin de MSC en muchas éreas del mundo

en las que la prevalencia de aterosclerosis es menor que en los paises desarrollados. (41)

De entre todas las MSC relacionadas con la presencia de EAC, una proporcién sustancial

(10-80%) presenta en las autopsias rotura de placa intracoronaria, formacién de trombos o
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ambos hallazgos, que son indicativos de un sindrome coronario agudo (SCA) relacionado
con la muerte. (50-52) Alrededor del 30% tienen una cicatriz miocérdica por un IAM antiguo
("Cl crénica”), lo que supone un sustrato arritmogénico para la aparicion de TV por
reentrada, que estaria directamente relacionada con la muerte en estos casos. (52) En este
sentido, cuando consideramos las MSC relacionadas con la presencia de EAC, debemos
tener en cuenta que el mecanismo fisiopatoldgico y el prondstico de la parada cardiaca y
la MSC resultantes van a diferir en funcién del momento temporal respecto al evento

coronario “indice”.

Asi, los SCA pueden estar relacionados con la parada cardiaca y MSC por causas no
arritmicas (ej. rotura cardiaca) (53) pero también arritmicas, relacionadas con la génesis de
fibrilacién ventricular por isquemia aguda (véase capitulo 2c: “"Epidemiologia comparada
de las Arritmias Ventriculares en la Cardiopatia Isquémica”). En cambio, la MSC que aparece
a mas largo plazo una vez superada la fase del SCA inicial (que no siempre es clinicamente
patente, como ya se ha discutido previamente) se relaciona con los procesos de
cicatrizacion miocardica, el remodelado de la escara y del VI, que implican el desarrollo de
un sustrato arritmogénico capaz de provocar la aparicion de AV por reentrada, causa de

MSC arritmica en esta poblacién (figura 4). (54)
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Figura 4. Fisiopatologia de las taquiarritmias causantes de MSC en la EAC. De Bonny et al. (54)

El riesgo de MSC es mas alto en los primeros 30 dias después de un IAM y disminuye
gradualmente con el tiempo. (42,55,56) Entre los supervivientes de un IAM con disfuncién
sistélica del VI o IC, se ha informado que el riesgo de MSC es de aprox. un 1,4% en los
primeros 30 dias, pero se reduce a aprox. un 0,14% por mes después de 2 afios. (55) Esta
reduccidn del riesgo puede deberse a la aplicacion de medidas de prevencién secundaria,
aunque también a la muerte prematura de algunos pacientes, o a ambos factores. Aun asi,
la MSC es la responsable de entre un tercio y la mitad del total de muertes post-IAM
(44,57,58) y por tanto constituye un problema de Salud Publica de primer orden. Por otro
lado, la ensefnanza “clasica” en la Cardiologia actual es que la aparicion de AV en las

primeras 12-24 h después del IAM no predicen la MSC, aunque este “"dogma” esté siendo
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cuestionado. (59) Las guias de practica clinica actuales recomiendan evaluar la fraccién de
eyeccion del VI (FEVI) unas 6 semanas después del IAM para determinar la indicacion de
implante de desfibrilador automaético implantable (en adelante, DAI) en prevencién
primaria de la MSC arritmica. (60-62) Sin embargo, existen algunos trabajos que han
relacionado la inducibilidad de TV tras un IAM, mediante un protocolo de estimulacion
programada ventricular durante la realizacion de un estudio electrofisioldgico, con un alto
riesgo de MSC, identificando a pacientes que probablemente se beneficiarian de la

implantacion de un DAl de manera precoz. (63)

Por otra parte, la incidencia de MSC global después de un IAM ha disminuido a lo largo de
los afios, en paralelo con la disminucién de la mortalidad por CI. (64) En un estudio antiguo,
llevado a cabo en la década de los afios 80 del s. XX, aproximadamente el 10% de los
supervivientes de IAM murieron repentinamente tras un periodo de seguimiento de 4 afios.
(65) Esta tasa ya disminuyd, en estudios realizados en la primera década del s. XXI, (58,66)
a menos del 1% por ano entre los pacientes que recibian tratamiento médico éptimo y
revascularizacion. Esta incidencia de MSC es de esperar que continde disminuyendo adn
mas con la reciente aparicién de los nuevos tratamientos farmacoldgicos, ya comentados,
en prevencion secundaria de IC, como la asociaciéon sacubitrilo-valsartdn (67) o los
inhibidores del co-transportador de sodio-glucosa 2 (iSGLT2), (68) que influyen
directamente en los procesos que intervienen en el remodelado ventricular,
probablemente por sus efectos sobre el metabolismo del miocardio, la fibrosis y la funcién

vascular. (39,69-71)
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Cuando hablamos de MSC en CI crénica, debemos considerar un concepto que se ha
venido denominando “perfil de riesgo dindmico”, y que se relaciona con los cambios en la
presencia y peso de distintos marcadores de riesgo a lo largo del tiempo tras un IAM. Entre
éstos, se incluyen el remodelado del VI, los cambios en las propiedades anatémicas y
electrofisioldgicas de la cicatriz miocardica (escara) y la progresién de la propia EAC. (72)
De hecho, el riesgo de MSC més allad de los primeros 30 dias después de un IAM aumenta
notablemente por la presencia de IC concomitante o de eventos isquémicos recurrentes,
que pueden ocurrir con cierta frecuencia durante el seguimiento. (64,66,73,74) Entre los
participantes del ensayo clinico MADIT-II, (60) uno de los estudios clasicos que sustentan la
indicacién actual de implante de DAl en prevencidon primaria para pacientes con Cly FEVI
severamente reducida, la IC y la isquemia recurrente se asociaron con un riesgo 1,5y 2,5
veces mayor de descargas apropiadas por TV y FV, respectivamente. Estos hallazgos
subrayan la importancia de la vigilancia continua y probablemente de la necesidad de re-

estratificacion del riesgo de MSC en pacientes con Cl crénica.

Merece la pena recordar en este punto, y directamente en relacion con el apartado anterior
sobre el prondstico de la IC en Cl, que la disfuncidn sistdlica grave del VI también es un
marcador de riesgo elevado de MSC. (75) En las guias de préactica clinica actuales, (3,62) la
presencia de FEVI < 35% en Cl crénica es el criterio que determina el implante de DAI en
prevencion primaria de MSC. (60,61) Sin embargo, tan sélo un 20-30% de los pacientes con
DAl en prevencidon primaria, en ensayos clinicos aleatorizados, reciben descargas
apropiadas del mismo tras 4 anos de seguimiento, lo que reduce el valor predictivo positivo

de la FEVI como marcador de riesgo de MSC. (60,61) Ademas, aproximadamente el 65%
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de los pacientes que sufren MSC tienen una funcidn sistélica del VI normal o sélo

ligeramente deprimida (es decir, una FEVI de entre el 35y el 50%). (76-78)

Por lo tanto, la disfunciéon grave del VI por si sola no es un marcador suficientemente
especifico para la MSC, pero podria ser util cuando se usa con otros predictores o como
parte de una puntuacién de riesgo multivariable incluyendo diversos pardmetros clinicos,
como la edad, la clase funcional segin la clasificacion de la NYHA (New York Heart
Association), la funcién renal, la anchura del QRS, la coexistencia de fibrilacién auricular, la
inducibilidad para TV, la hipertrofia del miocardio, la variabilidad de la frecuencia cardiaca,
etc. (79-82) Sin embargo, estos algoritmos de puntuacién todavia no han sido validados en
series grandes prospectivas. Ademas, estos marcadores son poco especificos a la hora de

discriminar el riesgo de MSC frente al riesgo de muerte no subita. (79,80,83,84)

Por Ultimo, debemos considerar que la “muerte arritmica” constituye el modelo de MSC, y
aqui es donde se relacionan la MSC y las AV. La FV es el paradigma de AV que conduce a
una MSC arritmica, que finalmente evolucionaria a asistolia. Las TV pueden degenerar en
FV, rapidamente en el caso de las polimdrficas; por desorganizacién primaria del ritmo, o
inestabilidad hemodindmica e isquemia global secundaria en el caso de las TV

monomorficas.

En el caso de la Cl aguda, es decir, durante un SCA, las concentraciones heterogéneas de
potasio y variaciones de pH en el tejido isquémico, junto con el aumento del calcio

intracelular en las células dafadas, conducen a alteraciones del potencial de accién (ver
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apartado “c. Fisiopatologia de las Arritmias Ventriculares: Implicaciones en la Cardiopatia
Isquémica”) y provocan la aparicién de reentrada funcional debido a una distribuciéon
espacial heterogénea de los periodos refractarios en el tejido, ubicdndose habitualmente
los triggers iniciales en la red subendocéardica de Purkinje. (85,86) El frente de onda de la
TV inicial debe dividirse en multiples ondas para evolucionar a FV, un mecanismo aun no

completamente comprendido.

En los pacientes con Cl crénica, que son el objeto de la presente Tesis, las AV que provocan
MSC son mayoritariamente TV por reentrada anatémica/funcional en relacién a las zonas
de fibrosis de la cicatriz post-IAM. (1) Ademas, en estas condiciones se pueden encontrar
diferentes desencadenantes para la aparicion de AV: alteraciones neurohormonales,
factores mecanicos (p. ej. estiramiento del miocardio en condiciones de sobrecarga de
volumen/presién, como la IC descompensada), y alteraciones idnicas (relacionadas con la

enfermedad o inducidas por el tratamiento médico). (87,88)
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c. Fisiopatologia de las Arritmias Ventriculares: Implicaciones en la Cardiopatia Isquémica

Los mecanismos generales responsables de las arritmias cardiacas pueden dividirse en: i)
trastornos de la formacién de los impulsos, ii) trastornos de la conduccion de impulsos o iii)
una combinacion de ambos. Practicamente todos estos mecanismos pueden ocurrir en el
contexto de la Cl, si bien en el caso concreto de la Cl crénica, es decir, en pacientes con
EAC estable pero presencia de cicatriz miocardica por IM antiguo, el mecanismo de

reentrada es el responsable de la inmensa mayoria de AV.

A continuacidn, se detallan los mecanismos fisiopatoldgicos subyacentes a la aparicion de
AV, haciendo particular énfasis en el mecanismo de reentrada por sus implicaciones en la

Cl crénica.

c.1 Trastornos de la formacidn de los impulsos

Este tipo de trastornos pueden referirse a alteraciones del automatismo celular (aumento
del automatismo normal en células especializadas del sistema de conduccidn cardiaco, o la
aparicién de automatismo anormal en células que a priori no deberian presentar actividad
"automatica”), o bien a la apariciéon de actividad desencadenada por post-potenciales

anormales.
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Antes de ahondar en los mecanismos de alteracién de la formaciéon de los impulsos, resulta
necesario comprender cémo se originan éstos, en condiciones normales. El potencial de

accion cardiaco normal se divide en 5 fases (figura 5): (89)

e Lafase 4, o "potencial de reposo”, es estable a=— 90 mV en las células del miocardio

que funcionan normalmente.

e Lafase 0 eslafase de “"despolarizacién rapida”. El potencial de membrana cambia a
un rango de voltaje positivo. Esta fase es fundamental para la répida propagacion
del impulso cardiaco (velocidad de conduccién, 6 = 1 m/s).

e Lafase 1 eslafase de “repolarizacion répida”. Esta fase establece el potencial para
la siguiente fase del potencial de accidn.

e La fase 2, la "fase de meseta”, es la fase mas larga. Es Unica entre las células
excitables y marca la fase de entrada de calcio en la célula.

e Lafase 3 eslafase de "repolarizacidn final” que restaura el potencial de membrana

a su valor de reposo.
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Figura 5. Corrientes de membrana que generan un potencial de accion normal en el miocardio. El potencial de reposo (4),
la despolarizacion rapida (0), repolarizacion rapida (1), meseta (2) y repolarizacion final (3) son las 5 fases del potencial de
accion. La disminucion del potencial al final de la fase 3 en las “células marcapasos”, como el nodo sinusal, se muestra
como una linea discontinua. Las corrientes de entrada, INa, ICa e If, se muestran en cuadros amarillos, el intercambiador
de sodio-calcio (NCX) también se muestra en amarillo, aunque es electrogénico y puede generar corriente hacia adentro o
hacia afuera. Las corrientes de salida IKAch, IK1, Ito, IKur, IKr e IK se muestran en cuadros grises. La duracion del
potencial de accion (APD) es de aproximadamente 200 ms. De Nattel et al. (90)

c.1.1 Aumento del automatismo normal y automatismo anormal

Algunas células cardiacas especializadas, como las células del nodo sinusal o sinoauricular
(NSA), el nodo auriculoventricular (NAV) y el sistema His-Purkinje, asi como algunas células
en ambas auriculas, (91) poseen automatismo, o la capacidad de ser “células marcapasos”.
Sus potenciales de accidn son significativamente diferentes de los del miocardiocito. El
potencial de membrana al inicio de la fase 4 estd méas despolarizado (-50 a -65 mV), sufren
una despolarizacién diastdlica lenta y gradualmente se fusionan en la fase 0. La tasa de
despolarizacién en la fase 0 es mucho mas lenta que en las células del miocardio, y da como

resultado una propagacion lenta del impulso cardiaco en las regiones nodales (B8 = 0,1 a
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0,2 m/s). (89) La morfologia comparada entre el potencial de accion de las “células

marcapasos” y las células del miocardio se muestra en la figura 6:
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Figura 6. Morfologia del potencial de accion cardiaco. A: potencial de accion en el nodo sinusal. B: potencial de accion en
las células del miocardio. De Gaztariaga et al. (92)
La actividad marcapasos estd controlada por el sistema nervioso auténomo y puede ser
modulada (figura 7) por una variedad de factores sistémicos, que incluyen anomalias
metabdlicas y sustancias enddgenas o farmacoldgicas. La actividad parasimpética reduce
la tasa de descarga (es decir, el automatismo) de las células marcapasos. Por el contrario,
el sistema nervioso simpéatico aumenta la frecuencia de dicho automatismo. Las anomalias
metabdlicas como la hipoxia y la hipopotasemia pueden conducir a un aumento del

automatismo normal, como resultado de la inhibicién de la bomba de Na*/K*.

En el caso concreto de la Cl, podremos ver ritmos ventriculares acelerados (RVAs) por un
aumento del automatismo en las ramas del haz o los fasciculos del sistema de Purkinje,
habitualmente durante la reperfusién tras un IAM. La incidencia de RVA varia desde el 8%
hasta el 46%. Se ha comprobado que su aparicién en este contexto suele ser indicativa de
una reperfusion subdptima. (93)
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Figura 7. Mecanismos de aumento de automatismo normal. A: normal. B: aumento del umbral de voltaje. C: disminucion del
potencial diastolico de membrana (PDM). D: aumento de la pendiente de la despolarizacion de fase 4. PDM: potencial
diastolico de membrana;, Umb: umbral. De Gaztariaga et al. (92)

Por otro lado, las células sin funcién de marcapasos del miocardio auricular y ventricular,
que en el corazén normal normalmente no muestran automatismo, pueden presentar en
determinadas circunstancias propiedades de automaticidad. Esto puede suceder en
condiciones que disminuyen el potencial diastdlico méximo hacia el potencial umbral, p. €.
en presencia de potasio extracelular elevado, pH intracelular bajo y exceso de
catecolaminas. La tasa intrinseca de un foco anormal automéatico depende del potencial de
membrana; cuanto mas positivo sea el potencial de membrana, méas rapida serd la

velocidad automética. (94)
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En el caso de la Cl, podremos observar ritmos idioventriculares acelerados (RIVAs) y TV por
automatismo anormal en el miocardio, también en el contexto de la reperfusiéon aguda

durante un IAM.

¢.1.2 Actividad desencadenada

La actividad desencadenada se define por la iniciacion del impulso provocada por la
apariciéon de post-potenciales (PP) (oscilaciones del potencial de membrana que ocurren
durante o inmediatamente después de un potencial de accién precedente). (95,96) Los PP
ocurren sélo en presencia de un potencial de accion previo (el trigger) y, cuando alcanzan
el umbral potencial, permiten la generacién de un nuevo potencial de accién. Esta puede
ser la fuente a su vez de una nueva actividad desencadenada, generando arritmias auto-
sostenidas. En funcién de su relacién temporal, se describen dos tipos de PP: los PP
precoces (PPP), que ocurren durante las fases 2 o 3 del potencial de accidn, y los PP tardios

(PPT), que ocurren tras la finalizacién de la fase de repolarizacién (Fig.6).

A B C
/

Figura 8. Actividad desencadenada. A: Post-potencial precoz en fase 2. B: Post-potencial precoz en fase 3. C: Post-potencial
tardio. De Gaztaiiaga et al. (92)
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Una condicién fundamental que subyace al desarrollo de los PPP es la prolongaciéon del
potencial de accidon, que se manifiesta en el electrocardiograma (ECG) de superficie como
prolongacién del intervalo QT. Durante la fase de meseta (fase 2), pequenos cambios en
las corrientes idnicas de despolarizacién y repolarizacion pueden causar notables
variaciones en la duracién y morfologia del potencial de accién. Existe una amplia variedad
de situaciones que pueden facilitar las condiciones necesarias para que se produzcan PPP,
como p.ej. la bradicardia (que prolonga la duracion del potencial de accidn), (97) la
hipopotasemia, la hipoxia y acidosis, y una amplia variedad de farmacos. (92) En el contexto
de la Cl, debemos tener en cuenta que la isquemia aguda incrementa la duracién del
intervalo QT, aumentando la heterogeneidad de la repolarizacién (98) y facilitando la
aparicién de PPP. Los PPP son el mecanismo subyacente a las TV polimérficas (TVP) que

también podemos encontrar en el contexto de isquemia aguda durante un IAM. (85)

En el caso de los PPT, un factor critico para su desarrollo es la duracion del potencial de
accién; a mayor duracién, mayor concentraciéon de Ca?* intracelular, que facilita su
aparicién. En el contexto de la Cl, podremos observar las siguientes arritmias mediadas por
la aparicién de PPT: RVAs en el contexto agudo del IAM, por isquemia/reperfusion, y

algunas formas de TV repetitiva. (85)
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c.2 Trastornos de la conduccidn de los impulsos

Dentro de este grupo de trastornos eléctricos a nivel cardiaco, encontraremos los bloqueos
de la conduccién, que se salen de la temética de la presente Tesis, y los mecanismos de
reentrada. Es en este ultimo punto donde centraremos toda nuestra atenciéon en lo
sucesivo, pues es el mecanismo implicado en la inmensa mayoria (> 95%) (1) de AV
sostenidas (TVMS) que aparecen en los pacientes con Cl crénica. La primera descripcién de
este fendmeno se la debemos a un trabajo clasico de De Bakker et al. (99) En los pacientes
con MSC y ECG disponible, el primer detectable es, en la inmensa mayoria de casos, TV o
FV. Una TV monomdrfica prolongada (que presumiblemente serd por reentrada en
pacientes con Cl) es el principal factor de riesgo para la degeneracién en FV, facilitada por

la isquemia, la produccién de radicales libres y la liberacion de calcio intracelular. (100)

La reentrada se produce cuando el frente de onda (direcciéon del impulso) se propaga
repetidamente a lo largo de un circuito de rotacién cerrado y lo suficientemente amplio
como para permitir que el tejido se encuentre siempre en un estado excitable cuando
vuelve a llegar a él dicho frente de onda. Para que se produzca la reentrada, son necesarias
dos condiciones sine qua non: i) presencia de bloqueo unidireccional de la conduccidn, y
ii) una longitud de ciclo del circuito (que depende del tamafo del circuito y de la velocidad
de propagacién del frente de onda) de una duracién superior a la de cualquiera de los
periodos refractarios existentes en el tejido que forma parte de dicho circuito; de esta
manera, el tejido adyacente al extremo del frente de onda siempre se encontrard en

condiciones de re-excitabilidad (figura 9).

60



Introduccion Tesis Doctoral

Las TV por reentrada en pacientes con Cl crénica (es decir, en presencia de una cicatriz
miocardica por |AM antiguo) tienen su origen principalmente en los haces de miocardio
supervivientes que se encuentran en el interior de la cicatriz, separados por tejido
conjuntivo y fibrosis, y en presencia de alteraciones del acoplamiento intercelular
(conduccion enlentecida) (figuras 9 y 10). (1,101) En adelante, definiremos la presencia de
“sustrato arritmogénico” anatémico en la Cl como la presencia de una cicatriz post-IM
heterogénea, con presencia de haces de miocardio viable dentro de las zonas de fibrosis
mas densa que posibilitan la aparicién de TV por reentrada. Las TVMS se produciran, previa
presencia del sustrato arritmogénico adecuado, en presencia de determinados
desencadenantes, como aumento del tono simpatico, desequilibrios electroliticos,

isquemia persistente o descompensacién aguda de IC. (1)
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Figura 9. A: Circuito de reentrada que se inicia con un bloqueo unidireccional. B: Circuito de reentrada “‘en forma de 8" en
el que la reentrada se establece a causa de la dispersion de la refractariedad durante la taquicardia. C: Circuito de
reentrada anatomica, creado por franjas de miocardio viable en el interior de la cicatriz, con posibilidad de formacion de
multiples circuitos de reentrada. De Benito et al. (101,102)
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Figura 10. Modelo anatomico esquematico para explicar el mecanismo de formacion de TV por reentrada tras un IAM. De
Benito et al. (102)
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Desde la descripcion de los primeros estudios electrofisiolégicos (EEF), se han descrito una
serie de maniobras de estimulacién para demostrar de manera sencilla los diferentes
mecanismos de arritmia. Con el apoyo de los resultados obtenidos en modelos
experimentales, sabemos que las TV post-IAM tienen su origen en las franjas de miocardio
viable del interior de la cicatriz, y que la reentrada es el mecanismo que explica > 95% de
los casos. (1) Los registros EEF intracardiacos de las zonas correspondientes a las cicatrices,
durante ritmo sinusal (RS), muestran potenciales de bajo voltaje, fraccionados y con
componentes retrasados, que corresponden a la actividad de los miocitos supervivientes,

con una conducciéon anormalmente lenta y fraccionada. (1,99,103-108)
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d. Estratificacion “clasica” del riesgo de Arritmias Ventriculares y Muerte Subita

Como ya se comentd previamente, la MSC continla representando de un tercio a la mitad
del total de muertes en pacientes con Cl. (44,57,58) La supervivencia de los pacientes que
experimentan una parada cardiaca extrahospitalaria es muy escasa (< 20% en la mayoria de
las series), incluso a pesar de la mejoria en formacidn sobre reanimacion cardiopulmonary
el uso de desfibriladores externos automaticos. (109) Por lo tanto, resulta fundamental, y
todavia un reto, poder identificar de forma prospectiva a los pacientes que han sufrido un
IAM con mayor riesgo de MSC. También debemos de tener en cuenta, como ya se ha
explicado en detalle, que el perfil de riesgo de MSC post-IAM es dindamico; asi,
aproximadamente la mitad de las MSC que ocurren en el primer mes post-IAM se deben a
causas no arritmicas (ej. rotura cardiaca), como también se ha comentado anteriormente.

(53)

Se han desarrollado varias pruebas o tests que pretenden estratificar el riesgo de MSC,
atendiendo a los mecanismos que subyacen a dicha MSC. Existen pruebas que evaltan la
FEVI o la isquemia miocérdica residual; también existen otros tests que identifican posibles
desencadenantes de TV o FV, como la presencia de EV y TVNS; pruebas que detectan el
sustrato eléctrico real responsable de la génesis de las taquiarritmias ventriculares, como el
EEF, el ECG de sefales promediadas (SAECG) y la deteccion de ondas T alternantes (TWA)
en el ECG; y pruebas que reflejan la funcion anormal del sistema nervioso auténomo,
incluida la variabilidad de la frecuencia cardiaca (HRV), la sensibilidad barorrefleja (BRS) y

la turbulencia de la frecuencia cardiaca (HRT). Influyendo en la actividad de todas estas
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variables estd la FEVI, que no se relaciona directamente con ningun sustrato arritmico

especifico.

Aunque la evidencia disponible referida a cada uno de los tests mencionados se abordara
por separado en los siguientes apartados, podriamos resumir la situacidn de la
estratificacidn actual de riesgo arritmico en pacientes con cardiopatia estructural (y la Cl es
el paradigma) con los resultados de un metaanalisis que comparé la precision predictiva
para aparicion de eventos arritmicos mayores de cinco pruebas diferentes: SAECG, HRV,
ECG ambulatorio, FEVI y EEF. Las sensibilidades de las pruebas oscilaron del 42,8% al
62,4% y las especificidades del 77,4% al 85,8%, sin que ninguna prueba fuera satisfactoria

por si sola para predecir el riesgo de MSC. (110)

d.1 Fraccion de eyeccion del ventriculo izquierdo (FEVI)
Multiples estudios prospectivos han establecido una relacién clara entre la mortalidad total
y la presencia de FEVI reducida, evaluada mediante ecocardiografia. (111) La mortalidad

aumenta cuando la FEVI disminuye < 50%, (112) pero tanto la mortalidad total como el

riesgo de MSC permanecen bajos hasta que la FEVI desciende a £40%. (113) Los pacientes

con FEVI < 40% muestran un aumento progresivo del riesgo de mortalidad a medida que
la FEVI sigue disminuyendo. Debido a la mejora en las terapias de reperfusion, existen

relativamente pocos pacientes con FEVI muy baja tras el IAM. (114-116)
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Sin embargo, no hay evidencia de la relaciéon causa-efecto entre una FEVI anormal y la
ocurrencia de MSC. De hecho, aunque el riesgo absoluto de MSC es mayor en pacientes
con FEVI mas baja, el nimero de MSC es mayor en pacientes cuya FEVI es superior. (117)
Ademas, los valores actuales de FEVI que se utilizan para definir las poblaciones de alto
riesgo (habitualmente, < 35%) presentan poca sensibilidad, y no identifican hasta, al menos,

el 50% de los pacientes con riesgo de MSC (tabla 1). (118)

% con FEVI Sensibilidad RR de muerte
d:l:::e < punto de (MSC o EA) RRyj': :ASC no subita o Ref.
corte (%) cardiovascular
40 34 72 4.6 3.7 Mukharji et al. (73)
40 26 46 2.5 3.7 Farrell etal. (119)
40 26 71 4.8 5.2 Richards et al. (120)
35 25 35 1.6 4.9 Bourke et al. (121)
Hohnloser et al.
35 16 41 3.8 5.0 (122)
Buxton et al.
30° 50 59 1.7 1.5 (123)°
40 23 45 2.9 4.4 Huikuri et al. (58)
30 5 50 22.3 17.9 Bauer et al. (124)
40b 35 50 1.9 (HR) 1.8 (HR) Exner et al. (125)°
30 5 22 5.3 15.6 Bauer et al. (126)
Méakikallio et al.
35 11 33 4.5 (HR) 7.2 (HR) (127)
2El estudio sélo recluto pacientes con FEVI < 40%.
bE| estudio sélo recluté pacientes con FEVI < 50%.

Tabla 1. Relacion entre la FEVI y el riesgo de mortalidad total y MSC. De Waks et al. (118)
(EA: Eventos adversos. RR: Riesgo relativo. HR: Hazard ratio. Ref.: Referencia)

Los principales ensayos clinicos en los que se basa la evidencia actual para la eleccién de
la FEVI como criterio para implante de DAI en prevencién primaria en Cl se recogen en la
tabla 2. Aunque en las guias de préctica clinica (3,62) la presencia de FEVI < 35% (pasados
al menos 40 dias después del IAM, segun los resultados del estudio DINAMIT) (128) (tabla

2) es el criterio que determina actualmente el implante, (60,61) ésta no ha demostrado ser

un parametro sensible ni especifico para la prediccion de MSC en Cl. (58,73,127,119-126)
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Sin embargo, se sigue utilizando porque fue el principal criterio de inclusién en los ensayos
clinicos pivotales sobre la utilidad del DAI en prevencién de MSC (tabla 2). Como
contrapunto, en el reciente estudio PRESERVE EF (Post Myocardial Infarction Risk

Stratification for Sudden Cardiac Death in Patients With Preserved Ejection Fraction) (129) se
encontré que 9 de 575 pacientes (1,6%) con Cly FEVI 2 40% (media 50,8%) tuvieron terapias
apropiadas de DAl por aparicidon de AV sostenidas tras un seguimiento clinico medio de 32
meses. A estos pacientes, que no tenian indicacion estdndar para implante de DAI en

prevencion primaria, se les habia indicado el DAI por tener algin factor de riesgo adicional

(véanse los subapartados d.2 a d.8) y un EEF de inducibilidad positivo.
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Estudio Ao Criterios de inclusion Pacientes | Grupo control Endpoint Resultados
incluidos primario
MADIT I (130) 1996 | IAM previo, FEVI <35%, TVNS, 196 Tratamiento Mortalidad por | 54% RRR con el DAI
TV inducible en EEF, clase NYHA convencional todas las causas | (p = 0,009); 23% RR
-1l absoluto
CABG-PATCH (131) 1997 | FEVI < 35%, cirugia de 900 Tratamiento Mortalidad por | Sin diferencias entre
revascularizacion coronaria convencional todas las causas | ambos brazos
electiva, SAECG anormal
MUSTT (132) 2000 | IAM previo, FEVI £40%, TVNS, 704 Tratamiento Parada cardiaca | 60% RRR con el DA
TV inducible en EEF antiarritmico o muerte de (p<0,001); 31% RR
guiado por el EEF | causa arritmica | absoluto
o convencional
MADIT 1l (60) 2002 | IAM previo (£ 1 mes), FEVI < 1232 Tratamiento Mortalidad por | 31% RRR con el DAI
30%, clase NYHA I-1lI convencional todas las causas | (p = 0,016); 6% RR
absoluto
DINAMIT (128) 2004 | IAM reciente (6-40 dias), FEVI < 674 Tratamiento Mortalidad por | Sin diferencias, pero
35%, variabilidad de FC anormal convencional todas las causas | 58% RRR con el DA
o FC media elevada en Holter de para aparicion de AV
24 h, clase NYHA I-1lI (p =0,009)
SCD-HeFT (61)* 2005 | Cly miocardiopatia no 2521 Tratamiento Mortalidad por | 23% RRR con el DAI

isquémica con FEVI < 35%, clase
NYHA -1l

convencional £
amiodarona

todas las causas

(p=0,007); 7% RR
absoluto

Tabla 2. Principales ensayos clinicos aleatorizados sobre el implante de DAI en prevencion primaria en CI. *El estudio SCD-HeFT incluyo no sélo pacientes con CI, sino también con
miocardiopatia no isquémica. (FC: frecuencia cardiaca; RR: reduccion de riesgo; RRR: reduccion de riesgo relativo. Resto de abreviaturas como en el texto.)
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d.2 Deteccion de isquemia miocardica residual

La importancia de la isquemia después del IAM como contribuyente a la mortalidad total
se conoce desde hace mucho tiempo; de hecho, la realizacién de prueba de esfuerzo para
detectar isquemia residual es una parte estdndar de la evaluacién posterior al IAM. Sin
embargo, aunque la asociacion entre la isquemia y la MSC post-IAM tiene sentido
fisioldgico, la contribucién real de la isquemia a la MSC es menos clara, ya que la mayoria
de los ensayos aleatorizados grandes sobre implante de DAl requerian que los pacientes
se sometieran a evaluacidén y tratamiento adecuado para la isquemia antes de su
reclutamiento. Aun asi, la presencia de isquemia reversible se ha relacionado con la
aparicién de EV espontdnea y TVNS detectables en Holter ECG de 24 horas. (133) La
isquemia detectada por ecocardiografia de estrés también se asocia con un mayor riesgo
de TV/FV en pacientes tratados con DAI. (134) Por otra parte, a partir de datos de autopsias
se demuestra una prevalencia significativamente mayor de hallazgos coronarios agudos en
pacientes con EAC e IC que mueren subitamente respecto a aquéllos que fallecen de

manera no subita. (135)

d.3 Deteccion de potenciales #7ggers: EVy TUNS

Multiples estudios han demostrado una asociacion entre EV frecuente y la TVNS detectadas
en Holtery la mortalidad global. (136) Actualmente, las TVNS se encuentran en el 6-10% de
los pacientes con historia de IAM. (122,137,138) Sin embargo, el hallazgo de EV/TVNS
adolece de falta de sensibilidad: no identifican hasta un 40% de las MSC que ocurren a

posteriori. Otra importante limitacion es la ausencia de evidencia mecanistica que vincule
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este tipo de arritmias (que suelen tener un origen focal) con la aparicién de TV sostenidas
o FV en la mayoria de los pacientes. La presencia de TVNS esta estrechamente relacionada
con la funcién del VI, siendo su prevalencia mayor en pacientes con FEVI mas baja, que por
otra parte estan sujetos a un mayor riesgo de mortalidad por IC. (138) En resumen, la
monitorizacién Holter para la deteccidén de EV y TVNS no es una prueba de estratificacién

de riesgo de MSC util.

d.4 Estudio electrofisiologico (EEF)

La capacidad de iniciar de forma reproducible una arritmia mediante estimulacion eléctrica
programada durante un EEF es considerado un sello distintivo de mecanismo reentrante,
(139) siendo descrito este hecho por primera vez por Wellens et al. en 1972. (104) La
induccion de una taquicardia monomorfica sostenida hemodindmicamente tolerada
(particularmente con una longitud de ciclo = 240 ms) sélo ocurre en pacientes con TV
espontéanea, paro cardiaco o en presencia de un sustrato conocido por ser arritmogénico.
(1) El EEF de induccidn se basa en la estimulacién ventricular desde el dpex y/o tracto de
salida del ventriculo derecho; aunque existen diferentes protocolos, los méas extendidos se
basan en la estimulacidn con trenes de 8-10 estimulos con hasta 2-3 extraestimulos (140)
(la adicion de mas extraestimulos facilita la induccién de cualquier tipo de AV, pero la
prueba perderia especificidad). (1) Existen varios estudios prospectivos clasicos que
demostraron la existencia de un posible vinculo entre la inducibilidad, durante la realizacion

de un EEF, de TV monoméorfica sostenida (TVMS) y la incidencia de MSC. (110,141-145)
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Con estos antecedentes, se llevd a cabo a finales de los afios 90 el cldsico estudio MUSTT
(146) para evaluar la utilidad clinica de la terapia antiarritmica (tanto farmacolégica como

con DAI) guiada por el EEF para reducir el riesgo de MSC y la mortalidad total. El estudio

MUSTT establecié que la inducibilidad para TV sostenida en pacientes con Cly FEVI < 40%

se asocid con un riesgo significativamente mayor de muerte por causa arritmica y paro
cardiaco (18% vs. 12% en pacientes sin TV inducible a los 2 afios de seguimiento; 32% vs.
24% a los 5 anos, p <0,001 en ambos casos). Sin embargo, el riesgo de MSC a 2 afios en
pacientes sin TV sostenida inducible era todavia del 12%. (132) En un estudio mucho mas
reciente, y con un mayor porcentaje de pacientes recibiendo tratamiento éptimo con
betabloqueantes e IECA respecto al MUSTT, se encontré que el valor predictivo negativo

del EEF era significativamente mayor (96%). (147)

No obstante, el EEF puede tener sus limitaciones. En un subestudio del ensayo MADIT-II,

(148) en los pacientes con FEVI £ 30%, la inducibilidad para TV predijo la apariciéon de TV

clinica, pero no de FV. Esto podria explicarse por el hecho de que los pacientes con FEVI
muy deprimida tienen una mayor prevalencia de IC, que a su vez puede ser causa de FVy
MSC por mecanismos distintos a la TV monomérfica (arritmias de los estadios finales de la
IC, como se comentd previamente). Por tanto, cabria esperar una mayor utilidad predictiva
del EEF para MSC de causa arritmica en pacientes con FE > 30%. Adn asi, un EEF negativo
podria ayudar a identificar a los pacientes con bajo riesgo de MSC, para los que no se

espera un beneficio clinico significativo con el implante de DAI. (149) En pacientes con FEVI

< 30%, sin TV inducible pero en presencia de otros factores de riesgo, el estudio MUSTT
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(132,146) demostrd una incidencia residual de MSC no despreciable. Por lo tanto, el EEF

no puede usarse como la Unica prueba para la estratificacién del riesgo.

d.5 Modelos clinicos muttivariable

En el clasico ensayo MADIT-II, (60) los investigadores realizaron un andlisis multivariable
que identificé 5 factores clinicos que influian sobre el beneficio, en términos de
supervivencia, del implante de DAI en prevencién primaria: clase funcional NYHA > 2, la
presencia concomitante de fibrilacién auricular, duracién del QRS > 120 ms, edad > 70

afos, y la presencia de BUN (blood urea nitrogen) > 26 o < 50 mg/dl. Los pacientes sin

ningun factor de riesgo, o bien con 2 3 factores de riesgo, no obtuvieron ninguin beneficio

de supervivencia con el DAl porque su mortalidad fue demasiado baja o demasiado alta,
respectivamente. Por el contrario, la supervivencia en pacientes con 1-2 factores de riesgo

mejord con el DAL (81) En la misma linea, en el estudio MUSTT se demostrd que, en los

pacientes con FEVI £ 30% como unico factor de riesgo, el riesgo de MSC a dos afios era

sélo del 2-3%, mientras que la mortalidad total prevista era superior, del 5-6%. (79) Ese
riesgo de mortalidad podia ser similar también para pacientes con FEVI mayores, en
presencia de factores de riesgo adicionales. Otros modelos clinicos similares han arrojado

conclusiones parecidas a las comentadas. (82,150,151)

La conclusion que puede extraerse de la utilizacion de modelos clinicos para estratificar el
riesgo de AV y MSC es que, salvo el criterio de inducibilidad para TV en el EEF del modelo

derivado del estudio MUSTT, (79) ninguna de las variables empleadas refleja los posibles
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mecanismos o susceptibilidad para tener arritmias. Méas bien, identifican comorbilidades
potenciales que compiten con la MSC por la mortalidad total. Por lo tanto, sélo pueden
ayudar a identificar a pacientes en los que es poco probable que obtengan un beneficio de
supervivencia del DAl (que son precisamente los que clasicamente tendrian indicacién, por
tener FEVI bajas), pero no pueden identificar a los pacientes especificamente en riesgo alto
de presentar arritmias potencialmente letales. Tampoco han sido validados

prospectivamente en estudios clinicos dirigidos, por lo que su utilidad resulta muy limitada.

d.6 ECG de senales promediadas

El ECG de sefales promediadas (signal-averaged ECG, SAECG) es una técnica no invasiva
que permite la deteccion de areas de miocardio anormal que presenta conduccion
enlentecida ("potenciales tardios"), un fendmeno necesario para la aparicion de TV por
reentrada. La promediacidn y el filtrado de sefales eliminan el ruido de fondo, de manera
que las sefales de baja amplitud, en el rango de microvoltios (uV) y que normalmente se
pierden en el ruido de un ECG estandar, pueden detectarse. (152) En el estudio MUSTT,
(153) por ejemplo, se encontrd que en pacientes con SAECG anormal, el riesgo de muerte
no subita excedia el de MSC, y por lo tanto la técnica de SAECG parece poco especifica

para la prediccién de MSC. (110)
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d.7 Alternancia de la onda T

La alternancia de la onda T (T wave alternans, TWA) describe alteraciones en la amplitud de
la onda T en latidos alternos, que reflejan anomalias en la sefalizacién del calcio intracelular
que resultan en heterogeneidad, latido a latido, en la duracidn del potencial de acciéon
cardiaco y la morfologia de la onda T. (154-156) Los estudios SCD-HeFT, (157) MASTER

(158) y ABCD (159) encontraron que la presencia de TWA no tenia utilidad para predecir

eventos arritmicos en pacientes con FEVI £ 40%. En pacientes con FEVI > 40%, la presencia

de TWA se ha asociado con un hazard ratio ajustado para eventos arritmicos de 19,7 (9%
de eventos en pacientes con TWA positivo vs. < 1% en pacientes con TWA negativo).
Ademas del hecho de que el papel de la TWA no esté claro en pacientes con FEVI
significativamente reducida, otras limitaciones incluyen el hecho de que la TWA no pueda

medirse en presencia de fibrilacidn auricular o EV frecuentes.

d.8 Marcadores funcionales del sistema nervioso autdnomo

Tradicionalmente, se ha pensado que el sistema nervioso auténomo (SNA) puede modular
la interaccion entre diversos factores desencadenantes para la aparicién de taquiarritmias
ventriculares y MSC y el sustrato electrofisiolégico subyacente. Como marcadores
funcionales del SNA, se han evaluado la variabilidad y turbulencia de la frecuencia cardiaca,
la sensibilidad barorrefleja, e incluso técnicas de imagen con radiondclidos para identificar
zonas de miocardio denervado. El resumen es que ninguna de estas técnicas ha

demostrado con suficiente fiabilidad predecir el riesgo de AV y MSC post-IAM. (160)
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e. Papel actual de la Resonancia Magnética Cardiaca en la estratificacion del riesgo de

Arritmias Ventriculares y Muerte Subita

Como ya se ha comentado previamente, la FEVI no resulta un éptimo marcador de riesgo
de AV y MSC, ni en Cl ni en miocardiopatias no isquémicas, (60,61,76-78) y sin embargo
continua siendo el criterio por que se basan las guias de préactica clinica de la Cardiologia
actual (3,62) para determinar la indicacién de implante de DAI en prevencion primaria de

MSC (para pacientes con FEVI < 35%). (60,61)

En este sentido, resulta notorio que la RM cardiaca ni siquiera aparezca en la seccién
correspondiente a Cl de las ultimas guias. (3,62) Aunque sélo fuera por la evaluacién de la
FEVI, la RM es mas precisa y reproducible que la ecocardiografia para calcular este
parametro. (161) La caracterizacién del miocardio por RM mediante la utilizacion de
secuencias de realce tardio de gadolinio (RTG) ha permitido responder preguntas
clinicamente relevantes que actualmente no son evaluables sélo con la FEVI o con el uso
de otras modalidades de imagen no invasiva. De hecho, el papel diagndstico y prondstico
delaRMen Clylas AV ha sido ya reconocido en varios articulos y documentos de consenso

mas recientes. (5,162,163)

Existen numerosos estudios que ya han demostrado un vinculo entre la presencia de
fibrosis evaluada con RM y la aparicién de AV en pacientes con Cl. En un metaanalisis
reciente de Disertori et al. (164) incluyendo a 2.850 pacientes de 19 estudios diferentes

(tabla 2), se observaron 423 eventos arritmicos durante una mediana de 2,8 afos de

75



Introduccion Tesis Doctoral

seguimiento. Los autores definieron un criterio de valoracién de evento arritmico
compuesto que incluia MSC, MSC abortada, TV, FV y terapia apropiada de DAI. Utilizando
este criterio de valoracion, el metaanélisis de los autores encontré que los pacientes sin
RTG tenian una tasa de eventos anual del 1,7%, en comparacién con la tasa de eventos del
8,6% al ano en pacientes con RTG. (164) Interesante resulta el hecho de que, en la practica
totalidad de los estudios que incluyeron pacientes con Cl, el 100% de aquéllos con el

evento arritmico de estudio tenia fibrosis macroscdpica en la RM-RTG (tabla 2). (164)

Aunque todos los estudios incluidos en la tabla 3 han mostrado que la extensién y
heterogeneidad de la cicatriz miocéardica es un predictor de AV y mortalidad, continta
siendo una incégnita si la RM podria facilitar la toma de decisiones clinicas en relaciéon a la
estratificacion de riesgo arritmico, mas allé de la utilizacion de la FEVI. En este sentido, un
trabajo previo de Klem et al. (165), incluido en el metaandlisis previamente mencionado
(164)y basado en una cohorte de pacientes isquémicos con un amplio rango de valores de
FEVI, analizé el riesgo de eventos arritmicos: los pacientes con FEVI > 30% vy fibrosis > 5%
de la masa miocardica total tenfan un riesgo de AV mayor al de aquellos pacientes con FEVI
> 30% y cicatriz pequena (< 5%), pero similar al de pacientes con FEVI < 30%. De manera
andloga, aquellos pacientes con FEVI < 30% vy fibrosis < 5% presentaban un riesgo de

eventos arritmicos similar al de los pacientes con FEVI > 30%.
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Autores (Ref.) Ano Pacientes (n) | Seguimiento (meses) Evento arritmico de RTG
Estudios incluyendo pacientes con Cl
Roes et al. (166) 2009 91 9 (2-20) Terapia de DA 100
Boyé et al. (167) 2011 52 41+ 11 Terapia de DAl o muerte cardiaca 100
De Haan et al. (168) 2011 55 24 (11-36) Terapia de DAl o TV 100
Alexandre et al. (169) 2013 66 42 (22-52) Terapia de DA 100
Demirel et al. (170) 2014 94 65 (54-79) Terapia de DAl o TV 100
Estudios incluyendo pacientes con miocardiopatias no isquémicas
Assomull et al. (171) 2006 101 22+12 MSCo TV 35
lles etal. (172) 2011 61 19 (13-29) Terapia de DA 51
Leyva etal. (173) 2012 97 35* MSC 26
Gulati et al. (174) 2013 472 64* Terapia de DAI, MSC o MSC abortada 30
Neilan et al. (175) 2013 162 29+18 Terapia de DAl o MSC 50
Muller et al. (176) 2013 185 21* Terapia de DAl o MSC abortada 51
Perazzolo-Marra et al. (177) 2014 137 36* Terapia de DAI, MSC o TV/FV 56
Masci et al. (178) 2014 228 23(13-37) Terapia de DAI, MSC o MSC abortada 27
Estudios incluyendo pacientes con Cl y miocardiopatias no isquémicas (Cl/no Cl)
Ferndndez-Armenta et al. (179) 2012 78 (41/37) 25(15-34) Terapia de DA 69
Gao et al. (180) 2012 124 (59/65) 21+9 Terapia de DAI, MSC o MSC abortada 100/71
Klem et al. (165) 2012 137 (73/64) 24 (20-29) Terapia de DAl o MSC 96/58
Wu etal. (181) 2012 235(137/98) 43* Terapia de DA 73
Mordi et al. (182) 2014 157 (61/96) 31* Terapia de DA 100/25
Almehmadi et al. (183) 2014 | 318(149/169) 16* Terapia de DAl o MSC 78

Tabla 3. Estudios evaluando el valor predictor de la RM-RTG en la prediccion de eventos arritmicos. De Disertori et al. (164)

(*Valor mediana, sin rango intercuartilico.)
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La capacidad de la RM-RTG para detectar fibrosis miocardica esté respaldada por estudios
de correlacién histoldgica. (174,184) Como ya se ha discutido previamente, la presencia de
conduccién eléctrica lenta y heterogénea asociada a la fibrosis puede favorecer la
reentrada, aumentando la vulnerabilidad a la aparicién de TV/FV. (87,185-187) En la zona
gris, tejido heterogéneo o border zone (BZ) coexisten areas con diferentes niveles de
fibrosis, resultando en miocardio tanto viable como no viable, que puede ser identificado
con RM. (185) Ademas, los canales de tejido heterogéneo (heterogeneous tissue channels,
HTC) o de border zone (BZC) detectados por RM se correlacionan con los canales de
conduccidn lenta identificables mediante mapas de voltaje endocéardico en los EEF, (188-
191)y con los istmos de los circuitos de reentrada. (192) Los HTC/BZC los definiremos, por
tanto y de aqui en adelante, como “corredores de tejido miocéardico viable, heterogéneo,
que conectan dos areas de miocardio sano, y estdn rodeados por tejido no conductor
(fibrosis densa), o bien una zona de fibrosis densa y un obstaculo anatémico inexcitable (p.ej.

los anillos valvulares)".

Mucho mas recientemente, en el estudio CMR-SCD (Cardiovascular Magnetic Resonance
for the prediction of Sudden Cardiac Death), (193) la presencia de fibrosis miocéardica y la
masa de tejido heterogéneo (lo que hemos venido a denominar BZ), analizados ambos
mediante RM-RTG, se evalud en relacién con la aparicién de MSC y el evento compuesto
de MSC o AV. De 947 pacientes analizados de manera retrospectiva, hubo 29 casos de MSC
(2,96%) y 80 de MSC o AV (8,17%) tras una mediana de seguimiento de 5,82 afos. La
presencia visual de fibrosis miocardica o de tejido heterogéneo en la RM se asociaron

fuertemente con la aparicion de MSC y del evento compuesto MSC o AV. En un anélisis de
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riesgos competitivos, por el contrario, las asociaciones entre una FEVI < 35% y la aparicién
de MSC, o bien del compuesto MSC o AV, fueron mucho mas débiles. (193) Ademas, todos
los pacientes que tuvieron eventos (MSC o AV) tenian fibrosis visible en la RM. Para més inri,
el punto de corte de FEVI < 35% se asocié muy débilmente tanto con la aparicion de MSC
(area bajo la curva de la curva ROC 0,68) como con el compuesto de MSC y AV (4rea bajo

la curva de 0,75).

Ademas de la correlacion histolégica y “funcional” (mediante mapas de voltaje en los EEF),
recientemente se ha demostrado, mediante modelos informéticos de simulacién a partir de
imagenes de RM-RTG de IAM en cerdos, (194) que se puede predecir con precisién la
morfologia de las TV potencialmente inducibles y la ubicacién del circuito responsable en
cada caso, lo que sugiere que los métodos actuales para el anélisis de la BZ podrian ser
eventualmente complementados con herramientas aun mas sofisticadas (modelos
informéaticos, machine learning...) para identificar los circuitos de reentrada a través de los

hallazgos de la RM.

A pesar de que existe una creciente evidencia cientifica a favor de la relacién entre los
hallazgos de la RM-RTG y la aparicion de AV/MSC, particularmente en Cl pero también en
otras miocardiopatias, todavia hacen falta estudios adicionales, estandarizacién de los
métodos de adquisicidon de las imagenes y anélisis del rendimiento diagndstico de cada
uno de los parédmetros evaluables mediante esta técnica, asi como busqueda de
herramientas de post-procesado de las imédgenes de RM que permitan obtener anélisis

fiables y reproducibles.
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f. Aspectos técnicos relevantes de la Resonancia Magnética Cardiaca

Una vez introducido el papel actual de la RM en la estratificacion de riesgo arritmico, y antes
de abordar la utilidad de esta técnica en el tratamiento de las AV asociadas a la presencia
de cicatriz en el miocardio, realizaremos en este apartado un repaso de los principios fisicos
relativos a las imagenes de RM, la utilizacidon de distintos tipos de secuencia y contrastes
paramagnéticos para la obtencion de datos adicionales sobre la composicidn y estructura
del miocardio, y finalmente el uso de herramientas de post-procesado de las imagenes
“crudas” de RM para su utilizacién clinica. Es importante conocer todos estos aspectos, a fin
de comprender mejor el contenido y la discusién de los articulos incluidos en la presente

Tesis.

f.1 Fisica relativa a la Resonancia Magnética

Los primeros trabajos que describieron la utilidad de la RM como técnica diagndstica
fueron publicados en la década de los anos 40 del s. XX. (195,196) Los atomos que
componen nuestro organismo (y toda la materia) estdn compuestos por electrones que
rodean al ndcleo, a su vez compuesto por protones y neutrones. El protén, particula
subatdémica, tiene una carga eléctrica positiva y gira continuamente sobre si mismo, lo que
denominamos espin (spin). Al rotar, la carga positiva gira igualmente, generando una
corriente eléctrica que va acompanada de un pequeiio campo magnético; de esta manera,

los protones funcionan como “pequenos imanes”. (197)
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Cuando un paciente es introducido dentro de un campo magnético potente, los protones
de sus dtomos se alinean con ese campo externo, presentando, ademas del movimiento de
espin, un movimiento de precesién (como una peonza) alrededor del eje mayor del campo
magnético externo. Los protones tendran un movimiento giroscépico alrededor del eje
mayor del campo magnético del escaner a una frecuencia determinada, que llamaremos
frecuencia de precesién, de resonancia o de Larmor, y que depende de la potencia del
campo externo y de las propiedades de cada nucleo. La mayoria de los protones se
alinearan en la direccién de ese campo, por lo que el efecto neto seré la generacién de un
campo magnético intrinseco con la misma direccion que la del campo externo

(magnetizacién longitudinal). (197)

Esta magnetizacién longitudinal no es medible al encontrarse alineada con el campo
externo, por lo que es necesario introducir una “perturbacién” que modifique la orientacion
del campo intrinseco y nos permita evaluar la composicién protdnica de los distintos
tejidos. Esta perturbacion se consigue mediante la introduccion de rafagas de pulsos de
radiofrecuencia (RF) a la misma frecuencia que la de Larmor, lo cual permite cambiar la
direccidon del campo magnético de los protones al transmitirles energia. Un pulso “de
excitacion” permitird inclinar la magnetizacién longitudinal a un plano transversal (90°,
magnetizacién transversal), y un pulso “de inversidn” invertird completamente el sentido de

la magnetizacién (180°). (197)

Al aplicar un pulso de excitacién de RF, se provoca una transferencia de energia

("resonancia”): primero, los protones absorben energia y pasan de un estado de reposo a
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un estado de excitacién (paso de magnetizacion longitudinal a transversal); al cesar el pulso
de RF, los protones regresan a la situacion de reposo, liberando la energia previamente
absorbida (figura 11). Por ello, los equipos de RM disponen de una bobina transmisora de
RF y de bobinas receptoras, que son combinaciones de bucles de alambre (actualmente
hasta 128) colocados alrededor del pecho del paciente, cerca del corazédn, y que permiten

detectar esa transmisidn de energia tras el cese de los pulsos de excitacion.
Magnetic field off Magnetic field on Radio transmitter on
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Figura 11. Fases de la resonancia magnética. Magnetizacion longitudinal al someter a los protones a un campo magnético
externo, aplicacion de pulso de RF (en la imagen, pulso de inversion) que modifica el eje de precesion de los protones;
finalmente, emision de energia en forma de RF tras el cese del pulso aplicado, y vuelta al estado de reposo tras eliminar el
campo magneético externo. (198)

Por otra parte, el tiempo que tarda un tejido (sus protones) en recuperar la situacién de

reposo se conoce como “tiempo de relajacién”. En la obtencién de imagenes de RM se
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evaltan dos medidas de tiempo asociadas: a) el tiempo de relajacién longitudinal (tiempo
T1) o relajacién spin-medio, y b) el tiempo de relajacion transversal (tiempo T2) o spin-spin.
EI T1 es el tiempo que tarda un tejido en recuperar la posicion de equilibrio tras cesar un
pulso de excitacién; p. ej., la grasa tiene un T1 muy corto (sefal hiperintensa) y el
agua/liquido muy largo (sefal hipointensa). La presencia de sustancias paramagnéticas,
como los quelatos de gadolinio, acortan el T1 (aumentan la velocidad de relajacion

longitudinal). (197)

Cuando se produce la magnetizacidén longitudinal, al cabo de un tiempo aparecen
distorsiones en el campo magnético, debidas a inhomogeneidades en el iman que crea el
campo o a interacciones espin-espin. Los espines experimentan campos magnéticos
locales que resultan de la combinaciéon del campo magnético aplicado y de los campos
magnéticos de los espines vecinos. Esto provoca la aparicion de no una Unica frecuencia
de Larmor, sino de “distribuciones de frecuencias” de Larmor, y por tanto el desfase de los
espines. El T2 se refiere al tiempo que tarda un tejido en perder esa “coherencia de fase”,
y depende de su composicion: el agua/liquido tiene un T2 muy largo (sefal hiperintensa),
mientras que otros, como el aire/gas o los tejidos calcificados tienen un T2 muy corto (sefal

hipointensa). (199)

El hidrogeno ('H) es el nicleo més cominmente observado en la RM debido a que tiene la
mayor sensibilidad nuclear a la RM, presenta una abundancia natural del 99,98% vy
aproximadamente el 10% del peso corporal magro es hidrégeno. Este elemento se

encuentra en el organismo en forma de agua, como hidratos de carbono o en la grasa,
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presentando estos ultimos diferentes frecuencias de resonancia y tiempos de relajaciéon en
funcién de su estructura quimica. Por tanto, en los tejidos bioldgicos encontraremos una
amplia gama de valores de tiempos de relajacién, que es lo que genera el contraste en las
imagenes de RM. La deteccién de diversas patologias puede establecerse en funcién de

los cambios en las caracteristicas de relajacién magnética de los tejidos afectados. (199)

Para generar las imagenes, los sistemas de RM disponen de tres bobinas, que permiten
generar gradientes a lo largo de cualquiera de los tres ejes ortogonales (x, y, z). Existen tres
técnicas principales de discriminacién espacial (200,201) basadas en el uso de campos de
gradiente: excitacidon selectiva para definir el corte de imagen; y codificaciones de
frecuencia y de fase para codificar la informacién espacial en los dos ejes en el plano del
segmento excitado. Matematicamente, la transformacion de Fourier bidimensional se

puede utilizar para transformar los datos de frecuencia en una imagen de RM.

f.2 Secuencias de adquisicion en Resonancia Magnética

Una secuencia de resonancia magnética es una combinacién particular de pulsos de RF y
de gradiente que crean una imagen de RM con un contraste especifico de tejido. El
contraste cambia con el tiempo entre la excitacién de RF y la lectura de la sefial de RM
(tiempo de eco, TE), el tiempo entre las excitaciones de RF (tiempo de repeticidn, TR) y los

tipos y combinaciones de pulsos de RF y de gradiente. (202)
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Las secuencias de eco de espin rapido (fast spin echo, FSE) pueden proporcionar imagenes
ponderadas en T2 de alta resolucién. Las secuencias FSE combinadas con “doble inversién-
recuperacion” pueden producirimagenes ponderadas en T2 de “sangre negra”, que se han

utilizado para identificar regiones edematosas en el IAM.

Las secuencias de eco de gradiente (gradient echo, GRE), como el disparo rapido de dngulo
bajo o la secuencia de estado estacionario de precesion libre (steady state free precession,
SSFP) permiten TR muy cortos y, por lo tanto, se pueden utilizar para obtener imagenes
cinematograficas del corazén latiendo y otras aplicaciones dindmicas (perfusion,
angiografia). Las secuencias de GRE combinadas con una preparacion de inversién-
recuperacion producen imagenes ponderadas en T1 que se pueden utilizar para la
deteccidon de cicatrices isquémicas con RTG. (203-206) Existen multiples tipos de
secuencias de RM especificas para diversas aplicaciones clinicas, que escapan al objetivo

de la presente Tesis. (199)

f.3 Agentes de contraste paramagnético

Los agentes de contraste paramagnético basados en el gadolinio se utilizan de forma
rutinaria en varias aplicaciones de la RM, permitiendo mejorar la sensibilidad vy
especificidad de la prueba. Como ya se ha discutido previamente, el gadolinio acelera el
T1 (relajacion longitudinal), aumentando la sefal de las imdgenes potenciadas en T1. La
angiografia por resonancia magnética visualiza la luz del vaso después de la inyeccion

intravenosa de agentes de contraste. (207) La cicatriz post-IAM se puede detectar mediante

85



Introduccion Tesis Doctoral

la adquisicion de imagenes unos 10-20 min después de la inyeccidn de contrastes a base
de gadolinio, que se acumulan en las regiones con cicatriz. (205) Las imagenes de perfusion
miocardica consisten ena secuencia de imagenes consecutivas que muestra el lavado del
agente de contraste con la sangre durante su primer paso a través del miocardio. (208) El
gadolinio es un compuesto téxico, por lo que se administra unido a quelantes que impiden
su paso a través de las membranas plasmaticas. La incidencia de fibrosis sistémica
nefrogénica, (209) una posible complicacién asociada a la administracién de contrastes de
gadolinio en pacientes con insuficiencia renal, es actualmente muy baja, en parte gracias a
la vigilancia exhaustiva y la no administraciéon del compuesto en pacientes con insuficiencia
renal muy avanzada. (210) Esto, en si mismo, constituye una limitacidn para la utilizacion de
RM-RTG, aunque, aun asi, los quelantes de gadolinio son mucho menos nefrotéxicos que

los contrastes yodados que, por ejemplo, se utilizan en la TAC. (211)

f.4 Caracterizacion y cuantificacion de la cicatriz miocardica mediante Resonancia Magnética

La capacidad de la RM-RTG para distinguir el miocardio normal del miocardio con cicatrices
se basa en el uso de gadolinio como agente de contraste para resaltar las dreas de fibrosis.
El miocardio normaly la cicatriz tienen diferentes velocidades de eliminacién de gadolinio;
asi, mientras que en el miocardio sano la permanencia del gadolinio se limita a algunos
minutos, en zonas cicatriciales el lavado se produce mas lentamente. Seleccionar el
momento correcto para realizar una adquisicién tardia post-contraste es fundamental para

resaltar sdlo las &reas de fibrosis (con contraste), diferencidndolas del miocardio normal,

86



Introduccion Tesis Doctoral

que aparece en negro. Como ya se ha comentado, varios estudios han demostrado la

correlacion entre la presencia de RTG y la fibrosis crénica. (206,212)

La resolucidon espacial en el plano de imagen habitual de la RM-RTG es de 1,4 x 1,4 mm. La
correcta adquisicién de las imagenes cardiacas se ve obstaculizada por los cambios de
posicion del corazén durante la respiracion y las diferentes fases del ciclo cardiaco. Para
superar esta limitacion, el abordaje estandar consiste en adquirir mdultiples iméagenes
durante apneas consecutivas y utilizando una sincronizacion electrocardiografica,
obteniendo asi multiples planos (2D) de eje corto a lo largo del eje largo del VI. Este
enfoque da como resultado una resolucidén éptima en cada plano de eje corto, pero
generalmente con una distancia de separacién entre cortes. Por otro lado, la reconstruccidn
de la cicatriz puede ser dificil debido a la existencia de artefactos de volumen parcial (partial

volume)y posibles desplazamientos entre cortes.

Para controlar las limitaciones anteriores, los protocolos de adquisicion 3D han supuesto
un gran avance. Este enfoque se basa en la adquisiciéon de imégenes de respiracién libre
(sin apneas) utilizando una secuencia de inversién-recuperacién sincronizada con un
navegador respiratorio, que basicamente consiste en obtener una imagen rapida de la
posicion del diafragma en cada latido cardiaco. Sdélo las adquisiciones realizadas en una
cierta posicion del diafragma que seleccionamos manualmente son aceptadas para la
reconstruccién. Este método permite reconstrucciones en 3D sin artefactos de
desplazamiento entre cortes, que ademas tienen un grosor mucho menor y por tanto,

permiten minimizar los efectos de volumen parcial. Andreu et al. describieron una
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comparacion directa de la precision entre las adquisiciones estandar 2D y las nuevas 3D
para identificar y caracterizar el miocardio cicatrizado y el sustrato arritmogénico; (190)
después de un post-procesamiento automatico de imagenes, la caracterizacion del sustrato
arritmogénico fue superior con la técnica 3D debido a una mayor resolucién espacial en

comparacion con las secuencias 2D convencionales.

La informacidn derivada de la RM-RTG puede ser cualitativa (presencia o ausencia visual de
fibrosis) o cuantitativa. Dentro de los métodos de cuantificacion de la fibrosis, clasicamente
se han venido utilizando técnicas semicuantitativas, evaluando el nimero de segmentos (de
la AHA, American Heart Association) afectados por la fibrosis o el grado de transmuralidad
(en % referido al grosor parietal total) de la cicatriz. (171,213) Las técnicas cuantitativas
“puras” se basan en el hecho de que es posible definir la zona correspondiente a cicatriz
como aquélla que presenta una intensidad de sefal (pixel signal intensity, PSI) determinada
por encima de la del miocardio normal. En todas las técnicas cuantitativas, el calculo del
volumen/masa de cicatriz se establece asumiendo una densidad para el miocardio de 1,05
g/ml. (214) Igualmente, se puede calcular el volumen/masa relativos de la cicatriz respecto
al total del volumen/masa de miocardio. Para la identificacion de la cicatriz, algunos
documentos de consenso han establecido el punto de corte de > 2 desviaciones estandar
(DE) de PSl respecto al miocardio sano. (215) Yan et al. (216) definieron la “zona peri-infarto”
(equivalente a BZ) como aquélla con una PSl entre 2y 3 DE superior a la del miocardio sano.
Sin embargo, también se utilizan otras técnicas: 3, 4, 5 o 6 DE; cuantificacion manual
trazando regiones de interés (ROI) alrededor de la cicatriz; y la técnica de “full width at half

maximum” (FWHM), que utiliza la mitad de la sefial maxima dentro de la cicatriz como
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umbral. Esta dltima técnica, sin embargo, presenta problemas de exactitud al asumir
siempre que el core de la cicatriz es necesariamente “muy brillante”; sin embargo, esta
asuncién no tiene por qué cumplirse en cicatrices muy heterogéneas, poco densas. (217)
Finalmente, sabemos que la resolucién espacial de las imagenes de RTG afecta a la
clasificacion de los diferentes componentes de la cicatriz miocérdica. Al degradar la
resolucion espacial se produce un aumento significativo del tejido con viabilidad
intermedia clasificado como BZ, sin que existan cambios importantes en el cémputo total

del drea de infarto. (218)

Recientemente, estudios animales con correlacién histoldgica (219) han reportado una
mejor precision diagndstica cuando se utiliza un algoritmo basado en la intensidad méxima
de pixeles (maximum signal intensity, MSI), que define distintos umbrales de PSI para
diferenciar los diferentes componentes de la cicatriz: cicatriz densa (core) y cicatriz
heterogénea (border zone, BZ). Schmidt et al. (185) definieron la zona peri-infarto como
aquélla con PSI superior a la MSI registrada en una ROI en el miocardio sano, pero menor

al 50% de la MSI registrada en la cicatriz densa. Para Roes et al., (166) la BZ correspondia

con la zona con una PSI 2 35% y < 50% de la MSI en la zona de cicatriz densa. No hubo

diferencias significativas en la extensién de la cicatriz total entre los métodos de Yan,
Schmidt y Roes; sin embargo, se ha reportado cierta variabilidad en la extension de la

deteccion de core vs. zona peri-infarto (BZ) en funcion del método empleado. (168)

Finalmente, en un trabajo de Andreu et al. (220) se estudiaron diferentes puntos de corte

basados en la MSI, describiendo que la mejor correlacién con el sustrato arritmogénico

89



Introduccion Tesis Doctoral

identificable mediante EAM se encontré utilizando un valor de corte del 60% del MSI para
diferenciar el core y la BZ, y del 40% para la diferenciacién BZ vs. miocardio sano. Este
ultimo criterio sera el utilizado para la cuantificacidon y caracterizacion de los distintos

componentes de la cicatriz en los distintos articulos que componen la presente Tesis.

f.5 ldentificacion del sustrato arritmogénico mediante Resonancia Magnética

Las fibras de tejido miocérdico superviviente pueden atravesar la densa cicatriz formando
canales tortuosos, con propiedades de conduccién lenta que soportan la reentrada, (103)
al presentar dreas con bloqueo de conduccién fijo o funcional (figura 12). Estos haces
miocardicos supervivientes (HTC), generalmente separados por tabiques de colédgeno,
(221) muestran grados intermedios de fibrosis. Esta caracteristica los hace identificables al

mostrar un aspecto heterogéneo en la RM-RTG (figura 13). (222)
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Figura 12. Modelo esquematico de cicatriz con un HTC que transcurre entre dos zonas de cicatriz densa. A) Un impulso
eléctrico atraviesa el miocardio y la zona de cicatriz; en la zona del HTC sufire un blogqueo unidireccional (lineas rojas), B)
permitiendo que el impulso previo, al rodear la zona de cicatriz, se transmita en sentido inverso, originando la reentrada. De
Franco et al. (223)
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(A) LGE-CMR (B) 3D Scar and heterogeneous tissue channels

TISSUE

Figura 13. Caracterizacion de la cicatriz en un paciente isquémico con IAM inferior. (A) Vista de eje corto de la RM-RTG
que muestra una cicatriz inferior heterogénea. El miocardio sano se representa en purpura, el drea de BZ esta representada
en verde, la cicatriz densa [core zone (CZ)] esta representada en rojo. Un HTC detectado automaticamente cruzando la
cicatriz perpendicular al anillo mitral se representa en azul. (B) La reconstruccion 3D del VI utilizando la informacion de
PSI. La reconstruccion 3D facilita la visualizacion de la arquitectura de la cicatriz, la relacion entre los diferentes
componentes de la cicatriz, asi como el curso de los canales. De Berruezo et al. (224)

Como consecuencia de la dificultad obvia para obtener comparaciones directas de la
histologia humana con los hallazgos de la RM, la mayoria de los estudios al respecto han
validado la precision para detectar sustratos arritmogénicos de las imagenes de RM
comparandolas con datos electrofisioldgicos. Varios estudios han encontrado que el istmo
critico de las TV reentrantes en pacientes con cardiopatia estructural se localiza en areas de
apariencia heterogénea (BZ) en la RM. (225) Pérez-David et al. (188) evaluaron la capacidad
de la RM-RTG para identificar HTC dentro de la cicatriz en 18 pacientes postinfarto con TV
monomorfica, considerando los canales de conduccion identificados por el mapeo del EAM
como el gold standard. Descubrieron que todos los HTC identificados en la RM
correspondian en ubicacion y orientacidn a canales de voltaje (entre 0.5y 1.5 mV) similares
en el EAM. Sin embargo, no sélo los canales de voltaje, sino también los canales de
conduccién lenta identificables en el EAM pueden identificarse de forma no invasiva con la

RM (figura 14). (188-191) En un trabajo de Fernandez-Armenta et al., (191) los HTC
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definidos por RM identificaron el 74% de los istmos criticos de las TV clinicas y el 50% de

todos los canales de conduccién lenta identificados en los EAM (figura 15).

Los HTC (o BZC) pueden identificarse en la RM antes de los procedimientos de ablacién
(tratamiento invasivo de las AV) y luego importarse a los sistemas de navegaciéon empleados
durante este tipo de procedimientos (ver apartado siguiente). Debido al escaso grosor de
la pared del ventriculo derecho, habitualmente la identificacién de HTC por RM se limita al
VI. No obstante, aunque los nuevos métodos de adquisicién de respiracién libre pueden
proporcionar una resolucién espacial isotrépica de casi 1 mm?3, podria ser insuficiente para
detectar haces muy pequenos de miocitos supervivientes (han sido descritos incluso de <

200 pm) (103) que potencialmente pudieran mantener la reentrada.
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Bipolar voltage map EGM classification
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Figura 14. Comparacion de la caracterizacion del sustrato arritmogénico con el mapa electroanatomico (EAM) y los mapas
de PSI derivados de la RM-RTG en un paciente con un IAM inferior antiguo. En la parte superior e izquierda, vista posterior
del mapa de voltaje usando el valor de corte estandar para el core (0.5 mV) y BZ (1.5 mV), que muestra una cicatriz inferior
que involucra los segmentos basal y medioventricular. Arriba y a la derecha, caracterizacion de los electrogramas locales
(EGM): los puntos azules representan EGM con componentes retardados, los puntos negros representan EGM con
caracteristicas de entrada de canal de conduccion lenta (CC), los puntos amarillos representan EGM con caracteristicas de
sistema intrinseco de conduccion (His-Purkinje). Se representan 3 CC sobre la reconstruccion (lineas de puntos blancos), un
canal submitral y dos canales que cruzan la cicatriz de forma paralela al anillo mitral. En la parte inferior de la figura,
mapa de PSI previo al procedimiento al 10%, 30%, 60% y 90% del grosor de la pared del ventriculo izquierdo en el mismo
paciente. Notese que los mismos 3 CC se pueden identificar facilmente en la capa endocardica al 10%. De Berruezo et al.

(224)
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Figura 15. IAM septobasal. Mapas de PSI obtenidos a partir de RM-RTG correspondientes a dos capas subendocardicas
codificadas por colores (se muestran las capas del 10% y 25% del grosor de la pared del miocardio). Se sugiere un BZC en
la capa del 10%, que se puede identificar completamente en la del 25% (flechas blancas). El EAM se muestra en la parte
inferior, se identifica un canal de conduccion lenta (flechas blancas). Los EGM en el canal de conduccion lenta
(electrogramas 1-5) se muestran a la derecha. Los componentes retardados aislados de estos electrogramas tienen una
activacion secuencial desde la entrada del canal (numero 1y numero 5, flechas blancas) hasta su parte interna durante el
ritmo sinusal. Ao indica valvula aortica; His, His y rama izquierda del mismo,; MV, valvula mitral; y RV, ventriculo derecho.
De Fernandez-Armenta et al. (191)
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g. Tratamiento de las Arritmias Ventriculares en la Cardiopatia Isquémica

En los pacientes con Cl y, en general, cualquier otro tipo de cardiopatia estructural con
presencia de cicatrices en el miocardio que presentan AV clinicas, caben varios tipos de
actuaciones terapéuticas: prevencién secundaria, tratamiento farmacoldgico y tratamiento
invasivo mediante cirugia antiarritmica o ablaciéon percutdnea. Abordaremos en este
apartado un resumen de todas las estrategias, haciendo énfasis en la ablacién, y

particularmente en el rol que tiene la RM en este tipo de procedimientos.

g.1 Prevencion secundaria de las Arritmias Ventriculares

Se han realizado tres ensayos [Antiarrhythmic drugs Versus Implantable Defibrillator (AVID),
(226) Canadian Implantable Defibrillator Study (CIDS), (227)y Cardiac Arrest Study Hamburg
(CASH) (228)] en pacientes que habian sufrido un paro cardiaco o AV potencialmente
mortal (AV hemodindmicamente inestable o sincopal) en el que se comparé el tratamiento
con DAl frente a la terapia con farmacos antiarritmicos, predominantemente amiodarona.
Los resultados de los tres ensayos fueron consistentes, aunque sélo uno (el CIDS) mostré
una reduccion estadisticamente significativa en la tasa de mortalidad total con el uso del
DAI; en el AVID y el CASH, el DAI redujo las tasas de mortalidad arritmica. Un metaanalisis
de los tres ensayos (229) demostré que la terapia con DAl se asocié con una reduccién del
50% en la mortalidad por arritmias y del 28% en la reduccién en la mortalidad total. No
existe evidencia méas reciente que sugiera que las recomendaciones anteriores deban

cambiarse sustancialmente, por lo que estd universalmente aceptada la obligatoriedad
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(salvo expectativa de vida < 1 afo o negativa expresa del paciente) de implantar un DAl en

prevencion secundaria para pacientes con AV clinicas asociadas a cardiopatia estructural.

g.2 Tratamiento farmacologico de las Arritmias Ventriculares
Cuando hablamos de tratamiento farmacolégico de las AV, debemos distinguir entre la fase
aguda ("“momento que el paciente presenta la AV”) y la fase “crénica”, cuando planteamos

iniciar un tratamiento con farmacos para prevenir nuevos episodios de AV.

En fase aguda, si la AV es mal tolerada clinica o hemodindmicamente, la cardioversion
eléctrica (CVE) es el tratamiento urgente de eleccion. Sin embargo, en casos de estabilidad
hemodinamica, las guias de practica clinica (3,62) recomiendan indistintamente (con un
grado de recomendacién lla) la utilizacion de procainamida o amiodarona. El ensayo
aleatorizado espafol PROCAMIO (230) fue el primero en comparar ambos farmacos “en
vida real”. Este trabajo demuestra que la procainamida es mas eficaz que la amiodarona
para cardiovertir las TV sostenidas, con un 67% de éxito a los 14 = 10 min de iniciada la
perfusién, y que presenta un mejor perfil de seguridad que la amiodarona, por lo que a
priori podria ser el farmaco de primera eleccién en casos con TVMS y buena tolerancia

hemodinadmica. (230,231)

El papel de los farmacos antiarritmicos en la prevencion de nuevos episodios de AV y MSC
en pacientes con Cl y FEVI preservada es limitado. La mayoria de los datos provienen del

estudio CAST, (232) que mostré que los farmacos bloqueadores de los canales de sodio
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(antiarritmicos de clase IA y IC segun la clasificacion de Vaughan-Williams (233)) aumentan
la mortalidad tras un IAM. Los farmacos de clase Il (betabloqueantes) tienen un papel
establecido en la reduccion de la mortalidad en pacientes con Cly FEVI reducida, pero su
efecto sobre la MSC no esté probado. Por ultimo, no se ha demostrado que la amiodarona,
antiarritmico de clase lll, reduzca la MSC en pacientes con Cl y FEVI preservada. Sin
embargo, puede tener un papel en el alivio de los sintomas y la reduccién de episodios
arritmicos en este grupo de pacientes. Para arritmias sintomaticas pero no potencialmente
letales (EV o TVNS), la amiodarona es el farmaco de eleccién, ya que puede suprimir las

arritmias sin empeorar el prondstico, segun los estudios CAMIAT y EMIAT. (57,234)

g.3 Cirugia antiarritmica de las Arritmias Ventriculares

Este tipo de tratamiento, con la aparicion de las técnicas de ablacién con catéter se ha
convertido a dia de hoy en una opcidn terapéutica absolutamente excepcional. Las zonas
de miocardio muy fibrdticas, por la presencia de grandes cicatrices (p. ej. IAM no
revascularizado), provocan la aparicion de aneurismas; la aneurismectomia del VI se
describid por primera vez en 1955 por el cirujano Charles Bailey, de Philadelphia (EEUU),
como una opcién de tratamiento para las AV que dependian de la zona aneurismatica. A
finales de los afios 70, se describid la reseccidon subendocérdica para el manejo de AV por
primera vez, por Josephson et al., lo que se conocié como el “Pennsylvania peel”. (235) Esta
técnica pretendia ampliar los margenes de la aneurismectomia varios cm, “limando”

parcialmente el subendocardio de estos margenes. Lo interesante de esta técnica es que
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se basé en el hallazgo, durante la realizacion de mapas de activacién de las TV, de que los

"exit sites” de las TV se podian localizar en esta "border zone" alrededor de los aneurismas.

A pesar de todo ello, la morbimortalidad quirdrgica descrita por los grupos que realizaban
este tipo de procedimientos era alta, por lo que esta técnica sélo se ha venido realizando
en centros con amplia experiencia quirdrgica. (235-241) La mayoria de las técnicas
quirdrgicas se han convertido en la base actual de las técnicas de ablacion con catéter por
lo que, como ya se ha dicho, la cirugia hoy en dia constituye una opcidn terapéutica

raramente empleada.

g.4 Ablacion con catéter de las Arritmias Ventriculares
La ablacién exitosa de TV con catéter se reportd inicialmente en 1983 (242) mediante la

|ll

aplicacién de choques de corriente continua con un catéter situado en el “exit site” de la
TV. El uso de la ablacién ha aumentado progresivamente, sobre todo a partir del desarrollo
de la ablacién por RF a partir de la década de los afios 90. (243) La RF, a diferencia de la
corriente continua, aplica pulsos de corriente alterna (de 300 a 750 kHz), causando el
calentamiento resistivo del tejido en contacto con el catéter y permitiendo realizar la
ablacién de forma controlada y directa, evitando los riesgos de la corriente continua.
Actualmente, la ablacion con catéter se considera el tratamiento de eleccién para prevenir
recurrencias de AV cuando los farmacos antiarritmicos son ineficaces o tienen efectos

secundarios inaceptables. (5) La aparicion de los modernos sistemas de navegacion

electroanatémica (a finales de los afios 90), (244) ha facilitado los procedimientos, al ofrecer

98



Introduccion Tesis Doctoral

la posibilidad de visualizar en vivo la anatomia y la posicién exacta de los catéteres,
permitiendo ademas la obtencién de mapas tridimensionales con diversos tipos de

informacidén disponible de manera simultanea.

La ablacion de las TV (y nos referiremos aqui sélo a las TV con un mecanismo reentrante)
requiere de la realizacion de diversas maniobras electrofisiolégicas para discernir los
componentes del circuito de reentrada responsable. Estas técnicas son: i) mapa de
activacion, i) mapa de encarrilamiento, iii) mapa de topoestimulacién (“pacemapping”) y iv)

mapa de sustrato.

g.4.1 Mapa de activacion

El mapa de activacion se puede utilizar para describir la secuencia de activacién miocéardica
e identificar los sitios de istmo critico para la TV reentrante cuando ésta es bien tolerada
hemodindmicamente. Los electrogramas (EGM) locales se registran en diferentes
localizaciones de los ventriculos y el tiempo de activacidon se compara con una referencia,
generalmente el inicio del complejo QRS durante AV. Los sistemas de mapeo
electroanatémico (EAM) anotan los tiempos de activacidn de diferentes sitios con cédigos
de colores que resaltan la regién con la activacion mas temprana. Los EGM registrados justo
antes del complejo QRS en circuitos de macro-reentrada sugieren exit sites, donde el
circuito de reentrada interactlia o contacta con la primera zona de activacién miocardica (lo
que ya se vino observando en el “Pennsylvania peel” quirirgico (235)). El istmo critico en
las TV por reentrada relacionada con cicatriz exhibe EGM diastdlicos fraccionados de baja

amplitud (figura 16), consistente con zonas de conduccién lenta dentro de la cicatriz, una
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caracteristica que puede ser compartida por otros HTC dentro de la cicatriz que no formen
parte del istmo critico (o sea, que sean by-standers). Por eso, el mapeo de activacidon debe

combinarse con maniobras de encarrilamiento (entrainment).
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Figura 16. Potenciales medio-diastdlicos (circulos rojos) correspondientes a la zona de istmo critico de una TV por
reentrada en relacion a una cicatriz miocardica. Las lineas verticales rojas delimitan el principio y final del ORS.
Modificada de Guandalini et al. (245)

g.4.2 Mapa de encarrilamiento (entrainment)

El encarrilamiento consistente en la aceleraciéon de una taquicardia a la longitud de ciclo o
frecuencia del tren de impulsos con que se estimula. Los impulsos penetran en el circuito,
propagandose en dos sentidos posibles: el sentido del circuito de la arritmia (sentido
ortodrémico, adelanta el siguiente latido de la taquicardia), y el sentido contrario
(antidrémico), colisionando con el frente ortodrémico. El Gltimo estimulo del tren tarda un
tiempo en alcanzar el circuito, rodearlo y volver hasta la posicién del electrodo que
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estimula; es lo que denominamos intervalo post-estimulacion (post-pacing interval, PPI).
Este PPl es directamente proporcional a la distancia a la que se encuentra el lugar de origen
del estimulo (el electrodo) del circuito de reentrada. La diferencia entre el PPl y la longitud
de ciclo (TCL, tiempo que tarda un impulso en dar una vuelta al circuito) es el ciclo de
retorno, que corresponde justamente al tiempo que tarda nuestro estimulo en llegar y
volver al/del circuito. De este modo, si el ciclo de retorno es 0, estarifamos estimulando

desde un punto perteneciente al circuito.

Los componentes criticos de un circuito de reentrada (figura 17) son la propia entrada al
circuito (entrance), el istmo de conduccidn lenta y la salida (exit site); son absolutamente
necesarios para mantener la reentrada y tienden a estar anatdmicamente delimitados, por
lo que la ablacién en estos sitios tiene una alta probabilidad de terminacién de la arritmia.
Estos componentes, asi como los “no criticos” (circuito externo o outer loop, y circuitos
activados de forma pasiva como los inner loops o by-standers), pueden identificarse
mediante maniobras de encarrilamiento, atendiendo a los criterios de PPl y ciclos de
retorno recogidos en la tabla 3. (246) Ademas de estos criterios, se utilizan el grado de
fusiény el tiempo transcurrido desde el estimulo hasta el QRS estimulado (S-QRS). La fusién
se refiere a la obtencién de una morfologia de QRS estimulado intermedia entre el QRS de
la TVy la que corresponderia a un QRS estimulado puro. Cuando se estimula desde sitios
anatodmicamente “protegidos” (p.ej. el istmo) del circuito, la fusion estd “oculta”, porque el
estimulo sale por el mismo sitio (exit site) que la taquicardia, y el QRS estimulado sera

idéntico al de la taquicardia (tabla 4). (246)
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Figura 17. Modelo esquemdtico de los componentes de un/c?«z(zgo de reentrada. Ver texto para detalles. De Guandalini et
al.

Sitio del circuito Fusion Encarrilamiento S-QRS/TCL
Salida Oculta PPl = TCL (= 30 ms) < 30%
[stmo central Oculta PPl = TCL (= 30 ms) 30-50%
Entrada Oculta PPl = TCL (= 30 ms) 50-70%
Inner loop Oculta PPl = TCL (= 30 ms) >70%
By-stander adyacente Oculta PPl > TCL Variable
Outer loop Manifiesta PPl = TCL (= 30 ms) < 30%
By-stander remoto Manifiesta PPl > TCL < 30%

Tabla 4. Identificacion de los distintos componentes de un circuito de reentrada (figura 16) mediante maniobras de

encarrilamiento. De Stevenson et al. (246)

Finalmente, la utilizacién de las maniobras de encarrilamiento queda limitada (247) al grado

de tolerancia hemodindmica de la taquicardia. Ademas, muchos circuitos de reentrada
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tienen una estructura tridimensional, localizdndose los componentes criticos del circuito en
zonas profundas de la pared miocéardica, no accesibles al catéter mediante mapeo

endocardico o epicardico. (248,249)

g.4.3 Mapa de topoestimulacion (pacemapping)

Cuando una TV por reentrada es mal tolerada hemodinamicamente, la utilizacidon de esta
técnica permite identificar, al realizar una comparacién entre la morfologia del QRS de la
TV y el QRS estimulado, el exit site del circuito. En dicho punto, ambas morfologias van a
ser coincidentes (cercanas al 100% de correlacidn). Por el contrario, la estimulacién desde
miocardio cercano al sitio de entrada al circuito, siendo un punto critico del mismo, obtiene
una morfologia de QRS que es completamente opuesta a la de la TV. (250) Tal es asi, que
en un elegante trabajo de De Chillou et al. (251) se utilizé el criterio de transicidn abrupta
de una morfologia de QRS idéntica a la de la TV a una completamente diferente para
identificar el lugar del istmo critico del circuito. En el istmo, por tanto, se pueden obtener
morfologias cambiantes, en funcion de la direccion de propagaciéon del impulso

estimulado. (252)

Aunque histéricamente, la evaluacién del grado de correlacidn se realizaba de forma
cualitativa (p.ej. nimero de derivaciones concordantes), posteriormente se describieron
algoritmos que permitian la cuantificacién del grado de correlacidn, (253,254) y que
actualmente van incorporados en el software de los sistemas de navegacidn
electroanatémica. En la figura 18 se muestra un ejemplo de éptima correlacién con el QRS

dela TV clinica por pacemap (94,2%) al estimular desde el catéter de ablacién, posicionado
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en la entrada de un canal de tejido heterogéneo identificado por RM; este hallazgo nos

indica que dicha entrada corresponde al exit site del circuito de reentrada en TV.

?-1-RelV (310, 0) 02 Corr

Time  Correlation

o
Col InfP4 1
e

None

767 1220 158 0.942

Figura 18.Paciente con TV por reentrada en relacion a cicatriz post-IAM septobasal. Optima correlacion con el ORS de la
TV clinica por pacemap (94,2%) al estimular desde el catéter de ablacion, posicionado en la entrada de un canal de tejido
heterogéneo (linea blanca) identificado por RM pre-procedimiento. La entrada corresponde, por tanto, al exit site del
circuito de reentrada en TV. Figura original.

g.4.4 Mapa y ablacion de sustrato

En pacientes con TV no inducible o no mapeable (p.ej. por mala tolerancia hemodinamica)
asociada a cardiopatia estructural, el mapeo del sustrato anormal durante ritmo sinusal
puede ayudar a identificar los sitios que participan en el circuito reentrante durante la TV.
El &rea con sustrato anormal se puede definir utilizando sistemas de mapeo
electroanatémico como areas con EGM de bajo voltaje, con valores > 1.5 mV considerados
normales y < 0.5 mV consistentes con cicatriz densa (figura 19). (255) La ablacion del

sustrato también se basa en el concepto de que las dreas necesarias para mantener la
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reentrada exhiben propiedades electrofisioldgicas distintas al tejido normal durante el
ritmo sinusal, como la presencia de activacion lenta o retrasada, que se puede mapeary

anotar para la ablacién posterior.
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Border Zone: 0.5-1.5 mV
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Figura 19. A) Definiciones de voltaje tisular. Desde endocardio, el voltaje normal se define como > 1.5 mV, mientras que el
corees < 0.5mVyBZes de 0.5mVa 1.5 mV (EGM bipolares registrados con catéteres con un electrodo en la punta de 4
mm, espacio entre electrodos de 1 mm y filtrado a 10-400 Hz). B) Esquema de los circuitos relacionados con la cicatriz:
entrada (estrella verde), istmo (zona gris) y salida (estrella roja). De Bricerio et al. (256)

La primera descripcién sobre ablacién de sustrato la establecié el grupo de Marchlinski,
(255) realizando lineas de ablacion dentro de la cicatriz en funcién de los hallazgos del

pacemapping. Posteriormente, se han descrito varias técnicas de ablacién de sustrato,
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como la ablacién de potenciales tardios (late potentials, LP), (257,258) ablacién de EGM
anormales (local abnormal ventricular activities, LAVA), (259) homogeneizaciéon de la
cicatriz, (260) aislamiento del core, (26 1) o descanalizacién de la cicatriz (scar dechanneling,
SD) (figura 20). (262-264) Independientemente de la técnica empleada, el objetivo gold
standard de la ablacidn es la consecucion de no inducibilidad para AV sostenidas al
terminar el procedimiento. En el ensayo clinico aleatorizado VISTA, de pacientes con Cly
TV estable, la ablacion del sustrato redujo las recurrencias de TV (15,5% vs. 48,3% al ano)
en comparacion con la ablacidén convencional, lo que respalda adn mas la estrategia de
ablacionar todo el sustrato. (265) En un metaanalisis reciente, se demostré que el mapeo
de sustrato y la ablacién disminuyen el endpoint combinado de AV recurrentes y mortalidad
total a largo plazo. (266) Por otra parte, se han descrito tasas de descompensacién
hemodindmica (asociada a aumento de mortalidad) de hasta el 11% cuando se realiza la
ablacién de forma convencional (es decir, mapeando y ablacionando todas y cada una de

las TV inducibles en el paciente). (267)

Los resultados de los 5 ensayos clinicos aleatorizados clasicos (SMASH-VT, VTACH,
CALYPSO, VANISH y SMS) (268-272) en los que se basan las indicaciones para ablacion de
sustrato en Cl en la actualidad se recogen en la tabla 5. Sin embargo, se debe destacar la
dificultad que tuvieron estos ensayos para el reclutamiento de pacientes; contintdan siendo

necesarios estudios adicionales con mayor poder estadistico.
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Scar Dechanneling B Late Potentials and Local
Abnormal Ventricular Activities

LPs: Ablation of any low voltage
EGM (<1.5 mV) with a single
component or multiple continuous
delayed components, recorded after
the surface ORS.

Identification of a corridor of
consecutive EGMs with delayed
componenets (conducting channels),
and subsequent ablation of the
entrance regions.

LAVA: Ablation of sharp high-
frequency ventricular potentials
ocurring anytime from the ventricular
EGM (before-VT, during/after-NSK)

D Homogenization

- =

./_\»-}

c Core Isolation

Ablation lestons aimed 1o

Isolation of the area that
cover the entire scar

incorporates critical VT circuit
elements. (homogenization of the scar)
) targeting all abnormal
electrograms.

Figura 20. Distintas estrategias para la ablacion de sustrato. A) Scar dechanneling; B) ablacion de potenciales tardios y
LAVAs; C) aislamiento del core; D) homogeneizacion de la cicatriz. De Bricerio et al. (256)
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. N Criterios de N° Brazos del .
Estudio Aho . . s . . Hallazgos Comentarios
inclusion pacientes estudio

Substrate Mapping and 2007 | IAM previo, primera AV 128 Ablacion de sustrato - La ablacion disminuyd la Se excluyeron
Ablation in Sinus Rhythm to o terapia apropiada de endocardico vs. probabilidad de TV que pacientes con FAA.
Halt Ventricular Tachycardia DA, sin FAA previo. tratamiento médico requiriera terapias de DAI (67%
(SMASH-VT) (268) estéandar. vs. 88%; p = 0,007).

- Sin diferencias en mortalidad.
Ventricular Tachycardia 2010 | IAM previo, FEVI < 50% 107 Ablacién de sustratoy | - Menor recurrencia de TV con la Hubo una recurrencia
Ablation in Coronary Heart y TV estable, candidatos DAl vs. DAI sélo. ablacion (29% vs. 47%; p = 0,044) | > 50% en el brazo
Disease (VTACH) (269) a DAl en prevencién Ambos grupos podian | - Sin diferencias en mortalidad. ablacién a 2 afios.

secundaria. recibir FAA.

Catheter Ablation for 2015 | Cl, sin contraindicacién 27 Ablacion vs. FAA (1° - Menor riesgo de recurrencias Pocos pacientes. Sin
Ventricular Tachycardia in para FAA, con > 1 linea: amiodarona, con FAA (43% vs. 62%). poder estadistico
Patients with Implantable choque de DAl 0 >3 sotalol; 2° linea: - Tiempo mediana a recurrencia suficiente.
Cardioverter Defibrillator ATPs apropiadas. mexiletina, ranolazina, | maés largo en el brazo ablacién
(CALYPSO) (270) dofetilide) (75 vs. 45 dias)
Ventricular Tachycardia 2016 | IAM previo, DAly TV 259 Ablacion vs. - Menor aparicién de evento
Ablation versus Escalated recurrente a pesar de escalamiento de FAA compuesto (mortalidad total,
Antiarrhythmic Drug FAA. (amiodarona, tormenta arritmica o terapia
Therapy in Ischemic Heart mexiletina) apropiada de DAl a los 30 dias)
Disease (VANISH) (271) en el brazo ablacién (59,1% vs.

68,5%; p = 0,04)

- Més eventos adversos en el

brazo de FAA.
Substrate Modification Study | 2017 | Cl, FEVI < 40%y TV 111 Ablacién de sustratoy | - Supervivencia libre de AV similar

(SMS) (272)

inestable esponténea o
inducida en EEF tras
parada cardiaca o
sincope.

DAl vs. DAl sélo.

en ablacién vs. grupo sélo DAI
(49% vs. 52,4%; p = 0,84).

- Menor n° de episodios de TV en
el grupo ablacién (2,8 vs. 8,1; p =
0,015) incluyendo los que
requirieron terapia de DAI.

Tabla 5. Principales ensayos clinicos aleatorizados comparando la ablacion de sustrato de AV en CI vs. tratamiento convencional. FAA: Farmacos antiarritmicos. Tabla modificada de Tilz et al. (273)
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En un estudio prospectivo multicéntrico reciente, (274) Fernandez-Armenta et al. analizaron
los resultados clinicos de la ablacién de sustrato mediante la técnica de scar dechanneling
en 402 pacientes, con una mediana de seguimiento de 2 afos (P2s-P7s 7-39 meses). El
65,8% de los pacientes eran isquémicos. La supervivencia acumulada libre de AV al finalizar
el seguimiento fue del 72,2% (figura 21, encontrandose mas de la mitad de los pacientes
(55%) sin tomar tratamiento antiarritmico alguno. Hubo una ligera tendencia a una peor

supervivencia en pacientes no isquémicos respecto a los isquémicos (figura 22). (274)

Cuando se realizan técnicas de ablacién de sustrato, independientemente de la técnica
elegida, es importante la evaluacion del sustrato “funcional”, esto es, identificar zonas con
posible conduccién enlentecida oculta en ritmo sinusal (es decir, “corredores” potenciales
de circuitos de reentrada no visibles ni por mapas de voltaje ni por las caracteristicas de los
EGM, que pueden estar falsamente enmascarados por la sefal del miocardio sano
circundante). Existen varias técnicas descritas al respecto, que han demostrado mejorar los

resultados de la ablacién de sustrato. (275-280)
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Figura 21. Predictores de recurrencia de AV tras ablacion de sustrato asociado a cicatriz miocardica. La persistencia de
inducibilidad para TV con estimulacion programada o la no consecucion de una ablacion completa del area con EGM
anormales tiene relacion directa con una mayor tasa de recurrencias. De Fernandez-Armenta et al. (274)
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Figura 22. Diferencias en supervivencia libre de AV tras ablacion de sustrato (mediante la técnica de scar dechanneling) en
funcion de la cardiopatia de base. ARVC: arrhythmogenic right ventricular cardiomyopathy, ICM: ischemic
cardiomyopathy; NICM: non-ischemic cardiomyopathy. De Fernandez-Armenta et al. (274)
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h. Papel de la Resonancia Magnética Cardiaca en la ablacion de Arritmias Ventriculares en

Cardiopatia Isquémica

Todo lo que se ha comentado en el apartado anterior respecto a las técnicas de mapeo y
ablacién, ya sea convencional o de sustrato, resulta aplicable cuando las imédgenes de RM
estan disponibles durante los procedimientos. El hecho de disponer in situ de un mapa del
sustrato derivado de las imagenes de PS| puede permitir la identificacion rapida y fiable de
los componentes del circuito de reentrada, si atendemos a la correlacién demostrada entre
la RM y los hallazgos histoldgicos, o entre ésta y los hallazgos de los EAM, como ya se ha

venido comentando previamente en anteriores apartados de la Tesis.

La utilidad de la RM, ademas de ayudar en la identificaciéon de las dianas o targets de
ablacién, va ain mas alla, al permitir evaluar la localizacién o el grado de transmuralidad
del sustrato, ayudando de esta manera en la toma de decisiones respecto al mejor abordaje
para realizar la ablacién (acceso endocérdico, epicardico, o combinado endo-epicéardico).

Comentaremos estos aspectos en los siguientes apartados.

h.1 Seleccion de la via de abordaje para la ablacion
Clasicamente, la decisién acerca de la via de abordaje a realizar durante la ablaciéon
(endocérdica, epicérdica o endo-epicardica) se ha tomado teniendo en cuenta la

morfologia del ECG de la TV, la ubicacién del sustrato més probable en funcién de la
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cardiopatia subyacente o el éxito o ausencia de él tras una ablaciéon endocérdica previa.
(281) Disponer de las imédgenes de RM-RTG previamente al procedimiento tiene la utilidad
potencial de identificar la ubicacién de la fibrosis y, de esta manera, ayudar a una mejor
planificacidn del procedimiento. (189) En un estudio de Andreu et al. (189) realizado en 80
pacientes con TV asociada a cardiopatia estructural, el RTG estaba presente en el 96% de
los puntos de ablacidn exitosa de la TV clinica. Ademas, la presencia de RTG subepicérdico
mostré un 85% de sensibilidad y un 100% de especificidad para predecir un origen

epicardico de la TV.

El acceso epicérdico durante los procedimientos de ablacidn implica realizar una puncién
subxifoidea para acceder al espacio pericardico. En pacientes con Cl, la realizacién de un
abordaje combinado endo-epicérdico se ha relacionado con una menor tasa de recurrencia
arritmica durante el seguimiento, ya sea como estrategia de primera linea o después de
una ablacion endocérdica previamente fallida. (260,282) Sin embargo, cuando se realiza el
abordaje endo-epicéardico de manera sistematica, (260) o bien atendiendo meramente al
fracaso previo del abordaje endocardico, (282) la realidad es que una significativa
proporcion de pacientes no van a presentar sustrato epicardico ablacionable, por lo que
en algunos casos se habra realizado una técnica no exenta de riesgos (p. ej. perforacién
cardiaca) y con escasa rentabilidad terapéutica. En este sentido, seleccionar los mejores
candidatos para un abordaje endo-epicardico de primera linea basado en imédgenes de RM

pre-procedimiento ha demostrado ser mucho mas eficiente. (283)
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h.2 Integracion de la RM-RTG durante la ablacidn

La integracion de las imagenes de PSI derivadas del RTG en RM permite representar la
cicatriz (el sustrato) desde el comienzo del procedimiento, lo que ayuda a enfocar el mapeo
con el catéter (EAM) en esta area. Ademas, la forma, los limites y el tamafio de la cicatriz no
se alteran en el RTG como ocurre en los EAM, en éstos debido al efecto de campo lejano
del tejido sano circundante, que enmascara en algunos casos los EGM locales patoldgicos,
como ya ha sido discutido previamente. Esto resultaria de especial interés en cicatrices
pequenas, subendocardicas, heterogéneas. Por otra parte, la integracién de la informacién
de PSI permite identificar la presencia de HTC (o BZC), su anchura y profundidad (grado de

transmuralidad), y localizar las entradas de los mismos (figura 13).

A pesar de estas ventajas tedricas, no existen estudios aleatorizados previos disefiados para
probar los beneficios adicionales reales de este enfoque en comparacién con el uso del
EAM sdlo. Sin embargo, existe evidencia creciente sobre los beneficios de su utilizacion.
Investigadores de Burdeos (Francia) analizaron retrospectivamente la supervivencia libre
de TV en una serie consecutiva de 125 pacientes con Cl sometidos a ablacion de TV, (284)
encontrando que el uso de la integracidn de la RM se asocié de forma independiente con
una menor tasa de recurrencias. Otro anélisis prospectivo reciente de 24 pacientes con TV
asociada a cicatriz mostré que enfocar el EAM en las areas con RTG se asocio
significativamente con menores recurrencias. (285) En un trabajo reciente de Andreu et al.
(286) se evaluaron los beneficios de la integracién de la RM en una poblacién consecutiva
de 159 pacientes sometidos a ablacion de TV mediante la técnica de scar dechanneling. En

este trabajo, la ayuda al procedimiento con integracién de la RM se asocié con una menor
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necesidad de administracion de RF, mayores tasas de no inducibilidad después de la
ablacién del sustrato y una mayor supervivencia libre de recurrencia de TV. Sin embargo, la
eleccion de los targets de ablacién (en el caso del scar dechanneling, las entradas de
canales de conduccidn lenta) continud selecciondndose de la manera cldsica, esto es,

guiada por las caracteristicas de los EGM registrados por el catéter (el EAM).

En vista de toda esta evidencia, la declaracién de consenso de expertos publicada
recientemente sobre la ablacidn con catéter de las AV (5) incluye dos nuevas indicaciones
con respecto al uso de la RM: i) la recomendacion de realizar una RM-RTG previa al
procedimiento en pacientes isquémicos y no isquémicos sometidos a ablacion de TV para
reducir las recurrencias; y ii) utilizar la informacién de la RM previa al procedimiento para su

planificacién. Ambas indicaciones tienen hoy en dia una recomendacién de clase lla.
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I. Papel de la Tomografia Computarizada en la identificacion del sustrato y la ablacion de

Arritmias Ventriculares en Cardiopatia Isquémica

Tradicionalmente, la RM-RTG ha estado contraindicada en los portadores de marcapasos o
DAl por razones de seguridad. Sin embargo, estudios recientes han demostrado que la RM
es segura en estos pacientes. (287,288) Aun asi, los artefactos debidos a la presencia de
estos dispositivos pueden comprometer la calidad de las imagenes, especialmente en la
pared anterior del VI. No obstante, existen secuencias de banda ancha (wideband) que han

permitido reducir estos artefactos. (289,290)

Frente a la RM, existen varios grupos de investigaciéon que han analizado el posible papel
de la tomografia axial computarizada (TAC) para la identificacidon y analisis del sustrato
arritmogénico. La TAC es, habitualmente y en comparacién con la RM, una técnica mas
barata, accesible, rapida y no susceptible a los artefactos de los dispositivos de
estimulacion. Aunque tiene una mejor resolucién espacial que la RM (unos 0.5 mm, lo cual
le permite ser la técnica ideal para la delimitacidon del trayecto de las coronarias, el seno
coronario, el nervio frénico y otras estructuras relevantes), (291-293) su relacion
contraste/ruido es peor. La TAC es una técnica de bajo contraste en los tejidos blandos
porque presentan coeficientes de atenuacidon muy similares. Por eso, la capacidad de la

TAC para discriminar miocardio sano de cicatriz es menor que la de la RM.
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A pesar de ello, se han descrito dos métodos principales para la caracterizacion de la
cicatriz por TAC: i) areas de realce tardio de yodo; (294) vy ii) dreas de adelgazamiento de
la pared ventricular. (295) El realce tardio en la TAC se basa en el hecho de que la cinética
de los contrastes yodados (los empleados en la TAC) es similar a la de los basados en el
gadolinio, (296) de tal manera que la informaciéon mostrada seria parecida a la obtenida

con RM-RTG. (297)

En pacientes con Cl, la TAC ha mostrado una buena correlaciéon con los EAM de la cicatriz,
sobre todo en aquellos pacientes con cicatrices transmurales, pero la correlacion es méas
débil en casos de cicatrices no transmurales o miocardiopatias no isquémicas. (298) Los
HTC que transcurren dentro de la cicatriz pueden identificarse mediante la TAC, ya que
permite detectar diferencias de grosor parietal local en la zona fibrética. Las areas de
adelgazamiento detectadas por la TAC se correlacionan con las zonas de bajo voltaje (< 1,5
mV)y con la distribucién de LAVA en los EAM. (295,299) Ademas, se ha descrito una buena
correlacion entre estos canales de la TAC, definidos como “crestas miocardicas” (ridges), y

los istmos de los circuitos de TV. (300)
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5. HIPOTESIS DE TRABAJO Y

0BJETIVOS

HIPOTESIS DE TRABAJO

Esta Tesis, como su titulo indica, pretende evaluar la utilidad de la RM cardiaca, como
técnica de imagen no invasiva, accesible e inocua, para identificar y caracterizar el sustrato
arritmogénico en pacientes con Cl cronica, de manera que esta técnica sea util y aplicable
al paciente en distintos momentos evolutivos desde el punto de vista arritmico (prevencion
primaria vs. secundaria) tras el evento isquémico agudo. Asi, la Tesis desarrolla a las
distintas utilidades que podemos aprovechar de la RM en pacientes con Cl, y que seran el
contenido de las correspondientes hipdtesis y objetivos: i) evaluacién de la presencia y
evolucidn temporal del sustrato arritmogénico; ii) utilidad para la estratificacion del riesgo

arritmogénico; y iii) utilidad en el tratamiento de las AV asociadas a la cicatriz post-IAM.

La utilidad de la RM para caracterizar el remodelado de la cicatriz post-IAM a largo plazo
tras un evento isquémico agudo es un aspecto que no ha sido explorado en la literatura,
mas alld de algun reporte en modelos experimentales animales, o en ser humano a corto
plazo (meses) tras el IAM. El remodelado adverso del miocardio remoto a la cicatriz

constituye un aspecto fisiopatolégico que si ha sido mas ampliamente evaluado, y que tiene
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relaciéon con el deterioro progresivo de la funcién sistdlica del VI 'y aparicién de IC. Por el
contrario, el remodelado intrinseco en la zona de la cicatriz resulta un proceso desconocido

en la clinica. La primera hipdtesis de la Tesis plantea que la cicatriz post-IAM sufre un

proceso de remodelado intrinseco a largo plazo, y que ese remodelado es evaluable
mediante RM. Planteamos, ademds, que ese proceso de remodelado podria tener
consecuencias relevantes en el desarrollo de un potencial sustrato arritmogénico, y que
podria explicar por qué muchos pacientes presentan AV afnos después del evento

isquémico agudo.

Por otra parte, los cambios histolégicos que ocurren en la cicatriz tras un IAM, y que pueden
ser evaluados mediante RM seriadas, dependen de una respuesta inflamatoria local,
mediada por diversas citocinas y células del sistema inmunoldgico, entre las que se
encuentran los monocitos. En este sentido, del equilibrio entre las respuestas pro-
inflamatoria y anti-inflamatoria va a depender el dafo y reparacidn tisulares que ocurren a
nivel local, lo cual estaria en intima relacion con la cantidad y distribucidn final de “tejido
salvado” dentro de la cicatriz. Este resultado podria tener relacidon con distintos patrones
de cicatrizacién, y con el desarrollo o no de un sustrato arritmogénico “critico” para generar

AV. Planteamos, como segunda hipétesis de la Tesis, que la distribucién de las distintas

subpoblaciones monocitarias que aparecen tras un IAM podrian influir en las caracteristicas

observables de la cicatriz, medidas por RM.

Por otro lado, en esta Tesis se plantea realizar un estudio comparado entre la RM y otra

técnica de imagen ampliamente utilizada en la clinica y por otros grupos de investigacién
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en Electrofisiologia, la tomografia axial computarizada (TAC). Esta técnica permite evaluar
diferencias locales de grosor miocérdico dentro del &4rea de adelgazamiento
correspondiente a la cicatriz, y permite identificar “canales” de engrosamiento tisular, que
serian el equivalente a los corredores o canales de tejido viable/heterogéneo que podemos
ver con la RM, y por tanto corresponden con lo que definiriamos como sustrato

arritmogénico. La tercera hipdtesis de la Tesis plantea la superioridad de la RM respecto a

la TAC a la hora de identificar el sustrato arritmogénico de la cicatriz.

Actualmente, la estratificacion de riesgo de arritmias ventriculares en pacientes con
cardiopatia isquémica crénica se basa en la evaluacidon de la funcién sistélica del VI,
cuantificada como FEVI. De esta manera, aquellos pacientes con una FEVI < 35% se
consideran de alto riesgo y reciben implante de un DAI en prevencion primaria, mientras
que aquéllos con una FEVI > 35% no lo reciben, a pesar de que este ultimo grupo de
pacientes es el mas frecuente en préctica clinica, y el que engloba, en términos absolutos,
el mayor nimero de eventos arritmicos durante el seguimiento. La RM podria ser (til para
identificar a aquellos pacientes con cardiopatia isquémica crénica que van a desarrollar AV,
atendiendo a las caracteristicas diferenciales de la cicatriz miocéardica que podemos evaluar

con la técnica, y de forma independiente a la FEVI. En este sentido, nuestra cuarta hipdtesis

de la Tesis plantea que la cantidad de cicatriz, y particularmente la cantidad de tejido
heterogéneo o border zone (BZ) y su distribucién en forma de canales o corredores de
miocardio viable, son pardmetros que permiten estratificar mucho mejor que la FEVI el

riesgo arritmico.
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Finalmente, la ablacién de sustrato de TV constituye un tratamiento eficaz para pacientes
con episodios recurrentes de TV en relacion a la presencia de cicatriz miocardica, como es
la cicatriz post-IAM. Sin embargo, las tasas de recurrencia post-ablacién, en series
modernas, contindan siendo altas, y los procedimientos requieren de una alta cualificacién
y experiencia por parte de los operadores. Ademas, este tipo de intervenciones pueden
llegar a requerir mucho tiempo en quiréfano (habitualmente, horas), incrementando
potencialmente el riesgo de complicaciones. Estudios recientes han demostrado que
ayudar la ablacién mediante la integracién de mapas PSI, obtenidos a partir de lasimagenes

de RM-RTG, resulta en procedimientos mas eficientes y consigue mejorar la supervivencia

libre de recurrencia de TV. La quinta y ultima hipdtesis de la Tesis plantea que realizar la
ablaciéon de sustrato de TV guiada exclusivamente por los mapas PSI obtenidos a partir de
las imédgenes de RM-RTG es viable y beneficiosa en términos de resultados clinicos post-

intervencion.
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OBJETIVOS DE LA TESIS

Objetivos generales:

e Evaluar la presencia de cicatriz miocérdica, caracterizar los componentes de la
misma y analizar sus modificaciones a lo largo del tiempo mediante realizacion de
RM seriadas tras un IAM con elevacién de ST.

e Evaluar la presencia de potencial sustrato arritmogénico (HTCs en la RM) y su
evolucidn en cada uno de los momentos temporales evaluados tras el IAM.

e Investigar el papel de los monocitos circulantes en sangre periférica (células del
sistema inmune implicadas en procesos de inflamacién/reparacion tisular) y sus
distintas subpoblaciones: clasicos o CLM (CD14** CD167), intermedios o INTM
(CD14** CD16") y no clasicos o no-CLM (CD14* CD16**), en la formacion de la
cicatriz después de un IAM, evaluada ésta con RM.

e Evaluar el valor predictivo clinico de las diferentes subpoblaciones monocitarias y
otros biomarcadores evaluados, en paralelo con el valor predictivo de la RM, asi
como el valor incremental de la utilizaciéon conjunta de biomarcadores y RM.

e Investigar el rendimiento general de la tomografia axial computarizada (TAC) para
identificar la presencia de sustrato arritmogénico en pacientes con infarto crénico
de miocardio, comparado con el rendimiento de la RM, considerada la técnica de
imagen gold standard.

e Investigar la utilidad de la RM para identificar a aquellos pacientes post-infarto de

miocardio (crénico) en riesgo de presentar AV malignas.
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e Evaluar la viabilidad y el beneficio potencial de realizar los procedimientos de
ablacién de sustrato de TV guiando la ablacion exclusivamente mediante los mapas

de intensidad de sefales de pixeles (PSI) derivados de la RM-RTG.

Objetivos especificos:

e Validar la utilidad general de la RM, tanto de 1.5 como de 3 Tesla, y un protocolo de
adquisiciéon de imagenes en la identificacion, medicién y evaluacién de la fibrosis
miocardica, asi como de la distribucién cualitativa y cuantitativa de sus distintos
componentes.

e Evaluar la utilidad de una adquisicidon de viabilidad 3D con RM de 3 Tesla en la
obtencién de imagenes de alta calidad para ser post-procesadas con el software
ADAS3D. El objetivo de este post-procesamiento sera:

o Cuantificar la cicatriz.

o Caracterizar la cicatriz dividiéndola en sus componentes: cicatriz densa
(“core”) y cicatriz heterogénea ("border zone").

o lIdentificar potenciales canales de conduccién lenta, equivalentes a HTCs
dentro de la cicatriz, mediante reconstrucciones 3D de las imadgenes de RM
post-procesadas con hasta 10 cortes, desde el endocardio hasta el epicardio.

o Establecer la posible relacion entre las diferentes caracteristicas de la cicatriz
y los eventos clinicos, e identificar potenciales diferencias entre cicatrices
arritmogénicas y no arritmogénicas.

o Disponer de un banco de imagenes de RM post-procesadas en pacientes

post-IAM para utilizar en caso de aparicion de eventos arritmicos. Estas
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imagenes, incluso, se podrian importar al sistema de navegacion utilizado en
caso de precisar realizar un tratamiento invasivo (ablacién) de las AV.

e Evaluar la utilidad de una adquisicion TAC en la obtenciéon de imégenes de alta
calidad para ser post-procesadas con el software ADAS3D. El objetivo de este post-
procesamiento sera:

o Cuantificar la cicatriz, evaluada como el &rea con un adelgazamiento mural
del miocardio <5 mm.

o Caracterizar la cicatriz identificando zonas de engrosamiento local del
miocardio con forma de canales o corredores (“ridges”).

o Establecer una posible relacién entre los ridges de miocardio identificados y
los canales de tejido heterogéneo identificados por RM-RTG.

o Disponer de un banco de imégenes de TAC post-procesadas en pacientes
post-IAM.

e FEvaluar la utilidad del post-procesado de las imégenes de TAC para guiar
procedimientos de ablacidn de sustrato, tras su importacién a un sistema de
navegacion electroanatémica, en comparacién con la utilidad de la RM.

e Describir la utilidad predictora para AV de la masa de BZC, nuevo pardmetro
cuantificable de la cicatriz mediante RM-RTG.

e Evaluar las diferencias en la capacidad predictora de eventos entre distintos
parametros evaluables por RM para la cicatriz: masa total de cicatriz, masa de border
zone, masa de core, y masa de canales de border zone.

e Evaluar la capacidad predictiva para eventos arritmicos de la RM respecto al gold

standard, que es la FEVI.
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e Evaluar el valor predictivo incremental de la utilizacién de la RM junto a la FEVI para
la estratificacion del riesgo de presentar AV post-IAM.

e Evaluarla seguridad de los procedimientos de ablacion de sustrato de TV mediante
una técnica guiada exclusivamente por imagen (RM-RTG).

e Evaluar la eficacia aguda de los procedimientos de ablacién de sustrato de TV
guiados exclusivamente por RM-RTG, en términos de inducibilidad post-ablacion y
eliminacién completa del sustrato (es decir, eliminacién de todos los electrogramas
anormales de la cicatriz) empleando la técnica de scar dechanneling adaptada al uso
exclusivo de RM-RTG.

e Evaluar la eficiencia de los procedimientos de ablacién de sustrato de TV guiados
exclusivamente por RM-RTG, en términos de tiempo total de procedimiento, tiempo
de fluoroscopia y tiempo de RF aplicada.

e Evaluar la eficacia clinica de los procedimientos de ablaciéon de sustrato de TV
guiados exclusivamente por RM-RTG, en términos de recurrencias de TVMS o

terapias apropiadas de DAl al afio de seguimiento.
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6. PUBLICACIONES

SUBPROYECTO 1. UTILIDAD DE LA CARDIORRESONANCIA EN LA EVALUACION DE LA
PRESENCIA Y EVOLUCION DEL SUSTRATO ARRITMOGENICO EN EL POST-INFARTO

CRONICO DE MIOCARDIO.

Articulo 1: Follow-Up After Myocardial Infarction to Explore de Stability of Arrhythmogenic Substrate —

The FOOTPRINT Study

Jauregui B, Soto-Iglesias S, Penela S, Acosta J, Fernandez-Armenta J, Linhart M, Terés S,
Syrovnev V, Zaraket F, Hervas V, Prat-Gonzalez S, Perea RJ, Morales-Ruiz M, Jiménez W,

Lasalvia L, Bosch X, Ortiz-Pérez JT, Berruezo A. Follow-Up After Myocardial Infarction to

Explore the Stability of Arrhythmogenic Substrate. JACC Clin Electrophysiol 2020;6:207-

218. FACTOR DE IMPACTO (2020): 6.375. AREA DE CONOCIMIENTO: Cardiology and

Cardiovascular Medicine. CUARTIL: Q1.

Los objetivos generales del estudio son:
e Evaluar la presencia de cicatriz miocardica, caracterizar los componentes de la
misma y analizar sus modificaciones a lo largo del tiempo mediante realizacién de

RM seriadas tras un IAM con elevacidn del ST.
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e Evaluarla presencia de potencial sustrato arritmogénico (HTC en la RM) en cada uno

de los momentos temporales evaluados tras el IAM.
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RESUMEN ESTRUCTURADO

Objetivos: Nuestro objetivo es caracterizar el proceso de remodelaciéon de la cicatriz a
largo plazo después de un infarto agudo de miocardio (IAM) y el sustrato arritmogénico
relacionado con la cicatriz subyacente utilizando resonancia magnética cardiaca con realce
tardio de gadolinio (RM-RTG) seriada.

Antecedentes: Poco se sabe sobre el curso de tiempo necesario para completar el proceso
de cicatrizacion de la cicatriz después del IAM, que puede evaluarse mediante técnicas de
imagen cardiaca no invasivas, como la RM-RTG.

Métodos: Se incluyeron de forma consecutiva 56 pacientes con |AM con elevacién del ST
(IAMCEST) revascularizado. Se realizaron RM-RTG de 3-Tesla a los 7 dias (7d), 6 meses (6m)
y 4 afos (4y) después del IAMCEST. El miocardio se segmenté en 10 capas desde el endo-
hasta el epicardio, caracterizando el core, la border zone (BZ) y los canales de BZ (BZC)
utilizando un software de post-procesamiento dedicado.

Resultados: La edad media fue de 57 £ 11 afios, 77% hombres. La fraccién de eyeccién del
ventriculo izquierdo (FEVI) mejord a los 6m del 47% al 51% (p < 0,001), permaneciendo
estable a los 4y (53%, p = 0,21). La masa cicatricial total disminuyé de 20,3 + 14,6 ga 15,3
*13,3g(bm)y 12,7 £ 11,7 g (4y) (p < 0,001). 30/56 (53%) pacientes mostraron una media
de 1,5 = 1,3 CBZ/paciente a los 7 dias, disminuyendo a 1,2 + 1,3 (6m)y 0,8 = 1,0 (4y) (p <
0,01). Solo el 42% de los CBZ iniciales permanecieron presentes después de 4 anos. No
hubo eventos arritmicos tras un seguimiento medio de 62,5 + 7,4 meses.

Conclusiones: E| post-procesamiento de los datos de la RM permite realizar una evaluacion
dindmica de las caracteristicas cuantitativas y cualitativas de las cicatrices post-IAM. El

tamafo de la cicatrizy el nimero de BZC disminuyen de manera constante 4 afios después
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del IAM. La distribucién de BZC se modifica significativamente durante este periodo de
tiempo. Estos pardmetros dindmicos pueden evaluarse de manera fiable con RM y su

evaluacion puede tener valor prondstico.
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VENTRICULAR ARRHYTHMIAS

Follow-Up After Myocardial Infarction n
to Explore the Stability of
Arrhythmogenic Substrate
The Footprint Study

Beatriz Jauregui, MD, MSc,™” David Soto-Iglesias, MSc, PuD,"" Diego Penela, MD, PuD," Juan Acosta, MD, PuD,"
Juan Fernandez-Armenta, MD, PuD," Markus Linhart, MD," Cheryl Terés, MD,* Vladimir Syrovnev, MD,”

Fatima Zaraket, MD,” Vanessa Hervas, RN,” Susana Prat-Gonzalez, MD, PuD,” Rosario J. Perea, MD, PuD,”

Manuel Morales-Ruiz, MD, PuD,” Wladimiro Jiménez, MD, PuD,” Luis Lasalvia, MD, MIB," Xavier Bosch, MD, PxD,"
José T. Ortiz-Pérez, MD, PuD,” Antonio Berruezo, MD, PuD?

ABSTRACT

OBJECTIVES This study aimed to characterize the long-term scar remodeling process after an acute myocardial
infarction (AMI) and the underlying scar-related arrhythmogenic substrate using serial late gadolinium enhancement
cardiac magnetic resonance (LGE-CMR).

BACKGROUND Little is known about the time course needed for completion of the scar healing process after an AMI,
which can be d by noninvasive cardiac imaging techniques such as LGE-CMR.

METHODS Fifty-six patients with revascularized ST-segment elevation AMI (STEMI) were consecutively included. LGE-
CMR (3-T) was obtained at 7 days, 6 months, and 4 years after STEMI. The myocardium was segmented into 10 layers
from the endocardium to epicardium, characterizing the core, border zone (BZ), and BZ channels (BZCs) using a dedicated
post-processing software.

RESULTS Mean age of the patients was 57 + 11 years; 77% were men. Left ventricular ejection fraction improved at
6 months from 47% to 51% (p < 0.001) and remained stable at 4 years (53%; p = 0.21). Total scar mass decreased from 20.3
+14.6 g t015.3 +13.3 g (6 months) and to 12.7 + 11.7 g (4 years) (p < 0.001). Thirty of 56 (53%) patients showed a mean of
1.5 +1.3 BZCs/patient at 7 days, decreasing to 1.2 + 1.3 (6 months) and 0.8 + 1.0 (4 years) (p < 0.01). Only 42% of the initial
BZCs remained present after 4 years. There were no arrhythmic events after a mean follow-up of 62.5 + 7.4 months.

CONCLUSIONS CMR data post-processing permitted a dynamic assessment of quantitative and qualitative post-AMI
scar characteristics. Scar size and number of BZCs steadily decreased 4 years after AMI. BZC distribution was significantly
modified during this time. These dynamic parameters could be reliably assessed with CMR; their evaluation might be of
prognostic value. (J Am Coll Cardiol EP 2020;6:207-18) © 2020 by the American College of Cardiology Foundation.
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ABBREVIATIONS
AND ACRONYMS

AMI = acute myocardial

infarction

BZ = border zone

BZC = border zone channel
ClI = confidence interval
ICC = intraclass coefficient
LGE-CMR = late gadolinium

any clinical and experimental

studies have been conducted in

the field of myocardial remodel-
ing after an acute myocardial infarction
(AMI). However, myocardial remodeling usu-
ally refers exclusively to the maladaptive
changes that affect the remote myocardium
and cause progressive heart failure, which,
in contrast, appear not to be completely
dependent on initial MI size (1). Regarding

enhancement cardiac magnetic
resonance ™o infarcted myocardium, the histopathophysi-
LV = teft ventricatar ology of scar healing has been well described
LVEF = left ventricular ejection (2-) arlld ca.n be asse.ssed by noninvasive car-
fraction diac imaging techniques, such as late gado-

n-RP = no-reflow phenomenon
SCD = sudden cardiac death

STEMI = ST-segment elevation
myocardial infarction

VA = ventricular arrhythmias
VT = ventricular tachycardia

linium enhancement cardiac magnetic
resonance (LGE-CMR). However, little is
known about the time needed for scar heal-
ing completion in a human population (3).

SEE PAGE 219

Deeper characterization of the scar size
and its components (border zone [BZ] and core zone)
can be performed in the acute phase of ST-segment
elevation myocardial infarction (STEMI) using LGE-
CMR (4) and can help to stratify the risk of future
arrhythmic events (5-7). Ventricular arrhythmias
(VAs) are responsible for a continuous high global
incidence of sudden cardiac death (SCD) among the
ischemic population, regardless of left ventricular
ejection fraction (LVEF) (8-10). Border zone channels
(BZCs) within the scar, identified with LGE-CMR, act
as ventricular tachycardia (VT) isthmuses (11) and
correlate well with the slow conducting channels
recognized in electroanatomic maps during VT sub-
strate ablation procedures (12), and thus, constitute
the arrhythmogenic substrate of the scar.

In the present study, we sought to characterize the
long-term remodeling process of post-AMI scar and
its components using LGE-CMR and to describe the
potential changes of the subjacent arrhythmogenic
substrate.

METHODS

PATIENT SAMPLE. We report the results of a pre-
defined endpoint of a prospective observational
study (4). Consecutive patients admitted to our
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institution with a first STEMI, who had percutaneous
revascularization was performed within the first 12 h
from symptom onset, were included from September
2012 to June 2014. Patients who had =1 of the
following criteria were excluded: STEMI >12 h from
symptom onset; history of MI; history of structural
heart disease; age younger than 18 years; life
expectancy <1 year due to noncardiac pathology;
classic contraindication for CMR; or clinical contra-
indication to perform the study within the first week
(i.e., persistent Killip III to IV score, persistent
hemodynamic instability, invasive ventilation, or
intra-aortic balloon pump/left ventricular [LV] assist
device). Patients who were transferred to another
institution within 7 days after admission were also
excluded. LGE-CMR was performed at 7 + 2 days,
6 months, and 4 years post-STEMI in all patients. The
study complied with the Declaration of Helsinki, and
the local ethics committee approved the study pro-
tocol. All participants included in the study (Figure 1)
provided informed written consent.

LGE-CMR PROCESSING. LGE-CMR tests were per-
formed using a 3-T scanner (MAGNETOM Trio,
Siemens Healthcare, Erlangen, Germany). Image
acquisition is summarized in the Online Appendix. All
LGE-CMR images were analyzed using a previously
described technique (13). Full LV volume was recon-
structed in the axial orientation, and the resulting
images were processed with ADAS-3D software (Galgo
Medical, Barcelona, Spain). Ten concentric surface
layers (from 10% to 90%) were created automatically
from the endocardium to the epicardium of the LV
wall thickness. A 3-dimensional shell was obtained
for each layer. Pixel signal intensity maps based on
LGE-CMR images were projected to each shell,
following a trilinear interpolation algorithm, and co-
lor coded. To identify the scar areas, a pixel signal
intensity—based algorithm was applied to charac-
terize the hyperenhanced area as core zone, BZ, or
healthy tissue using 40 + 5% and 60 + 5% of the
maximum intensity as thresholds (Online Figure 1).

MYOCARDIAL SCAR CHARACTERIZATION. Two in-
dependent expert investigators analyzed the LGE-
CMR images, and a third observer was available in
case of discrepancy. The scar mass and areas in each
shell (total scar, BZ, and core) were automatically

The authors attest they are in compliance with human studies committees and animal welfare regulations of the authors’ in-

stitutions and Food and Drug Administration guidelines, including patient consent where appropri

the JACC: Clinical Electrophysiology author instructions page.

For more i ion, visit

Manuscript received July 12, 2019; revised manuscript received September 19, 2019, accepted October 10, 2019.
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1 Study Flow

STEMI cases
n=170

- Complicated STEMI = 18
- Claustrophobia = 21
- Transfer to referral hospital = 27

- Pacemaker carrier = 3
- Patient refusal = 1

Complete LGE-CMR study

N=100
Poor image quality
N=8
Finally included
N=92

-Aboned SCD

N=91

Valid 180-Day LGE-CMR

- Lost follow-up = 21

- Poorimage quality =6

- Patient refusal =4

Valid 4-year LGE-CMR
N=56

- Impaired renal function=1

- Claustrophobia = 1

- Concomitant QT treatment = 1

- Re-AMI (same territory as original) = 1

STEMI = ST-segi L dial inf:

y

AMI = acute myocardial infarction; LGE-CMR = late gadolinium enhancement cardiac magnetic resonance; SCD = sudden cardiac death;

measured using ADAS-3D software. Scar heterogene-
ity was defined as BZ proportion of scar (7). BZCs were
defined as continuous corridors of BZ surrounded by
scar core or an anatomical barrier (i.e., mitral
annulus) that connected 2 areas of healthy tissue (12).
If a given channel was identified in the same segment
and with the same orientation in adjacent layers, it
was considered as a single multilayer channel. The
BZC mass was automatically computed using a fully
automated tool embedded within ADAS-3D software.

Because tissue characterization is based on a pixel
signal intensity algorithm, healthy myocardium
cannot be distinguished from areas with a no-reflow
phenomenon (n-RP). This is driven by the presence
of microvascular obstruction, which is the potential
result of different physiopathological events, such as
direct endothelial necrosis, reperfusion injury of
microvessels, and/or distal atherothrombotic embo-
lization. This obstruction provokes a persistent

hypoenhancement on LGE-CMR images which, in
turn, prevents proper tissue characterization of
infarcted areas. Therefore, n-RP was considered
whenever a hypointense area within the scar was
detected on LGE-CMR images. Consequently, in pa-
tients with n-RP, no attempt was made to differen-
tiate core and BZ areas inside the scar or to identify
BZCs. In these patients, only information regarding
LV dimensions and/or function and total scar mass
(including n-RP regions inside the total scar mass)
was compiled.

Scar location, mass, and area, as well as the pres-
ence of BZCs, were compared in the LGE-CMR images
at 7 days, 6 months, and 4 years. A given BZC was
considered to be stable among studies if it was
located in the same myocardial layer and myocardial
segment per the American Heart Association
17-segment model, with the same orientation and
morphology.
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TABLE 1 Baseline Characteristics of the Study Population
Total No-Reflow Scart y Scart
(N - 56) (n = 16) p Value* (n=23) (n - 28) p Valuet
57+£M 53+13 on 58+9 56 + 12 0.64
43 (76.8) 12 (75.0) 0.84 19 (86.4) 20 (69.0) 0.5
Hypertension 22(39.3) 4(25.0) 0.7 8(36.4) 13 (44.8) 0.54
Diabetes mellitus 5(9.0) 0(0.0) 033 4(18.2) 13.4) 0.6
Dyslipidemia 1 (19.6) 3(18.8) 0.92 6(27.3) 4(13.8) 0.23
27 (48.2) 9 (56.3) 0.28 1 (50.0) 13 (44.8) 0.87
Familiar history of early CAD 32 (57.1) 10 (62.5) 0.61 15 (68.2) 13 (44.8) 0.0
Time to reperfusion 218 £ 175 211 £136 0.86 220 =211 215 =162 0.94
Responsible artery 0.34 0.28
27 (48.2) 9 (56.3) 8 (36.4) 17 (58.6)
22 (39.3) 4(25.0) 11(50.0) 9 (31.0)
7(12.5) 3(18.8) (13.6) 3(103)
Initial TIMI flow AR} 0 0.29 13+£12 13412 1.00
Final TIMI flow 29+03 2903 1.00 29+03 2903 0.90
Treatment during the acute phase
Beta-blockers 48 (85.7) 14 (87.5) on 17(77.3) 26 (89.7) 0.24
ACE inhibitors/ARB 47 (83.9) 14 (87.5) 0.67 1(4.5) 1(34) 1.00
55(98.2) 16 (100.0) 0.52 22 (100) 28 (96.6) 0.38
471+ 89 421474 0.015 499 +9.0 46.7 + 8.2 0.20
iLVEDV, mym? 83.8 +18.1 88.7 £ 222 o021 787 £145 85.4 £17.1 0.6
iLVESV, ml/m? 442 +£13.8 524 17 0.015 385+97 45.7 £12.0 0.035
Basal scar mass, g 203 + 146 28 +£13.1 0.015 129 £125 2314146 0.02§
Basal BZ mass, g 129 +£9.1 17.9 + 87 0.015 9.0+ 86 135+82 0.08
Basal core mass, g 75+ 66 10071 0.06 39+42 96+75 <0.01§
Values are mean -+ SO and n (%). *p Values for the differences between patients with normal reperfusion (n = 40) versus those showing no-reflow (n=16). ic and
nonarrhythmogenic scars are defined as those with and without border zone (BZ) channels 4 years after ST-segment elevation myocardial infarction, respectively. $p Values for the differences
between patients with (n = 23) versus scars (n = 28). (p < 0.05).
ACE = angiotensin-converting enzyme; ARB = angiotensin Il receptor blockers; CAD = coronary artery disease; Cx = circumflex artery; iLVEDV = indexed left ventricular end-diastolic
volume; ILVESV = indexed left ventricular end-systolic volume; LAD = left anterior descending; LVEF = left ventricular ejection fraction; RCA = right coronary artery;
TIMI = Thrombolysis In Myocardial Infarction.

STATISTICAL ANALYSIS. Continuous variables are
mean + SD. Categorical variables are total number and
proportions. To compare the means of 2 variables,
Student’s t-test or Wilcoxon test were used, as appro-
priate. Proportions were compared using the
chi-square test or Fisher exact test, as appropriate.
Differences between repeated sets of continuous var-
iables were evaluated with 1-way repeated measures
analysis of variance and paired sample Student’s
t-tests, as appropriate. Testing for differences between
repeated sets of proportions was performed using
Cochran’s Q test. Intraclass correlation coefficient
(ICC) estimates and their 95% confident intervals (CIs)
were calculated based on a mean rating (k = 2), abso-
lute agreement, 2-way mixed-effects model. Receiver-
operating curve analyses were used to evaluate the
optimal cutoff value of scar mass at 7 days, BZ mass at
7 days, and scar mass relative reduction for predicting
the presence of BZCs at 4 years. A p value <0.05 was
considered significant. Statistical analysis was per-
formed using IBM SPSS Statistics, version 25.0 (IBM
Corp.; Armonk, New York).

RESULTS

PATIENT POPULATION. Of 170 consecutive cases of
STEMI, 100 patients met the inclusion criteria. Eight
(8%) were initially excluded after the 7-day LGE-CMR
because of poor image quality. Another patient (1%)
had an aborted SCD with adverse neurological
outcome and was also excluded. Of the 91 available
patients at 6 months, 56 (61%) were included in the
final analysis. The causes of long-term follow-up loss
are depicted in Figure 1. One patient had to be
excluded due to a repeated MI occurring in the same
coronary territory.

Baseline characteristics are listed and summarized
in Table 1. Sixteen of 56 (29%) patients showed n-RP
at basal CMR imaging. Of these, 7 (13%) still showed
n-RP at 6 months and 5 (9%) at 4 years. This n-RP
population showed worse LVEFs in the acute phase
after STEMI (42.1 + 7.4% vs. 47.1 + 8.9%; p = 0.01), a
higher indexed LV end-systolic volume (52.4 + 17%
VS. 44.2 + 13.8%; p = 0.01), and greater scar mass
(28 £13.1 g vs. 20.3 + 14.6 g; p = 0.01).
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LV FUNCTION AND MYOCARDIAL REMODELING. LVEF
improved after 6 months (from 47.5 + 8.7% to 50.9 +
9.3%; p < 0.001) and remained stable at 4 years
(53.3 = 16.0%; p = 0.21). Indexed LV end-diastolic
volume slightly increased at 6 months (from 83.5 +
18.2 to 88.0 + 22.2 ml/m? p = 0.05) and remained
stable at 4 years (88.3 + 22.9 ml/m?; p = 0.92). The
indexed LV end-systolic volume remained stable
throughout the study (43.9 + 13.7 ml/m? at 7 days,
44.0 +18.7 ml/m? at 6 months, and 44.2 + 21.2 ml/m?
at 4 years; p = 0.91).

SCAR CHARACTERIZATION AND REMODELING. At
7-day CMR, mean scar mass was 20.3 + 14.6 g,
which accounted for 15.3 + 9.2% of the LV mass.
Mean core (dense scar) mass was 7.5 + 6.7 g, BZ
mass was 12.8 + 9.2 g, and scar heterogeneity, as
defined previously (14) was 65.1 + 12.3%. The mean
scar mass decreased progressively; it was 15.3 +
13.3 g at 6 months and 12.7 + 11.7 g at 4 years
(p < 0.001 for both comparisons), which was a
mean decrease of 41%. BZ and core both decreased
consistently, although this reduction was greater for
the core mass (49 + 38% core vs. 33 + 38% BZ;
p < 0.001). Consequently, the heterogeneity of the
scar increased progressively (67.7 + 3.3 at 6 months
and 71.7 + 12.9 at 4 years; p = 0.02) (Figure 2).
Table 2 summarizes the evolution of ventricular and
scar remodeling parameters after AMI.
CHARACTERIZATION OF BZCs. After excluding 16
initial uncharacterizable cases due to n-RP, a total of
61 BZCs were identified at 7 days in 30 of 40 patients
(75%). In these patients without n-RP, a steadily
smaller proportion of arrhythmogenic scars was
observed at 6 months (27 of 40 patients; 68%) and 4
years (20 of 40 patients; 50%) (p = 0.001). Sixteen of
18 (88.9%) patients with a 4-year scar mass >10 g had
identifiable BZCs in the 4-year CMR study, which
represented 31.4% of the total population. In
contrast, only 12 of 28 (36.4%) patients with a 4-year
scar mass <10 g had BZCs, which represented 23.5% of
the total. The number of BZCs was reduced from a
mean of 1.6 channels per patient to 1.3 at 6 months
and 0.9 channel per patients at 4 years (p < 0.01 in
both cases). Regarding BZC distribution, 40 of 61 BZCs
(65%) remained stable at 6 months, but only 26 of 61
(42%) BZCs remained stable after 4 years. Moreover,
the degree of BZC transmurality, defined as the
number of myocardial layers in which given BZCs
could be visualized, became progressively lower in
the long term. BZCs could be detected at a mean of 3.6
+ 2.4 layers at 7 days, 3.8 + 1.8 layers at 6 months
(p = 0.83), and 2.7 + 1.8 layers at 4 years (p = 0.04).
Figure 3 shows a typical case of scar remodeling with a
decrease in BZC transmurality.
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FIGURE 2 Evolution of Scar Mass and Heterogeneity Over Time
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A gradual decrease in scar mass is noted. In parallel, an ongoing increase in scar hetero-
geneity (defined as border zone [BZ] proportion of scar) is observed. LV = left ventricular.

In parallel, the BZC mass gradually decreased
(Figure 4), with a mean BZC mass reduction of 72 + 35%
at 4 years. The mean BZC mass per individual channel
decreased from 3.3 + 3.4 g at 7 days to 2.1 + 1.8 g at
6 months (p = 0.02) and to 1.7 + 1.3 g at 4 years
(p =0.12). The total BZC mass >2.4 g at 7 days predicted
the persistence of BZCs at 4 years with a sensitivity of
94% and a specificity of 70% (area under the curve:
0.82; 95% CI: 0.65 to 0.99; p = 0.005) (Figure 5A).

Finally, the degree of correlation and agreement
for the number of identified BZCs between the 2 in-
vestigators who analyzed the LGE-CMR images was
good to excellent for the 7-day study (ICC: 0.91;
95% CI: 0.79 to 0.96; p < 0.001) and 6-month CMR
study (ICC: 0.91; 95% CI: 0.85 to 0.95; p < 0.001), and
excellent for the 4-year CMR study (ICC: 0.96; 95% CI:
0.92 to 0.98; p < 0.001).

TABLE 2 Evolution of Ventricular and Scar Remodeling Parameters
After AMI

7 Days 6 Months 4Years  pValue* p Valuet
iLVEDV, mUm? 835+182 88.0+222 883+229 005 092
iLVESV, ml/m* 439 +137 44.0£187 442:212 092 0.91
LVEF, % 475+87 509+93 533+160 <0.001 021
Scar mass, g 203£146 153133 127+17 <0.001 <0.001
BZ mass, g 128+92 95+73 87+77 0001 OM
Core mass, g 75+67 58 +£69 40+53 <0001 <0.001
N. of BZCs/patient 15+13 12+13 08£10 <001 <001
BZCstotal mass,g 6270 3239 1519 <001 001

years.
BZCs = border zone channel; other abbreviations as in Table 1.

Values are mean + SD. *p value between 7 days and 6 months. tp Value between 6 months and 4
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FIGURE 3 Long-Term Scar Remodeling in a Case of Inferolateral STEMI

jer Zone
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Left ventricular systolic function progressively improved while the scar mass became progressively smaller. Two intramyocardial border zone
channels (BZCs), located at layers 40% and 70%, could be detected in the 7-day CMR, whereas only the first remained relatively stable after 4
years. CMR = cardiac magnetic resonance; iLVEDV = indexed left ventricular end-diastolic volume; LVEF = left ventricular ejection fraction;
other abbreviations as in Figure 1.
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FIGURE 4 Evolution of BZC Mass and Distribution of BZC After a Revascularized AMI
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the findings shown (B1). Abbreviation as in Figure 3.

(A) Mean border zone channel (BZC) mass evolution over time. (B1) Three-dimensional reconstruction showing an example of BZC number and
distribution, from endocardium to epicardium. (B2) The same example, showing the scar characterization at the subendocardial level (10%
layer) in detail. The disappearance of the basal core zone leads to an apical displacement of the transversal, subendocardial BZCs detected
(white line). The same behavior (drastic reduction of core zone and BZ) occurs at the mid-myocardial and subepicardial levels, which explains

CMR-BASED SCAR CHARACTERIZATION AND
ARRHYTHMIA RISK ASSESSMENT. The presence of a
scar mass >14.5 g predicted, with a sensitivity of 70%
and a specificity of 70%, the persistence of BZCs at 4
years (area under the curve: 0.75; 95% CI: 0.61t0 0.90;
p = 0.004) (Figure 5B). Patients (18 of 51; 35%) with a 4-
year scar mass >10 g showed a significantly lower

relative reduction of the scar mass compared with the
group (33 of 51; 65%) with a 4-year scar mass of <10 g
(26.4 +27.4% scar mass reduction vs. 53.9 =+ 30.3% scar
mass reduction, respectively; p = 0.002). Similarly,
this reduction was greater among patients (23 of 51;
45%) without BZCs after 4 years than among those (28
of 51; 55%) with long-term persistence of BZCs (57.6 +
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FIGURE 5 Waterfall Plots and ROC Curve Analysis
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(A) Waterfall plot and receiver-operating curve (ROC) of the variable BZC mass at 7 days for predicting the persistence of BZCs at 4 years. (B)
Waterfall plot and ROC of the variable scar mass at 7 days for predicting the persistence of BZCs at 4 years. (C) Waterfall plot and of the variable
scar mass variation (defined as the percent difference in scar mass between the 7-day and 4-year CMR studies) for predicting the persistence of
BZCs at 4 years. AUC = area under the curve; Cl = confidence interval; SE = sensitivity; SP = specificity; other abbreviation as in Figure 3.
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TABLE 3 Value of 7-Day LGE-CMR for Predicting the Presence or
Absence of BZCs at 4 Years

4-Year CMR
Absence of BZCs  Presence of BZCs  Total
7-day CMR
Absence of BZCs 97N 1FN 10
Presence of BZCs 10 FP 20TP 30
Total 19 21 40

Sensitivity 95.2%, specificity 47.4%, positive predictive value 66.7%, negative
predictive value 90%.

FN = false negative; FP = false positive; LGE-CMR = late gadolinium
‘enhancement cardiac magnetic resonance; TN = true negative; TP = true positive;
other abbreviation as in Table 2.

33.9% Vs. 32.2 + 29.0%, respectively; p = 0.01). A
reduction in the scar mass of <58% predicted, with a
sensitivity of 96% and specificity of 70%, the persis-
tence of BZCs at 4 years (area under the curve: 0.75;
95% CI: 0.56 t0 0.93; p = 0.007) (Figure 5C). As depicted
in Tables 3 and 4, the usefulness of performing CMR in
the acute or subacute phases after STEMI (7 days and
6 months, respectively) relied on the fact that, if the
scar showed no BZCs, the negative predictive value for
absence of BZCs at 4 years (i.e., non-arrhythmogenic
scar) was >90%.
ARRHYTHMIC EVENTS AND FOLLOW-UP. No
arrhythmic events were detected in the study popu-
lation after a mean follow-up of 62.5 + 7.4 months. As
previously published (4), 2 patients were initially
recruited but were excluded early. One patient
experienced sustained VT 5 months after STEMI and
received an implantable cardioverter-defibrillator;
the other patient had an aborted SCD 1 week after
hospital discharge and experienced an adverse
neurological outcome that contraindicated continua-
tion of the study.

Of the 56 patients finally included in the study, 2
received an implantable cardioverter-defibrillator for
primary prevention after the 4-year CMR due to LVEF

TABLE 4 Value Of 6-Month LGE-CMR for Predicting
the Presence or Absence of BZCs at 4 Years

4-Year CMR
Absence of BZCs  Presence of BZCs  Total
6-month CMR
Absence of BZCs 12 1 13
Presence of BZCs 8 28 36
Total 20 29 49
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impairment (<30%). Both showed BZCs at 4 years (2
channels each). No heart failure—related hospitaliza-
tions were observed during this follow-up period. One
patient experienced unstable angina due to severe
right coronary artery stenosis (although the respon-
sible artery for STEMI was the left anterior descending
artery).

DISCUSSION

THE CONCEPT OF THE POST-MI SCAR REMODELING
PROCESS. This was the first clinical study to evaluate
the long-term remodeling process of myocardial scar
and the potential underlying arrhythmogenic sub-
strate after STEMI. The main finding of the FOOT-
PRINT (Follow-Up After Myocardial Infarction to
Explore the Stability of Arrhythmogenic Substrate)
study was that the scar mass decreased steadily over
a 4-year period after the acute coronary event,
whereas an increase in scar heterogeneity was
observed. (Central Illustration) Therefore, cardiac
remodeling after AMI directly affected the scar tissue,
and, consequently, should not be considered as
exclusively affecting the remote, healthy myocar-
dium. Scar remodeling, as part of the whole cardiac
remodeling process, starts within the first 6 months,
but lasts during a more chronic phase of the healing
process. However, due to edema resorption, LGE-
CMR might overestimate the infarct size, although
only in the initial phases of scar healing (14). The
hyperenhanced area on CMR increased in the first
48 h after AMI and decreased thereafter over an 8-
week period, which correlated well with infarct size
changes in the same period (15,16). Progressive infarct
size reduction during a 3-month period after AMI was
clinically observed (17), which was attributed to res-
olution of the edema. Conversely, previous studies (3)
indicated that infarct size continued to decrease
slightly, but significantly, during the first year after
AMI. Consequently, long-term chronic changes
observed in the FOOTPRINT study were unlikely due
to edema resorption, were in line with previous in-
vestigations, and supported the existence of a
continuous and constant scar remodeling process that
lasts for years.

DYNAMICS OF POST-MI SCAR STRUCTURE AND
POTENTIAL IMPLICATIONS. The second innovative
finding of the FOOTPRINT study was that the
number, degree of transmurality, and mass of BZCs
(i.e., parameters that can be derived from CMR post-

Sensitivity 96.6%, specificity 60%, positive predictive value 77.8%, negative
predictive value 92.3%.
Abbreviations as in Tables 2 and 3.

processing) were consistently diminished over a
4-year period after an acute coronary event (Central
Illustration). Hence, most of the acutely identified
scar mass and corresponding BZCs might not reveal
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CENTRAL ILLUSTRATION Serial LGE-CMR studies Were Performed at 7 Days, 6 Months, and
4 Years After STEMI

Scar remodeling
4 Core
4 Border zone

e

4 years

6 months

7-day, 6-month
and 4-year

3T LGE-CMR

Arrhythmogenic substrate dynamics
4 Number of BZC
4 BZC mass

Jauregui, B. et al. J Am Coll Cardiol EP. 2020;6(2):207-18.

Functional left ventricular (LV) assessment, as well as scar characterization, were analyzed using dedicated post-processing software (ADAS-3D, Galgo
Medical). A scar remodeling process was observed, with progressive reduction in core mass and border zone mass. The number and mass of border zone
channels (BZCs) steadily decreased after ST-segment elevation myocardial infarction (STEMI). The distribution of BZCs is significantly modified in the long
term. LGE-CMR = late gadolinium enhancement cardiac magnetic resonance.

the real, long-term potential arrhythmogenic sub-
strate. This steady transformation, which affected not
only the global scar size but also the number, distri-
bution, and mass of BZCs, might reflect an active,
long-term uninterrupted process of biological
healing at the injured myocardial area, which could
play an important physiopathological role in
arrhythmogenesis. In this regard, analysis of the dis-
tribution of BZ tissue could improve arrhythmic event
prediction based on CMR information, because this
distribution creates BZCs that are the surrogate for
conducting channels in electroanatomic maps, act as
VT isthmuses when they become active, and consti-
tute substrate ablation targets during interventional
procedures (11,12,18,19). In the GAUDI-CRT study (18),
the presence of a scar mass <10 g and the absence of
BZCs had a 100% negative predictive value for

implantable cardioverter-defibrillator therapies or
SCD among candidates for cardiac resynchronization
therapy. Sixteen patients in the FOOTPRINT study
(31% of the total) had a scar mass of >10 g and iden-
tifiable BZCs in the 4-year CMR study, as well as a
significantly lower relative reduction of the scar size
over time. The clinical relevance of these findings is
still to be revealed. In contrast, it should be noted
that BZCs in smaller scars might be different in nature
or morphologically and could be more difficult to
detect using CMR criteria derived from larger scars.
Nevertheless, scars of <10 g are unlikely to be
arrhythmogenic, in accordance with the previously
mentioned results of the GAUDI-CRT study.

EARLY POST-MI CMR USEFULNESS FOR RISK
STRATIFICATION. Finally, the present study
described potential clinical uses for the performance
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of CMR studies at different timepoints after AMI: an
acute (7-day) detection of a critical BZC mass >2.4 g or
a total scar mass >14.5 g were both related to the
persistence of BZCs in the long term. In contrast, the
lack of BZCs in the 7-day or 6-month CMR scan
showed a high negative predictive value (>90% in
both cases) for the absence of an arrhythmogenic
substrate after 4 years. Despite the difficulty in
determining the best time to depict scar substrate and
establish the risk of developing re-entrant VA after
AMI, the potential uses of acute (i.e., first week) or
subacute (i.e., after 6 months) CMR studies should be
taken into consideration. More research would be
required, such as clinical studies with longer follow-
up, use of computed deep learning to establish vir-
tual models of scar remodeling, or translational
studies using animal models, which are necessary to
fully understand the long-term biological processes
taking part within the scarred myocardium.

CLINICAL IMPLICATIONS. Despite only representing
a subset of patients with a favorable medical course
after STEMI, the FOOTPRINT study referred to the
modern scenario of early successful percutaneous
revascularization of STEMI. This population was not
considered at high risk for SCD, despite the fact that
most cases (in absolute numbers) of SCD after AMI
occurred in patients with this profile (LVEF >35%)
(20). Their estimated annual incidence of SCD was
approximately 0.6% in a recent cohort (21). In the
PRESERVE EF (Post Myocardial Infarction Risk Strat-
ification for Sudden Cardiac Death in Patients With
Preserved Ejection Fraction) study (22), 9 of 575 post-
MI patients with a mean LVEF of 50.8% and no
standard indication for a secondary prevention
implantable cardioverter-defibrillator had appro-
priate implantable cardioverter-defibrillator thera-
pies after a mean follow-up of 32 months. The
absence of arrhythmic events in the FOOTPRINT
population during the follow-up period might reflect
the relatively low cumulative incidence of SCD after
AMI in the first 5 years (9), which should even be
lower in a modern, early revascularized population.
However, the absence of arrhythmia events might not
only be related to the FOOTPRINT population clinical
characteristics (see Table 1). Progressive reduction of
scar mass, number, and mass of BZCs over time was
translated into a gradually smaller proportion of pa-
tients theoretically at risk for VA (from an initial 73%
to 55% at 4 years) in agreement with the clinical
observation that only a small proportion of patients
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developed VA, usually many years after the acute
coronary event. In this regard, previous studies (23)
showed a mean period from MI until first documented
VT as long as 16 + 8 years. From the present obser-
vations, it could be hypothesized that the scar
remodeling process might require years until it be-
comes clinically arrhythmogenic. Longer follow-up
would be required to detect arrhythmic events and
to characterize the substrate characteristics that lead
to scar arrhythmogenicity, at the moment when the
arrhythmia occurs.

STUDY LIMITATIONS. The patient sample was rela-
tively small, although large enough to observe that
long-term duration of the myocardial scar remodeling
process after an AMI seems to be the rule in all pa-
tients with STEMI included in the FOOTPRINT study.
Further studies with larger samples and longer
follow-up are needed to clarify the relationship be-
tween the presence of BZCs and long-term arrhythmic
events. The FOOTPRINT study could only give insight
into the myocardial and scar remodeling processes of
a selected population with uncomplicated STEMI and
relatively preserved LVEFs. There was still some
clinical uncertainty due to the absence of VA events
during follow-up. In addition, it was possible that
arrhythmogenic scars might have different remodel-
ing patterns over time. Regarding CMR studies, T2
sequences for edema, as well as T1 mapping to detect
interstitial fibrosis in the remote myocardium, were
not available.

CONCLUSIONS

CMR data post-processing permits a dynamic assess-
ment of quantitative and qualitative post-AMI scar
characteristics. The infarcted myocardium undergoes
a long-lasting remodeling process characterized by a
steady decrease in scar mass and a progressive in-
crease in scar heterogeneity. The number and distri-
bution of BZCs, which constitute the histological
substrate for arrhythmogenesis, appear notably
changed over a 4-year period and can be reliably
assessed with serial CMR. Further studies will be
required to understand how, when, and in whom the
healing process of the scar leads to a critical substrate
capable of generating clinical VA.

ADDRESS FOR CORRESPONDENCE: Dr. Antonio
Berruezo, Heart Institute, Teknon Medical Center,
C/ Vilana, 12, 08022 Barcelona, Spain. E-mail:
antonio.berruezo@quironsalud.es.
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PERSPECTIVES

acute coronary event.

COMPETENCY IN MEDICAL KNOWLEDGE: After
AMI, scar size and its components (core zone and BZ)
experience a continuous remodeling process that lasts in
the long-term and can be reliably assessed with serial
CMR. This scar remodeling process is accompanied by
measurable anatomic changes within the potential, sub-
jacent arrhythmogenic substrate. Further studies will be
required to understand how, when, and who had the
healing process of the scar leads to a critical substrate
capable of generating clinical VAs. In this regard, serial
LGE-CMR could be an optimal tool to understand the
pathophysiology of long-term arrhythmogenesis after an
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TRANSLATIONAL OUTLOOK: Further clinical studies
with longer follow-up, the use of computed deep learning
to establish virtual models of scar remodeling, or trans-
lational studies using animal models to assess histo-
pathological changes would be required to finally
understand the biological processes taking part in the
scarred myocardium years after an acute coronary event.
The role of certain biomarkers to assess local inflamma-
tion, cell signaling, or extracellular matrix turnover may
also be of relevance in this setting.
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APPENDIX For an expanded Methods section
and a supplemental figure, please see the on-
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INTRODUCTION

Many clinical and experimental studies have been conducted in the field of myocardial
remodeling after an acute myocardial infarction (AMI). However, this term usually refers
exclusively to the maladaptive changes affecting the remote myocardium and causing
progressive heart failure, which, on the other hand, appear not to be completely dependent
from initial Ml size. (1) Regarding the infarcted myocardium, the histopathophysiology of
scar healing has been well described, (2) and can be assessed by means of noninvasive
cardiac imaging techniques, such as late gadolinium enhancement cardiac magnetic
resonance (LGE-CMR). However, little is known about the time course needed for its
completion in human population. (3)

Deeper characterization of the scar size and its components (border zone and core zone)
can be performed in the acute phase of STEMI using LGE-CMR (4), and can help stratifying
the risk of future arrhythmic events. (5-7) Ventricular arrhythmias (VA) are cause for a high,
continuous global sudden cardiac death (SCD) incidence among ischemic population,
regardless of LVEF. (8-10) Border zone tissue corridors (BZC) within the scar, identified with
LGE-CMR, act as ventricular tachycardia (VT) isthmuses (11), correlating well with slow
conducting channels recognized in electroanatomic maps during VT substrate ablation
procedures, (12) and thus constitute the arrhythmogenic substrate of the scar.

In the present study, we sought to characterize the long-term remodeling process of post-
AMI scar and its components using LGE-CMR, as well as describing the potential changes

of the subjacent arrhythmogenic substrate.
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METHODS

Patient sample

We report the results of a predefined endpoint of a prospective observational study. (4)
Consecutive patients admitted to our institution with a first STEMI, in whom percutaneous
revascularization was performed within the first 12 hours from onset of symptoms, were
included from September 2012 to June 2014. Patients who met one or more of the following
criteria were excluded: STEMI >12 hours from symptom onset; history of prior MI; history of
prior structural heart disease; age <18 years; life expectancy <1 year due to noncardiac
pathology; classic contraindication for CMR; or clinical contraindication to perform the study
within the first week (i.e., persistent Killip Ill-1V, persistent hemodynamic instability, invasive
ventilation, or intra-aortic balloon pump/left ventricular assist device). Patients who were
transferred to another institution within 7 days after admission were also excluded. In all
patients, LGE-CMR was performed at 7 + 2 days, 6 months and 4 years post-STEMI. The
study complied with the Declaration of Helsinki, and the local ethics committee approved
the study protocol. All participants included in the study (Figure 1) provided informed

written consent.

LGE-CMR processing

LGE-CMR tests were performed using a 3-Tesla scanner (MAGNETOM Trio, Siemens
Healthcare, Erlangen, Germany). Image acquisition is summarized in the Supplementary
Material. All LGE-CMR images were analyzed using a previously described technique. (13)
Full LV volume was reconstructed in the axial orientation, and the resulting images were

processed with ADAS-3D™ software (Galgo Medical, Barcelona, Spain). Ten concentric
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surface layers (from 10% to 90%) were created automatically from endocardium to
epicardium of the LV wall thickness. A 3D shell was obtained for each layer. Pixel signal
intensity maps based on LGE-CMR images were projected to each shell, following a trilinear
interpolation algorithm, and color-coded. To identify the scar areas, a pixel signal intensity-
based algorithm was applied to characterize the hyperenhanced area as core zone, BZ or
healthy tissue using 40% = 5% and 60% = 5% of the maximum intensity as thresholds

(Supplementary Figure 1).

Myocardial scar characterization

Two independent expert investigators analyzed the LGE-CMR images, and a third observer
was available in case of discrepancy. The scar mass and areas in each shell (total scar, BZ,
and core) were automatically measured using ADAS-3D™ software. Scar heterogeneity was
defined as BZ percentage of scar. (7) The BZC were defined as continuous corridors of BZ
surrounded by scar core or an anatomical barrier (mitral annulus) that connects two areas
of healthy tissue. (12) If a given channel was identified at the same segment and with the
same orientation in adjacent layers, it was considered as a single multilayer channel. The
BZC mass was automatically computed using a full-automated tool embedded within the
ADAS-3D™ software.

Because tissue characterization is based on a pixel signal intensity algorithm, healthy
myocardium cannot be distinguished from areas with “no-reflow” phenomenon (n-RP). This
is an occurrence driven by the presence of microvascular obstruction, which is the potential
result of different physiopathological events, such as direct endothelial necrosis,

reperfusion injury of microvessels, and/or distal atherothrombotic embolization. This
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obstruction provokes a persistent hypoenhancement on LGE-CMR images which, in turn,
prevents a proper tissue characterization of infarcted areas. Therefore, the n-RP was
considered in all cases where any hypointense area within the scar was detected on LGE-
CMRimages. Consequently, in patients with n-RP no attempt was made to differentiate core
and BZ areas inside the scar or to identify BZC. In these patients, only information regarding
LV dimensions/function and total scar mass (including n-RP regions inside the total scar
mass) were collected.

Scar location, mass, and area as well as the presence of BZC were compared in the LGE-
CMR images at 7 days, 6 months and 4 years. A given BZC was considered to be stable
among studies if it was located in the same myocardial layer and myocardial segment as per
the American Heart Association (AHA) 17-segment model, with the same orientation and

morphology.

Statistical analysis

Continuous variables are given as mean = SD. Categorical variables are given as total
number and percentages. To compare the means of 2 variables, the Student t-test or
Wilcoxon test were used, as appropriate. Proportions were compared using the x2 or Fisher
exact test, as appropriate. Friedman analysis of variance by ranks was used for repeated
measurements. Testing for differences between repeated sets of proportions was
performed using the Cochran’s Q test. P <0.05 was considered significant. Statistical
analysis was performed using IBM SPSS Statistics, version 25.0 (IBM Corp. Released 2017;

Armonk, NY: IBM Corp.).
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RESULTS

Patient population

Out of 170 consecutive cases of STEMI, 100 patients met the inclusion criteria. Eight (8%)
were initially excluded after the 7-day LGE-CMR because of poor image quality. Another
patient (1%) had an aborted SCD with adverse neurologic outcome and was also excluded.
From the 91 available patients at 6 months, 56 (61%) were included for the final analysis.
The causes of long-term follow-up loss are depicted in Figure 1. One patient had to be
excluded due to a repeated Ml occurring at the same coronary territory.

Baseline characteristics are listed and summarized in Table 1. Sixteen patients out of 56
(29%) showed no-reflow phenomenon at basal CMR imaging. From them, 7 (13%) still
showed n-RP at 6 months, and 5 (9%) at 4 years. These n-RP population showed worse LVEF
in the acute phase after STEMI (42.1 £ 7.4% vs. 47.1 £ 8.9%; p 0.01), a higher indexed left-
ventricular end-systolic volume (iLVESV) (52.4 = 17% vs. 44.2 = 13.8%,; p 0.01), and greater

scar mass (28 = 13.1 gvs. 20.3 £ 14.6 g; p 0.01).

Left ventricular function and myocardial remodeling

LVEF improved after 6 months (from 47.5 + 8.7 to 50.9 = 9.3%, p < 0.001), remaining stable
at 4 years (53.3 = 16.0%, p = 0.21). Indexed LV end-diastolic volume (iLVEDV) slightly
increased at 6 months (from 83.5 = 18.2 to 88.0 £ 22.2 mL/m2, p = 0.05), remaining stable
at 4 years (88.3 £ 22.9 mL/m2, p = 0.92). The indexed LV end-systolic volume (iLVESV)
remained stable throughout the study (43.9 = 13.7 mL7m2 at 7 days, 44.0 + 18.7 mL/m2 at

6 months, and 44.2 + 21.2 mL/m2 at 4 years; p = 0.91).
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Scar characterization and remodeling

At 7-day CMR, mean scar mass was 20.3 = 14.6 g, accounting for 15.3 = 9.2% of LV mass.
Mean core (dense scar) mass was 7.5 = 6.7 g, BZ mass was 12.8 = 9.2 g, and scar
heterogeneity, as defined previously,25 was 65.1 £ 12.3%. The mean scar mass decreased
progressively, being 15.3 + 13.3 g at 6 months and 12.7 = 11.7 g at 4 years (p <0.001 for
both comparisons), showing a mean decrease of 41%. BZ and core both decreased
consistently, although this reduction was greater for the core mass (49 = 38% core vs. 33
38% BZ, p <0.001). Consequently, the heterogeneity of the scar increased progressively
(67.7 £ 3.3 at 6 months, and 71.7 = 12.9 at 4 years; p 0.02) (Figure 2). Table 2 summarizes

the evolution of ventricular and scar remodeling parameters after AMI.

Characterization of border zone channels

After excluding 16 uncharacterizable cases due to n-RP, in 30/40 patients (73%), a total of
61 BZC could be identified at 7 days, with a steadily smaller proportion of arrhythmogenic
scars observed at 6 months (27/40; 68%) and 4 years (20/40; 50%) (p 0.001). The number
of BZC was reduced from a mean of 1.6 channels per patient to 1.3 at 6 months and 0.9 at
4 years (p < 0.01 in both cases). Regarding BZC distribution, 40/61 BZC (65%) remained
stable at 6 months, but only 26/61 (42%) after 4 years. Moreover, the degree of BZC
transmurality, defined as the number of myocardial layers in which a given BZC can be
visualized, became progressively lower at the long-term; BZC could be detected in a mean
of 3.6 = 2.4 layers at 7 days, 3.8 + 1.8 at 6 months (p = 0.83) and 2.7 = 1.8 at 4 years (p =

0.04). Figure 3 shows a typical case of scar remodeling with decrease of BZC transmurality.
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In parallel, the BZC mass gradually decreased as shown in Figure 4, with a mean BZC mass
reduction of 72 = 35% at 4 years. The mean BZC mass per individual channel decreased
from 3.3 £ 3.4 g at 7 days to 2.1 £ 1.8 g at 6 months (p 0.02) and 1.7 + 1.3 g at 4 years (p
0.12). A total BZC mass >2.4 g at 7 days predicted with sensitivity 94% and specificity 70%

the persistence of BZC at 4 years (AUC 0.82; 95% CI 0.65-0.99; p 0.005) (Figure 5A).

CMR-based scar characterization and arrhythmia risk assessment

The presence of a scar mass > 14.5 g predicted, with sensitivity 70% and specificity 70% the
persistence of BZC at 4 years (AUC 0.75; 95% CI1 0.61-0.90; p 0.004) (Figure 5B). Moreover,
it was found that the scar mass reduction over time was greater among patients (n = 16) with
absence of BZC after 4 years (median -69%) than among those (n = 28) with long-term
persistence of BZC (median -44%) (U = 114; p 0.007). In fact, a reduction in the scar mass
<58% predicted with sensitivity 96% and specificity 70% the persistence of BZC at 4 years
(AUC 0.75; 95% CI 0.56-0.93; p 0.007) (Figure 5C). As depicted in Tables 3 and 4, the
usefulness of performing CMR in the acute or subacute phases after STEMI (7 days and 6
months, respectively) relies on the fact that, in case the scar shows no BZC, the negative

predictive value for absence of BZC at 4 years (i.e. 'non-arrhythmogenic scar’) is >90%.

Arrhythmic events and follow-up

No arrhythmic events were detected in the study population after a mean follow-up of 62.5
+ 7.4 months. As previously published, (4) two patients were initially recruited but early
excluded: One suffered sustained ventricular tachycardia five months after STEMI and was

implanted with an ICD; the other one had an aborted SCD one week after hospital
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discharge, suffering adverse neurological outcome that contraindicated continuation of the
study.

From the 56 patients finally included, two received an ICD on primary prevention after the
4-year CMR due to impairment of LVEF (<30%). Both showed BZC at 4 years (2 channels
each). No heart failure-related hospitalizations were observed during this follow-up period.
One patient suffered from unstable angina due to severe right coronary artery stenosis

(whereas the responsible artery for STEMI had been the left anterior descendent).

DISCUSSION

This is the first clinical study evaluating the remodeling process of myocardial scar and the
potential underlying arrhythmogenic substrate, long-term after STEMI. The main finding of
the FOOTPRINT study is that the scar mass decreases steadily over a 4-year period after the
acute coronary event, while an increase in scar heterogeneity is observed. Therefore,
‘cardiac remodeling’ after AMI does directly affect the scar tissue and, consequently, it
should not be considered as exclusively affecting the remote, healthy myocardium. Scar
remodeling, as part of the whole cardiac remodeling process, starts within the first 6
months, but lasts during a more chronic phase of the healing process. Nevertheless, it
should be pointed out that, due to edema resorption, LGE may overestimate the infarct size,
however only in the initial phases of scar healing. (14) The hyperenhanced area on CMR
increases in the first 48 hours after AMI and decreases thereafter over an 8-week period,
correlating well with infarct size changes in the same period. (15,16) Progressive infarct size

reduction during a 3-month period after AMI has been clinically observed (17), attributed
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to resolution of edema. Conversely, previous studies (18) have already indicated that infarct
size continues to decrease slightly but significantly during the first year after AMI.
Consequently, long-term chronic changes observed in the FOOTPRINT study are unlikely
due to edema resorption, go in line with previous investigations, and support the existence
of a continuous and constant scar remodeling process lasting for years.

The second, innovative finding of the FOOTPRINT study is that the number, degree of
transmurality, and mass of BZC, parameters that can be derived from CMR post-processing,
are consistently diminished over a 4-year period after an acute coronary event. Hence, most
of the acutely identified scar mass and corresponding BZC may not reveal the real, long-
term potential arrhythmogenic substrate. This steady transformation, affecting not only the
global scar size but also the number, distribution and mass of BZC, may be reflecting an
active, long-term uninterrupted process of biological healing process at the injured
myocardial area, which could play an important physiopathological role in
arrhythmogenesis. In this regard, it must be remarked that analysis of the distribution of BZ
tissue can improve arrhythmic event prediction based on CMR information, as this
distribution creates BZC which are the surrogate for conducting channels in the
electroanatomic maps, act as VT isthmuses when they become active, and constitute
substrate ablation targets during interventional procedures. (11,12,19,20)

Finally, the present study describes potential clinical uses of performing CMR studies at
different timepoints after AMI: An acute (7-day) detection of a critical BZC mass >2.4 gora
total scar mass >14.5 g are both related to the persistence of BZC in the long-term. On the
contrary, the lack of BZC in the 6-month CMR showed a high negative predictive value

(92.3%) for the absence of arrhythmogenic substrate after 4 years. Despite the difficulty of
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elucidating when it is the best time to depict scar substrate and stablish the risk for the
development of reentrant VA after AMI, the potential uses of acute (i.e., first week) or
subacute (i.e., after 6 months) CMR studies should be taken into consideration and would
require further investigations, such as clinical studies with longer follow-up, the use of
computed deep learning to stablish virtual models of scar remodeling, or translational
studies using animal models, which would be likely required to finally understand the
biological, chronic processes taking part within the scarred myocardium.

Despite only representing a subset of patients with favorable medical course after STEMI,
the FOOTPRINT study refers to the modern scenario of early, successful percutaneous
revascularization of STEMI. Besides, this population is not considered as of high risk for SCD,
despite most cases (in absolute numbers) of SCD after AMI occur in patients with its profile
(LVEF>35%), (21) the commonest clinical profile in ischemic heart disease. The absence of
arrhythmic events in the FOOTPRINT population during the follow-up period may reflect
the relatively low cumulative incidence of SCD after AMl in the first 5 years, (22) which should
be even lower in a modern, early revascularized population. However, it should be noted
that the absence of arrhythmia events may not be only related to the FOOTPRINT
population clinical characteristics (see Table 1). Progressive reduction of scar mass, number
and mass of BZC over time is translated into a gradually smaller proportion of patients
theoretically at risk for VA (from an initial 73% to 50% at 4 years), which is in agreement with
the clinical observation that only a small proportion of patients develop VA, usually many

years after the acute coronary event. In this regard, previous studies (23) have shown a mean

period from Ml until first documented VT being as long as of 16 [ 8 years. From the present

observations, it can be hypothesized that the scar remodeling process may require years
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until it becomes clinically arrhythmogenic. Longer follow-up would be required to detect
arrhythmic events and characterize the substrate characteristics leading to scar

arrhythmogenicity, just at the moment when the arrhythmia occurs.

Study limitations

The patient sample is relatively small, although enough to make the observation that the
myocardial scar remodeling process, occurring during long-term after an AMI, seems to be
the rule in all the STEMI patients included in the FOOTPRINT study. Further studies with
larger samples and longer follow-up are needed to clarify the relationship between the
presence of BZC and long-term arrhythmic events. The FOOTPRINT study can only give
insight into myocardial and scar remodeling processes of a selected population with
uncomplicated STEMI and a relatively preserved LVEF.

Related to CMR studies, T2 sequences for edema as well as T1 mapping to detect interstitial

fibrosis in the remote myocardium were not available.

Conclusions

CMR data post-processing allows to perform a dynamic assessment of quantitative and
qualitative post-AMI scar characteristics. The infarcted myocardium undergoes a long-
lasting remodeling process characterized by a steady decrease of scar mass, and a
progressive increase in scar heterogeneity. The number and distribution of BZC, which
constitute the histological substrate for arrhythmogenesis, appear notably changed over a

4-year period and can be reliably assessed with serial CMR. Further studies will be required
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to understand how, when, and in whom the healing process of the scar leads to a critical

substrate capable of generating clinical VA.

156



Publicaciones Tesis Doctoral

REFERENCES

1. Westman PC, Lipinski MJ, Luger D, et al. Inflammation as a Driver of Adverse Left
Ventricular Remodeling After Acute Myocardial Infarction. JACC 2016;67:2050-2060.

2. Frangogiannis NG. Pathophysiology of myocardial infarction. Compr Physiol
2015;5(4):1841-1875.

3. Pokorney SD, Rodriguez JF, Ortiz JT, Lee DC, Bonow RO, Wu E. Infarct healing is a
dynamic process following acute myocardial infarction. J Cardiovasc Magn Reson
2012;2;14:62.

4. Penela D, Acosta J, Andreu D, et al. Identification of the potentially arrhythmogenic
substrate in the acute phase of ST-segment elevation myocardial infarction. Heart Rhythm
2017;14:592-598.

5. Klem I, Weinsaft JW, Bahnson TD, et al. Assessment of myocardial scarring improves
risk stratification in patients evaluated for cardiac defibrillator implantation. J Am Coll
Cardiol 2012;60:408-420.

6. lzquierdo M, Ruiz-Granell R, Bonanad C, et al. Value of early cardiovascular magnetic
resonance for the prediction of adverse arrhythmic cardiac events after a first
noncomplicated ST-segment-elevation myocardial infarction. Circ Cardiovasc Imaging
2013;6:755-761.

7. Fernandez-Armenta J, Berruezo A, Mont L, et al. Use of myocardial scar
characterization to predict ventricular arrhythmia in cardiac resynchronization therapy.

Europace 2012;14:1578-1586.

157



Publicaciones Tesis Doctoral

8. Solomon SD, Zelenkofske S, McMurray JJ, et al. Valsartan in Acute Myocardial
Infarction Trial (VALIANT) Investigators. Sudden death in patients with myocardial infarction
and left ventricular dysfunction, heart failure, or both. N Engl J Med 2005;352:2581-2588.
9. Berger CJ, Murabito JM, Evans JC, Anderson KM, Levy D. Prognosis after first
myocardial infarction: comparison of Q-wave and non-Q-wave myocardial infarction in the
Framingham Heart Study. JAMA 1992;268:1545-1551.

10.  Kannel WB, Sorlie P, McNamara PM. Prognosis after initial myocardial infarction: the
Framingham study. Am J Cardiol 1979;44:53-59.

11. Piers SR, Tao Q, de Riva Silva M, et al. CMR-based identification of critical isthmus
sites of ischemic and nonischemic ventricular tachycardia. JACC Cardiovasc Imaging
2014,7:774-784.

12. Fernandez-Armenta J, Berruezo A, Andreu D, et al. Three-dimensional architecture
of scar and conducting channels based on high resolution ce-CMR: insights for ventricular
tachycardia ablation. Circ Arrhythm Electrophysiol 2013;6:528-537.

13.  Andreu D, Ortiz-Pérez JT, Ferndndez-Armenta J, et al. 3D delayed-enhanced
magnetic resonance sequences improve conducting channel delineation prior to
ventricular tachycardia ablation. Europace 2015;17:938-945.

14.  Dall'Armellina E, Karia N, Lindsay AC, et al. Dynamic changes of edema and late
gadolinium enhancement after acute myocardial infarction and their relationship to
functional recovery and salvage index. Circ Cardiovasc Imaging 201;4:228-236.

15.  Rochitte CE, Lima JA, Bluemke DA, et al. Magnitude and time course of
microvascular obstruction and tissue injury after acute myocardial infarction. Circulation

1998;98:1006-1014.

158



Publicaciones Tesis Doctoral

16. Fieno DS, Hillenbrand HB, Rehwald WG, et al. Infarct resorption, compensatory
hypertrophy, and differing patterns of ventricular remodeling following myocardial
infarctions of varying size. J Am Coll Cardiol 2004;43:2124-2131.

17. Hillenbrand HB, Sandstede J, Stork S, et al. Remodeling of the infarct territory in the
time course of infarct healing in humans. Magn Reson Mater Phy 2011;24:277-284.

18.  Pokorney SD, Rodriguez JF, Ortiz JT, Lee DC, Bonow RO, Wu E. Infarct healing is a
dynamic process following acute myocardial infarction. J Cardiovasc Magn Reson
2012;14:62.

19.  Acosta J, Fernandez-Armenta J, Borras R, et al. Scar Characterization to Predict Life-
Threatening Arrhythmic Events and Sudden Cardiac Death in Patients With Cardiac
Resynchronization Therapy: The GAUDI-CRT Study. JACC Cardiovasc Imaging
2018;11:561--572.

20.  Soto-lglesias D, Acosta J, Penela D, et al. Image-based criteria to identify the
presence of epicardial arrhythmogenic substrate in patients with transmural myocardial
infarction. Heart Rhythm 2018;15:814-821.

21.  Dagres N, Hindricks G. Risk stratification after myocardial infarction: is left ventricular
ejection fraction enough to prevent sudden cardiac death? Eur Heart J 2014;34:1964-1971.
22. Berger CJ, Murabito JM, Evans JC, Anderson KM, Levy D. Prognosis after first
myocardial infarction: comparison of Q-wave and non-Q-wave myocardial infarction in the
Framingham Heart Study. JAMA 1992;268:1545-1551.

23.  Acosta J, Fernandez-Armenta J, Penela D, et al. Infarct transmurality as a criterion for
first-line endo-epicardial substrate-guided ventricular tachycardia ablation in ischemic

cardiomyopathy. Heart Rhythm 2016;13:85-95.

159



Publicaciones Tesis Doctoral

FIGURES AND FIGURE LEGENDS

Central illustration. Serial LGE-CMR studies were performed at 7 days, 6 months, and 4
years after STEMI. Functional LV assessment, as well as scar characterization, were analyzed
using a dedicated post-processing software (ADAS-3D®, Galgo Medical, Barcelona, Spain).
A scar remodeling process is observed, with progressive reduction of core mass and border
zone mass. The number and mass of BZC steadily decrease after STEMI. The distribution of

BZC is significantly modified in the long-term.
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Fig. 1. Study inclusion flow diagram.
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Fig. 2. Evolution of scar mass and heterogeneity over time. A gradual decrease in scar mass
is noted. Parallelly, an ongoing increase in scar heterogeneity (defined as BZ percentage of

scar) is observed.
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Fig. 3. Long-term scar remodeling in a case of inferolateral STEMI. LV systolic function
progressively improved while the scar mass became progressively smaller. Two
intramyocardial BZC, located at layers 40% and 70%, could be detected in the 7-day CMR,

whereas only the first remained relatively stable after 4 years.
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Fig. 4. Panel A: Mean BZC mass evolution over time. Panel B1: 3-D reconstruction showing
an example of BZC number and distribution, from endo- to epicardium. Panel B2: The same
example, showing in detail the scar characterization at the subendocardial level (10%-layer).
Noteworthy, the disappearance of the basal core zone leads to an ‘apical displacement’ of
the transversal, subendocardial BZC detected (white line). The same behavior (drastic
reduction of core zone and BZ) occurs at the mid-myocardial and subepicardial levels,

therefore explaining the findings shown in panel BT.
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Fig. 5. Panel A: Waterfall plot and receiver operator curve (ROC) of the variable “BZC mass
at 7 days” for predicting the persistence of BZC at 4 years. Panel B: Waterfall plot and
receiver operator curve (ROC) of the variable “scar mass at 7 days” for predicting the
persistence of BZC at 4 years. Panel C: Waterfall plot and receiver operator curve (ROC) of
the variable “scar mass variation” (defined as the difference of scar mass in % between the

7-day and 4-year CMR studies) for predicting the persistence of BZC at 4 years.
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TABLES

Table 1: Baseline characteristics of the study population.

Total No-reflow Non-Arrhythmogenic scart | Arrhythmogenic scart
P-value' P-value!|
(n=56) (n=16) (n=22) (n=29)

Age 57+11 53+13 0.11 58+9 56+ 12 0.64
Men 43 (76.8%) | 12 (75%) 0.84 19 (86.4%) 20 (69%) 0.15
Hypertension 22(39.3%) | 4(25%) 0.17 8 (36.4%) 13 (44.8%) 0.54
Diabetes Mellitus 5(9%) 0 (0%) 0.33 4(18.2%) 1 (3.4%) 0.16
Dyslipidemia 11(19.6%) | 3(18.8%) | 0.92 6 (27.3%) 4(13.8%) 0.23
Smoker 27 (48.2%) | 9 (56.3%) 0.28 11 (50%) 13 (44.8%) 0.87
Familiar history of early CAD 32(57.1%) | 10 (62.5%) | 0.61 15 (68.2%) 13 (44.8%) 0.1
Time to reperfusion 218=175 | 211+136 0.86 220+211 215162 0.94
Responsible artery

e LADA 27 (48.2%) | 9 (56.3%) 8 (36.4%) 17 (58.6%) 0.28

e RCA 22 (39.3%) | 4(25%) 034 11 (50%) 9 (31%)

e CA 7(12.5%) | 3(18.8%) (13.6%) 3(10.3%)
Initial TIMI flow LL1+1.1 0 0.29 1312 1.3+£1.2 1.0
Final TIMI flow 29+03 29+03 1.0 29+03 29+03 0.9
Treatment during the acute phase

* Betablockers 48 (85.7%) | 14 (87.5%) | 0.71 17 (77.3%) 26 (89.7%) 0.24

* ACEUARB 47 (83.9%) | 14 (87.5%) | 0.67 1 (4.5%) 1(3.4%) 1.0

e Statins 55(98.2%) | 16 (100%) | 0.52 22 (100%) 28 (96.6%) 0.38
LVEF (%) 47.1+89 | 42.1+£74 0.01° 499+9.0 46.7+8.2 0.2
iLVEDV (mL/m2) 83.8+18.1 | 88.7+22.2 0.21 78.7+14.5 85.4+17.1 0.16
iLVESV (mL/m2) 442+138| 52417 0.01° 385+9.7 45.7+12.0 0.03°
Basal scar mass (g) 203+14.6 | 28=+13.1 0.01° 129125 23.1+14.6 0.02°
Basal BZ mass (g) 129+9.1 | 17.9+8.7 0.01° 9.0+8.6 13.5+8.2 0.08
Basal core mass (g) 7.5+£6.6 10.1£7.1 0.06 39+42 9.6+£7.5 <0.01"

" Statistically significant difference (p <0.05). T P-values for the differences between patients
with normal reperfusion (n = 40) vs. those showing no-reflow phenomenon (n = 16). *
Arrhythmogenic and non-arrhythmogenic scars are defined as those with and without BZ
channels 4 years after the STEMI, respectively. || P-values for the differences between
patients with non-arrhythmogenic (n = 22) vs. arrhythmogenic scars (n = 29).

CAD: Coronary artery disease; LADA: Left anterior descendent artery; RCA: Right coronary
artery; CA: Circumflex artery; ACEIl: Angiotensin-converter enzyme inhibitors; ARB:
Angiotensin-Il receptor blockers; LVEF: Left ventricular ejection fraction; iLVEDV: Indexed left
ventricular end-diastolic volume; iLVESV: Indexed left ventricular end-systolic volume; BZ:
Border zone.
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Table 2. Evolution of ventricular and scar remodeling parameters after AMI.

7 days 6 months 4 years | P-value* | P-value'
iLVEDV (mL/m?) | 83.5+182|88.0+22.2|88.3+229 0.05 0.92
iLVESV (mL/m?) |439+13.7|44.0+18.7|442+21.2 0.92 0.91
LVEF (%) 475+8.7 | 509+93 | 533+16.0| <0.001 0.21
Scar mass (g) 203+14.6 | 153£133|12.7+11.7 | <0.001 | <0.001
BZ mass (g) 12.8+92 | 95+73 8.7+7.7 0.001 0.11
Core mass (g) 7.5+£6.7 58+6.9 40+£5.3 <0.001 <0.001
N. of BZC/patient 1.5+1.3 12+1.3 0.8+1.0 <0.01 <0.01
BZC total mass (g) | 6.2+7.0 32+39 1.5+1.9 <0.01 0.01

* P-value between 7 days and 6 months. T P-value between 6 months and 4 years.
LVEF: Left ventricular ejection fraction; iLVEDV: Indexed left ventricular end-diastolic
volume; iLVESV: Indexed left ventricular end-systolic volume; BZ: Border zone; BZC: Border

zone channel.

Table 3. Value of 7-day LGE-CMR for predicting the presence or absence of BZ channels at

4 years.
4-year CMR
Total
Absence of BZC Presence of BZC

Absence of BZC 9 1 10
7-day CMR

Presence of BZC 10 19 29
Total 19 20 39

Sensitivity 65.5%, specificity 47.3%, positive predictive value 65.5%, negative predictive
value 90%. CMR: Cardiac magnetic resonance; BZC: Border zone channels.

167



Publicaciones

Tesis Doctoral

Table 4. Value of 6-month LGE-CMR for predicting the presence or absence of BZ channels

at 4 years.
4-year CMR
Total
Absence of BZC | Presence of BZC

Absence of BZC 12 1 13
6-month CMR

Presence of BZC 9 28 37
Total 21 29 50

Sensitivity 96.6%, specificity 57.1%, positive predictive value 75.7%, negative predictive

value 92.3%. CMR: Cardiac magnetic resonance; BZC: Border zone channels.
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ONLINE APPENDIX

SUPPLEMENTARY METHODS

LGE-CMR Processing:

Subjects were imaged in a 3T MAGETOM Trio scanner (Siemens Healthcare, Erlangen,
Germany). All images were gated to the electrocardiogram and acquired during repeated
breath holds using a 32-element phased-array receiver coil. The imaging protocol included
the following:

1. Cine-CMR imaging was acquired with a TrueFISP sequence after appropriate
frequency adjustment in sequential 8-mm short axis slices encompassing the entire left
ventricle and the 2-, 3- and 4- chambers’ views. In case of relevant susceptibility artifacts
arising from field inhomogeneities at 3T, a standard FLASH sequence was applied in the
same orientation.

2. First-pass perfusion imaging during intravenous administration of a dose of 0.1
mmol/kg of gadodiamide (Omniscan®, Amersham Health). Basal, mid-ventricular and apical
8-mm short axis slices and an additional long axis slice depending on the infarct-related
artery were acquired for every heartbeat.

3. An additional dose of 0.1 mmol/kg of gadodiamide was given at first-pass perfusion
completion. In project #2 the full dose of 0.2 mmol/kg is given at once.

4. Early enhancement. (only in project #1). In a single breath-hold, a stack of short axis
images will be obtained 5 min after contrast injection in identical slice position as in cines.

For this purpose, a Single-Shot TrueFISP PSIR-GE sequence will be used.

169



Publicaciones Tesis Doctoral

5. Modified MOLLI sequence (or equivalent) in a mid-ventricular short axis slice with
varying Tl times (10 images ranging from Tl 50 to 1000 msec). Optional.

6. Tl scout for optimal myocardial contrast on magnitude images.

7. Viability study. Ten minutes after contrast injection, a navigator- and ECG-gated 3D
GE PSIR sequence was applied in the axial orientation with an isotropic spatial resolution of
2 x 2 x 2 mm. Acquisition time was targeted at below 10 min.

8. Conventional 2D T1-weighted segmented IR-turboFLASH GE imaging with 5 mm
slice thickness in sequential short axis slices with no gap between them. Inversion-time was
adjusted to null normal myocardium and the typical voxel size was 1.3 x 1.3 x 5 mm3.

9. Finally, a stack of 5-mm slices was performed in the 2- and 4-chamber views in two
separate breathholds covering the entire ventricle and using the Single-Shot TrueFISP PSIR-
GE sequence. This was used for shifting correction of the 2D viability images. The entire

protocol was concluded within 60 to 70 minutes.
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SUPPLEMENTARY FIGURE

Supplementary Fig. 1. Post-processing of CMR images. Right panels: Short-axis, 2-
chamber and 4-chamber views. Myocardial borders are contoured in white, scar core in red
and border zone in green. The 40%-layer is demarcated with a purple line. Left panel:
Automated 3D shell of the 40%-layer, showing core zone in red, border zone in green, and
normal myocardium in purple. Tissue characterization thresholds are adjusted according to
the raw images in the right panel, within the limits of 40% + 5% and 60% = 5%, as described

in the text.
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Articulo 2: Monocyte Subsets Are Differently Associated with Infarct Size, Left Ventricular Function, and

the Formation of a Potentially Arrhythmogenic Scar in Patients with Acute Myocardial Infarction

Bosch X, Jauregui B, Villamor N, Morales-Ruiz M, Ortiz-Pérez JT, Borras R, Penela D, Soto-
Iglesias D, Perea RJ, Doltra A, Prat-Gonzalez S, Jiménez W, Mira A, Lasalvia L, Berruezo A.

Monocyte Subsets Are Differently Associated with Infarct Size, Left Ventricular Function, and

the Formation of a Potentially Arrhythmogenic Scar in Patients with Acute Myocardial

Infarction. J Cardiovasc Transl Res 2020;13:722-730. FACTOR DE IMPACTO (2020): 4.132.

AREA DE CONOCIMIENTO: Cardiology and Cardiovascular Medicine. CUARTIL: Q1.

Los objetivos generales del estudio son:

e Investigar el papel de los monocitos (células del sistema inmune implicadas en
procesos de inflamacién/reparacién tisular) y sus distintas subpoblaciones: clasicos
(CLM, CD14** CD167), intermedios (INTM, CD14** CD16%) y no clasicos (no CLM,
CD14* CD16*"), en la formacién de la cicatriz después de un IAMCEST, evaluada
ésta con CRM.

e Evaluar el valor predictivo de cada subpoblacion monocitaria en la potencial
aparicién de eventos clinicos.

e Evaluar el valor predictivo clinico de las diferentes subpoblaciones monocitarias y
otros biomarcadores evaluados, en paralelo con el valor predictivo de la CRM, asi
como el valor incremental de la utilizacién conjunta de biomarcadores y CRM.

e |dentificar nuevos biomarcadores asociados a eventos adversos.
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RESUMEN

Objetivos: Investigar el papel de los monocitos clasicos (CLM, CD14** CD16), intermedios
(INTM, CD14** CD16%) y no clasicos (no-CLM, CD14* CD16%*) en la formacién de cicatrices
miocardicas después de un IAMCEST, evaluado con RM.

Métodos: 102 pacientes consecutivos con un primer IAMCEST se sometieron a andlisis de
sangre seriados después de 1, 3y 7 dias tras el evento coronario. Se realizé una RMC a los
7 dias y 6 meses, analizando la presencia, en la cicatriz, de core (CO), border zone (BZ) y la
presencia de canales de BZ.

Resultados: Los niveles de CLM e INTM disminuyeron progresivamente; se
correlacionaron con la masa de cicatriz, CO y BZ a los 7 dias y 6 meses (p <0,05), e
inversamente con la fraccion de eyeccion del ventriculo izquierdo (FEVI, p <0,01). Los
niveles de no-CLM aumentaron gradualmente; dichos niveles se correlacionaron con la
masa de BZ y la presencia de canales de BZ a los 7 dias y 6 meses (p <0,001).
Conclusiones: CLM e INTM se asocian con tamafno del infarto e inversamente con FEVI,
mientras que los no-CLM se asocian con la masa de BZ y la presencia de sustrato

potencialmente arritmogénico.
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Abstract

To investigate the role of classical (CLM, CD14"*CD16), intermediate (INTM, CD14"*CD16"), and non-classical (Non-CLM,
CD14*CD16"*) monocytes in scar formation after ST-elevation myocardial infarction (STEMI), evaluated with cardiac magnetic
resonance (CMR). One hundred two patients with a first STEMI had serial blood analyses after 1, 3, and 7 days. A CMR was
performed at 7 days and 6 months, depicting scar core (CO), border zone (BZ), and the presence of BZ channels. CLM and INTM
levels progressively decreased, correlated with the scar mass, CO, and BZ at 7 days and 6 months (p < 0.05), and inversely with
left ventricular ejection fraction (LVEF, p<0.01). Non-CLM levels gradually increased, correlated with BZ mass and the
presence of BZ channels at 7 days and 6 months (p < 0.001).CLM and INTM are associated with infarct size and inversely with
LVEF, whereas Non-CLM are associated with BZ mass and the presence of potentially arrhythmogenic substrate.

Keywords Monocytes - Myocardial infarction - Left
ventricular function - Arrhythmogenic substrate

Introduction described in humans: classical CD14**CD16~ monocytes

(CLM), intermediate CD14**CD16" (INTM), and non-
Monocytes constitute a critical component of the innate im-  classical CD14*CD16™" (Non-CLM). Monocyte subsets have
mune response to inflammation. Three subsets have been ~ been shown to contribute to scar formation in specific ways
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and in a sequential form in a mice model of acute myocardial
infarction (AMI) [1]. Ly-6C™#" monocytes, which correspond
to CLM in humans, predominate at the site of injury on days 1
to 4 after MI (phase 1) and scavenge necrotic debris by a
combination of inflammatory mediator expression, proteoly-
sis, and phagocytosis. Ly-6C'*" monocytes, which correspond
to Non-CLM in humans, prevail from day 4 onward (phase 2),
and contribute to angiogenesis and fibrosis, propagating repair
[1]. It has been suggested that wound healing is delayed if the
infarct recruits insufficient numbers of monocytes, because
debris is neither cleared nor replaced with granulation tissue
and collagen matrix [1]. On the other hand, a prolonged im-
mune response from Ly-6C"€" monocytes can initiate inflam-
matory cascades and drive autoimmunity, resulting in further
tissue damage [2]. Although extensive experimental research
has been performed on the role of monocyte subsets in ath-
erosclerosis and myocardial infarction, few clinical studies
have been performed in humans on their different contribu-
tions to the process of scar formation after AMI, [3-7] espe-
cially on the role of INTM and Non-CLM.

Infarct size, as assessed with late gadolinium enhancement
cardiac magnetic resonance (LGE-CMR), is an independent
predictor of arrhythmic events in patients with AMI [8]. In
addition, LGE-CMR can provide accurate 3D information
about scar architecture, allowing the identification of core scar
(CO), border zone (BZ), and BZ channels [9]. These BZ chan-
nels have a reasonably high correlation with conducting chan-
nels in the electroanatomic maps obtained during ventricular
tachycardia substrate ablation procedures [9] and are related
with the ventricular tachycardia isthmuses [10].

The aim of the present study was to determine the temporal
evolution of blood levels of monocyte subsets up to 7 days
after a ST segment elevation AMI (STEMI), and their role in
left ventricular remodeling and the formation of the scar and
its potentially arrhythmogenic substrate.

Methods
Patients

Inclusion criteria were patients admitted to our institution with
a first STEMI and treated with primary percutaneous coronary
intervention (PCI) within the first 12 h from symptom onset.
Exclusion criteria were early death (within the first week),
concomitant structural heart disease, life expectancy < 1 year
due to non-cardiac pathology, other underlying inflammatory
or fibrotic pathologies affecting major organs (e.g., liver, kid-
ney, and lung), persistent contraindication for LGE-CMR
(metallic prosthesis, claustrophobia, or GFR <30 ml/min/
1.73m?) or for its use within the first week after STEMI
(e.g., due to mechanical ventilation or hemodynamic
instability).

@ Springer

PCI was performed by experienced on-call interventional
cardiologists following unfractionated heparin, aspirin, and a
loading dose of clopidogrel. At the physician’s discretion and
unless contraindicated, enalapril, bisoprolol, and high-dose
atorvastatin were initiated early, usually by 24 h from admis-
sion. Baseline characteristics and clinical data were prospec-
tively collected in all cases. The study complied with the
Declaration of Helsinki, and the local Ethics Committee
(Clinical Research Ethics Committee of the Hospital Clinic
de Barcelona; CEIC Hospital Clinic) approved the study pro-
tocol. All participants included in the study provided informed
written consent.

Laboratory Measurements
Monocyte Subpopulations

Peripheral venous blood was collected at days 1, 3, and 7 after
STEMI and processed by flow cytometry within 60 min.
Samples of 100 pl of blood were incubated with a combina-
tion of CD64-FITC (fluorescein isothiocyanate), CD16-PE
(Phycoerythrin), CD45 PerCP (Peridinin Chlorophyll
Protein), and CD14-APC (Allophycocyanin), all from BD
Biosciences (San Jose, CA), for 15 min, followed by lysis of
red cells with FACS Lysing solution (BD Biosciences) and an
additional wash with phosphate-buffered saline. At least
50,000 cells of the stained sample were acquired in a FACS
Canto II flow cytometer (BD Biosciences). Samples were an-
alyzed with Infinicyt software (Cytognos, Salamanca, Spain).
Monocytes were selected based on forward (FSC) and side
(SSC) scatter characteristics and CD45 and CD64 expression
(Supplementary Fig. S1). Once selected, the percent of mono-
cytes from the total leukocytes, and the percent of each mono-
cyte subpopulation (CD14"*CD16~, CD14**CD16", and
CD14*CD16"") were obtained. The absolute numbers of
monocytes and their subpopulations were calculated using
the values of total leukocytes of the same sample.

Biomarkers

Troponin I (Tnl), brain natriuretic peptide (BNP), tumor ne-
crosis factor o (TNF-), matrix metalloproteinase-1 (MMP-
1), MMP-2, MMP-9, TIMP-1, beta-C-terminal telopeptide
(CITP), and interleukins IL-13, IL-6, and IL-10 were proc-
essed and quantified as described in the Online
Supplementary Material.

LGE-CMR Processing

LGE-CMR examinations were performed at 7 days and
6 months after STEMI using a 3-T scanner (Magnetom
Trio®, Siemens Healthcare, Erlangen, Germany). Image ac-
quisition is summarized in the Online Supplementary
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Material. All LGE-CMR images were analyzed using a previ-
ously described technique [11]. In brief, full left ventricular
(LV) volume was reconstructed in the axial orientation and the
resulting images were processed with ADAS-VT software
(Galgo Medical, Barcelona, Spain). Five concentric surface
layers (10%, 25%, 50%, 75%, 90%) were created automati-
cally from endocardium to epicardium of the LV wall thick-
ness. A 3D shell was obtained for each layer. Pixel signal
intensity maps obtained from LGE-CMR images were
projected to each shell following a trilinear interpolation algo-
rithm and color-coded. To identify the scar areas, a pixel signal
intensity-based algorithm was applied to characterize the
hyperenhanced area as CO or BZ, using 40+ 5% and 60 +
5% of the maximum intensity as thresholds. Thus, BZ defined
by LGE-CMR is an area of the infarct with an intermediate
degree of fibrosis with a patient-specific distribution and does
not correspond with the anatomical border of the infarct.

Myocardial Scar Characterization

Two independent investigators analyzed the LGE-CMR im-
ages, and a third observer was available in case of discrepancy.
The scar mass and areas in each shell (total scar, CO, and BZ)
were automatically measured using ADAS-VT software. The
BZ channels were defined as continuous corridors of BZ (with
the prespecified pixel signal intensity threshold) surrounded
by scar core/mitral annulus. A corridor of BZ was considered
a channel when connecting 2 areas of normal myocardium. If
a given channel was identified at the same location and with
the same orientation in adjacent layers, it was considered a
single multilayer channel (Fig. 1). When BZ channels into a
given scar were identified, the scar was considered potentially
arrhythmogenic since they highly correlate with conducting
channels in electroanatomic maps [11]. These channels are
responsible for slow conduction, a necessary component of
re-entry, and have been shown to act as ventricular tachycardia
isthmus [10].

As tissue characterization is based on a pixel signal inten-
sity algorithm, normal myocardium cannot be distinguished
from areas showing “no reflow” phenomenon; both areas
have no hyperenhancement and a very low-intensity signal.
Therefore, in 11 patients with no-reflow no attempt was made
to identify BZ channels in the 7-day LGE-CMR study, al-
though they were identified at the 6-month follow-up.

Statistical Analysis

Continuous variables are given as mean value + SD and were
compared using Student ¢ test or Mann-Whitney U test, ac-
cording to the data distribution (Student ¢ test for normal dis-
tributed data and Mann-Whitney U test for non-parametric
data). Categorical variables are given as total number and
percentages. Bivariate correlations were performed using

Spearman and Pearson correlation coefficients, according to
the data distribution. Since all the data were analyzed at three
specific time points (1, 3, and 7 days after MI), a mixed linear
model for multiple measurements was used to test for time-
dependent changes of total number of monocytes and their
subsets, as well as for biomarker levels. The same analysis
was used for the comparisons between monocyte subsets
and scar characteristics. A p value <0.05 was considered sig-
nificant. Statistical analysis was performed using R software
for Windows version 3.3.0 (R project for statistical comput-
ing, Vienna, Austria).

Results
Patients

Of the 140 eligible participants, 102 were finally included and
formed the study population (Fig. 2). A 7-day LGE-CMR was
performed in all patients, although 4 studies had poor image
quality and 11 patients showed severe no-reflow phenomenon
that precluded tissue characterization and BZ channel identi-
fication. At 6-month follow-up, LGE-CMR was performed in
95 patients and tissue characterization in 89 patients.

Clinical baseline characteristics of the 102 patients are re-
ported in Table 1. Median time to reperfusion was 170 (IQR:
160) minutes. Most STEMI were caused by left anterior de-
scending coronary artery thrombosis (48%). The scar mass
decreased from 22+ 19 g at 7 days to 14+ 12 g at 6 months,
while LVEF increased from 46 + 10% to 51 + 10% respective-
ly. BZ channels were identified in 52 of 83 patients at day 7
and in 53 of 89 patients at 6 months.

Time Course of Monocyte Subset Levels

CLM levels decreased from 670 =271 cells/ul at day 1 to 607
+250 cells/ul at day 3, and to 528 211 cells/ul at day 7
(p<0.001 for global changes and p < 0.01 for differences be-
tween days 1 to 3, and days 3 to 7) (Fig. 3). CLM represented,
respectively, 91.8%, 91.1%, and 91.7% of total monocytes at
days 1, 3, and 7 (p =0.99 for all comparisons). INTM levels
also progressively decreased from days 1 and 3 to day 7 (44 +
44 to 41 +32 to 28 £23 cells/ul, respectively; p <0.001 for
global changes and p < 0.01 from day 1 to day 7, and day 3 to
day 7). INTM represented, respectively, 6.0%, 6.2%, and
4.9% of total monocytes at days 1, 3, and 7 (p=0.99 for
differences between days 1 and 3, and p=0.92 for days 3 to
7). Conversely, Non-CLM levels increased progressively
from 1614 to 18+ 18 to 20 +20 cells/ul at days 1, 3, and
7 post-STEMI (p = 0.04 for global changes). Non-CLM rep-
resented, respectively, 2.2%, 2.7%, and 3.5% of total mono-
cytes atdays 1, 3,and 7 (p = 0.95 for differences between days
1 and 3, and p = 0.94 for days 3 to 7).
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Fig. 1 Example of myocardial
scar in two patients with anterior
wall STEMI. Automated
representation of a myocardial
layer in the wall thickness of the
left ventricular reconstruction
with a color-coded pixel signal
intensity map. Normal
myocardium is shown in purple,
border zone in green, and the core
inred. a Scar without border zone
channels in a patient with low
circulating levels of non-classical
monocytes. b Scar in a patient
with high levels of non-classical
monocytes. In 7-day and 6-month
studies, a border zone channel
(white line) can be identified in
the same myocardial layer and
segment, with the same
orientation and morphology

Monocyte Subsets and Biomarkers

The temporal changes in circulating biomarkers are depicted
in Supplementary Fig. S2. IL-6 levels decreased from days 1
and 3 to day 7 (p <0.001), paralleling the circulating dynam-
ics of CLM and INTM, while TNF-&, MMP-1, MMP-2,
MMP-9, and TIMP-1 levels increased progressively from
day 1 to day 7.

The correlation coefficients observed between the circulat-
ing levels of monocyte subsets and biomarkers differed not
only according to each monocyte subset and biomarker but
also by the specific time since STEMI (Supplementary Fig.
S3). CLM and INTM followed a similar pattem and signifi-
cantly correlated with pro-inflammatory biomarkers during
days 1 to 3, especially with IL-6, TNF-c, and CRP. These
associations extended to day 7, although to a lesser degree.

@ Springer

6 months

They also significantly correlated with markers of extracellu-
lar matrix degradation during days 1 to 7: CLM with MMP-9
and TIMP-1, and INTM with MMP-2 and MMP-9. On the
other hand, the reparative Non-CLM also was directly corre-
lated with pro-inflammatory biomarkers during days 1 and 3,
and with MMP-1, MMP-2, and TIMP-1.

Association with Left Ventricular Volumes
and Ejection Fraction

Peak levels of CLM directly correlated with left ventricular
(LV) volumes at day 7, both for end-diastolic volume
(LVEDV) (r=0.21, p=0.04), and LV end-systolic volume
(LVESV) (r=0.33, p=10.001), resulting in an inverse corre-
lation with LVEF (»r=-0.30, p =0.003) that was also ob-
served at 6 months (r=—0.31, p=0.002). Interestingly, peak
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Eligible patients: 140

Excluded (n=38)
Hemodynamic instability: 15
Claustrophobia: 15
Pacemaker: 3
Refused to participate: 5

Enrolled patients: 102 I

Poor image quality: 4

7-day complete CMR Study: 98
(With tissue characterization: 83)

Technical reasons: 3

6-month complete CMR Study: 95
(With tissue characterization: 89)

Fig. 2 Flow chart of the studied patients. LGE-CMR, late gadolinium
enh cardiac i c

ag)

Table 1 Characteristics of the studied population
Age, years 5811
Sex, female 18 (18)
Coronary risk factors

Present smoker 51 (50)

Hypertension 42 41)

Hypercholesterolemia 25 (25)

Diabetes mellitus 13 (13)
Site of MI: anterior 48 (47)
Peak Troponin I, [UA 128+150
Killip class >2 909
Serum creatinine, mg/dl 095+0.22
Leucocytes, cells/pl 10,849 + 2893
Monocytes, cells/pl 729 +302
Prior treatment

ACE-/ARB 23(23)

Beta blockers 44

Statins 21 21).
CMR at 7 days

LVEF, % 4610

Scar mass, g 22x19

CO mass, g 11£10

BZ mass, g 1210
CMR at 6 months

LVEF, % 51=10

Scar mass, g 14+12

CO mass, g 7+6

BZ mass, g 8+7

Values are means = SD or n (%). ACE-1, verting enzy
inhibitors; ARB, angi i ptor blockers; BZ, scar border zone; CO,
scar core; LVEF, left ventricular ejection fraction

&

INTM levels also inversely correlated with LV ejection frac-
tion (LVEF) at 7 days (r=-0.26, p=0.01) and at 6 months
(r=—10.27, p<0.01). In contrast, no significant correlations
were found between Non-CLM levels and LVEDV, LVESV,
or LVEF.

Monocyte Subsets and Scar Characteristics

Blood levels of monocyte subsets were directly correlated
with scar mass and its parts, the CO and BZ, as evaluated by
LGE-CMR at 7 days. However, the degree of association was
different for every monocyte subset and zone. Thus, while
CLM and INTM levels were directly, strongly, and uniformly
associated with CO and BZ mass, Non-CLM levels were ex-
clusively associated with the BZ mass (Table 2). Similar al-
though less marked results were obtained at 6 months.
Interestingly, although the BZ mass was directly associated
with all monocyte subsets, the presence of BZ channels was
strongly associated only with Non-CLM levels, both at 7 days
and at 6 months (Table 2 and Fig. 1). Compared with patients
without BZ channels, patients with BZ channels had uniform-
ly higher levels of Non-CLM during the first 7 days after
STEMI (Fig. 4), higher peak Tn I (134118 TU/l vs. 91 +
188 IU/l, p<0.01), higher BZ mass, and lower LVEF at
6 months (50 £ 9% vs. 55+ 9%, p <0.05). No differences be-
tween patients with and without arrhythmogenic scar were
found for other clinical characteristics, MI location, or time
to reperfusion (235 = 185 min vs. 215 = 188 min, p=0.39).

Discussion

This study is the first to analyze the role of circulating mono-
cyte subsets in the process of scar formation after AMI and
their relationship with differential tissue characteristics using
3-T LGE-CMR at 7 days and 6 months. Two main findings
have been showed: CLM and INTM had a similar pattern of
blood kinetics and of association with inflammatory bio-
markers, and both were directly associated with infarct size
and inversely with LVEF. In contrast, Non-CLM showed dif-
ferent blood kinetics and were strongly associated with the
scar BZ and with its potentially arrhythmogenic distribution,
creating BZ channels.

Early after MI, monocytes are rapidly released by the
splenic reservoir and are rapidly recruited by the ischemic
myocardium, matched by rapid (<24 h) cell death [12]. In
accordance with these observations and other reports, [5, 6]
we found that CLM and INTM showed similar kinetics with a
peak on day 1 and a progressive decrease at day 3 and day 7.
Although the progressive increase in the circulating levels of
Non-CLM from days 1 to 7 after MI has not been observed in
other clinical studies, [5, 6] our results are in agreement with
experimental studies on Ly-6C'*" monocytes/macrophage
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Days after STEMI Days after STEMI Days after STEMI

Fig. 3 Circulating levels of monocyte subsets within the first 7 days after myocardial infarction

showing a progressive increase from baseline, with a peak on
day 7 after MI [1]. Nevertheless, it should be noted that the
total number of monocytes and their subpopulations remained
within what is considered the normal range throughout the
study [13-16].

Association Between Monocyte Subsets and Serum
Biomarkers

We found that all monocyte subsets were associated with pro-
inflammatory biomarkers during phase 1, suggesting that all
of them may have pro-inflammatory effects during this phase
[12], in accordance with experimental work reporting that Ly-
6C™#" monocytes have proteolytic and inflammatory func-
tions, whereas Ly-6C'*™ have also attenuated inflammatory
and proangiogenic properties [1]. In this regard, IL-6, which

is involved in the inflammatory injury, progressively de-
creases as local post-STEMI inflammation does
(Supplementary Fig. S2). CLM and INTM were also associ-
ated with MMP-9 from day 1 to day 7 after STEMI, and Non-
CLM were associated with MMP-1, and MMP-2, markers of
extracellular matrix degradation, suggesting that the protease
activity involved in the process of extracellular matrix remod-
eling may continue during the reparative phase 2. In fact, these
MMPs showed a progressive increase during the first days
after the STEMI (Supplementary Fig. S2).

The levels of CLM and INTM significantly correlated with
the serum concentrations of TNF-a. This could be justified
since TNF-o is an autocrine contributor to myocardial dys-
function and cardiomyocyte death in ischemia-reperfusion in-
jury, either by direct depression of contractility or by induction
of myocyte apoptosis [17].

Table 2  Parameter estimation from the lineal model of the association between each monocyte subset and the scar mass and its components at 7 days

and 6 months after myocardial infarction

Scar Core zone Border zone Border zone channels
B+SE P B+SE P B+SE P B=SE P
Results at 7 days
CLM 0.017 + 0.004 0.0001 0.008 = 0.002 <0.001 0.009 = 0.002 0.0002 0.00003 = 0.0003 0.92
INTM 0.118 £ 0.031 0.0002 0.054 = 0.016 0.001 0.064 + 0.017 0.0001 0.005 = 0.002 0.03
Non-CLM 0.137 + 0.063 0.03 0.045 = 0.033 0.17 0.091 + 0.033 0.006 0014 = 0.004 0.0002
Results at 6 months
CLM 0.005 + 0.003 0.06 0.002 = 0.001 0.10 0.003 = 0.002 0.05 0.00006 = 0.0003 0.82
INTM 0.060 + 0.020 0.003 0.021 +0.010 0.03 0.038 + 0.011 <0.001 0.002 + 0.002 0.20
Non-CLM 0.062 + 0.040 0.13 0.013 £ 0.020 0.53 0.050 = 0.022 0.025 0012 £ 0.004 <0.001
CLM, classical human monocytes (CD14++CD16-); INTM, intermediate human monocytes (CD14++CD16+); Non-CLM, non-classical human mono-
cytes (CD14+CD16++)
@ Springer
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LV Remodeling and Dysfunction

Mackawa et al. first reported an association between peak
monocyte count and LV volumes and LVEF measured by left
contrast ventriculography in patients with AMI, suggesting a
possible role of monocytes in the development of LV remod-
eling after MI 3]. In our study, a strong association was found
between CLM levels and LV remodeling within 7 days after
STEMLI, an effect that remained at 6 months. These results are
in agreement with experimental research showing that Ly-
6C"" monocytosis 5 days after AMI disturbs resolution of
inflammation and enhances LV remodeling [2]. Previous clin-
ical studies have shown conflicting results [4, 7]. In the study
by Tsujioka et al. in 30 patients with STEMI, peak levels of
CLM were not inversely correlated with basal or 6-month
LVEF but with the change in LVEF [4]. The small sample of
patients may explain these results. On the other hand, van der
Laan et al. also found an association between CLM levels
5 days post-AMI and LVEF [7]. We also observed an inverse
correlation between circulating levels of INTM and LVEF at
7 days and 6 months after STEMI, a finding not previously
reported. The strong similarities of these two monocyte sub-
sets in phenotype, circulating dynamics, interleukin expres-
sion, proinflammatory effects, and transcriptome characteris-
tics also support our results, as INTM seems to be an interme-
diate stage of differentiation from CLM to Non-CLM.

Non-classical Monocytes and the Formation
of a Potentially Arrhythmogenic Scar

Different results have been also reported on the association
between blood levels of monocyte subsets and infarct size
[4, 7]. The present study was the first to assess MI size using

7-day LGE-CMR

6-month LGE-CMR

25-

P=0.01

7 1 3 7
Days after STEMI
@ Channeis @ No channels

3-T LGE-CMR, and the components of the scar and its tissue
characterization at 7 days and 6 months. The results showed a
strong, direct correlation between CLM and INTM levels and
infarct size, as previously reported in experimental studies
with Ly-6C™" monocytes [1, 18]. In addition, the relationship
was uniform for both parts of the scar, the CO and the BZ.

More important, we found for the first time a strong direct
association between circulating levels of Non-CLM and the
BZ mass, and the formation of an adverse myocardial scar
defined as a pro-arrhythmogenic scar with BZ channels.
Patients with these scar channels had higher levels of Non-
CLM at days 3 and 7, and higher BZ mass than patients with-
out BZ channels, suggesting that high Non-CLM levels may
affect or influence infarct healing and result in a pro-
arrhythmogenic scar.

These results may have important clinical implications and
raise some intriguing hypotheses. Indeed, it has been shown
that Ly6C'*™ macrophages promote transdifferentiation of fi-
broblasts into secretory and contractile myofibroblasts, and
these cells can form electrotonic connections with
cardiomyocytes, potentially contributing to arrhythmogenesis
[19]. In addition, in an experimental study, mice treated with
antibodies towards fractalkine, a mediator for Ly-6C'*" infil-
tration of the myocardium, had smaller infarct size [20]. Thus,
decreased recruitment and infiltration of Non-CLM by direct
intervention early after STEMI might have favorable effects
on infarct healing.

Clinical Implications
Further experimental studies at a cellular and molecular level

are needed to confirm these results and to provide a mecha-
nistic explanation for each process. Several therapeutic targets
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and strategies addressing the inflammatory and immune re-
sponses after an AMI have been evaluated. These strategies
have tried, for example, to reduce the activity of certain im-
mune cells, such as neutrophils; to inhibit the activity of var-
ious inflammatory cytokines using monoclonal antibodies; or
to target multiple inflammatory pathways by using stem cells.
In this regard, treatment with stem cells, although promising,
still faces numerous limitations [21]. A deeper understanding
of these mechanisms, for which LGE-CMR constitutes an
essential diagnostic tool, may provide a unique opportunity
to identify new therapeutic strategies to limit LV remodeling
and to modulate the arrhythmogenic substrate early after myo-
cardial infarction.

Study Limitations

This was a prospective, observational study. Thus, the results
do not provide a mechanistic explanation for the association
found between the levels of each monocyte subset and the
analyzed biomarkers, LV remodeling, infarct size, and the
formation of BZ channels. In addition, our study could not
determine whether the blood levels of the three monocyte
subsets reflect the extent of their infiltration in the ischemic
and necrotic myocardium.

Conclusions

Monocyte subsets have an important role in scar formation
carly after STEMI. Classical and intermediate monocyte
levels were directly correlated with infarct size and inversely
with LVEF. Non-classical monocytes were strongly associated
with the scar BZ mass and distribution, thus creating a poten-
tially arrhythmogenic substrate. Further experimental studies
at a cellular and molecular level are needed to confirm these
results and to provide a mechanistic explanation for each pro-
cess. A deeper understanding of these mechanisms, for which
LGE-CMR constitutes an essential diagnostic tool, may pro-
vide a unique opportunity to identify new therapeutic strate-
gies to limit LV remodeling and to modulate the arrhythmo-
genic substrate early after myocardial infarction.
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INTRODUCTION

Monocytes constitute a critical component of the innate immune response to inflammation.
Three subsets have been described in humans: classical CD14++CD16- monocytes (CLM),
intermediate CD14++CD16+ (INTM), and non-classical CD14+CD16++ (Non-CLM).
Monocyte subsets have been shown to contribute to scar formation in specific ways and in
a sequential form in a mice model of acute myocardial infarction (AMI). (1) Ly-6Chigh
monocytes, which correspond to CLM in humans, predominate at the site of injury on days
1 to 4 after Ml (phase 1) and scavenge necrotic debris by a combination of inflammatory
mediator expression, proteolysis, and phagocytosis. Ly-6Clow monocytes, which
correspond to Non-CLM in humans, prevail from day 4 onward (phase 2), and contribute to
angiogenesis and fibrosis, propagating repair. (1) It has been suggested that wound healing
is delayed if the infarct recruits insufficient numbers of monocytes, because debris is neither
cleared nor replaced with granulation tissue and collagen matrix. (1) On the other hand, a
prolonged immune response from Ly-6Chigh monocytes can initiate inflammatory cascades
and drive autoimmunity, resulting in further tissue damage. (2) Although extensive
experimental research has been performed on the role of monocyte subsets in
atherosclerosis and myocardial infarction, few clinical studies have been performed in
humans on their different contribution to the process of scar formation after AMI, (3-7)
especially on the role of INTM and Non-CLM.

Infarct size, as assessed with late gadolinium enhancement cardiac magnetic resonance
(LGE-CMR), is an independent predictor of arrhythmic events in patients with AMI. (8) In
addition, LGE-CMR can provide accurate 3D information about scar architecture, allowing

the identification of core scar (CO), border zone (BZ), and BZ channels. (9) These BZ
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channels have a reasonably high correlation with conducting channels in the
electroanatomic maps obtained during ventricular tachycardia substrate ablation
procedures (?) and are related with the ventricular tachycardia isthmuses. (10)

The aim of the present study was to determine the temporal evolution of blood levels of
monocyte subsets up to 7 days after a ST-segment elevation AMI (STEMI), and their role in
left ventricular remodeling and the formation of the scar and its potentially arrhythmogenic

substrate.

METHODS

Patients

Inclusion criteria were patients admitted to our institution with a first STEMI and treated with
primary percutaneous coronary intervention (PCI) within the first 12 hours from symptom
onset. Exclusion criteria were early death (within the first week), concomitant structural heart
disease, life expectancy <1 year due to non-cardiac pathology, other underlying
inflammatory or fibrotic pathologies affecting major organs (e.g., liver, kidney, and lung),
persistent contraindication for LGE-CMR (metallic prosthesis, claustrophobia, or GFR
<30ml/min/1.73m2) or for its use within the first week after STEMI (e.g., due to mechanical
ventilation or hemodynamic instability).

PCl was performed by experienced on-call interventional cardiologists following
unfractionated heparin, aspirin, and a loading dose of clopidogrel. At the physician’s
discretion and unless contraindicated, enalapril, bisoprolol, and high-dose atorvastatin

were initiated early, usually by 24 hours from admission. Baseline characteristics and clinical
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data were prospectively collected in all cases. The study complied with the Declaration of
Helsinki, and the local Ethics Committee (Clinical Research Ethics Committee of the Hospital
Clinic de Barcelona; CEIC Hospital Clinic) approved the study protocol. All participants

included in the study provided informed written consent.

Laboratory measurements

Monocyte subpopulations

Peripheral venous blood was collected at days 1, 3, and 7 after STEMI and processed by
flow cytometry within 60 min. Samples of 100 pL of blood were incubated with a
combination of CD64-FITC (fluorescein isothiocyanate), CD16-PE (Phycoerythrin), CD45
PerCP (Peridinin Chlorophyll Protein) and CD14-APC (Allophycocyanin), all from BD
Biosciences (San Jose, CA), for 15 minutes, followed by lysis of red cells with FACS Lysing
solution (BD Biosciences) and an additional wash with phosphate-buffered saline. At least
50,000 cells of the stained sample were acquired in a FACS Canto Il flow cytometer (BD
Biosciences). Samples were analyzed with Infinicyt software (Cytognos, Salamanca, Spain).
Monocytes were selected based on forward (FSC) and side (SSC) scatter characteristics and
CD45 and CDé64 expression. (Supplementary Figure S1) Once selected, the percent of
monocytes from the total leukocytes, and the percent of each monocyte subpopulation
(CD14++CD16-, CD14++CD16+, and CD14+CD16++) were obtained. The absolute
numbers of monocytes and their subpopulations was calculated using the values of total
leukocytes of the same sample.

Biomarkers
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Troponin | (Tnl), brain natriuretic peptide (BNP), tumor necrosis factor a (TNF-a), matrix
metalloproteinase-1 (MMP-1), MMP-2, MMP-9, TIMP-1, beta-C-terminal telopeptide (CITP),
and interleukins IL-1p3, IL-6, and IL-10 were processed and quantified as described in the

Online Supplementary Material.

LGE-CMR processing

LGE-CMR examinations were performed at 7 days and 6 months after STEMI using a 3-T
scanner (Magnetom Trio®, Siemens Healthcare, Erlangen, Germany). Image acquisition is
summarized in the Online Supplementary Material. All LGE-CMR images were analyzed
using a previously described technique. (11) In brief, full left ventricular (LV) volume was
reconstructed in the axial orientation and the resulting images were processed with ADAS-
VT software (Galgo Medical, Barcelona, Spain). Five concentric surface layers (10%, 25%,
50%, 75%, 90%) were created automatically from endocardium to epicardium of the LV wall
thickness. A 3D shell was obtained for each layer. Pixel signal intensity maps obtained from
LGE-CMR images were projected to each shell following a trilinear interpolation algorithm
and color-coded. To identify the scar areas, a pixel signal intensity-based algorithm was
applied to characterize the hyperenhanced area as CO or BZ, using 40 + 5% and 60 = 5%
of the maximum intensity as thresholds. Thus, BZ defined by LGE-CMR is an area of the
infarct with an intermediate degree of fibrosis with a patient-specific distribution and does

not correspond with the anatomical border of the infarct.

Myocardial scar characterization
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Two independent investigators analyzed the LGE-CMR images, and a third observer was
available in case of discrepancy. The scar mass and areas in each shell (total scar, CO, and
BZ) were automatically measured using ADAS-VT software. The BZ channels were defined
as continuous corridors of BZ (with the prespecified pixel signal intensity threshold)
surrounded by scar core/mitral annulus. A corridor of BZ was considered a channel when
connecting 2 areas of normal myocardium. If a given channel was identified at the same
location and with the same orientation in adjacent layers, it was considered as a single
multilayer channel (Figure 1). When BZ channels into a given scar were identified, the scar
was considered potentially arrhythmogenic since they highly correlate with conducting
channels in electroanatomic maps. (12) These channels are responsible for slow conduction,
a necessary component of re-entry, and have been shown to act as ventricular tachycardia
isthmus. (10)

As tissue characterization is based on a pixel signal intensity algorithm, normal myocardium
cannot be distinguished from areas showing “no reflow” phenomenon; both areas have no
hyperenhancement and a very low-intensity signal. Therefore, in 11 patients with no-reflow
no attempt was made to identify BZ channels in the 7-day LGE-CMR study, although they

were identified at the 6-month follow-up.

Statistical Analysis

Continuous variables are given as mean value = SD and were compared using Student t test
or Mann-Whitney U test, according to the data distribution (Student t test for normal
distributed data and Mann-Whitney U test for non-parametric data). Categorical variables

are given as total number and percentages. Bivariate correlations were performed using
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Spearman and Pearson correlation coefficients, according to the data distribution. Since all
the data were analyzed at three specific time points (1, 3 and 7 days after Ml), a mixed linear
model for multiple measurements was used to test for time-dependent changes of total
number of monocytes and their subsets, as well as for biomarker levels. The same analysis
was used for the comparisons between monocyte subsets and scar characteristics. A P-value
<0.05 was considered significant. Statistical analysis was performed using R software for

Windows version 3.3.0 (R project for statistical computing, Vienna, Austria).

RESULTS

Patients

Of the 140 eligible participants, 102 were finally included and formed the study population
(Figure 2). A 7-day LGE-CMR was performed in all patients, although 4 studies had poor
image quality and 11 patients showed severe no-reflow phenomenon that precluded tissue
characterization and BZ channel identification. At 6-month follow-up, LGE-CMR was
performed in 95 patients and tissue characterization in 89 patients.

Clinical baseline characteristics of the 102 patients are reported in Table 1. Median time to
reperfusion was 170 (IQR: 160) minutes. Most STEMI were caused by left anterior
descending coronary artery thrombosis (48%). The scar mass decreased from 22 = 19 g at
7 days to 14 = 12 g at 6 months, while LVEF increased from 46 = 10% to 51 = 10%
respectively. BZ channels were identified in 52 of 83 patients at day 7 and in 53 of 89 patients

at 6 months.
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Time course of monocyte subset levels

CLM levels decreased from 670 + 271 cells/uL at day 1 to 607 + 250 cells/pL at day 3, and
to 528 £ 211 cells/pL at day 7 (p < 0.001 for global changes and p < 0.01 for differences
between days 1 to 3, and days 3 to 7), (Figure 3). CLM represented, respectively, 91.8%,
91.1% and 91.7% of total monocytes at days 1, 3, and 7 (p = 0.99 for all comparisons). INTM
levels also progressively decreased from days 1 and 3to day 7 (44 + 44 to 41 + 32 to 28 =
23 cells/pL, respectively; p < 0.001 for global changes and p < 0.01 from day 1 to day 7, and
day 3 to day 7). INTM represented, respectively, 6.0%, 6.2% and 4.9% of total monocytes at
days 1, 3, and 7 (p = 0.99 for differences between days 1 to 3, and p = 0.92 for days 3 to 7).
Conversely, Non-CLM levels increased progressively from 16 + 14 to 18 = 18 to 20 * 20
cells/uL at days 1, 3 and 7 post-STEMI (p = 0.04 for global changes). Non-CLM represented,
respectively, 2.2%, 2.7% and 3.5% of total monocytes at days 1, 3, and 7 (p = 0.95 for

differences between days 1 to 3, and p = 0.94 for days 3 to 7).

Monocyte subsets and biomarkers

The temporal changes in circulating biomarkers are depicted in Supplementary Figure S2.
IL-6 levels decreased from days 1 and 3 to day 7 (p < 0.001), paralleling the circulating
dynamics of CLM and INTM, while TNF-a, MMP-1, MMP-2, MMP-9, and TIMP-1 levels
increased progressively from day 1 to day 7.

The correlation coefficients observed between the circulating levels of monocyte subsets
and biomarkers differed not only according to each monocyte subset and biomarker but
also by the specific time since STEMI (Supplementary Figure S3). CLM and INTM followed a

similar pattern and significantly correlated with pro-inflammatory biomarkers during days 1
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to 3, especially with IL-6, TNF-a, and CRP. These associations extended to day 7, although
to a lesser degree. They also significantly correlated with markers of extracellular matrix
degradation during days 1 to 7: CLM with MMP-9 and TIMP-1, and INTM with MMP-2 and
MMP-9. On the other hand, the reparative Non-CLM also was directly correlated with pro-

inflammatory biomarkers during days 1 and 3, and with MMP-1, MMP-2, and TIMP-1.

Association with left ventricular volumes and ejection fraction

Peak levels of CLM directly correlated with left ventricular (LV) volumes at day 7, both for
end-diastolic volume (LVEDV), (r = 0.21, p = 0.04), and LV end-systolic volume (LVESV), (r =
0.33, p = 0.001), resulting in an inverse correlation with LVEF (r = -0.30, p = 0.003) that was
also observed at 6 months (r = -0.31, p = 0.002). Interestingly, peak INTM levels also
inversely correlated with LV ejection fraction (LVEF) at 7 days (r = -0.26, p = 0.01) and at 6
months (r = -0.27, p < 0.01). In contrast, no significant correlations were found between

Non-CLM levels and LVEDV, LVESV or LVEF.

Monocyte subsets and scar characteristics

Blood levels of monocyte subsets were directly correlated with scar mass and its parts, the
CO and BZ, as evaluated by LGE-CMR at 7 days. However, the degree of association was
different for every monocyte subset and zone. Thus, while CLM and INTM levels were
directly, strongly, and uniformly associated with CO and BZ mass, Non-CLM levels were
exclusively associated with the BZ mass (Table 2). Similar although less marked results were

obtained at 6 months.
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Interestingly, although the BZ mass was directly associated with all monocyte subsets, the
presence of BZ channels was strongly associated only with Non-CLM levels, both at 7 days
and at 6 months (Table 2 and Figure 1). Compared to patients without BZ channels, patients
with BZ channels had uniformly higher levels of Non-CLM during the first 7 days after STEMI
(Figure 4), higher peak Tn1(134 = 118 1U/L vs. 91 = 188 IU/L, p < 0.01), higher BZ mass, and
lower LVEF at 6 months (50 + 9% vs. 55 = 9%, p < 0.05). No differences between patients
with and without arrhythmogenic scar were found for other clinical characteristics, Ml

location, or time to reperfusion (235 + 185 min vs. 215 = 188 min, p = 0.39).

DISCUSSION

This study is the first to analyze the role of circulating monocyte subsets in the process of
scar formation after AMI and their relationship with differential tissue characteristics using
3-TLGE-CMR at 7 days and 6 months. Two main findings have been showed: CLM and INTM
had a similar pattern of blood kinetics and of association with inflammatory biomarkers, and
both were directly associated with infarct size and inversely with LVEF. In contrast, Non-CLM
showed different blood kinetics and were strongly associated with the scar BZ and with its
potentially arrhythmogenic distribution, creating BZ channels.

Early after MI, monocytes are rapidly released by the splenic reservoir and are rapidly
recruited by the ischemic myocardium, matched by rapid (< 24 hours) cell death. (13) In
accordance with these observations and other reports, (5,6) we found that CLM and INTM
showed similar kinetics with a peak on day 1 and a progressive decrease at day 3 and day

7. Although the progressive increase in the circulating levels of Non-CLM from days 1 to 7
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after Ml has not been observed in other clinical studies, (5,6) our results are in agreement
with experimental studies on Ly-6Clow monocytes/macrophage showing a progressive
increase from baseline, with a peak on day 7 after MI. (1) Nevertheless, it should be noted
that the total number of monocytes and their subpopulations remained within what is

considered the normal range throughout the study. (14-17)

Association between monocyte subsets and serum biomarkers

We found that all monocyte subsets were associated with pro-inflammatory biomarkers
during phase 1, suggesting that all of them may have pro-inflammatory effects during this
phase, (13) in accordance with experimental work reporting that Ly-6Chigh monocytes have
proteolytic and inflammatory functions, whereas Ly-6Clow have also attenuated
inflammatory and proangiogenic properties. (1) In this regard, IL-6, which is involved in the
inflammatory injury, progressively decreases as local post-STEMI inflammation does
(Supplementary Figure S2). CLM and INTM were also associated with MMP-9 from day 1 to
day 7 after STEMI, and Non-CLM were associated with MMP-1, and MMP-2, markers of
extracellular matrix degradation, suggesting that the protease activity involved in the
process of extracellular matrix remodeling may continue during the reparative phase 2. In
fact, these MMPs showed a progressive increase during the first days after the STEMI
(Supplementary Figure S2).

The levels of CLM and INTM significantly correlated with the serum concentrations of TNF-
a. This could be justified since TNF-a is an autocrine contributor to myocardial dysfunction
and cardiomyocyte death in ischemia-reperfusion injury, either by direct depression of

contractility or by induction of myocyte apoptosis. (18)
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LV remodeling and dysfunction

Maekawa et al. first reported an association between peak monocyte count and LV volumes
and LVEF measured by left contrast ventriculography in patients with AMI, suggesting a
possible role of monocytes in the development of LV remodeling after MI. (3) In our study,
a strong association was found between CLM levels and LV remodeling within 7 days after
STEMI, an effect that remained at 6 months. These results are in agreement with
experimental research showing that Ly-6Chigh monocytosis 5 days after AMI disturbs
resolution of inflammation and enhances LV remodeling. (2) Previous clinical studies have
shown conflicting results. (4,7) In the study by Tsujioka et al. in 30 patients with STEMI, peak
levels of CLM were not inversely correlated with basal or 6-month LVEF but with the change
in LVEF. (4) The small sample of patients may explain these results. On the other hand, van
der Laan et al. also found an association between CLM levels 5 days post-AMI and LVEF. (7)
We also observed an inverse correlation between circulating levels of INTM and LVEF at 7
days and 6 months after STEMI, a finding not previously reported. The strong similarities of
these two monocyte subsets in phenotype, circulating dynamics, interleukin expression,
proinflammatory effects, and transcriptome characteristics also support our results, as INTM

seems to be an intermediate stage of differentiation from CLM to Non-CLM.

Non-classical monocytes and the formation of a potentially arrhythmogenic scar
Different results have been also reported on the association between blood levels of
monocyte subsets and infarct size. (4,7) The present study was the first to assess Ml size

using 3-T LGE-CMR, and the components of the scar and its tissue characterization at 7 days
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and 6 months. The results showed a strong, direct correlation between CLM and INTM levels
and infarct size, as previously reported in experimental studies with Ly-6Chigh monocytes.
(1,19) In addition, the relationship was uniform for both parts of the scar, the CO and the
BZ.

More important, we found for the first time a strong direct association between circulating
levels of Non-CLM and the BZ mass, and the formation of an adverse myocardial scar
defined as a pro-arrhythmogenic scar with BZ channels. Patients with these scar channels
had higher levels of Non-CLM at days 3 and 7, and higher BZ mass than patients without BZ
channels, suggesting that high Non-CLM levels may affect or influence infarct healing and
resultin a pro-arrhythmogenic scar.

These results may have important clinical implications and raise some intriguing
hypotheses. Indeed, it has been shown that Ly6Clow macrophages promote
transdifferentiation of fibroblasts into secretory and contractile myofibroblasts, and these
cells can form electrotonic connections with cardiomyocytes, potentially contributing to
arrhythmogenesis. (20) In addition, in an experimental study, mice treated with antibodies
towards fractalkine, a mediator for Ly-6Clow infiltration of the myocardium, had smaller
infarct size. (21) Thus, decreased recruitment and infiltration of Non-CLM by direct

intervention early after STEMI might have favorable effects on infarct healing.

Clinical implications
Further experimental studies at a cellular and molecular level are needed to confirm these
results and to provide a mechanistic explanation for each process. Several therapeutic

targets and strategies addressing the inflammatory and immune responses after an AMI
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have been evaluated. These strategies have tried, for example, to reduce the activity of
certain immune cells, such as neutrophils; to inhibit the activity of various inflammatory
cytokines using monoclonal antibodies, or to target multiple inflammatory pathways by
using stem cells. In this regard, treatment with stem cells, although promising, still faces
numerous limitations. (22) A deeper understanding of these mechanisms, for which LGE-
CMR constitutes an essential diagnostic tool, may provide a unique opportunity to identify
new therapeutic strategies to limit LV remodeling and to modulate the arrhythmogenic

substrate early after myocardial infarction.

Study limitations

This was a prospective, observational study. Thus, the results do not provide a mechanistic
explanation for the association found between the levels of each monocyte subset and the
analyzed biomarkers, LV remodeling, infarct size, and the formation of BZ channels. In
addition, our study could not determine whether the blood levels of the three monocyte

subsets reflect the extent of their infiltration in the ischemic and necrotic myocardium.

Conclusions

Monocyte subsets have an important role in scar formation early after STEMI. Classical and
Intermediate monocyte levels were directly correlated with infarct size and inversely with
LVEF. Non-classical monocytes were strongly associated with the scar BZ mass and
distribution, thus creating a potentially arrhythmogenic substrate. Further experimental
studies at a cellular and molecular level are needed to confirm these results and to provide

a mechanistic explanation for each process. A deeper understanding of these mechanisms,
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for which LGE-CMR constitutes an essential diagnostic tool, may provide a unique
opportunity to identify new therapeutic strategies to limit LV remodeling and to modulate

the arrhythmogenic substrate early after myocardial infarction.
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TABLES

Table 1. Characteristics of the studied population.

Age, years 58+11
Sex, female 18 (18)
Coronary risk factors
Present smoker 51 (50)
Hypertension 42 (41)
Hypercholesterolemia 25 (25)
Diabetes mellitus 13 (13)
Site of MI: anterior 48 (47)
Peak Troponin I, IU/1 128+150
Killip class > 2 909
Serum creatinine, mg/dl 0.95+0.22
Leucocytes, cells/ul 10,849+2,893
Monocytes, gells/ul 729+302
Prior treatment
ACE-i/ARB 23 (23)
Beta blockers 44)
Statins 21 (21)
CMR at 7 days
LVEF, % 46+10
Scar mass, g 22+19
CO mass, g 11£10
BZ mass, g [12+10
CMR at 6 months
LVEF, % 51+10
Scar mass, g 14£12
CO mass, g 7£6
BZ mass, g 8+7

Values are means + SD or n (%). ACE-I: Angiotensin-converting enzyme inhibitors; ARB:
Angiotensin receptor blockers; BZ: Scar border zone; CO: Scar core; LVEF: Left ventricular
ejection fraction.
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Table 2. Parameter estimation from the lineal model of the association between each

monocyte subset and the scar mass and its components at 7 days and 6 months after

myocardial infarction.

Scar Core zone Border zone Border zone Channels

p£SE P B+SE P p£SE P B+SE P
Results at 7 days
CLM 0.017+0.004  0.0001 0.008 £0.002  <0.001 0.009 +0.002  0.0002 0.00003 = 0.0003 0.92
INTM 0.118£0.031  0.0002 0.054+0.016  0.001 0.064 +0.017  0.0001 0.005 = 0.002 0.03
Non-CLM 0.137 +£0.063 0.03 0.045 +0.033 0.17 0.091 +0.033 0.006 0.014 +0.004 0.0002
Results at 6 months
CLM 0.005 +0.003 0.06 0.002 + 0.001 0.10 0.003 + 0.002 0.05 0.00006 = 0.0003 0.82
INTM 0.060 +£0.020  0.003 0.021 +£0.010 0.03 0.038+0.011  <0.001 0.002 = 0.002 0.20
Non-CLM 0.062 + 0.040 0.13 0.013 +0.020 0.53 0.050 + 0.022 0.025 0.012 +0.004 <0.001

CLM: Classical human monocytes (CD14++CD16-); INTM: Intermediate human monocytes (CD14++CD16+); Non-CLM: Non-classical
human monocytes (CD14+CD16++).
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FIGURES

Figure 1. Example of myocardial scar in two patients with anterior wall STEMI. Automated
representation of a myocardial layer in the wall thickness of the left ventricular
reconstruction with a color-coded pixel signal intensity map. Normal myocardium is shown
in purple, border zone in green, and the core in red. A: Scar without border zone channels
in a patient with low circulating levels of non-classical monocytes. B: Scar in a patient with
high levels of non-classical monocytes. In 7-day and 6-month studies, a border zone channel
(white line) can be identified in the same myocardial layer and segment, with the same

orientation and morphology.
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Figure 2. Flow-chart of the studied patients. LGE-CMR, late gadolinium enhancement

cardiac magnetic resonance.
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(With tissue characterization: 89)
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Figure 3. Circulating levels of monocyte subsets within the first 7 days after myocardial

infarction.
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Figure 4. Mean (95% Cl) blood levels of non-classical monocytes during the first 7 days after

myocardial infarction in patients with and without border zone channels at 7-day and 6-

month LGE-CMR.
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SUPPLEMENTARY MATERIAL

METHODS

Laboratory measurements:

Blood samples were obtained from study participants at days 1, 3 and 7 after STEMI and
collected into plain or heparin/EDTA-coated blood collection tubes. After centrifugation at
3,000 rpm for 15 minutes, serum or plasma samples were stored at -80°C until analysis.
Troponin | (Tnl) was determined in heparin plasma samples using chemiluminometric

immunoassays run on the DIMENSION EXL System (Siemens Healthcare Diagnostics,

Tarrytown, NY, USA). Tumor necrosis factor 1 (TNF-a, and interleukins IL-1B and IL-6 were

measured in serum samples using an IMMULITE 1000 Immunoassay system (Siemens
Healthcare Diagnostics, Tarrytown, NY, USA). Serum matrix metalloproteinase-1 (MMP-1),
MMP-2, MMP-9 (Quantikine Human; R&D Systems, Minneapolis, MN), were quantified by
manual colorimetric ELISA assays. The intra-assay and inter-assay coefficient of variation
were lower than 5% and 10%, respectively, in all cases. All the parameters were measured
according to the manufacturer’'s instructions. Other biochemical and haematological
parameters were measured by standard procedures at the Core Laboratory of the

Biomedical Diagnostic Centre of the Hospital Clinic of Barcelona.

CMR protocol:
Short axis cine images encompassing the ventricles and long axis (2-, 3- and 4-chamber
views) were acquired using conventional steady-state free precession sequence, during

end-expiratory apnea, using retrospective gating, (repetition time 3.1 ms; echo time 1.4 ms;
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flip angle 50°; section thickness 6 mm; matrix 208 x 184; field of view 380 x 360 mm?2;
bandwidth, 1335 Hz/px; parallel processing factor (GRAPPA) 2; and number of phases 30).
LGE imaging was obtained 10 minutes after a 0.2 mmol/kg intravenous bolus of Gadobutrol
(Gadovist®, Bayer Hispania, Barcelona, Spain) applying a standard 2D segmented gradient-
echo inversion-recovery sequence (Turbo-FLASH). The inversion time was adjusted for
optimal nulling of remote normal myocardium. Sequential 6 mm slices with no gap between
them were prescribed to cover both ventricles in the short-axis orientation in addition to the
2-, 3-, and 4-chamber views. Typical parameters were: repetition time 800 ms; echo time 2
ms; flip angle 20°; bandwidth 140 Hz/px; 35-45 k space lines filled every other heartbeat,
needing 10-15 heartbeats per slice; parallel processing factor (GRAPPA) 2. The mean in-

plane resolution was 1.4 x 1.4 mm, and the voxel size was 11.80 mm3.

Image analysis:

CMR analysis was performed by an experienced reader. Ventricular volumes and ejection
fraction (EF) were calculated on an external workstation (Leonardo, Siemens Medical
Solutions, Erlangen, Germany) equipped with a dedicated cardiac post-processing software
(Argus, Syngo, Siemens Medical Solutions, Erlangen, Germany). Endocardial end-diastolic
and end-systolic borders were manually traced from the stack of contiguous short axis

images.

Myocardial infarct size quantification:
The infarcted myocardium at baseline and at 180 days was delimited in the delayed-

enhanced 2D segmented gradient-echo inversion-recovery sequence (Turbo-FLASH) in all
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short-axis slices by using a self-developed customized segmentation tool (TCTK®) as
previously described. Infarct mass was computed as infarct volume, the sum of all

hyperenhanced voxels, multiplied by the myocardium density and expressed as LV mass.
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SUPPLEMENTARY FIGURES

Figure S1. Gating strategy to identify the monocytes subsets. First, gate was drawn in FSC
vs. SSC around the leukocytes followed by a gate in SSC vs. CD45 to exclude the remaining
debris (plots A and B). For the selection of monocytes, a gate that included cells with
intermediate SSC and dim to high CDé4 expression was done (plot C). Finally, the
monocytes included in the previous gate were plotted for CD14 vs CD16 and the three

monocytes subsets were identified according to their expression on both markers (plot D).
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Figure S2. Dynamics of biomarkers of inflammation and extracellular matrix degradation.
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Figure S3. Heatmap of the correlation coefficients between levels of each monocyte subset
and biomarkers of inflammation and extracellular matrix degradation at each time period
after myocardial infarction. P<0.05 for r between 0.20 and 0.27; p<0.01 for r between 0.28

and 0.33; p<0.001 for r>0.33.
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Articulo 3: Arrhythmogenic substrate detection in chronic ischaemic patients undergoing ventricular

tachycardia ablation using multidetector cardiac computed tomography: compared evaluation with

cardiac magnetic resonance

Jauregui B, Soto-Iglesias D, Zucchelli G, Penela D, Ordénez A, Terés C, Chauca A, Acosta
J, Ferndndez-Armenta J, Linhart M, Perea RJ, Dolta A, Ortiz-Pérez JT, Bosch X, Berruezo A.

Arrhythmogenic Substrate Detection in Ischemic Patients Undergoing Ventricular

Tachycardia Ablation using Multi-Detector Computed Tomography. Compared Evaluation

with Cardiac Magnetic Resonance. Europace 2021;23:82-90. FACTOR DE IMPACTO (2020):

5.214. AREA DE CONOCIMIENTO: Cardiology and Cardiovascular Medicine. CUARTIL: Q1.

El objetivo general del estudio fue investigar el rendimiento general de la tomografia
computarizada (TC) para identificar la presencia de sustrato arritmogénico en pacientes con
infarto crénico de miocardio, comparado con el rendimiento de la resonancia magnética

cardiaca (RMC), técnica de imagen gold standard.
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RESUMEN ESTRUCTURADO

Objetivos: La resonancia magnética cardiaca con realce tardio de gadolinio (RMC-RTG)
permite caracterizar las cicatrices isquémicas, detectando los HTC que constituyen el
sustrato arritmogénico. La RM-RTG también mejora la supervivencia libre de arritmias
cuando se utiliza para guiar la ablacién de sustrato de TV. Sin embargo, su disponibilidad
puede ser limitada. Buscamos evaluar el rendimiento de la TAC para identificar los HTC
detectados por RM-RTG en pacientes isquémicos sometidos a ablacidn de sustrato de TV.
Métodos: Se incluyeron treinta pacientes isquémicos sometidos tanto a RM-RTG como a
TAC antes de la ablacién de sustrato de TV. Utilizando un software de post-procesamiento
dedicado, dos operadores ciegos, asignados al andlisis RM-RTG o TAC, caracterizaron la

presencia de canales de RM y de TAC, respectivamente. Los canales de RM se clasificaron

como endocérdicos (capas <50%), epicardicos (capas = 50%) o transmurales. Se considerd

la concordancia entre los canales de RM y de TAC cuando mostraran la misma orientacién
y se localizaban en el mismo segmento de la AHA (American Heart Association).
Resultados: La edad media fue de 69 = 10 anos; El 90% eran hombres. La FEVI media fue
del 35 + 10%. Todos los pacientes tenian canales de RMC (n = 76), mientras que sdélo 26/30
(86,7%) tenian canales de TAC (n = 91). La sensibilidad global (Se) y los valores predictivos
positivos (VPP) para detectar canales de RM fueron 61,8% y 51,6%, respectivamente. El
rendimiento de la TAC mejord en pacientes con canales de RM epicéardicos (Se 80,5%) y
cicatrices transmurales (Se 72,2%). En 4/11 (36%) pacientes con infarto de miocardio
subendocardico, la TAC no pudo identificar la presencia de sustrato arritmogénico.
Conclusiones: En comparacion con la RM-RTG, la evaluaciéon del grosor de la pared

miocardica mediante TAC no detecta la presencia de sustrato arritmogénico en el 36% de
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los pacientes con infarto de miocardio subendocéardico, mostrando una sensibilidad
moderada para identificar HTC pero un mejor desempefo en pacientes con cicatrices

transmurales.
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Aims

Late gadolinium enhancement cardiac magnetic resonance (LGE-CMR) permits characterizing ischaemic scars,
detecting heterogeneous tissue channels (HTCs) which constitute the arrhythmogenic substrate (AS). Late gadolin-
ium enhancement cardiac magnetic resonance also improves the arrhythmia-free survival when used to guide ven-
tricular tachycardia (VT) substrate ablation. However, its availability may be limited. We sought to evaluate the per-
formance of multidetector cardiac computed tomography (MDCT) imaging in identifying HTCs detected by LGE-
CMR in ischaemic patients undergoing VT substrate ablation.

Methods
and results

Thirty ischaemic patients undergoing both LGE-CMR and MDCT before VT substrate ablation were included.
Using a dedicated post-processing software, two blinded operators, assigned either to LGE-CMR or MDCT analy-
sis, characterized the presence of CMR and computed tomography (CT) channels, respectively. Cardiac magnetic
resonance channels were classified as endocardial (layers < 50%), epicardial (layers > 50%), or transmural. Cardiac
magnetic resonance- vs. CT-channel concordance was considered when showing the same orientation and
American Heart Association (AHA) segment. Mean age was 69 * 10years; 90% were male. Mean left ventricular
ejection fraction was 35 = 10%. All patients had CMR channels (n=76), whereas only 26/30 (86.7%) had CT chan-
nels (n=91). Global sensitivity (Se) and positive predictive values for detecting CMR channels were 61.8% and
51.6%, respectively. MDCT performance improved in patients with epicardial CMR channels (Se 80.5%) and trans-
mural scars (Se 72.2%). In 4/11 (36%) patients with subendocardial myocardial infarction (Ml), MDCT was unable
to identify the AS.

Compared to LGE-CMR, myocardial wall thickness assessment using MDCT fails to detect the presence of AS in
36% of patients with subendocardial MI, showing modest sensitivity identifying HTCs but a better performance in
patients with transmural scars.

Cardiac magnetic resonance ® Multidetector cardiac computed tomography ¢ Arrhythmogenic
substrate e Ventricular tachycardia * Image-guided substrate ablation ¢ Conducting channels

*Corresponding author. Tel: +34 932 90 62 00; fax: +34 932 11 26 90. E-mail address: antonio.berruezo@quironsalud.es
Published on behalf of the European Society of Cardiology. All rights reserved. © The Author(s) 2020. For permissions, please email: journals.permissions@oup.com.
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What’s new?

® Whereas multidetector cardiac computed tomography (MDCT)
is able to detect ridges and sinks of myocardial tissue within the
scar, late gadolinium enhancement cardiac magnetic resonance
(LGE-CMR) is capable of distinguishing viable myocardial tissue,
irrespective of its relative thickness.
® Compared to scar characterization using LGE-CMR, wall
thickness assessment using MDCT shows only a modest sen-
sitivity in identifying the presence of heterogeneous tissue
channels (HTCs), being unable to detect the presence
of arrhythmogenic substrate (AS) in 36% of subendocardial
myocardial infarction (M) scars.
® MDCT wall thickness-derived scar analysis performance
improves in patients with transmural Ml scars and in the identi-
fication of non-endocardial (i.e. subepicardial or transmural)
HTCs embedded within the scar.
MDCT wall thickness-derived scar analysis may be proposed
as a useful pre-procedural imaging technique to aid ventricular
tachycardia (VT) substrate ablation procedures in patients
with transmural Ml scars, better if combined with CMR infor-
mation. For only subendocardial Ml scars, LGE-CMR should
be considered as the best imaging tool to depict the potential
AS and to plan VT substrate ablation procedures.

Introduction

Ventricular tachycardia (VT) substrate ablation is an effective treat-
ment for scar-dependent VT'? but recurrence rate remains high
with standard approache&" ® Recent studies®” have shown that aid-
ing or guiding VT substrate ablation procedures with integrated
colour-coded pixel signal intensity (PSI) maps, obtained from pre-
procedural late gadolinium enhancement cardiac magnetic resonance
(LGE-CMR) imaging, results in less need for radiofrequency delivery
and an improved VT recurrence-free survival. Late gadolinium en-
hancement cardiac magnetic resonance shows great accuracy when
characterizing the scarred tissue® and is able to identify further
arrhythmogenic substrate (AS) as compared with endocardial or epi-
cardial surface electroanatomic maps (EAM) alone.® However, the
use of LGE-CMR may be limited in certain situations, such as patient’s
claustrophobia, inability to perform long breath-holds, presence of
image artefacts in carriers of cardiac implantable electronic devices,
etc. Moreover, CMR may not be broadly available for all centres to
be used routinely as part of the pre-procedural work-up for patients
undergoing VT ablation.

Wall thickness assessment using MDCT has recently arisen as an
alternative cardiac imaging method to identify the AS before VT abla-
tion procedures. Wall thinning (WT) is a useful parameter that has
proven to correlate with low voltage areas (LVA) and distribution of
local abnormal ventricular activities (LAVAs).'*'" Computed tomog-
raphy (CT)-defined ridges of thicker myocardial tissue within the scar
can be considered as appropriate ablation targets.'” However, in
cases of ischaemic cardiomyopathy (ICM) with transmural substrate
the agreement with epicardial LVA has been shown to be significantly
higher for CMR than for MDCT."? In the present study, we sought to
evaluate the general performance of MDCT imaging in identifying the

heterogeneous tissue channels (HTCs) detected by CMR in patients
with ICM undergoing VT substrate ablation.

Methods

Patient sample

This is a retrospective study, including 30 consecutive patients with ICM
referred for a first catheter ablation of scar-related sustained monomor-
phic VT. As previously reported,®” substrate mapping was guided by the
information from the three-dimensional (3D) LGE-CMR-derived recon-
structions (i.e. PSI maps) integrated into the navigation system, after
merging a fast-anatomical map of the aorta or the right ventricle with the
corresponding structure from the 3D cardiac MDCT-derived recon-
structions. The study complied with the Declaration of Helsinki. The local
Ethics Committee approved the study protocol and all included partici-
pants signed the informed consent.

Late gadolinium enhancement cardiac
magnetic resonance acquisition and

segmentation

A pre-procedural LGE-CMR study was performed either in a 3-Tesla
scanner (MAGNETOM Trio ™, Siemens Healthcare, Erlangen, Germany)
ora 15-Tesla scanner (MAGNETOM Aera™; Siemens Healthcare). For
patients previously implanted with an implantable cardiac defibrillator
(ICD), the 1.5-Tesla scanner was used with a specific ‘wideband’ se-
quence in order to avoid device artefacts, although some ICD carriers
underwent a 3-Tesla CMR immediately before impl , as preim-
plantation imaging is our routine clinical practice. For acquisition details,
see Supplementary material online.

Late gadolinium enhancement cardiac magnetic resonance images
were analysed using a previously described technique.*” The 3D left ven-
tricle (LV) was segmented from the whole image volume using ADAS-
3D™ software (Galgo Medical, Barcelona, Spain). The LV was automati-
cally divided into 10 layers from endocardium to epicardium, each one
representing 10% of the total LV wall thickness. Pixel signal intensity was
projected onto each layer following a trilinear interpolation algorithm.
Myocardial tissue was classified into core zone (CZ), border zone (BZ),
and healthy tissue using 60+ 5% and 40+ 5% of the maximum intensity
signal of the scar as thresholds.' Finally, different scar areas (CZ and BZ)
were automatically quantified in each myocardial layer. On the LGE-CMR
PSI maps, HTCs were defined as continuous corridors of BZ surrounded
by scar core or scar core and an anatomical barrier (i.e. mitral annulus)
connecting two areas of healthy tissue. Heterogeneous tissue channels
were obtained automatically by the ADAS-3D™ software.
Heterogeneous tissue channels were classified as: (i) subendocardial
(layers from 10% to 50%); (ii) subepicardial (layers from 60% to 90%);
and (iii) transmural (from layer 10% to 90%). Additionally, HTC entrances
were defined as the areas where HTC connect with healthy tissue.

Multidetector cardiac computed
tomography acquisition and segmentation

In all patients, a pre-procedural MDCT electrocardiogram-gated study
was performed on a 128 x 2-slice CT scanner (SOMATOM Definition
Flash™, Siemens Healthcare). Acquisition details are summarized in
Supplementary material online. MDCT images were retrospectively ana-
lysed using ADAS-3D™ software. The endocardial and epicardial surfa-
ces of the LV were segmented using an algorithm based on initial
alignment of a standard cardiac model, followed by manual corrections.
The myocardial wall thickness was automatically computed as the
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Figure | Cardiac magnetic resonance-channel and CT-channel identification workflow. Late gadolinium enhancement cardiac magnetic resonance
and MDCT imaging post-processing in a patient with mid-apical anteroseptal and mid-inferolateral post-MI scars. Only the anteroseptal scar segmen-
tation is shown. (A) Step 1 of the workflow. (B) Step 2 of the workflow. (C) Step 3 of the workflow. LGE-CMR, late gadolinium enhancement cardiac

magnetic resonance; MDCT, multidetector cardiac computed tomography.

distance between each point on the endocardial and epicardial surfaces
of the model. A 3D colour-coded surface mesh of the LV myocardial wall
thickness was automatically obtained with the software.

Ablation procedure

CARTO3™ electroanatomical navigation system (Biosense Webster,
Diamond Bar, CA, USA) was used for guiding ablation. An open-irrigated
3.5-mm tip ablation catheter (ThermoCool™™ SmartTouch™, Biosense
Webster) was used for mapping and ablation. A transeptal access was
performed in all patients for LV endocardial mapping. An epicardial ap-
proach was considered whenever the presence of LGE involved >75% of
the myocardial wall thickness."® Ablation was performed according to
the scar dechanneling technique,” considering all CMR-channel entrances
(CMR entrances) as ablation targets. A CMR-guided approach’ was used;
this approach has already been proven to be feasible, safe, and effective in
terms of post-ablation inducibility and VT recurrence rates.”

Comparison between cardiac magnetic
resonance channels and computed

tomography channels

Two operators, blinded to any clinical or procedural information of the
patients, were randomly assigned either to CMR or MDCT post hoc analy-
sis. The CMR operator characterized the presence of CMR channels (i.e.
HTCs) in terms of disposition (longitudinal, transversal, or diagonal), de-
gree of transmurality, and location defined by the 17-segment American
Heart Association (AHA) model. The MDCT operator examined the

area with a myocardial thickness <5mm and analysed, hand raking the
wall thickness thresholds in order to detect myocardial ridges. These
ridges, named CT channels, were defined as channel-shaped edges inside
the MDCT scar showing a thickness that exceeded the surrounding myo-
cardium by >1mm"" (Figure 1). Finally, disposition and location were an-
notated for CT channels in the same manner as for CMR channels. Both
operators annotated the total number of channels observed, as well as
the number and location of the corresponding channel entrances, which
are considered ablation targets according to the scar dechanneling tech-
nique.* MDCT findings were compared to those derived from CMR, con-
sidering this last imaging technique as the gold standard for AS evaluation.
Channel concordance was considered whenever a CT channel showed
the same disposition and was located in the same AHA segment as a cor-
responding CMR channel.

Statistical analysis

Continuous variables are presented as mean values + standard deviations.
Categorical variables are presented as total numbers and percentages.
Populations were compared by the Wilcoxon-Mann-Whitney or
Fisher’s exact test, as appropriate. A P-value <0.05 was considered for
statistical significance. Statistics were obtained using IBM SPSS Statistics,
version 25.0 (IBM Corp. Released 2017; Armonk, NY, USA: IBM Corp.),
and Matlab statistics toolbox (Matlab R2010a, The Mathworks, Inc.,
Natick, MA, USA).
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Table | Baseline characteristics
Total population Subendocardial Transmural P-value
(n=30) Mi(n=11) Mi(n=19)

Age (years) 69+ 10 69 10 68+ 10 0.85
Men (%) 27 (90%) 11 (100%) 16 (84.2%) 0.16
Hypertension (%) 24 (80%) 8 (72.7%) 16 (84.2%) 0.45
Dyslipidaemia (%) 22 (733%) 8 (72.7%) 14 (73.7%) 095
Diabetes mellitus (%) 13 (43.3%) 7 (63.6%) 6 (31.6%) 0.09
Smokers (%) 5(16.7%) 3(27.3%) 2(10.5%) 023
LVEF (%) 35+9 35+11 3419 0.82
LVEDD (mm) 61+7 63+9 60+6 039
Scar localization

Anterior 14 (6.7%) 3(27.3%) 11(57.9%) 022

Inferior 13 (43.3%) 7 (63.6%) 6 (31.6%)

Lateral 3 (10%) 1(9.1%) 2 (10.5%)
CAD extension and severity

Single-vessel 7/18 (39%) 2/4 (50%) 5/14 (36%) 0.14

Two-vessel 7118 (39%) 0 7/14 (50%)

Three-vessel 4/18 (22%) 2/4 (50%) 214 (14%)
Complete CAD revascularization 14/18 (78%) 3/4 (75%) 11/14 (79%) 0.64
Coronary CTO 2/18 (11%) 0 214 (14%) 0.78
Time since MI (months) 219 25+12 207 041
NYHA class (%) 194 £ 064 213 £ 0.64 180 0.63 0.28
Previous ICD (%) 24 (80%) 9 (81.8%) 15 (78.9%) 0.85
Appropriate ICD therapies (ATP + shocks), n 9+21 1+1 15+27 0.31
Arrhythmia storm (%) 3(10%) 2(18.2%) 1(5.3%) 0.26
Previous treatment

Betablockers 20 (66.7%) 6 (54.5%) 14 (73.7%) 0.11

Sotalol 0 (0%) 0 (0%) 0(0%) -

Amiodarone 15 (50%) 7 (63.6%) 8 (42.1%) 0.32

ATP, anti-tachycardia pacing; CAD, coronary artery disease; CTO, chronic total occlusion; ICD, implantable cardiac defibrillator; LVEDD, left ventricular end-diastolic diameter;
LVEF, left ventricular ejection fraction; MI, myocardial infarction; NYHA, New York Heart Association.

Results

Patient characteristics

Mean age was 69 + 10years; 94% were male. Mean left ventricular
ejection fraction was 35 + 10%. Using classical imaging criteria,'® 19/
30 (63%) patients showed a transmural myocardial infarction (MI)
(hyperenhancement involving >75% of the wall thickness), whereas
11/30 (37%) had only a subendocardial MI. Baseline characteristics of
the population are summarized in Table 1.

Multimodality image-based assessment
of arrhythmogenic substrate

An example of CT-channel identification workflow is shown in
Figure 1. The mean area of significant myocardial WT (5-mm cut-
off)"7 was 62.3+ 40.4 cm?, corresponding to a mean of 30.7 + 17.0%
of the total LV endocardial area. Patients with a transmural Ml pre-
sented a larger area of significant myocardial WT than those with a
subendocardial Ml (36.9+ 13.1% vs. 21.9 + 18.4%, P=0.016). A total
of 91 CT channels were identified in 26/30 (86.7%) patients, with a

mean of 3.0+ 2.0 CT channels per patient. The mean WT thresholds
employed to detect the CT channels were 3.66+096 and
4.31+0.58 mm for the lower and upper limits, respectively, with 91/
91 (100%) of the myocardial ridges found in the areas with <5-mm
thickness, which was considered the MDCT area of interest for
analysis. A total of 190 CT-channel entrances (CT entrances) were
identified, corresponding to a mean of 6.3+4.1 CT entrances per
patient.

Thirteen out of 30 (43%) patients underwent a 1.5-Tesla CMR
using a wideband sequence. The mean scar mass evaluated with
CMR was 34.5+ 12.1g, corresponding to a mean of 20.6 + 6.4% of
the total LV mass. Patients with a transmural M| presented a
higher scar mass than those with a subendocardial MI (22.7 £ 5.7%
vs. 17.3 £ 6.5%, P=0.030). Using standard thresholds'* for BZ and
core characterization, 76 CMR channels were identified in 30/30
(100%) patients, with a mean of 24+ 1.2 CMR channels per pa-
tient. Thirty-six out of 76 (47.4%) CMR channels were classified as
non-endocardial (i.e. epimural or transmural). A total of 275 CMR
entrances were identified, corresponding to a mean of 8.9+49
CMR entrances per patient
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Figure 2 Examples of true positives, true negatives, false positives, and false negatives using MDCT. Paired MDCT-CMR images correspond to the
same patient. White arrows point to CT channels or CMR channels, as appropriate. LGE-CMR, late gadolinium enhancement cardiac magnetic reso-

nance; MDCT, multidetector cardiac computed tomography.

Comparison of multidetector cardiac
computed tomography-based vs. cardiac
magnetic resonance-based evaluation of
arrhythmogenic substrate

A total of 47/91 (51.6%) CT channels were also detected as CMR
channels, and therefore identified as CT true positives. On the con-
trary, 44/91 (48.4%) CT channels were considered as false positives.
In particular, 19/91 (20.9%) CT channels were identified outside the
boundaries of the CMR scar. Moreover, 29/76 (38.2%) CMR channels
could not be identified on the CT (false negatives) (Figure 2).

A total of 29/36 (80.5%) non-endocardial CMR channels were also
identified on MDCT analysis. A significantly higher proportion of
non-endocardial CMR channels could be identified with MDCT,
when compared to only-endocardial CMR channels (80.5% vs. 45%;
P=0.002) (Table 2).

There were 91/190 (47.9%) true positive CT entrances after
matching with their corresponding CMR entrances. On the other
hand, 99/190 (52.1%) CT entrances were considered false positives,
and 184/275 (66.9%) CMR entrances could not be identified using
CT (false negatives). The estimated global sensitivity values for detec-
tion of channels and channel entrances using MDCT were 61.8% and
33.1%, respectively (Figure 3).

Notably, in 4/11 (36%) patients with subendocardial MI, MDCT
was unable to identify the presence of AS.

Performance of multidetector cardiac
computed tomography in patients with
transmural myocardial infarction

Among patients with transmural Ml (n= 19, 63.3%), there were 39/
73 (53.4%) CT channels considered as true positives, whereas 34/73
(46.6%) were identified as false positives. Fifteen out of 54 (27.8%)
CMR channels could not be detected on CT (false negatives).

A significantly higher proportion of CMR channels can be identified
with MDCT in patients with transmural Ml (n = 19), as compared to
non-transmural Ml (n=11) (72.2% vs. 36.4%; P=0.004) (Table 2 and
Figure 4). Moreover, there is also a non-significant trend towards a
better detection performance of MDCT for endocardial CMR chan-
nels in patients with transmural Ml as compared with non-transmural
(55.6% vs. 36.4%; P=0.37) (Table 3).

There were 76/153 (49.7%) true positive CT entrances after
matching with their corresponding CMR entrances. On the other
hand, 77/153 (50.3%) CT entrances were considered false positives,
and 117/191 (61.3%) CMR entrances could not be identified using
CT (false negatives). Concerning channel entrance detection, there is
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a non-significant trend to a lower rate of false positives when com-
paring transmural with non-transmural MI (50.3% vs. 59.5%; P=0.31).
Furthermore, the rate of false negatives was significantly lower in
transmural Ml (61.3% vs. 79.8%; P=0.002). In this population, the es-
timated sensitivity values for detection of CMR channels and their
entrances using MDCT were 72.2% and 39.7%, respectively. These
sensitivity values are significantly higher in patients with transmural
MI: 72.2% vs. 36.4% (P=0.004) for the detection of channels, and
39.4% vs. 18.3% (P <0.001) for the identification of channel entran-
ces. In both cases, these differences may be ascribed to the lower
rate of false negatives encountered. A summary of the most impor-
tant findings of the study can be found in Table 4.

Table2 Multidetector cardiac computed tomography
detection performance for end dial vs. d

dial (i.e. epicardial or tr al) CMR ch ls, and
for tr al vs. non-tr al MI

Total MDCT-
CMR detected

P-value

channels CMR
channels

All CMR channels 76 47 (61.8%) -
Non-endocardial CMR channels 36 29 (80.5%) 0.002
Endocardial CMR channels 40 18 (45%)

All patients (n = 30) 76 47 (61.8%) -
Transmural Ml (n = 19) 54 39 (72.2%) 0.004
Non-transmural Ml (n = 11) 22 8(36.4%)

CMR, cardiac magnetic r MDCT, multid cardiac puted

tomography; M, myocardial infarction.

MRI-LV-DE-10%

Discussion

To the best of our knowledge, this is the first clinical study comparing
two different non-invasive methods for identification of the AS within
post-infarction scarred tissue: (i) detection of anatomical, thickened
myocardial ridges identified using MDCT vs. (ii) detection of HTCs
(BZ corridors) using LGE-CMR.

The main findings of the study are that (i) MDCT fails to detect the
presence of HTCs in ~36% of patients with only subendocardial
scars (Figure 4); (i() MDCT assessment of WT is only moderately ca-
pable (61.8% sensitivity) of identifying the presence of HTCs; (iii) in
patients with transmural MI, MDCT sensitivity improves significantly
(72.2%) due to a lower false negative rate; and (iv) WT evaluation
with MDCT shows a poor sensitivity in identifying HTC entrances
(33.1%), mainly due to a very high false negative rate that slightly
improves in patients with transmural MI.

Cardiac magnetic resonance, the

imaging reference for arrhythmogenic
substrate characterization

Late gadolinium enhancement cardiac magnetic resonance consti-
tutes a highly accurate tool to characterize and delimit the scarred tis-
sue within the entire myocardial thickness.® Moreover, it has proven
to be capable of identifying additional AS compared with endocardial
or epicardial surface EAM alone,® as well as to improve the acute and
long-term VT substrate ablation outcomes when guiding such proce-
dures, without the need for an EAM reconstruction.” In this regard, it
has been shown that patients with HTCs identified by CMR that are
not targeted for ablation (i.e. with normal electrograms at EAM, due
to a far-field effect from the surrounding healthy myocardium), suffer
from more VT recurrences after 20+ 19 months of follow-up.®
Furthermore, a previous study from Yamashita et al.”* demonstrated

THICKNESS (mm)

Figure 3 Detection of channel entrances with CMR and MDCT in a basal and mid-inferoseptal ML. Left panet The subendocardial aspect of a BZ
channel is displayed. Three entrances are detected at the anterior edge of the scar (basal and mid-anteroseptal). Mid panel: Mid-myocardial BZ path-
ways belonging to the same channel. Here, there are two additional entrances (submitral and mid-inferoseptal) at the inferior edge of the scar. Right
panel: MDCT segmentation of the same patient. The CMR-channel structure can be recognized. Two out of three anterior entrances, and one out of

two posterior entrances can be detected with the MDCT.
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Figure 4 Multimodal imaging-based channel detection in transmural (left panels) vs. subendocardial Ml (right panels). Left upper panel: Two CMR
channels are detected (subendocardial and subepicardial). Left lower panel: With MDCT, hand raking the wall thickness thresholds permits to detecta
total of four myocardial ridges, three of which correlate with the two CMR channels. Right upper panet: Only one subendocardial CMR channel is
detected in a patient with non-transmural MI. Right lower panel: No CT channels can be revealed. There is only a slight wall thinning (small area <
5mm). LGE-CMR, late gadolinium enhancement cardiac magnetic resonance; MDCT, multidetector cardiac computed tomography; MI, myocardial

infarction.

Table3 Multidetector cardiac computed tomography detection performance for endocardial vs. non-endocardial (i.e.

epicardial or transmural) CMR ch Is with r t to Ml tr ality
Total CMR channels MDCT-detected CMR channels P-value
Transmural Ml (n = 19) 54 39 (72.2%) 0.05
Non-endocardial CMR channels 36 29 (80.5%)
Endocardial CMR channels 18 10 (55.6%)
Non-transmural Ml (n = 11) 2 8 (36.4%) -
Non-endocardial CMR channels 0 0 (0%)
Endocardial CMR channels 22 8 (36.4%)
CMR, cardiac magnetic r e; MDCT, multidetector cardiac puted graphy; MI, myocardial infarction.

that the agreement between detection of structural substrate in im-
aging and low voltage zones (areas with peak-to-peak amplitude
<1.5mV of bipolar voltage) was higher for CMR than for MDCT
when evaluating epicardial substrate (73+7% vs. 60+13%,
P=0.002) in ICM.

In order to improve the characterization of the AS using EAM, dif-
ferent multi-electrode catheters and high-density mapping systems

have been tested. In previous studies, the use of a grid mapping cathe-
ter'® allowed to identify late potentials or LAVAs only in 72% of the
sites that had been identified as VT mid-isthmuses after VT induction,
whereas the use of a multi-basket catheter'” allowed to identify only
50% of the critical isthmuses of all induced VTs. More recently, Tung
et al.?® have described, after simultaneous VT mapping from endocar-
dium and epicardium, how VT isthmuses are frequently 3D, while
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Table4 Multidetector cardiac computed tomography perfor in detection of heterog tissue ch L
and their entrances, as compared with CMR

Global (n =30) Transmural Ml (n=19) Non-transmural Ml (n = 11) P-value
CC detection True positives 47/91 (51.6%) 39/73 (53.4%) 8/18 (44.4%) 049
False positives  44/91 (48.4%) 34/73 (46.6%) 10/18 (55.6%) 049
False negatives  29/76 (38.2%) 15/54 (27.8%) 14/22 (63.6%) 0.004
Sensitivity 61.8% 722% 364% 0.004
PPV 51.6% 534% 44.4% 049
CC entrances' detection True positives 91/190 (47.9%) 76/153 (49.7%) 15/37 (40.5%) 031
False positives ~ 99/190 (52.1%) 771153 (50.3%) 22/37 (59.5%) 031
False negatives ~ 184/275 (66.9%) 117/191 (61.3%) 67/84 (79.8%) 0.002
Sensitivity 33.1% 39.4% 18.3% <0.001
PPV 47.9% 49.7% 40.5% 031
CC, conducting channel; CMR, cardiac mags r MDCT, mult; cardiac d graphy; MI, myocardial inf: ; PPV, positive predictive value.

recognizing that conventional EAM results in a limited two-
dimensional representation of the re-entrant circuit. All these aspects
have been pondered over when considering CMR as the imaging ref-
erence to identify VT substrate in ICM.

Usefulness of wall thinning evaluation
using multidetector cardiac computed
tomography for substrate detection in
ischaemic cardiomyopathy

As previously ascertained, MDCT is capable of only modestly identi-
fying the presence of HTCs detected with CMR (61.8% sensitivity).
However, the relationship between the regional myocardial WT
assessed with MDCT and the presence of AS in ICM has been well
recognized before,' aside from MDCT ability to detect critical abla-
tion sites, identified as ridges of myocardial tissue dividing areas of
WT."#2" Recently, Takigawa et al.?' studied nine post-infarction
patients and found that 100% of their VT isthmuses were found inside
CT channels. However, this finding refers only to the 10/32 induced
VTs whose circuit could be fully characterized, that is, only 31% of
the VTs could be fully mapped using EAM. Considering the small size
of the studied population and that, in our study, MDCT could not de-
tect the presence of AS in 36% of the patients with subendocardial
MI, we would take this sensitivity with caution.

The AS information depicted by MDCT is different from that pro-
vided by CMR; whereas MDCT s able to detect ridges and sinks of
myocardial tissue within the scar, CMR is capable of distinguishing via-
ble myocardial tissue, irrespective of its relative thickness.
Notwithstanding, these two imaging techniques also have similarities:
effective ablation sites are most often found in the thicker ridges in
MDCT"? and are also most frequently located in HTC (BZ channels)
detected with CMR.® Moreover, the ridges with effective ablation
sites are predominantly located in the BZ scar (areas with a bipolar
voltage of 0.5-1.5mV)."?

The fact that MDCT shows better accuracy at identifying the AS
depicted by CMR in patients with transmural M| (72.2% sensitivity)
and/or in the presence of epicardial or transmural channels, is in line
with these considerations. Transmural scars show greater WT, prob-
ably making it easier to detect potential ‘ridges and sinks' of

myocardial tissue. Small subendocardial scars may not always modify
the myocardial thickness at the injured zone in such a magnitude that
these ridges can reflect the whole 3D structure of the AS.
Heterogeneous tissue channels are complex, branched structures
connecting with healthy tissue at several entrances that show specific
electrogram properties and are target for ablation.® These entrances,
usually found at BZ areas of the scar, can barely be identified with
MDCT in patients with subendocardial scars (18.3% sensitivity). In
fact, MDCT cannot detect the presence of AS in up to 36% of the
patients with a subendocardial M.

Nevertheless, MDCT still constitutes a valuable tool depicting AS
characteristics that help when performing scar-related VT ablation
procedures,'®"*2%%2 aithough CMR seems to be a more precise
tool to depict the whole AS 3D structure and guide ablation proce-
dures.” Finally, it cannot be ignored that MDCT-derived cardiac anat-
omy integration during ablation procedures impacts on safety and
helps with procedural management.'®'*'> MDCT may be proposed
as a useful pre-procedural imaging technique to aid VT substrate abla-
tion procedures in patients with a transmural M|, better if combined
with CMR information. For subendocardial scars, CMR should be
considered as the best imaging tool to depict the AS and plan these
procedures.

Study limitations

Since ablation was performed using a CMR-guided approach, only
limited EAM data were available.” The analysis of channel entrances,
where MDCT showed a remarkably poor sensitivity, was considered
useful as these constitute ablation targets in the scar dechanneling
technique. Yet, when only channel detection is considered the main
message remains the same, thus making the results applicable to
other ablation approaches. Finally, imaging data on substrate detec-
tion could be potentially influenced by CMR/MDCT image quality.

Conclusions

Compared to LGE-CMR, wall thickness assessment and identification
of myocardial ridges within the scar using MDCT shows only a mod-
est sensitivity in identifying the presence of HTCs, being unable to
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detect the presence of AS, as depicted by CMR, in 36% of patients
with subendocardial Ml scars. MDCT performance improves in
patients with transmural Ml and in the identification of non-
endocardial (i.e. subepicardial or transmural) channels. For subendo-
cardial scars, CMR should be considered as the best imaging tool to
depict the AS and to plan ablation procedures.
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INTRODUCTION

Ventricular tachycardia (VT) substrate ablation is an effective treatment for scar-dependent
VT (1,2) but recurrence rate remains high with standard approaches (3-5). Recent studies
(6,7) have shown that aiding or guiding VT-substrate ablation procedures with integrated
color-coded pixel signal intensity (PSI) maps, obtained from pre-procedural late gadolinium
enhancement cardiac magnetic resonance (LGE-CMR) imaging, results in less need for RF
delivery and an improved VT recurrence-free survival. LGE-CMR shows great accuracy when
characterizing the scarred tissue, (8,9) and is able to identify further arrhythmogenic
substrate (AS) as compared with endocardial or epicardial surface electroanatomic maps
(EAM) alone. (6) However, the use of LGE-CMR may be limited in certain situations, such as
patient’s claustrophobia, inability to perform long breath-holds, presence of image artifacts
in carriers of cardiac implantable electronic devices (CIED), etc. Moreover, CMR may not be
broadly available for all centers to be used routinely as part of the pre-procedural work-up

for patients undergoing VT ablation.

Wall thickness assessment using multidetector cardiac tomography (MDCT) has recently
arisen as an alternative cardiac imaging method to identify the AS before VT ablation
procedures. Wall thinning (WT) is a useful parameter that has proven to correlate with low
voltage areas (LVA) and distribution of local abnormal ventricular activities (LAVA). (10,11)
CT-defined ridges of thicker myocardial tissue within the scar can be considered as
appropriate ablation targets. (12) However, in cases of ischemic cardiomyopathy (ICM) with
transmural substrate the agreement with epicardial low voltage areas has been shown to be

significantly higher for CMR than for MDCT. (13) In the present study, we sought to evaluate
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the general performance of MDCT imaging in identifying the heterogeneous tissue

channels (HTCs) detected by CMR in patients with ICM undergoing VT substrate ablation.

METHODS

Patient sample

This is a retrospective study, including 30 consecutive patients with ICM referred for a first
catheter ablation of scar-related sustained monomorphic VT. As previously reported, (6,7)
substrate mapping was guided by the information from the 3D LGE-CMR-derived
reconstructions (i.e. pixel signal intensity maps) integrated into the navigation system, after
merging a fast-anatomical map (FAM) of the aorta or the right ventricle with the
corresponding structure from the 3D cardiac MDCT-derived reconstructions. The study
complied with the Declaration of Helsinki. The local Ethics Committee approved the study

protocol and all included participants signed the informed consent.

LGE-CMR acquisition and segmentation

A pre-procedural LGE-CMR study was performed either in a 3-Tesla scanner (MAGNETOM
Trio™, Siemens Healthcare, Erlangen, Germany) or a 1.5-Tesla scanner (MAGNETOM
Aera™; Siemens Healthcare, Erlangen, Germany). For patients previously implanted with an
implantable cardiac defibrillator (ICD), the 1.5-Tesla scanner was used with a specific
‘wideband’ sequence in order to avoid device artefacts, although some ICD carriers
underwent a 3-Tesla CMR immediately before implantation, as preimplantation imaging is

our routine clinical practice. For acquisition details, see Supplementary material.
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LGE-CMR images were analyzed using a previously described technique. (6,7) The 3D left
ventricle (LV) was segmented from the whole image volume using ADAS-3D™ software
(Galgo Medical, Barcelona, Spain). The LV was automatically divided into 10 layers from
endo- to epicardium, each one representing 10% of the total LV wall thickness. PSI was

projected onto each layer following a trilinear interpolation algorithm. Myocardial tissue was

classified into core zone (CZ), border zone (BZ), and healthy tissue using 60 + 5% and 40 +

5% of the maximum intensity signal of the scar as thresholds. (14) Finally, different scar areas
(core and BZ) were automatically quantified in each myocardial layer. On the LGE-CMR PSI
maps, HTCs were defined as continuous corridors of BZ surrounded by scar core or scar
core and an anatomical barrier (i.e. mitral annulus) connecting two areas of healthy tissue.
HTCs were obtained automatically by the ADAS-3D™ software. HTCs were classified as: 1)
sub-endocardial (layers from 10 to 50%); 2) sub-epicardial (layers from 60 to 90%); and 3)
transmural (from layer 10 to 90%). Additionally, HTC entrances were defined as the areas

where HTC connect with healthy tissue.

Multidetector CT (MDCT) acquisition and segmentation

In all patients, a preprocedural MDCT ECG-gated study was performed on a 128 x 2-slice
CT scanner (SOMATOM Definition Flash®, Siemens Healthcare, Erlangen, Germany).
Acquisition details are summarized in Supplementary material. MDCT images were
retrospectively analyzed using ADAS-3D™ software. The endo- and epicardial surfaces of
the LV were segmented using an algorithm based on initial alignment of a standard cardiac
model, followed by manual corrections. The myocardial wall thickness was automatically

computed as the distance between each point on the endo- and epicardial surfaces of the
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model. A 3D color-coded surface mesh of the LV myocardial wall thickness was

automatically obtained with the software.

Ablation procedure

CARTO3® electroanatomical navigation system (Biosense Webster, Diamond Bar, CA, USA)
was used for guiding ablation. An open-irrigated 3.5-mm tip ablation catheter
(ThermoCool® SmartTouch®, Biosense Webster, Diamond Bar, CA, USA) was used for
mapping and ablation. A transeptal access was performed in all patients for LV endocardial
mapping. An epicardial approach was considered whenever the presence of LGE involved
> 75% of the myocardial wall thickness. (15) Ablation was performed according to the scar
dechanneling technique (5), considering all CMR-channel entrances ('CMR-entrances’) as
ablation targets. A CMR-guided approach (7) was used; this approach has already been
proven to be feasible, safe and effective in terms of post-ablation inducibility and VT

recurrence rates. (7)

Comparison between CMR-channels and CT-channels

Two operators, blinded to any clinical or procedural information of the patients, were
randomly assigned either to CMR or MDCT post-hoc analysis. The CMR operator
characterized the presence of CMR-channels (i.e. HTCs) in terms of disposition (longitudinal,
transversal, or diagonal), degree of transmurality, and location defined by the 17-segment
American Heart Association (AHA) model. The MDCT operator examined the area with a
myocardial thickness < 5 mm and analyzed, hand-raking the wall thickness thresholds in

order to detect myocardial ridges. These ridges, named CT-channels, were defined as
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channel-shaped edges inside the MDCT scar showing a thickness that exceeded the
surrounding myocardium by > 1 mm (11) (Figure 1) Finally, disposition and location were
annotated for CT-channels in the same manner as for CMR-channels. Both operators
annotated the total number of channels observed, as well as the number and location of the
corresponding channel entrances, which are considered ablation targets according to the
scar dechanneling technique. (5) MDCT findings were compared to those derived from
CMR, considering this last imaging technique as the gold standard for AS evaluation.
Channel concordance was considered whenever a CT-channel showed the same

disposition and was located in the same AHA segment as a corresponding CMR-channel.

Statistical analysis

Continuous variables are presented as mean values + standard deviations. Categorical

variables are presented as total numbers and percentages. Populations were compared by

the Wilcoxon-Mann-Whitney or Fisher exact test, as appropriate. A p-value < 0.05 was

considered for statistical significance. Statistics were obtained using IBM SPSS Statistics,
version 25.0 (IBM Corp. Released 2017; Armonk, NY: IBM Corp.), and Matlab statistics

toolbox (Matlab R2010a, The Mathworks, Inc., Natick, MA, USA).

RESULTS

Patient characteristics
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Mean age was 69 = 10 years; 94% were male. Mean LVEF was 35 + 10%. Using classical

imaging criteria (16), 19/30 (63%) patients showed a transmural MI (hyperenhancement
involving > 75% of the wall thickness), whereas 11/30 (37%) had only a subendocardial MI.

Baseline characteristics of the population are summarized in Table 1.

Multimodality image-based assessment of arrhythmogenic substrate (AS)

An example of CT-channel identification workflow is shown in Figure 1. The mean area of
significant myocardial WT (5-mm cut-off) (17) was 62.3 + 40.4 cm2, corresponding to a mean
of 30.7 = 17.0% of the total LV endocardial area. Patients with a transmural Ml presented a
larger area of significant myocardial WT than those with a subendocardial MI(36.9 + 13.1%
vs 21.9 = 18.4%, p = 0.016). A total of 91 CT-channels were identified in 26/30 (86.7%)
patients, with a mean of 3.0 £ 2.0 CT-channels per patient. The mean WT thresholds
employed to detect the CT-channels were 3.66 = 0.96 mm and 4.31 = 0.58 mm for the lower
and upper limits, respectively, with 91/91 (100%) of the myocardial ridges found in the areas
with < 5-mm thickness, which was considered the MDCT area of interest for analysis. A total
of 190 CT-channel entrances ('CT-entrances’) were identified, corresponding to a mean of

6.3 + 4.1 CT-entrances per patient.

Thirteen out of 30 (43%) patients underwent a 1.5 Tesla CMR using a wideband sequence.
The mean scar mass evaluated with CMR was 34.5 = 12.1 g, corresponding to a mean of
20.6 = 6.4 % of the total LV mass. Patients with a transmural Ml presented a higher scar mass
than those with a subendocardial Ml (22.7 = 5.7 % vs 17.3 = 6.5 %, p = 0.030). Using

standard thresholds (14) for BZ and core characterization, 76 CMR-channels were identified
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in 30/30 (100%) patients, with a mean of 2.4 = 1.2 CMR-channels per patient. Thirty-six out
of 76 (47.4%) CMR-channels were classified as non-endocardial (i.e. epi- or transmural). A
total of 275 CMR-entrances were identified, corresponding to a mean of 8.9 + 4.9 CMR-

entrances per patient.

Comparison of MDCT-based vs. CMR-based evaluation of AS

A total of 47/91 (51.6%) CT-channels were also detected as CMR-channels, and therefore
identified as CT true positives. On the contrary, 44/91 (48.4%) CT-channels were considered
as false positives. In particular, 19/91 (20.9%) CT-channels were identified outside the
boundaries of the CMR scar. Moreover, 29/76 (38.2%) CMR-channels could not be identified

on the CT (false negatives). (Figure 2).

A total of 29/36 (80.5%) non-endocardial CMR-channels were also identified on MDCT
analysis. A significantly higher proportion of non-endocardial CMR-channels could be
identified with MDCT, when compared to only-endocardial CMR-channels (80.5% vs. 45%,;

p = 0.002) (Table 2).

There were 91/190 (47.9%) true positive CT-entrances after matching with their
corresponding CMR-entrances. On the other hand, 99/190 (52.1%) CT-entrances were
considered false positives, and 184/275 (66.9%) CMR-entrances could not be identified
using CT (false negatives). The estimated global sensitivity values for detection of channels

and channel entrances using MDCT were 61.8% and 33.1%, respectively (Figure 3).
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Notably, in 4/11 (36%) patients with subendocardial MI, MDCT was unable to identify the

presence of AS.

Performance of MDCT in patients with transmural Ml
Among patients with transmural Ml (n = 19, 63.3%), there were 39/73 (53.4%) CT-channels
considered as true positives, whereas 34/73 (46.6%) were identified as false positives.

Fifteen out of 54 (27.8%) CMR-channels could not be detected on CT (false negatives).

A significantly higher proportion of CMR-channels can be identified with MDCT in patients
with transmural Ml (n = 19), as compared to non-transmural Ml (n = 11)(72.2% vs. 36.4%,; p
= 0.004) (Table 2 and Figure 4). Moreover, there is also a non-significant trend towards a
better detection performance of MDCT for endocardial CMR channels in patients with

transmural Ml as compared with non-transmural (55.6% vs 36.4%; p = 0.37) (Table 3).

There were 76/153 (49.7%) true positive CT-entrances after matching with their
corresponding CMR-entrances. On the other hand, 77/153 (50.3%) CT-entrances were
considered false positives, and 117/191 (61.3%) CMR-entrances could not be identified
using CT (false negatives). Concerning channel entrance detection, there is a non-significant
trend to a lower rate of false positives when comparing transmural with non-transmural Ml
(50.3% vs. 59.5%; p = 0.31). Furthermore, the rate of false negatives was significantly lower
in transmural Ml (61.3% vs. 79.8%; p=0.002). In this population, the estimated sensitivity
values for detection of CMR-channels and their entrances using MDCT were 72.2% and

39.7%, respectively. These sensitivity values are significantly higher in patients with
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transmural Ml: 72.2% vs. 36.4% (p = 0.004) for the detection of channels, and 39.4% vs.
18.3% (p < 0.001) for the identification of channel entrances. In both cases, these differences
may be ascribed to the lower rate of false negatives encountered. A summary of the most

important findings of the study can be found in Table 4.

DISCUSSION

To the best of our knowledge, this is the first clinical study comparing two different non-
invasive methods for identification of the AS within post-infarction scarred tissue: i)
Detection of anatomical, thickened myocardial ridges identified using MDCT, versus ii)

detection of HTCs (border zone corridors) using LGE-CMR.

The main findings of the study are that: i) MDCT fails to detect the presence of HTCs in about
36% of patients with only subendocardial scars (Figure 4); ii) MDCT assessment of WT is
only moderately capable (61.8% sensitivity) of identifying the presence of HTCs; iii) in
patients with transmural MI, MDCT sensitivity improves significantly (72.2%) due to a lower
false negative rate; and iv) WT evaluation with MDCT shows a poor sensitivity in identifying
HTC entrances (33.1%), mainly due to a very high false negative rate that slightly improves

in patients with transmural MI.

CMR, the imaging reference for AS characterization
LGE-CMR constitutes a highly accurate tool to characterize and delimit the scarred tissue

within the entire myocardial thickness. (8) Moreover, it has proven to be capable of
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identifying additional AS compared with endocardial or epicardial surface electroanatomic
maps (EAM) alone, (6) as well as to improve the acute and long-term VT substrate ablation
outcomes when guiding such procedures, without the need for an EAM reconstruction. (7)
In this regard, it has been shown that patients with HTCs identified by CMR that are not
targeted for ablation (i.e. with normal electrograms at EAM, due to a far-field effect from the
surrounding healthy myocardium), suffer from more VT recurrences after 20 = 19 months of
follow-up. (6) Furthermore, a previous study from Yamashita et al. (13) demonstrated that
the agreement between detection of structural substrate in imaging and low voltage zones
(areas with peak-to-peak amplitude < 1.5 mV of bipolar voltage) was higher for CMR than
for MDCT when evaluating epicardial substrate (73 £ 7% vs. 60 = 13%, p = 0.002) in ICM.

In order to improve the characterization of the AS using EAM, different multi-electrode
catheters and high-density mapping systems have been tested. In previous studies, the use
of a grid mapping catheter (18) allowed to identify late potentials or LAVAs only in 72% of
the sites that had been identified as VT mid-isthmuses after VT induction, whereas the use
of a multi-basket catheter (19) allowed to identify only 50% of the critical isthmuses of all
induced VTs. More recently, Tung R et al. (20) have described, after simultaneous VT
mapping from endo- and epicardium, how VT isthmuses are frequently 3-dimensional, while
recognizing that conventional EAM results in a limited 2D representation of the reentrant
circuit. All these aspects have been pondered over when considering CMR as the imaging

reference to identify VT substrate in ICM.

Usefulness of WT evaluation using MDCT for substrate detection in ICM
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As previously ascertained, MDCT is capable of only modestly identifying the presence of
HTCs detected with CMR (61.8% sensitivity). However, the relationship between the
regional myocardial WT assessed with MDCT and the presence of AS in ICM has been well
recognized before, (13) aside from MDCT ability to detect critical ablation sites, identified
as ridges of myocardial tissue dividing areas of WT. (12,21) Recently, Takigawa M et al. (21)
studied 9 postinfarction patients and found that 100% of their VT isthmuses were found
inside CT channels. However, this finding refers only to the 10/32 induced VTs whose circuit
could be fully characterized, that is, only 31% of the VTs could be fully mapped using EAM.
Considering the small size of the studied population and that, in our study, MDCT could not
detect the presence of AS in 36% of the patients with subendocardial Ml, we would take this

sensitivity with caution.

The AS information depicted by MDCT is different from that provided by CMR; whereas
MDCT is able to detect ridges and sinks of myocardial tissue within the scar, CMR is capable
of distinguishing viable myocardial tissue, irrespective of its relative thickness.
Notwithstanding, these two imaging techniques also have similarities: effective ablation
sites are most often found in the thicker ridges in MDCT (12) and are also most frequently
located in HTC (BZ channels) detected with CMR. (6) Moreover, the ridges with effective
ablation sites are predominantly located in the BZ scar (areas with a bipolar voltage of 0.5-

1.5mV).(12)

The factthat MDCT shows better accuracy at identifying the AS depicted by CMR in patients

with transmural Ml (72.2% sensitivity) and/or in the presence of epicardial or transmural
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channels, is in line with these considerations. Transmural scars show greater WT, probably
making it easier to detect potential ‘ridges and sinks’ of myocardial tissue. Small
subendocardial scars may not always modify the myocardial thickness at the injured zone in
such a magnitude that these ridges can reflect the whole 3-D structure of the AS. HTCs are
complex, branched structures connecting with healthy tissue at several entrances that show
specific electrogram properties and are target for ablation. (6) These entrances, usually
found at BZ areas of the scar, can barely be identified with MDCT in patients with
subendocardial scars (18.3% sensitivity). In fact, MDCT cannot detect the presence of AS in

up to 36% of the patients with a subendocardial Ml.

Nevertheless, MDCT still constitutes a valuable tool depicting AS characteristics that help
when performing scar-related VT ablation procedures, (10-13,20-22) although CMR seems
to be a more precise tool to depict the whole AS 3D structure and guide ablation
procedures. (7) Finally, it cannot be ignored that MDCT-derived cardiac anatomy
integration during ablation procedures impacts on safety and helps with procedural
management. (10,13,15) MDCT may be proposed as a useful pre-procedural imaging
technique to aid VT substrate ablation procedures in patients with a transmural MI, better if
combined with CMR information. For subendocardial scars, CMR should be considered as

the bestimaging tool to depict the AS and plan these procedures.

Study limitations
Since ablation was performed using a CMR-guided approach, only limited EAM data were

available. (7) The analysis of channel entrances, where MDCT showed a remarkably poor
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sensitivity, was considered useful as these constitute ablation targets in the scar
dechanneling technique. Yet, when only channel detection is considered the main message
remains the same, thus making the results applicable to other ablation approaches. Finally,
imaging data on substrate detection could be potentially influenced by CMR/MDCT image

quality.

Conclusions

Compared to LGE-CMR, wall thickness assessment and identification of myocardial ridges
within the scar using MDCT shows only a modest sensitivity in identifying the presence of
HTCs, being unable to detect the presence of AS, as depicted by CMR, in 36% of patients
with subendocardial Ml scars. MDCT performance improves in patients with transmural Ml
and in the identification of non-endocardial (i.e. subepicardial or transmural) channels. For
subendocardial scars, CMR should be considered as the best imaging tool to depict the AS

and to plan ablation procedures.
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TABLES

Table 1. Baseline characteristics.

Total population | Subendocardial MI | Transmural MI .
(n=30) (n=11) n=19)

Age, years 69 £+ 10 69+ 10 68+ 10 0.85
Men (%) 27 (90%) 11 (100%) 16 (84.2%) 0.16
Hypertension (%) 24 (80%) 8 (72.7%) 16 (84.2%) 0.45
Dyslipidemia (%) 22 (73.3%) 8 (72.7%) 14 (73.7%) 0.95
Diabetes mellitus (%) 13 (43.3%) 7 (63.6%) 6 (31.6%) 0.09
Smokers (%) 5(16.7%) 3(27.3%) 2 (10.5%) 0.23
LVEF, % 35+9 35+11 34+9 0.82
LVEDD, mm 61+7 63+9 60+6 0.39
Scar localization

- Anterior 14 (6.7%) 3(27.3%) 11 (57.9%) 0.2

- Inferior 13 (43.3%) 7 (63.6%) 6 (31.6%)

- Lateral 3 (10%) 1 (9.1%) 2 (10.5%)
CAD extension & severity

— Single-vessel 7/18 (39%) 2/4 (50%) 5/14 (36%) 0.14

— Two-vessel 7/18 (39%) 0 7/14 (50%)

— Three-vessel 4/18 (22%) 2/4 (50%) 2/14 (14%)
Complete CAD 14/18 (78%) 3/4 (75%) 11/14 (79%) 0.64
revascularization
Coronary CTO 2/18 (11%) 0 2/14 (14%) 0.78
Time since MI, months 21+9 25+12 20+7 0.41
NYHA class (%) 1.94 +0.64 2.13 +0.64 1.80 +0.63 0.28
Previous ICD (%) 24 (80%) 9 (81.8%) 15 (78.9%) 0.85
Appropriate ICD therapies 9491 a1 15427 031
(ATP + shocks), n
Arrhythmia storm (%) 3 (10%) 2 (18.2%) 1(5.3%) 0.26
Previous treatment

- Betablockers 20 (66.7%) 6 (54.5%) 14 (73.7%) 0.11

- Sotalol 0 (0%) 0 (0%) 0 (0%) -

- Amiodarone 15 (50%) 7 (63.6%) 8 (42.1%) 0.32

MI: Myocardial infarction; LVEF: Left ventricular ejection fraction; LVEDD: Left ventricular end-
diastolic diameter; CAD: Coronary artery disease; CTO: Chronic total occlusion; NYHA: New York
Heart Association; ICD: Implantable cardiac defibrillator; ATP: Anti-tachycardia pacing.
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Table 2. MDCT detection performance for endocardial vs. non-endocardial (i.e. epicardial

or transmural) CMR-channels, and for transmural vs. non-transmural Ml.

Total MDCT-detected
P-value
CMR-channels CMR-channels
All CMR-channels 76 47 (61.8%) -
e Non-endocardial CMR-channels 36 29 (80.5%)
0.002
e Endocardial CMR-channels 40 18 (45%)
All patients (n = 30) 76 47 (61.8%) B
e Transmural MI (n=19) 54 39 (72.2%)
0.004
e Non-transmural MI (n =11) 22 8 (36.4%)

MDCT: Multidetector cardiac tomography;, MI: Myocardial infarction; CMR: Cardiac magnetic

resonance.

Table 3. MDCT detection performance for endocardial vs. non-endocardial (i.e. epicardial

or transmural) CMR-channels with respect to Ml transmurality.

Total MDCT-detected
P-value
CMR-channels CMR-channels
Transmural MI (n = 19) 54 39 (72.2%)
e Non-endocardial CMR-channels 36 29 (80.5%)
e Endocardial CMR-channels 18 10 (55.6%) o0
Non-transmural MI (n =11) 22 8 (36.4%)
e Non-endocardial CMR-channels 0 0 (0%)
e Endocardial CMR-channels 22 8 (36.4%) -

MDCT: Multidetector cardiac tomography; CMR: Cardiac magnetic resonance; MI: Myocardial

infarction.
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Table 4. MDCT performance in detection of heterogeneous tissue channels and their

entrances, as compared with CMR.

Global Transmural MI Non-transmural MI
(n=30) (n=19) m=11) P-value
True positives 47/91 (51.6%) 39/73 (53.4%) 8/18 (44.4%) 0.49
False positives 44/91 (48.4%) 34/73 (46.6%) 10/18 (55.6%) 0.49
CC detection False negatives 29/76 (38.2%) 15/54 (27.8%) 14/22 (63.6%) 0.004
Sensitivity 61.8% 72.2% 36.4% 0.004
PPV 51.6% 53.4% 44.4% 0.49
True positives 91/190 (47.9%) 76/153 (49.7%) 15/37 (40.5%) 0.31
False positives 99/190 (52.1%) 77/153 (50.3%) 22/37 (59.5%) 0.31
CC entrances’ detection False negatives 184/275 (66.9%) 117/191 (61.3%) 67/84 (79.8%) 0.002
Sensitivity 33.1% 39.4% 18.3% <0.001
PPV 47.9% 49.7% 40.5% 0.31

MDCT: Multidetector cardiac tomography; CMR: Cardiac magnetic resonance; MI: Myocardial infarction; CC: Conducting channel; PPV: Positive

predictive value.
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FIGURES
Figure 1. CMR-channel and CT-channel identification workflow. LGE-CMR and MDCT
imaging post-processing in a patient with mid-apical anteroseptal and mid-inferolateral

post-Ml scars. Only the anteroseptal scar segmentation is shown.

B) Segmentation C) Channels
identification

Layer 10% Layer 30% M

2) LGE-CMR

Figure 2. Examples of true positives, true negatives, false positives, and false negatives
using MDCT. Paired MDCT-CMR images correspond to the same patient. White arrows
point to CT-channels or CMR-channels, as appropriate.

True Positive True Negative
MDCT : LGE-CMR LGE-CMR

THICKNESS (mm) 3

False Negative
LGE-CMR
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Figure 3. Detection of channel entrances with CMR and MDCT in a basal and mid-
inferoseptal MI. Left panel: The subendocardial aspect of a BZ channel is displayed. Three
entrances are detected at the anterior edge of the scar (basal and mid-anteroseptal). Mid
panel: Mid-myocardial BZ pathways belonging to the same channel. Here, there are two
additional entrances (submitral and mid-inferoseptal) at the inferior edge of the scar. Right
panel: MDCT segmentation of the same patient. The CMR-channel structure can be
recognized. Two out of three anterior entrances, and one out of two posterior entrances can

be detected with the MDCT.

MRI-LV-DE-10%

mssue

Figure 4 (representative figure). Multimodal imaging-based channel detection in
transmural (left panels) vs. subendocardial Ml (right panels). Left upper panel: Two CMR-
channels are detected (subendocardial and subepicardial). Left lower panel: With MDCT,
hand-raking the wall thickness thresholds permits to detect a total of four myocardial ridges,
three of which correlate with the two CMR-channels. Right upper panel: Only one

subendocardial CMR channel is detected in a patient with non-transmural MI. Right lower
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panel: No CT-channels can be revealed. There is only a slight wall thinning (small area < 5

mm).
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SUPPLEMENTARY METHODS
LGE-CMR acquisition

Contrast-enhanced images were acquired 10 minutes after bolus injection of 0.2 mmol/Kg

Gadobutrol (Gadoyist L1, Bayer Hispania, Barcelona, Spain) using a commercially available,

free-breathing, ECG-gated, navigator-gated, 3D inversion-recovery, gradient-echo
technique. Slice thickness was 1.4 mm, with no gap between slices. The field of view was set
at 360 mm and matrix size was keptto 256 x 256 pixels to yield an isotropic spatial resolution

of 1.4x1.4x1.4 mm.

Wideband sequence acquisition

In patients previously implanted with an intracardiac device the LGE-CMR was performed

with a 1.5-Tesla scanner (MAGNETOM Aera [, Siemens, Erlangen, Germany). Using a 2D

turboFLASH gradient-echo sequence, the sort-axis contrast-enhanced images were
acquired synchronized with the ECG. Slice thickness was 5 mm, with no gap between slices,
with iPAT accelerator factor x2. Typical parameters were: Repetition time 948.8 ms; echo
time 1.39 ms; bandwidth 592 Hx/Px; flip angle 25°; and matrix size 256 x 144 pixels. The

mean in-plane resolution was 1.4 x 1.4 mm, and the voxel size was 9.80 mm3.

MDCT acquisition

Images were acquired during an inspiratory breath-hold using retrospective ECG-gating
technique with tube current modulation set between 50% and 100% of the cardiac cycle.
CT angiographicimages were acquired during the injection of a 100 mL bolus of lopromide

370 mg I/mL (Ultravist L1, Bayer Hispania, Barcelona, Spain) at a rate of 3 mL/s.
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SUBPROYECTO 2. UTILIDAD DE LA CARDIORRESONANCIA EN LA ESTRATIFICACION DE

RIESGO ARRITMICO EN EL POST-INFARTO CRONICO DE MIOCARDIO.

Articulo 4: Cardiovascular Magnetic Resonance Determinants of Ventricular Arrhythmic Events After
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RESUMEN

Objetivos: Caracterizar de forma no invasiva, mediante resonancia magnética cardiaca con
realce tardio de gadolinio (LGE-CMR), las diferencias de cicatriz y las posibles variables
asociadas a la aparicion de TV en pacientes crénicos post-IM.

Métodos y resultados: Se dised un estudio de casos y controles retrospectivo a través del
andlisis de datos de LGE-CMR en pacientes crénicos post-IM: i) derivados
consecutivamente para ablacién de sustrato después de un primer episodio de TV (n = 66),
y ii) de un grupo de control (n = 84) sin evidencia de arritmia. El miocardio se caracterizé
diferenciando core, border zone (BZ) y canales de BZ (BZC) utilizando la plataforma de post-
procesamiento de imagenes ADAS 3D. Las caracteristicas clinicas y de las cicatrices se
compararon entre ambos grupos. Se incluyeron 150 pacientes post-IM. Se crearon cuatro
modelos de Cox de riesgos proporcionales para la masa total de cicatriz, la de BZ, la de
core y la de BZC, ajustandolas por edad, sexo y FEVI. Un punto de corte de 5,15 g de masa
de BZC identificé los casos con una sensibilidad del 92,4% y una especificidad del 86,9%
[AUC 0,93 (0,89 - 0,97); p <0,001], con un aumento significativo en el AUC en comparacion
con otros parametros de la cicatriz (p <0,001 para todas las comparaciones por pares). La
adicidén de masa de BZC a la FEVI permitio reclasificar el 33,3% de los casos y el 39,3% de
los controles [NRI = 0,73 (0,71 - 0,74)].

Conclusiones: La masa de BZC es la variable independiente mas fuerte asociada con la
ocurrencia de TVMS clinica en pacientes post-infarto de miocardio después del ajuste de
covariables por edad, sexo y FEVI. La mediciéon de la masa de BZC podria permitir una

estratificacion del riesgo de TV mas precisa que la FEVI en pacientes crénicos tras un IM.
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Aims To non-invasively characterize, by means of late gadolinium enhancement cardiac magnetic resonance (LGE-CMR),
scar differences, and potential variables associated with ventricular tachycardia (VT) occurrence in chronic post-
myocardial infarction (MI) patients.

Methods A case—control study was designed through retrospective LGE-CMR data analysis of chronic post-MI patients
and resulits (i) consecutively referred for VT substrate ablation after a first VT episode (n=66) and (ii) from a control group
(n=84) with no arrhythmia evidence. The myocardium was characterized differentiating core, border zone (BZ),
and BZ channels (BZCs) using the ADAS 3D post-processing imaging platform. Clinical and scar characteristics, in-
cluding a novel parameter, the BZC mass, were compared between both groups. One hundred and fifty post-MI
patients were included. Four multivariable Cox proportional hazards regression models were created for total scar
mass, BZ mass, core mass, and BZC mass, adjusting them by age, sex, and left ventricular ejection fraction (LVEF).
A cut-off of 5.15g of BZC mass identified the cases with 92.4% sensitivity and 86.9% specificity [area under the
ROC curve (AUC) 0.93 (0.89-0.97); P<0.001], with a significant increase in the AUC compared to other scar
parameters (P<0.001 for all pairwise comparisons). Adding BZC mass to LVEF allowed to reclassify 33.3% of the
cases and 39.3% of the controls [net reclassification improvement = 0.73 (0.71-0.74)]

Conclusions The mass of BZC is the strongest independent variable associated with the occurrence of sustained monomorphic
ventricular tachycardia in post-MI patients after adjustment for age, sex, and LVEF. Border zone channel mass mea-
surement could permit a more accurate VT risk stratification than LVEF in chronic post-MI patients.
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Graphical Abstract
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Keywords Myocardial infarction e Arrhythmogenic substrate e Scar arrhythmogenicity e Cardiac magnetic
resonance ¢ Border zone channels ¢ Ventricular arrhythmias
Introduction

The presence of viable strands of cardiomyocytes embedded within fi-
brotic tissue is known to be the substrate for the appearance of scar-
related re-entrant ventricular arrhythmias (VA) in chronic ischaemic
cardiomyopathy.1 Late gadolinium enhancement cardiac magnetic res-
onance (LGE-CMR) has proven to be a useful technique in the non-
invasive characterization of the scarred tissue and the underlying
arrhythmogenic substrate.® Previous studies identified the CMR-
derived infarct mass as a better predictor of sustained monomorphic
ventricular tachycardia (SMVT) inducibility during an electrophysio-
logic study (EPS), when compared to left ventricular ejection fraction
(LVEF).? In fact, the presence of significant scarring [>5% of the left
ventricular (LV) mass] is an independent predictor of adverse outcome
in patients being considered for implantable cardioverter-defibrillator
(ICD) placement.* On the other hand, in inducible patients for SMVT
during EPS, more heterogeneous scars [i.e. with greater border zone
(BZ) mass] can be found.’ Similarly, the presence of heterogeneous

tissue channels, which correlate with voltage channels after endocar-
dial voltage mapping of the scar, can be more frequently observed in
patients suffering from SMVT than in matched controls for age, sex, in-
farct location, and LVEF.® However, the lack of solid evidence and ran-
domized trials makes LVEF still the main decision parameter when
assessing suitability for ICD implantation in primary prevention.”® In
the present study, we sought to characterize scar differences and po-
tential variables associated with arrhythmogenicity in post-myocardial
infarction (MI) patients using a commercially available, post-processing
imaging platform with Food and Drug Administration (FDA) (USA)
510(k) Clearance and CE Mark approval.

Methods

Study population

Figure 1 shows the flow diagram of the study population. A case—control
study was designed through retrospective LGE-CMR data analysis from
our imaging database. In brief, cases were recruited from: (i) a prospective
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What’s new?

® This is the first report describing the border zone channel
(BZC) mass as a powerful non-invasive, CMR-derived
parameter that may improve arrhythmia risk stratification in
chronic post-myocardial infarction (MI) patients.

® BZC mass is the strongest independent scar-derived variable
associated with the appearance of clinical sustained
monomorphic VTs in chronic post-MI patients after covariate
adjustment for age, sex, and left ventricular ejection fraction
(LVEF).

® Adding the information of CMR-derived BZC mass to LVEF
could improve the accuracy of ventricular tachycardia risk
stratification in chronic post-MI patients.

® The BZC mass is intrinsically linked to the qualitative structure
of the scar, its heterogeneity, and spatial distribution, and is
related to the presence and amount of slow conducting
channels within the scar.

cohort of post-Ml patients referred for ventricular tachycardia (VT) sub-
strate ablation after a first SMVT episode and (i) an additional prospec-
tive cohort of post-MI patients who underwent ICD implantation in
primary prevention and had any documented episode of SMVT thereaf-
ter. All the cases had undergone a CMR study right before substrate abla-
tion or before ICD implantation (which is regular practice in our
institution).

On the other hand, controls were selected from: (i) a cohort of con-
secutive post-M| patients with no arrhythmia evidence, either in terms of
standard clinical follow-up for those with LVEF >35%, or after periodic
ICD interrogations (at least once per year) for those with ICD in primary
prevention (LVEF < 35%) and (ii) a prospective cohort of post-MI
patients undergoing ICD implantation in primary prevention, with no
documented SMVT episodes thereafter. All the controls had to have a
CMR study performed at least 4 years after the MI (which is regular prac-
tice in our institution), or right before the ICD implantation, when
indicated.

All patients were treated according to clinical guidelines, and none of
them had been pre-treated with antiarrhythmic drugs. Sustained mono-
morphic ventricular tachycardia was defined as any ventricular rhythm
faster than 100 beats per minute, lasting >30's or requiring termination
due to haemodynamic instability or by antitachycardia pacing or shocks.

The study complied with the Declaration of Helsinki, and the local ethics
committee approved the study protocol.

Late gadolinium enhancement cardiac
magnetic resonance processing

Late gadolinium enhancement cardiac magnetic resonance tests were
performed using a 3-Tesla scanner (MAGNETOM Trio, Siemens
Healthcare, Erlangen, Germany), or 1.5-Tesla scanners (ACHIEVA,
Philips, The Netherlands; and MAGNETOM Aera, Siemens Healthcare,
Erlangen, Germany). In patients previously implanted with an ICD, LGE-
CMR was performed using a specific wideband sequence to avoid device
artefacts. Image acquisition protocol is summarized in the Supplementary
material online, Methods. All LGE-CMR images were analysed using a pre-
viously described protocol” A full LV volume was reconstructed in the
axial orientation, and the resulting images were processed with ADAS
3D LV software (ADAS3D Medical, Barcelona, Spain). Ten concentric
surface layers (from 10% to 90%) were created automatically from endo-
cardium to epicardium of the LV wall thickness, obtaining a 3D shell for
each layer. Colour-coded pixel signal intensity (PSI) maps based on LGE-
CMR images were projected to each shell, following a trilinear interpola-
tion algorithm. A PSl-based algorithm was applied to characterize the
hyperenhanced area as core zone, BZ or healthy tissue using 40% + 5%
and 60% + 5% of the maximum PSl as thresholds.”

Myocardial scar characterization

The total scar mass, BZ mass, and core mass in each shell were automati-
cally measured using the ADAS 3D LV software. BZ channels (BZCs)
were defined as continuous corridors of BZ surrounded by scar core or
an anatomical barrier (i.e. mitral annulus) connecting two areas of healthy
tissue. The BZC mass, defined as grams of BZ tissue that make up BZC,
was obtained by multiplying the number of image voxels within the identi-
fied BZC by the voxel volume and a myocardial density of 1.05 g/cm® (see
Supplementary material online, Methods for rationale and calculation
method), using a full-automated tool embedded within the ADAS 3D LV
software.

Statistical analysis

Continuous variables are given as mean + standard deviation or median
(interquartile range, IQR), as appropriate. Categorical variables are given
as total number and percentages. To compare the means of two varia-
bles, the Student’s t-test or Wilcoxon test were used, when applicable.
Proportions were compared using the z? or Fisher's exact test, as fitted.
Time-dependent receiver operating characteristic (ROC) curve analyses
were used to evaluate the optimal cut-off value of BZC mass for

T Patients referred for VT substrate ablati
J— CASES (n=66)

Arrhythmogenic Substrate

Analysis in post-MI patients
using LGE-CMR

1 Primary prevention ICD carriers with appropriate
therapies during F-U (n=7)

Non-ICD carriers without clinical arrhythmia
evidence (n=38)

CONTROLS (n=84)
Primary prevention ICD carriers without
appropriate therapies during F-U (n=46)

Figure | Flow chart of the study population. ICD, implantable cardioverter-defibrillator; LGE-CMR, late gadolinium enhancement cardiac magnetic

resonance; Ml, myocardial infarction; VT, ventricular tachycardia.
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Table I Clinical and scar characteristics of the patient population

Total (n = 150)
Age (years) 64+ 11
Male sex 133 (89%)
Hypertension 89 (65%)
Diabetes mellitus 41 (30%)
Dyslipidaemia 81 (59%)
Smoker 27 (20%)
Atrial fibrillation 6 (4%)
LVEF (%) 36+13
Ml location (anterior) 65 (44%)
Time since Ml (months) 58 (31-120)
Betablockers 112 (81%)
ACEI/ARB 97 (70%)
Diuretics 64 (46%)
MRA 72 (52%)
Statins 130 (94%)
Total scar mass (g) 264+17.0
BZ mass (g) 15.7+£109
Core mass (g) 10.6+87
BZC mass (g) 58+5.1

Cases (n =66 Controls (n = 84) P-value
6719 62+ 11 0.007*
63 (96%) 70 (83%) 0.02*
46 (78%) 43 (54%) 0.004*
21 (36%) 20 (25%) 0.14
44 (75%) 37 (47%) 0.001*
5(9%) 22 (28%) 0.005*
1(2%) 5 (6%) 020
34+10 38+14 0.07
26 (40%) 39 (46%) 0.46
72 (22-151) 57 (51-115) 0.89
43 (73%) 69 (87%) 0.03*
37 (63%) 60 (76%) 0.08
29 (49%) 35 (44%) 0.54
36 (61%) 36 (46%) 0.07
58 (98%) 72 (91%) 0.07
335+155 20.9+16.1 <0.001*
209+9.5 11.7£10.1 <0.001*
124183 9.2+88 0.03*
9.7+42 34428 <0.001*

ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; BZ, border zone; BZC, border zone channel; LVEF, left ventricular ejection fraction; MI,

myocardial infarction; MRA, mineralocorticoid-receptor antagonists.
“Statistically significant differences (P<0.05).

predicting occurrence of VT. Comparisons of area under the ROC
curves (AUCs) were performed using the De Long’s test. Kaplan—Meier
curves and the log-rank test were used to assess cumulative survival. Cox
proportional hazard models were used to assess relative risks. The over-
all discriminatory capacity of the Cox models was assessed by using the
Harrell concordance index (C-index), which was validated by bootstrap-
ping with 1000 replications. Propensity scores (PSs) were calculated for
cases and controls using a multivariable regression model that included
the following clinical variables: age, sex, and LVEF. Pairing was performed
using a greedy protocol 1:1 (calliper 0.01), with no replacement, and ade-
quate goodness of fit was assumed if standardized differences were
<10%. Predictive capabilities were further evaluated using continuous net
reclassification improvement (NRI), and integrated discrimination im-
provement (IDI). P-value <0.05 was considered of statistical significance.
Statistical analysis was performed using IBM SPSS Statistics, version 26.0
(IBM Corp. Released 2019; Armonk, NY, USA: IBM Corp.), MedCalc
Statistical Software version 16.4.3 (MedCalc Software bv, Ostend,
Belgium), and SAS 9.3 (SAS Institute, Inc., Cary, NC, USA).

Results

Patient population

One hundred and fifty chronic post-Ml patients were included for
analysis (Figure 1). There were 66 cases; 59/66 (89%) were patients
referred for VT substrate ablation after a first documented SMVT,
and 7/66 (11%) had any documented SMVT episode after ICD im-
plantation in primary prevention. The median time from Ml until the
first VT episode was 72 (IQR 22-151, range 13-404) months,
whereas the median time from MI until the CMR acquisition in this

group was 37 (22-131) months. Among those referred for VT abla-
tion, 37/59 (63%) had a previously implanted ICD. From them, 23/37
(62%) underwent a 3-Tesla CMR before the ICD implantation, and
14/37 (38%) underwent a 1.5-Tesla CMR before ablation using a
wideband sequence to avoid ICD artefacts.

There were 84 controls; 38/84 (45%) were patients with no ar-
rhythmia evidence, and 46/84 (55%) were ICD carriers in primary
prevention with no arrhythmia evidence after a median follow-up of
31 (IQR 12-64) months post-implantation (Figure 1). The median
time from MI until study inclusion was 57 (IQR 51-115, range 48—
408) months (P=0.89 for the comparison with cases, Table 1). For
the controls, all the CMR studies were performed at least 4 years af-
ter the ML.

Baseline characteristics and scar
characterization

Baseline characteristics of the total population can be found in
Table 1. Mean LVEF was 36 + 13%, being similar between cases and
controls (34+10 vs. 38+ 14%; P=0.07). Compared to controls,
cases were significantly older (67 + 9 vs. 62 + 11 years; P= 0.007), had
more cardiovascular risk factors and were more frequently male
(96% vs. 83%, P=0.02) (Table 7). Regarding scar characteristics, cases
had a greater scar mass (33.5+ 15.5 vs. 209+ 16.1g; P<0.001), BZ
mass (20.9 + 9.5 vs. 11.7 £ 10.1g; P<0.001), core mas (124 £ 8.3 vs.
92+88g P=003), and BZC mass (9.7+4.1 vs. 28+34g
P<0.001) (Table 1). These differences were also found in a PS-ad-
justed population (n=132; 66 cases and 66 controls), controlling for
relevant clinical covariates (age, sex, and LVEF) (Supplementary
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Table2 Multivariable Cox proportional hazards regression models to identify independent vari

VT events in the study population

iated with

HR (95% CI) P-value HR (95% CI) P-value

Multivariable model 1

Age (years) 1.02 (0.99-1.06) 0.13 0.69 1.06 (1.01-1.12) 0.02*

Male sex 1.07 (0.32-3.59) 0.92 1.06 (0.31-3.60) 0.50

LVEF (%) 1.00 (0.98-1.03) 0.83 1.00 (0.97-1.03) 093

Total scar mass (g) 1.03 (1.02-1.05) <0.001* 1.03 (1.02-1.05) <0.001*
Multivariable model 2

Age (years) 1.02 (0.99-1.05) 0.23 0.73 1.05 (1.00-1.11) 0.047°

Male sex 0.85 (0.25-2.91) 0.80 0.85 (0.24-2.92) 0.57

LVEF (%) 0.99 (0.97-1.02) 0.56 0.99 (0.96-1.02) 0.32

BZ mass (g) 1.06 (1.04-1.09) <0.001* 1.06 (1.04-1.09) <0.001*
Multivariable model 3

Age (years) 1.03 (1.00-1.06) 0.05 0.61 1.02 (0.99-1.05) 0.31

Male sex 1.53 (0.47-4.99) 0.48 1.53 (0.47-4.99) 0.40

LVEF (%) 0.99 (0.96-1.01) 0.24 0.98 (0.96-1.01) 0.26

Core mass (g) 1.00 (0.97-1.03) 0.94 1.00 (0.97-1.04) 0.85
Multivariable model 4

Age (years) 1.02 (0.99-1.05) 0.31 0.77 1.04 (0.99-1.09) 0.13

Male sex 0.94 (0.28-3.18) 0.92 0.94 (0.27-3.18) 0.51

LVEF (%) 0.99 (0.97-1.02) 0.58 0.99 (0.96-1.02) 0.54

BZC mass (g) 1.12 (1.07-1.17) <0.001* 1.11 (1.07-1.16) <0.001*

Covariate adjustment

PS as covariate ‘doubly robust’

BZ, border zone; BZC, border zone channel; Cl, confidence interval; HR, hazard ratio; LVEF, left ventricular ejection fraction; PS, propensity score, VT, ventricular tachycardia.

“Statistically significant differences (P <0.05).

material online, Table S7). There was only a slight negative linear cor-
relation between scar mass and LVEF (= 0.18; P <0.001), suggesting
that not only the scar mass but also remodelling of the remote myo-
cardium is contributing to the decrease in LVEF after Ml. On the con-
trary, there was a strong positive linear association between scar
mass and BZ mass (r* = 0.80; P < 0.001), and a mild positive linear as-
sociation between scar mass and BZC mass (7 =0.37; P<0.001),
suggesting a different spatial distribution of BZ tissue in scars with the
same total scar mass.

Scar variables associated with

ventricular tachycardia events

Four multivariable Cox proportional hazards regression models were
created for total scar mass (model 1), BZ mass (model 2), core mass
(model 3), and BZC mass (model 4). All of them were adjusted by age,
sex, and LVEF (Table 2). In the corresponding models, only total scar
mass, BZ mass, core mass, and BZC mass were independent variables
associated with the development of VT, with similar findings after a
doubly robust estimation weighting for the calculated PSs (Table 2).
Supplementary material online, Figure S1 shows the distribution of cal-
culated BZC mass values between cases and controls. The overall di-
agnostic performance of BZC mass to differentiate cases and controls
was excellent, with an AUC of 0.93 [95% confidence interval (CI)
0.89-0.97; P < 0.001]. From De Long's test, all pairwise comparisons of
AUCs between BZC mass and total scar mass, BZ mass, and core
mass showed statistical significance (P <0.001). Time-dependent ROC

curves for all the scar parameters analysed are shown in Figure 2. For
BZC mass, a cut-off point of >5.15 g showed 92% sensitivity and 87%
specificity values for the identification of patients with documented VT.
A visual example of the scar characteristics and differences between
cases and controls is shown in Figure 3.

Interestingly, 49/66 (74%) of the cases had transmural scars, as op-
posed to only 48/84 (57%) of the controls (P = 0.03) (Supplementary
material online, Figure $2). Total scar mass, BZ mass, core mass, and
BZC mass were significantly higher for transmural substrates as com-
pared to non-transmural scars (P<0001 for all comparisons)
(Supplementary material online, Table S2).

Border zone channel mass vs. left
ventricular ejection fraction for prediction
of ventricular tachycardia events

Out of 67 (45%) patients having an LVEF >35%, 29 (43%) had a BZC
mass >5.15 g. Of them, 26 (90%) were cases. On the contrary, out of
83 (55%) patients with LVEF <35%, 40 (48%) had a BZC mass
<5.15 g and, from them, 36 (90%) were controls. Cumulative survival
curves from Ml until first documented SMVT episode according to
the used LVEF and BZC mass cut-off points are shown in Figure 4.

An LVEF <35% would have classified at a significant arrhythmia risk
only 39/66 (59%) of the cases. Conversely, an LVEF >35% would not
have identified 44/84 (52%) of the controls. Patients fulfilling the com-
bined criterium of LVEF >35% and BZC mass <5.15 g (n= 38) were
mostly controls (37/38, 93%). Adding BZC mass to LVEF to stratify
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Figure 2 Time-dependent ROC curves for different scar determinants. Increased diagnostic performance is constantly noted at different time-
points after Ml when using BZC mass as compared to other scar variables. P-value <0.001 applied for all ROC curves. AUC, area under the ROC
curve; BZ, border zone; BZC, border zone channel; Cl, confidence interval.

the VT occurrence risk allowed to reclassify 33.3% of the cases and
39.3% of the controls. The NRI was 0.73 (95% CI 0.71-0.74), which
amounted to 36.7% of all cases being reclassified (Figure 5). Compared
with a VT risk stratification purely based on LVEF [c-index = 0.55 (95%
Cl 0.46-0.63)], there was a significant improvement in discrimination
by using the BZC mass, confirmed by a c-index difference of 0.39 (95%
C10.29-048; P< 0.001). The diagnostic performance of LVEF [AUC =
0.46 (95% Cl 0.36-0.55)] was significantly improved by combining it
with the BZC mass (IDI = 0.62, P <0.001). Combined diagnostic per-
formance of LVEF and BZC mass for predicting the occurrence of
SMVT episodes in the study population is shown in Table 3.

Discussion

Main findings

This study is the first report describing the BZC mass as a powerful
non-invasive, CMR-derived parameter that can be easily quantified
and may improve arrhythmia risk stratification in chronic post-Ml
patients. It is also the first clinical study to report the feasibility of cal-
culating the BZC mass in an automated way, using a commercially
available cardiac imaging post-processing platform with FDA 510(k)
Clearance and CE Mark approval.

The BZC mass is intrinsically linked to the qualitative structure of
the scar, its heterogeneity, and spatial distribution, and is related to
the presence and amount of slow conducting channels within the
scar.*% In a previous prospective study on cardiac resynchronization
therapy patients (the GAUDI study),'” the dichotomic presence of
BZC had already a similar positive predictive value for arrhythmia
events (24-25%) to that of an increased BZ (not BZC) mass (>5.35g
in that study). Although the presence of BZC and BZ mass showed a
better diagnostic performance than total scar mass, in the present
study the quantitative BZC mass has shown to be the most accurate
parameter above all.

On the other hand, the relative higher proportion of VA among
patients with severely depressed LVEF may be explained because,
the greater the scar, the higher the probability of LV systolic dysfunc-
tion, although this correlation is weak.'? Similarly, the greater the
scar, the higher the probability of having a greater mass of BZ and
BZC. The BZC mass was, among all the scar determinants analysed,
the variable most highly associated with VT occurrence, after covari-
ate adjustment for age, sex, and LVEF. Most likely, the BZC mass con-
stitutes the characteristic that gets closer to the true histological
substrate that gives rise to post-Ml scar-related re-entrant VTs, that
is, the basis of scar arrhythmogenicity.
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Figure 3 Example of the scar differences between cases and controls. From top left to bottom right in each panel, the 10%, 30%, 50%, and 90%
myocardial layers are visualized. Core is colour-coded in red, BZ in green, and healthy myocardium in pink. Green panel: CMR images of an asymptom-
atic patient (control) with anterior MI 5 years before the CMR acquisition; his LVEF was 42%, scar mass 21.31g, and BZC mass 0g. Red panet CMR
images of a patient with incessant, sustained monomorphic VT (case), and an inferolateral Ml 6 years before the CMR acquisition; his LVEF was 45%,
scar mass 29.55 g, and BZC mass 10.56 g. White lines delimit the identified BZC.

The major findings of the study can be summarized as the

following:

Among all the scar parameters analysed, BZC mass was the stron-
gest independent variable associated with the appearance of clini-
cal SMVT in chronic post-MI patients after covariate adjustment
for age, sex, and LVEF. The overall diagnostic performance of
BZC mass to identify post-MI patients with SMVT was very high
(sensitivity 92.4% and specificity 86.9% for the cut-off value of
>5.15g).

ii. Adding the information of CMR-derived BZC mass to LVEF could im-
prove the accuracy of VT risk stratification in chronic post-Ml
patients, as shown by significant increases in AUC with respect to
other scar determinants, IDI, and NRI.

Rationale for the quantitative evaluation
of the border zone channel mass

Late gadolinium enhancement cardiac magnetic resonance is recog-
nized as the gold standard technique to determine the location and
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Figure 4 Kaplan-Meier survival curves for SMVT occurrence after MI. Ventricular tachycardia-free survival according to the amount of BZC mass
within the scar (A) and LVEF (B). P-values for log-rank tests are shown in each curve. BZC, border zone channel; LVEF, left ventricular ejection fraction;

MI, myocardial infarction; VT, ventricular tachycardia.
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Figure 5 Reclassification analysis. Proportion of patients correctly reclassified as cases or controls using BZC mass, as compared to LVEF. BZC,

border zone channel; LVEF, left ventricular ejection fraction.

extent of myocardial scar.'* The CMR-defined scar has a good corre-
lation with low-voltage areas in the electroanatomical maps
(EAM)."®™* Moreover, the size and heterogeneity of the post-Ml
scar, as evaluated with CMR, are variables that, unlike LVEF, have
been associated with VT inducibility,> arrhythmia events, and even
mort‘ality?”‘15 In a recently published, retrospective study, the

presence of ‘grey zone’ 13 fibrosis (i.e. BZ mass) >5.0g showed an
84% sensitivity and 72% specificity to predict the occurrence of sud-
den cardiac death (SCD) in chronic post-MI patients.'® Moreover,
post-Ml patients with documented SMVT had more conducting chan-
nels, as evaluated during EAM, when compared to controls."”
Cardiac magnetic resonance permits to identify BZC that correlate
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Table 3 Diagnostic performance of LVEF, BZC mass, and a combination of both for predicting the occurrence of
SMVT episodes in the study population

Case Control Total
LVEF performance
LVEF < 35% (high risk) 39 44 83
LVEF > 35% (low risk) 27 40 67
Total 66 84 150
Se = 59.1%; Sp 47.6%
BZC mass performance
BZC mass > 5.15 g (high risk) 61 1 72
BZC mass < 5.15 g (low risk) 5 73 78
Total 66 84 150
Se = 92.4%; Sp = 86.9%
Combined performance (LVEF + BZC mass)
LVEF < 35% and BZC mass > 5.15 g (high risk) 35 8 43
LVEF > 35% and BZC mass < 5.15g (low risk) 1 37 38
Total 36 45 81

Se = 97.2%; Sp = 82.2%

BZC, border zone channel; LVEF, left ventricular ejection fraction; Se, sensitivity; SMVT, sustained monomorphic ventricular tachycardia; Sp, specificity.

well with the EAM conducting channels within the scar."® In fact, the
presence of BZC has been associated'! with a higher risk of VA/
SCD, and could help deciding whether to implant an ICD in candi-
dates for cardiac resynchronization therapy. In addition, CMR-guided
VT substrate ablation approaches, which are based on the ablation of
BZC identified on CMR, have shown improvement in arrhythmia-
free survival during follow-up."® The assessment of the clinical value
of BZC mass quantification in the present study has been the neces-
sary next step to set up future prospective studies to confirm the
role of CMR in improving risk stratification for VA and SCD in post-
Ml patients.

Clinical implications for sudden cardiac

death risk stratification

In chronic post-MI patients, VA causing SCD are mostly re-entrant
SMVT. Therefore, identification of scars with arrhythmogenic charac-
teristics could help better identify patients at a higher risk of SCD. In
previous reports, LVEF has shown low-specificity in differentiating
the risk of SCD from risk of death associated with comorbidities or
the evolution of heart failure." With the current, LVEF-based deci-
sion algorithms used for primary prevention of SCD with ICDs, the
contemporary rate of appropriated therapies is very low, inferior
than in classical ICD implantation trials that provided the evidence
for current recommendations. Therefore, a more accurate identifica-
tion of patients at risk is urgently needed. Upon further validation,
the use of BZC mass may help improving the selection of post-MI
patients for ICD implantation (i.e. in cardiac resynchronization ther-
apy candidates),"” or contribute to decide closer monitoring or to
carry out additional screening tests (i.e. electrophysiological studies)
in those patients at higher arrhythmic risk, regardiess of their LVEF."
Yet, it shall be reminded that most cases of SCD in post-Ml patients
occur with normal or moderately reduced LVEF."? Larger cohort

studies would be necessary to prospectively evaluate the use of BZC
mass and its predictive accuracy for the appearance of VA and SCD.

Study limitations

Despite the inherent limitations of a case—control design, it can be ac-
ceptable to propose new variables to be tested when a low event rate is
observed. However, the generated risk and effect of the scar variables
analysed could have been overestimated. On the other hand, post-MI
scar may suffer structural changes in the long-term,2° being therefore
unknown which would be the best timing for a BZC mass screening.
Ventricular tachycardia screening capacity was limited for those patients
who were not ICD carriers, as no continuous monitoring was available.
Finally, optimal CMR quality should be a requisite to obtain reliable BZC
mass measurements. Medical decision-making based on the BZC mass
should be supported by external clinical validation in prospective studies.
Finally, it shall be reminded that SCD in post-MI patients may not be al-
ways due to SMVT degenerating into ventricular fibrillation (VF).

Conclusions

The mass of BZC is the strongest independent variable associated
with the occurrence of SMVT in post-MI patients after adjustment
for sex, LVEF, and total scar mass. The determination of BZC could
be used to assess the risk of having SMVT, although it is still unclear
its precise role in estimating the global risk of SCD.

Supplementary material

Supplementary material is available at Europace online.
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The data that support the findings of this study are available from the
corresponding author (A.B.) upon reasonable request.
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INTRODUCTION

The presence of viable strands of cardiomyocytes embedded within fibrotic tissue is known
to be the substrate for the appearance of scar-related reentrant ventricular arrhythmias (VA)
in chronic ischemic cardiomyopathy (ICM).(1) Late gadolinium enhancement cardiac
magnetic resonance (LGE-CMR) has proven to be a useful technique in the non-invasive
characterization of the scarred tissue and the underlying arrhythmogenic substrate.(2-4)
Previous studies identified the CMR-derived infarct mass as a better predictor of sustained
monomorphic ventricular tachycardia (SMVT) inducibility during an electrophysiologic
study (EPS), when compared to left ventricular ejection fraction (LVEF).(5) In fact, the
presence of significant scarring (>5% of the LV mass) is an independent predictor of adverse
outcome in patients being considered for implantable cardioverter-defibrillator (ICD)
placement.(6) On the other hand, in inducible patients for SMVT during EPS, more
heterogeneous scars (i.e. with greater border zone mass) can be found.(3) Similarly, the
presence of heterogeneous tissue channels, which correlate with voltage channels after
endocardial voltage mapping of the scar, can be more frequently observed in patients
suffering from SMVT than in matched controls for age, sex, infarct location, and LVEF.(7)
However, the lack of solid evidence and randomized trials makes LVEF still the main decision
parameter when assessing suitability for ICD implantation in primary prevention.(8,9) In the
present study, we sought to characterize scar differences and potential variables associated
with arrhythmogenicity in post-myocardial infarction (Ml) patients using a commercially
available, post-processing imaging platform with FDA 510(k) Clearance and CE Mark

approval.

263



Publicaciones Tesis Doctoral

METHODS

Study population

A case-control study was designed through retrospective LGE-CMR data analysis of: i) a
prospective cohort of chronic post-MI patients with documented sustained monomorphic
VTs (SMVT); and ii), a prospective control group of consecutive chronic post-Ml patients with
no arrhythmia evidence, either in terms of standard clinical follow-up for those with LVEF >
35%, or after periodic ICD interrogations (at least once per year) for those with ICD in

primary prevention due to LVEF < 35%.

Figure 1 shows the flow diagram of the study population. All the controls had to have a CMR
study performed at least 4 years after the Ml (which is regular practice in our institution), or

before a primary prevention ICD implantation procedure, when indicated.

All patients were treated according to clinical guidelines, and none of them had been pre-
treated with antiarrhythmic drugs. SMVT was defined as any ventricular rhythm faster than
100 beats per minute, lasting > 30 s or requiring termination due to hemodynamic instability
or by antitachycardia pacing (ATP) or shocks. The study complied with the Declaration of

Helsinki, and the local ethics committee approved the study protocol.

LGE-CMR processing
LGE-CMR tests were performed using a 3-Tesla scanner (MAGNETOM Trio, Siemens
Healthcare, Erlangen, Germany), or 1.5-Tesla scanners (ACHIEVA, Philips, The Netherlands;

and MAGNETOM Aera, Siemens Healthcare, Erlangen, Germany). In patients previously
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implanted with an ICD, LGE-CMR was performed using a specific wide-band sequence to
avoid device artefacts. Image acquisition protocol is summarized in the Supplementary
Methods. All LGE-CMR images were analyzed using a previously described protocol.(10) A
full left ventricular (LV) volume was reconstructed in the axial orientation, and the resulting
images were processed with ADAS 3D LV software (ADAS3D Medical, Barcelona, Spain).
Ten concentric surface layers (from 10% to 90%) were created automatically from
endocardium to epicardium of the LV wall thickness, obtaining a 3D shell for each layer.
Color-coded pixel signal intensity (PSI) maps based on LGE-CMR images were projected to
each shell, following a trilinear interpolation algorithm. A PSl-based algorithm was applied
to characterize the hyperenhanced area as core zone, border zone (BZ) or healthy tissue

using 40% = 5% and 60% = 5% of the maximum PSI as thresholds.(10)

Myocardial scar characterization

The total scar mass, BZ mass, and core mass in each shell were automatically measured
using the ADAS 3D LV software. BZ channels (BZCs) were defined as continuous corridors
of BZ surrounded by scar core or an anatomical barrier (i.e. mitral annulus) connecting two
areas of healthy tissue.(12) The BZC mass was automatically computed (see Supplementary

Methods) using a full-automated tool embedded within the ADAS 3D LV software.

Statistical analysis
Continuous variables are given as mean * standard deviation or median (interquartile
range, |QR), as appropriate. Categorical variables are given as total number and

percentages. To compare the means of 2 variables, the Student t-test or Wilcoxon test were
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used, when applicable. Proportions were compared using the x2 or Fisher exact test, as
fitted. Time-dependent receiver-operating characteristic (ROC) curve analyses were used to
evaluate the optimal cut-off value of BZC mass for predicting occurrence of VT.
Comparisons of AUCs were performed using the De Long's test. Kaplan-Meier curves and
the log-rank test were used to assess cumulative survival. Cox proportional hazard models
were used to assess relative risks. The overall discriminatory capacity of the Cox models was
assessed by using the Harrell concordance index (C-index), which was validated by
bootstrapping with 1000 replications. Propensity scores (PS) were calculated for cases and
controls using a multivariable regression model that included the following clinical
variables: age, sex, and LVEF. Pairing was performed using a greedy protocol 1:1 (caliper
0.01), with no replacement, and adequate goodness of fit was assumed if standardized
differences were < 10%. Predictive capabilities were further evaluated using continuous net
reclassification improvement (NRI), and integrated discrimination improvement (IDI). P <
0.05 was considered of statistical significance. Statistical analysis was performed using IBM
SPSS Statistics, version 26.0 (IBM Corp. Released 2019; Armonk, NY: IBM Corp.), MedCalc
Statistical Software version 16.4.3 (MedCalc Software bv, Ostend, Belgium), and SAS 9.3

(SAS Institute, Inc., Cary, NC).

RESULTS
Patient population
One hundred and fifty chronic post-Ml patients were included for analysis (figure 1). There

were 66 cases; 59/66 (89%) were patients referred for VT substrate ablation after a first
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documented SMVT, and 7/66 (11%) had any documented SMVT episode after ICD
implantation in primary prevention. The median time from Ml until the first VT episode was
72 (IQR 22 - 151, range 13 - 404) months. Among those referred for VT ablation, 37/59
(63%) had a previously implanted ICD. From them, 23/37 (62%) underwent a 3-Tesla CMR
before the ICD implantation, and 14/37 (38%) underwent a 1.5-Tesla CMR before ablation

using a wideband sequence to avoid ICD artifacts.

There were 84 controls; 38/84 (45%) were patients with no arrhythmia evidence, and 46/84
(55%) were ICD carriers in primary prevention with no arrhythmia evidence after a median
follow-up of 31 (IQR 12 - 64) months post-implantation (figure 1). The median time from Ml
until study inclusion was 57 (IQR 51 - 115, range 48 - 408) months (p = 0.89 for the
comparison with cases, table 1). For the controls, all the CMR studies were performed at

least 4 years after the MI.

Baseline characteristics and scar characterization

Baseline characteristics of the total population can be found in table 1. Mean LVEF was 36
* 13%, being similar between cases and controls (34 = 10 vs. 38 = 14%,; p = 0.07).
Compared to controls, cases were significantly older (67 = 9 vs. 62 = 11 years; p = 0.007),
had more cardiovascular risk factors and were more frequently male (96% vs. 83%, p = 0.02)
(table 1). Regarding scar characteristics, cases had a greater scar mass (33.5 + 15.5 vs. 20.9
+16.19; p<0.001), BZmass (20.9 £9.5vs. 11.7 £10.1 g; p < 0.001), core mas (12.4 £ 8.3
vs. 9.2 +8.8g; p=0.03), and BZC mass (9.7 +4.1vs. 2.8 = 3.4 g; p <0.001) (table 1). These

differences were also found in a propensity score-adjusted population (n = 132; 66 cases
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and 66 controls), controlling for relevant clinical covariates (age, sex, and LVEF)
(supplementary table 1). There was only a slight negative linear correlation between scar
mass and LVEF (r? 0.18; p < 0.001), suggesting that not only the scar mass but also
remodeling of the remote myocardium is contributing to the decrease in LVEF after MI. On
the contrary, there was a strong positive linear association between scar mass and BZ mass
(r20.80; p < 0.001), and a mild positive linear association between scar mass and BZC mass
(r?0.37; p < 0.001), suggesting a different spatial distribution of BZ tissue in scars with the

same total scar mass.

Scar variables associated with VT events

Four multivariable Cox proportional hazards regression models were created for total scar
mass (model 1), BZ mass (model 2), core mass (model 3), and BZC mass (model 4). All of
them were adjusted by age, sex, and LVEF (table 2). In the corresponding models, only total
scar mass, BZ mass, core mass, and BZC mass were independent variables associated with
the development of VT, with similar findings after a doubly robust estimation weighting for
the calculated propensity scores (table 2). Figure 2 shows the distribution of calculated BZC
mass values between cases and controls. The overall diagnostic performance of BZC mass
to differentiate cases and controls was excellent, with an area under the ROC curve (AUC)
of 0.93 [95% Cl 0.89 to 0.97; p < 0.001). From De Long’s test, all pairwise comparisons of
AUCs between BZC mass and total scar mass, BZ mass, and core mass showed statistical
significance (p < 0.001). Time-dependent ROC curves for all the scar parameters analyzed
are shown in figure 3. For BZC mass, a cut-off point of > 5.15 g showed 92% sensitivity and

87% specificity values for the identification of patients with documented VT. A visual
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example of the scar characteristics and differences between cases and controls is shown in

figure 4.

BZC mass vs. LVEF for prediction of VT events

Out of 67 (45%) patients having a LVEF > 35%, 29 (43%) had a BZC mass >5.15 g. Of them,
26 (90%) were cases. On the contrary, out of 83 (55%) patients with LVEF < 35%, 40 (48%)
had a BZC mass < 5.15 g and, from them, 36 (90%) were controls. Cumulative survival curves
from MI until first documented SMVT episode according to the used LVEF and BZC mass

cut-off points are shown in figure 5.

A LVEF < 35% would have classified at a significant arrhythmia risk only 39/66 (59%) of the
cases. Conversely, a LVEF > 35% would not have identified 44/84 (52%) of the controls.
Patients fulfilling the combined criterium of LVEF > 35% and BZC mass < 5.15 g (n = 38)
were mostly controls (37/38, 93%). Adding BZC mass to LVEF to stratify the VT occurrence
risk allowed to reclassify 33.3% of the cases and 39.3% of the controls. The NRI was 0.73
(95% Cl 0.71 to 0.74), which amounted to 36.7% of all cases being reclassified (figure 6).
Compared with a VT risk stratification purely based on LVEF [c-index = 0.55 (95% Cl 0.46 to
0.63)], there was a significant improvement in discrimination by using the BZC mass,
confirmed by a c-index difference of 0.39 (95% CI 0.29 to 0.48; p < 0.001). The diagnostic
performance of LVEF [AUC = 0.46 (95% CI 0.36 to 0.55)] was significantly improved by
combining it with the BZC mass (IDI = 0.62, p < 0.001). Combined diagnostic performance
of LVEF and BZC mass for predicting the occurrence of SMVT episodes in the study

population is shown on table 3.
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DISCUSSION

Main findings

This study is the first report describing the BZC mass as a powerful noninvasive, CMR-
derived parameter that can be easily quantified and may improve arrhythmia risk
stratification in chronic post-MI patients. It is also the first clinical study to report the
feasibility of calculating the BZC mass in an automated way, using a commercially available
cardiac imaging post-processing platform with FDA 510(k) Clearance and CE Mark

approval.

The BZC mass is intrinsically linked to the qualitative structure of the scar, its heterogeneity
and spatial distribution, and is related to the presence and amount of slow conducting
channels within the scar. (7,11) In a previous prospective study on CRT patients (the GAUDI
study), (12) the dichotomic presence of BZC had already a similar positive predictive value
for arrhythmia events (24-25%) to that of an increased BZ mass (> 5.35 g in that study).
Although the presence of BZC and BZ mass showed a better diagnostic performance than
total scar mass, in the present study the quantitative BZC mass has shown to be the most

accurate parameter above all.

On the other hand, the relative higher proportion of VA among patients with severely
depressed LVEF may be explained because, the greater the scar, the higher the probability

of LV systolic dysfunction, although this correlation is weak. (13) Similarly, the greater the
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scar, the higher the probability of having a greater mass of BZ and BZC. The BZC mass was,
among all the scar determinants analyzed, the variable most highly associated with VT
occurrence, after covariate adjustment for age, sex, and LVEF. Most likely, the BZC mass
constitutes the characteristic that gets closer to the true histological substrate that gives rise

to post-Ml scar-related reentrant VTs, that is, the basis of scar arrhythmogenicity.

The major findings of the study can be summarized as the following:

i. Among all the scar parameters analyzed, BZC mass was the strongest independent
variable associated with the appearance of clinical SMVT in chronic post-MI patients after
covariate adjustment for age, sex, and LVEF. The overall diagnostic performance of BZC
mass to identify post-MI patients with SMVT was very high (sensitivity 92.4% and specificity
86.9% for the cut-off value of > 5.15 g).

i. Adding the information of CMR-derived BZC mass to LVEF could improve the
accuracy of VT risk stratification in chronic post-Ml patients, as shown by significant increases

in AUC with respect to other scar determinants, IDI, and NRI.

Rationale for the quantitative evaluation of the BZC mass

LGE-CMR is recognized as the gold standard technique to determine the location and
extent of myocardial scar.(14) The CMR-defined scar has a good correlation with low-
voltage areas in the electroanatomical maps (EAM).(11,15) Moreover, the size and
heterogeneity of the post-Ml scar, as evaluated with CMR, are variables that, unlike LVEF,
have been associated with VT inducibility,(3,5) arrhythmia events, and even

mortality.(4,6,16-18) In a recently published, retrospective study, the presence of ‘grey
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zone' fibrosis (i.e. BZ mass) > 5.0 g showed an 84% sensitivity and 72% specificity to predict
the occurrence of sudden cardiac death (SCD) in chronic post-MI patients.(19) Moreover,
post-Ml patients with documented SMVT had more conducting channels, as evaluated
during EAM, when compared to controls.(20) CMR permits to identify BZC (21) that
correlate well with the EAM conducting channels within the scar.(11) In fact, the presence of
BZC has been associated with a higher risk of VA/SCD, and could help deciding whether to
implant an ICD in candidates for cardiac resynchronization therapy.(12) In addition, CMR-
aided or CMR-guided VT substrate ablation approaches, which are based on the ablation
of BZC identified on CMR, have shown improvement in arrhythmia-free survival during
follow-up.(22,23) The assessment of the clinical value of BZC mass quantification in the
present study has been the necessary next step to set up future prospective studies to
confirm the role of CMR in improving risk stratification for VA and SCD in post-MI

patients.(24)

Clinical implications for SCD risk stratification

It has been shown, in autopsy series of sudden deaths occurring during recreational sports,
that coronary atherosclerotic disease was present in about 50% of the autopsies and that
half of them showed chronic post-Ml scars.(25) In chronic post-MI patients, VA causing SCD
are mostly reentrant SMVT.(26) Therefore, identification of scars with arrhythmogenic

characteristics could help better identify patients at a higher risk of SCD.

In previous reports, LVEF has shown low-specificity in differentiating the risk of SCD from

risk of death associated with comorbidities or the evolution of heart failure.(18) With the
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current, LVEF-based decision algorithms used for primary prevention of SCD with ICDs, the
contemporary rate of appropriated therapies is very low, and much inferior than in classical
ICD implantation trials that provided the evidence for current recommendations.(27)
Therefore, a more accurate identification of patients at risk is urgently needed. Upon further
validation, the use of BZC mass may help improving the selection of post-Ml patients for ICD
implantation (i.e., in cardiac resynchronization therapy candidates), (12) or contribute to
deciding closer monitoring or carrying out additional screening tests (i.e.
electrophysiological studies) in those patients at higher arrhythmic risk, regardless of their
LVEF.(12,28,29) Yet, it shall be reminded that most cases of SCD in post-MI patients occur
with normal or moderately reduced LVEF.(30) Larger cohort studies would be necessary to
prospectively evaluate the use of BZC mass and its predictive accuracy for the appearance

of VA and SCD.

Study limitations

Despite the inherent limitations of a case-control design, it can be acceptable to propose
new variables to be tested when a low event rate is observed. However, the generated risk
and effect of the scar variables analyzed could have been overestimated. On the other hand,
post-Ml scar may suffer structural changes in the long-term, (31) being therefore unknown
which would be the best timing for a BZC mass screening. VT screening capacity was limited
for those patients who were not ICD carriers, as no continuous monitoring was available.
Finally, optimal CMR quality should be a requisite to obtain reliable BZC mass

measurements. Medical decision-making based on the BZC mass should be supported by
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external clinical validation in prospective studies. Lastly, it shall be reminded that SCD in

post-Ml patients may not be always due to SMVT degenerating into VF.

Conclusions

The mass of BZC, automatically obtained with a commercially available CMR post-
processing software, is the strongest independent variable associated with the occurrence
of clinical SMVT in post-MI patients after covariate adjustment for sex, LVEF, and total scar
mass. The determination of BZC could be used to assess the risk of having SMVT, although

it is still unclear its precise role in estimating the global risk of SCD.
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FIGURES

Graphical Abstract. Main findings of the study. CMR permits to identify and characterize
the components of the myocardial scar after a MI. Using a dedicated software, post-
processed CMR images allow to quantify the mass (in grams) of the different scar
components. A BZC mass > 5.15 g has shown to be strongly associated with the occurrence

of VT events (survival curve). Examples of scars with and without critical BZC mass are shown.
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Figure 1. Flow chart of the study population.
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Figure 2. Distribution of BZC mass between cases and controls. Waterfall plot presenting
the distribution of BZC mass (in grams) between post-M| patients with and without
documented clinical VT. The black line is located at a cut-off point of 5.15 g (see text for

details).
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Figure 3. Time-dependent ROC curves for different scar determinants. Increased
diagnostic performance is constantly noted at different time-points after Ml when using BZC

mass as compared to other scar variables. P < 0.001 applied for all ROC curves.
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Figure 4. Example of the scar differences between cases and controls. From top left to
bottom right in each panel, the 10%, 30%, 50%, and 90% myocardial layers are visualized.
Core is color-coded inred, BZin green, and healthy myocardium in pink. Green panel: CMR
images of an asymptomatic patient (control) with anterior Ml 5 years before the CMR
acquisition; his LVEF was 42%, scar mass 21.31 g and BZC mass 0 g. Red panel: CMR images

of a patient with incessant, sustained monomorphic VT (case), and an inferolateral Ml é years
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before the CMR acquisition; his LVEF was 45%, scar mass 29.55 g and BZC mass 10.56 g.

White lines delimit the identified BZC.
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Figure 5. Kaplan-Meier survival curves for SMVT occurrence after MI. VT-free survival

according to the amount of BZC mass within the scar (panel A), and LVEF (panel B). P-values

for log-rank tests are shown in each curve.
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Figure 6. Reclassification analysis. Proportion of patients correctly reclassified as cases or

controls using BZC mass, as compared to LVEF.
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TABLES

Table 1. Clinical and scar characteristics of the patient population.

TOTAL CASES CONTROLS
(n=150) (n = 66) (n=84) P

Age (years) 64+ 11 67+9 62+11 0.007*
Male sex 133 (89%) 63 (96%) 70 (83%) 0.02*
Hypertension 89 (65%) 46 (78%) 43 (54%) 0.004*
Diabetes mellitus 41 (30%) 21 (36%) 20 (25%) 0.14
Dyslipidemia 81 (59%) 44 (75%) 37 (47%) 0.001*
Smoker 27 (20%) 5 (9%) 22 (28%) 0.005*
Atrial fibrillation 6 (4%) 1 (2%) 5 (6%) 0.20
LVEF (%) 36+13 34+10 38+14 0.07
MI location (anterior) 65 (44%) 26 (40%) 39 (46%) 0.46
Time since MI (months) 58 (31-120) | 72 (22 -151) 57 (51 -115) 0.89
Betablockers 112 (81%) 43 (73%) 69 (87%) 0.03*
ACEVARB 97 (70%) 37 (63%) 60 (76%) 0.08
Diuretics 64 (46%) 29 (49%) 35 (44%) 0.54
MRA 72 (52%) 36 (61%) 36 (46%) 0.07
Statins 130 (94%) 58 (98%) 72 (91%) 0.07
Total scar mass (g) 264+17.0 33.5+15.5 20.9 £ 16.1 <0.001*
BZ mass (g) 15.7+10.9 209+9.5 11.7£10.1 <0.001*
Core mass (g) 10.6 £ 8.7 124 +83 9.2+8.8 0.03*
BZC mass (g) 58%5.1 9.7+4.2 34+28 <0.001*

MI: Myocardial infarction; LVEF: left ventricular ejection fraction; ACEI: angiotensin-

converting enzyme

inhibitor;

ARB:

angiotensin

receptor

blocker;

MRA:

mineralocorticoid-receptor antagonists, BZ: border zone; BZC: border zone channel. *
Statistically significant differences (p < 0.05).
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Table 2. Multivariable Cox proportional hazards regression models to identify independent

variables associated with VT events in the study population.

MULTIVARIABLE MODEL 1

Covariate adjustment PS as covariate “doubly robust”
HR (95% CI) P c-statistic HR (95% CI) p
Age (years) 1.02 (0.99-1.06) | 0.13 1.06 (1.01 - 1.12) 0.02*
Male sex 1.07 (0.32-3.59) | 0.92 1.06 (0.31 — 3.60) 0.50
0.69
LVEF (%) 1.00 (0.98-1.03) | 0.83 1.00 (0.97 — 1.03) 0.93
Total scar mass (g) | 1.03 (1.02-1.05) | <0.001* 1.03 (1.02 - 1.05) <0.001*
MULTIVARIABLE MODEL 2

Covariate adjustment

PS as covariate “doubly robust”

HR (95% CI) P c-statistic HR (95% CI) ]
Age (years) 1.02(0.99-1.05) | 023 1.05 (1.00—1.11) 0.047*
Male sex 0.85(0.25-291) | 0.80 0.85 (0.24 —2.92) 0.57
0.73
LVEF (%) 0.99 (0.97-1.02) | 0.56 0.99 (0.96 — 1.02) 0.32
BZ mass (g) 1.06 (1.04 — 1.09) | <0.001* 1.06 (1.04 — 1.09) <0.001*
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MULTIVARIABLE MODEL 3

Covariate adjustment

PS as covariate “doubly robust”

HR (95% CI) P c-statistic HR (95% CI) P
Age (years) 1.03 (1.00 - 1.06) 0.05 1.02 (0.99 — 1.05) 0.31
Male sex 1.53(0.47-4.99) | 048 1.53 (0.47 — 4.99) 0.40
0.61
LVEF (%) 0.99(0.96-1.01) | 024 0.98 (0.96 — 1.01) 0.26
Core mass (g) 1.00(0.97-1.03) | 094 1.00 (0.97 - 1.04) 0.85
MULTIVARIABLE MODEL 4

Covariate adjustment

PS as covariate “doubly robust”

HR (95% CI) p c-statistic | HR (95% CI) p

Age (years) 1.02(0.99-1.05) | 0.31 1.04 (0.99 — 1.09) 0.13

Male sex 0.94(0.28-3.18) | 092 0.94 (0.27 - 3.18) 0.51
0.77

LVEF (%) 0.99 (0.97-1.02) | 0.8 0.99 (0.96 — 1.02) 0.54

BZC mass (g) 1.12(1.07 - 1.17) | <0.001* 1.11 (1.07-1.16) | <0.001*

LVEF: left ventricular ejection fraction; BZ: border zone; BZC: border zone channel;
HR: hazard ratio; CI: confidence interval; PS: propensity score. *Statistically
significant differences (p < 0.05).
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Table 3. Diagnostic performance of LVEF, BZC mass and a combination of both for

predicting the occurrence of SMVT episodes in the study population.

LVEF performance CONTROL

LVEF < 35% (high risk) 44

LVEF > 35% (low risk) 40

TOTAL 84

Se =40.9%; Sp 47.6%

BZC mass performance CONTROL

BZC mass > 5.15 g (high risk) 11

BZC mass <5.15 g (low risk) 73

TOTAL 84

Se =92.4%; Sp = 86.9%

Combined performance (LVEF + BZC mass) CONTROL

LVEF < 35% and BZC mass > 5.15 g (high risk)

LVEF > 35% and BZC mass < 5.15 g (low risk)

TOTAL

Se=97.2%:; Sp = 82.2%

LVEF: Left ventricular ejection fraction; BZC: border zone channel; Se: Sensitivity;
Sp: specificity.
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SUPPLEMENTARY MATERIAL

SUPPLEMENTARY METHODS

LGE-CMR Acquisition

Contrast-enhanced images were acquired 10 minutes after bolus injection of 0.2 mmol/Kg
Gadobutrol (Gadoyist®, Bayer Hispania, Barcelona, Spain) using a commercially available,
free-breathing, ECG-gated, navigator-gated, 3D inversion-recovery, gradient-echo
technique. Slice thickness was 1.4 mm, with no gap between slices. The field of view was set

at 360 mm and matrix size was keptto 256 x 256 pixels to yield an isotropic spatial resolution

of 1.4x1.4x1.4 mm.

Wideband sequence acquisition

In patients previously implanted with an intracardiac device the LGE-CMR was performed
with a 1.5-Tesla scanner (MAGNETOM Aera®, Siemens, Erlangen, Germany). Using a 2D
turboFLASH gradient-echo sequence, the sort-axis contrast-enhanced images were
acquired synchronized with the ECG. Slice thickness was 5 mm, with no gap between slices,
with iPAT accelerator factor x2. Typical parameters were: Repetition time 948.8 ms; echo
time 1.39 ms; bandwidth 592 Hx/Px; flip angle 25°; and matrix size 256 x 144 pixels. The

mean in-plane resolution was 1.4 x 1.4 mm, and the voxel size was 9.80 mm?3.

BZC mass calculation
In order to calculate the BZC mass, the ADAS 3D LV software includes an algorithm that first

calculates the BZC paths within the myocardium, which result in BZC ‘centerlines’. Then, the
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BZC center lines are processed to obtain the surrounding total BZ volume, and converted
into mass (grams). A tissue characterization step is first applied to all myocardial layers
individually to identify the three types of tissue involved (core, BZ, and healthy tissue); then,
a topological detection algorithm' is applied to each layer to obtain BZC on the layers. A
final check is done on the detected corridors to guarantee that they consider the

surrounding tissue outside each layer.

The automatically calculated BZC centerline is displayed over the surface of a layer
(supplementary figures 3-7). The centerline starts at the transition between BZ tissue and
healthy myocardium and passes through BZ in between core regions, ending at another
healthy myocardium zone. The software uses this centerline as the center of a cylindrical
tube to define the maximum extent of BZ to be taken into consideration for the mass
computation. The radius of the tube has been set at a maximum of 5 mm from the centerline,
since it was previously established that the mean maximum width of BZ channels identified
on CMR was 5.8 + 2.5 mm.? The tube centered around the centerline extends itself beyond

the surface of the layer (supplementary figure 3).

This cylindrical tube encloses the BZ voxels of the original CMR image that will contribute
to the BZC mass. Supplementary figure 4 shows: a) a short-axis slice intersecting the LV
surface layer and the corridor centerline and tube, and b) the short-axis slice is shown with
the color-coded myocardium, as well as the surrounding cylindrical tube contours (white).
The myocardium is shown in three colors: core in red, BZ in yellow and healthy in blue. The

BZ voxels enclosed in the tube are shown in green, and these are the voxels that will be
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counted toward the BZ corridor mass. See Supplementary figures 5 and 6 for additional 3D

views of the BZC volume, the core volume and the slices from the CMR volume.

The final BZC mass is obtained by multiplying the number of voxels of BZ enclosed in the
cylindrical tube and contiguous to the centerline, by the voxel volume and a tissue density
of 1.05 g/cm?. Supplementary figure 7 shows a detail on a CMR plane, in which the BZC
volume intersection is seen in green, enclosed in the 5-mm tube, and its relation to the other

structures.

In the example of Supplementary figures 3-7, the corridor had a volume of 745 voxels, which
resulted in a BZC mass of 2.18 g. Each voxel had a size of 2.788 mm?® (1.4063 x 1.4063 x
1.4100 mm), so the total volume was 2077.45 mm? and thus the total mass was 2.18 g. The

total scar mass was 24.43 g, BZ was 19.4 g, and core was 5.04 g.

291



Publicaciones Tesis Doctoral

SUPPLEMENTARY REFERENCES

1. Steghofer M, Serra L, Brugada J, Mont JL, Berruezo A, inventors; ADAS3D Medical SL,
Hospital Clinic de Barcelona, Universitat de Barcelona, assignees. A computer implemented
method for identifying channels from representative data in a 3D volume and a computer
program product implementing the method. US Patent 10,304,185. European Patent
EP2950270B1. 2015.

2. Fernandez-Armenta J, Berruezo A, Andreu D, Camara O, Silva E, Serra L, Barbarito V,
Carotenutto L, Evertz R, Ortiz-Pérez JT, De Caralt TM, Perea RJ, Sitges M, Mont L, Frangi A,
Brugada J. Three-dimensional architecture of scar and conducting channels based on high
resolution ce-CMR: insights for ventricular tachycardia ablation. Circ Arrhythm

Electrophysiol 2013;6:528-537.

292



Publicaciones Tesis Doctoral

SUPPLEMENTARY FIGURES
Supplementary Fig. 1. Waterfall plot presenting the distribution of BZC mass (in grams)

between post-Ml patients with and without documented clinical VT. The black line is located

at a cut-off point of 5.15 g (see text for details).
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Supplementary Fig. 2. Distribution of transmural substrates in the study subgroups,

defined as the presence of LGE beyond 75% of the myocardial wall thickness.

VT ablation
(n=59)

ICD carriers with
therapies

(n=7)

No arrhythmia
evidence

(n=38)

Transmural
43 (73%)

Non-transmural
16 (27%)

Transmural
6 (86%)

Non-transmural
1(14%)

Transmural
11(29%)

Non-transmural
27 (71%)

Transmural
37 (80%)

Non-transmural
9 (20%)
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Supplementary Fig. 3. Panel (a): Myocardial surface layer showing a corridor centerline
(white) surrounded by a tube of 5-mm radius (seen as a wireframe mesh). Panel (b): 3D core
surface added (red). Panel (c): CMR short-axis slice showing the intersection with the

segmented myocardium.
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Supplementary Fig. 4. CMR short-axis slice showing the intersection with the segmented
myocardium. The corridor centerline is seen as a white line emerging from the slice,
showing the 5-mm tube (wireframe). Tissue in this case is colored as healthy (pink), core
(red) and BZ (green). In blue is the BZC tissue within the 5-mm radius of the corridor

centerline.

ADAS 3D
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Supplementary Fig. 5. Panel (a): Original corridor centerline. Panel (b): 5-mm tube around
the corridor. Panel (c): BZC volume contained inside the 5-mm tube (blue). Panel (d): Core
surface (red) surrounding the BZC volume. Panel (e): Semitransparent core surface with the
corridor centerline and 5-mm tube. Panel (f): Semitransparent core surface with the BZC

volume contained inside the 5-mm tube (blue).

(b)

(d

(e) ®
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Supplementary Fig. 6. Relationships of the CMR short-axis slice with the myocardial layer
[panel (a)], the BZC centerline [panel (b)], the BZC 5-mm tube [panel (c)], and the BZC tube

embedded within the 3D core [panel (d)].

(d)
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Supplementary Fig. 7. Detail of the different surfaces intersecting the short-axis slice. Red:

Core zone. Green: border zone. Pink: healthy myocardium. Blue: BZC 5-mm tube.
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SUPPLEMENTARY TABLES
Supplementary table 1. Main characteristics analyzed in the propensity score-adjusted

population (66 cases + 66 controls), showing an adequate goodness of fit with respect to

the adjusted clinical covariates (age, sex, LVEF):

PROPENSITY SCORE-ADJUSTED POPULATION
TOTAL CASES CONTROLS Standardized
P

(n=132) (n = 66) (n=66) differences (%)
Age (years) 67+9 679 6619 0.66 +7.9
Male sex 127 (96%) 63 (96%) 64 (97%) 0.76 7.9
LVEF (%) 34+11 34+10 33+13 0.79 +4.6
Ml location

56 (42%) 26 (39%) 30 (45%) 0.49 -10.0
(anterior)
Time since Mi

64 (27 - 141) 72(22-149) | 58(52-121) 0.82 +8.4

(months)
Total scar mass (g) 27.6+15.9 33.5+155 21.8+14.2 < 0.001* +73.31
BZ mass (g) 16.3+10.3 20.9+95 11.7+9.0 <0.001* +90.01
Core mass (g) 11.3+85 12.4+8.3 10.2+8.6 0.13 +26.3t
BZC mass (g) 6.1+53 9.7+4.2 25+35 < 0.001* +136.51

*Statistically significant differences (p < 0.05).

to controls.

tlnadequate goodness of fit (standardized
differences > 10%). The sign of the differences refers to the comparison of cases with respect
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Supplementary table 2. Distribution of the analyzed scar parameters in transmural vs. non-
transmural substrates. Transmurality was defined as the presence of LGE beyond 75% of the

myocardial wall thickness.

Transmural scars Non-transmural scars P
Scar mass (g) 3413+ 15.66 12.35+7.81 < 0.001
BZ mass (g) 19.96+10.73 8.03£5.57 < 0.001
Core mass (g) 14.07 +£8.83 4.32+3.32 < 0.001
BZC mass (g) 6.86+5.42 3.95+3.74 < 0.001

BZ: border zone; BZC: border zone channel. *Statistically significant differences (p < 0.05).
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SUBPROYECTO 3. UTILIDAD DE LA CARDIORRESONANCIA EN EL TRATAMIENTO DE LAS

ARRITMIAS VENTRICULARES EN EL POST-INFARTO CRONICO DE MIOCARDIO.

Articulo 3: Cardiac Magnetic Resonance-Guided Ventricular Tachycardia Substrate Ablation

Soto-lglesias D, Penela D, Jauregui B, Acosta J, Fernandez-Armenta J, Linhart M, Zucchelli
G, Syrovnev V, Zaraket F, Terés C, Perea RJ, Prat-Gonzélez S, Doltra A, Ortiz-Pérez JT, Bosch
X, Camara O, Berruezo A. Cardiac Magnetic Resonance—Guided Ventricular Tachycardia
Substrate Ablation. JACC Clin Electrophysiol 2020;6:436-447. FACTOR DE IMPACTO
(2020): 6.375. AREA DE CONOCIMIENTO: Cardiology and Cardiovascular Medicine.

CUARTIL: Q1.

El objetivo general del trabajo es evaluar la viabilidad y el beneficio potencial de realizar
los procedimientos de ablacién de sustrato de TV guiando la ablacién con los mapas de

intensidad de sefales de pixeles (PSI) derivados de la CRM.
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RESUMEN

Antecedentes: La ablacion de TV asistida por resonancia magnética cardiaca (CMR-aided)
mediante mapas de PSI a partir de RMC-RTG, y fusionada con la informacién del EAM, ha
demostrado mejorar los resultados de la ablacién de sustrato de TV.

Objetivos: Evaluar la viabilidad y el beneficio potencial de realizar procedimientos de
ablaciéon de sustrato de TV guiados por mapas PS| derivados de RM (CMR-guided).
Métodos: Se incluyeron en el estudio 84 pacientes con TV monomérfica dependiente de
cicatriz que se sometieron a ablacidén de sustrato. En los Ultimos 28 (33%) pacientes
consecutivos el procedimiento fue guiado por RM. Se compararon los datos del
procedimiento, asi como los resultados agudos y de seguimiento entre los pacientes
guiados por RM y dos grupos de control: 1) pacientes en los que se disponia de mapas PSI
pero en los que se adquirié EAM y éste se utilizé para seleccionar los objetivos de ablacién
(CMR-aided); y 2) pacientes sin mapas de PSI disponibles (No-CMR).

Resultados: La duracién media del procedimiento fue menor en la ablacidn del sustrato
guiada por RM en comparacién con la ablaciéon CMR-aided y No-CMR (107 = 59 frente a
203 = 68 miny 227 = 52; p <0,001 para ambas comparaciones). La CMR-guided requirié
menos tiempo de fluoroscopia que la CMR-aided y No-CMR (10 % 4 frente a 23 £ 11 miny
20 = 9 min, respectivamente; p <0,001 para ambas comparaciones) y menos tiempo de
radiofrecuencia (RF) (15 £ 8 vs.20 = 15y 26 = 10min; p = 0,16 yp <0,001 respectivamente).
Después de la ablacion de sustrato, la inducibilidad para TV fue menor en la CMR-guided
en comparacién con la CMR-aided y No-CMR (18 vs. 32% y 46%; p = 0.35y p = 0.04

respectivamente), sin diferencias significativas en las complicaciones. Después de 18
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meses, la recurrencia de TV fue menor en la CMR-guided en comparacién con la No-CMR
(rango logaritmico = 0,019), sin diferencias con la ablacion CMR-aided.

Conclusiones: La ablacion de TV guiada por RM es factible y segura, reduciendo
significativamente el tiempo de procedimiento, fluoroscopia y RF, y se asocia a una mayor

tasa de no inducibilidad y menor recurrencia de TV después de la ablacién de sustrato.
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ABSTRACT

OBJECTIVES This study assessed the feasibility and potential benefit of performing ventricular tachycardia (VT)
substrate ablation procedures guided by cardiac magnetic resonance (CMR)-derived pixel signal intensity (PSI) maps.

BACKGROUND CMR-aided VT ablation using PSI maps from late gadolinium enhancement-CMR (LGE-CMR), together
with electroanatomical map (EAM) information, has been shown to improve outcomes of VT substrate ablation.

METHODS Eighty-four patients with scar-dependent monomorphic VT who underwent substrate ablation were included
in the study. In the last 28 (33%) consecutive patients, the procedure was guided by CMR. Procedural data, as well as
acute and follow-up outcomes, were compared b pati who underwent guided CMR and 2 control groups: 1)

patients who had PSI maps were available but the EAM was acquired and used to select the ablation targets (CMR aided);
and 2) patients with no CMR-derived PSI maps available (no CMR).

RESULTS Mean procedure duration was lower in CMR-guided sub ablation compared with CMR-aided and no CMR
(107 + 59 min vs. 203 + 68 min and 227 + 52 min; p < 0.001 for both comparisons). CMR-guided ablation required less
fluoroscopy time than CMR-aided ablation and no CMR (10 + 4 min vs. 23 =+ 11 min and 20 =+ 9 min, respectively;

p < 0.001 for both comparisons) and less radiofrequency time (15 =+ 8 min vs. 20 + 15 min and 26 + 10 min; p = 0.16 and

p < 0.001, respectively). After substrate ablation, VT inducibility was lower in CMR-guided ablation compared with
CMR-aided ablation and no CMR (18% vs. 32% and 46%; p = 0.35 and p = 0.04, respectively), without significant
differences in complications. After 12 months, VT recurrence was lower in those who underwent CMR-guided ablation
compared with no CMR (log-rank: 0.019), with no differences with CMR-aided ablation.

CONCLUSIONS CMR-guided VT ablation is feasible and safe, significantly reduces the procedural, fluoroscopy, and
radiofrequency times, and is associated with a higher noninducibility rate and lower VT recurrence after substrate
ablation. (J Am Coll Cardiol EP 2020;6:436-47) © 2020 by the American College of Cardiology Foundation.
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entricular tachycardia (VT) substrate abla-

tion is an effective treatment for patients

with recurrent episodes of scar-dependent
VT (1,2) but recurrence rates remain high (3,4). More-
over, despite the adoption of substrate-based map-
ping and ablation as the technique of choice for VT
suppression in the last decade (5), the procedure is
still considered challenging and time-consuming.

Recent studies (6,7) have shown that aiding VT
substrate ablation with color-coded pixel signal in-
tensity (PSI) maps obtained from pre-procedural late
gadolinium enhancement-cardiac magnetic reso-
nance (LGE-CMR) imaging results in less need for
radiofrequency (RF) delivery and improved VT
recurrence—free survival. The accuracy of LGE-CMR
for scar tissue characterization and delimitation
within the entire myocardial thickness (8), as well as
its ability to identify additional arrhythmogenic sub-
strates, compared with endocardial or epicardial
surface electroanatomic maps (EAMs) alone (6),
would suggest better outcomes with this approach.
However, in these previous studies, selection of the
ablation targets was still based on EAM findings
rather than on LGE-CMR information. Data on the
appropriateness of selecting ablation target sites
based exclusively on information provided by PSI
maps is lacking.

The objective of the present study was to evaluate
the feasibility and potential benefits of performing VT
substrate ablation guided by PSI maps obtained from
LGE-CMR imaging.

METHODS

PATIENT SAMPLE. This is a prospective, experi-
mental, nonrandomized, and pilot study performed
in 2 centers. Between March 2017 and June 2018, 28
consecutive patients referred for catheter ablation of
left ventricular (LV) scar-related sustained mono-
morphic VT were included. Patients were included if
they had incessant or repetitive (=2) VT episodes but
also if they had a first episode of slow monomorphic
VT. VT substrate ablation was guided by PSI map in-
formation (CMR guided) in each case. Procedural
data, as well as acute and follow-up outcomes, were
compared with 2 historical control groups selected
consecutively (inclusion period from April 2011 to
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March 2017) and matched by LV ejection
fraction (LVEF), etiology of cardiomyopathy,
and need for an epicardial approach: 1) 28
patients who had VT substrate ablation was
performed without LGE-CMR information (no
CMR); and 2) 28 patients who had PSI maps
were obtained, integrated into the navigation
system, and combined with the electro-
anatomical map (EAM), selecting the ablation
target based on the EAM information (CMR
aided). The study complied with the Decla-
ration of Helsinki. The local ethics committee
approved the study protocol, and all partici-
pants signed the informed consent.

IMAGE PROCESSING. Pre-procedural LGE-
CMR was obtained using a 3-T scanner (MAGNE-
TOM Trio, Siemens Healthcare, Erlangen, Ger-
many). In patients previously implanted with an
implantable cardioverter-defibrillator (ICD), LGE-
CMR was performed with a 1.5-T scanner (MAG-
NETOM Aera; Siemens Healthcare) using a spe-
cific wide-band sequence to avoid device

ABBREVIATIONS
AND ACRONYMS

C€C = conducting channel

CMR = cardiac magnetic
resonance

EAM = electroanatomical map
ECG = electrocardiography
EGM = electrogram

HSC = hidden slow conduction

HTC = heterogeneous tissue
channel

1CD = implantable
cardioverter-defibrillator

LGE-CMR = late gadolinium
enhancement cardiac magnetic
resonance

LV = left ventricular

LVEF = left ventricular
ejection fraction

MDCT = multidetector cardiac
tomography

PSI = pixel signal intensity
SR = sinus rhythm

artefacts. Pre-procedural multidetector computer
tomography (MDCT) was also obtained, in absence of
contraindication, using a dual-source SOMATOM Defini-
tion Flash, 128-slice CT scanner (Siemens Healthcare). For
acquisition details, see the Supplemental Appendix.

All LGE-CMR images were processed using a pre-
viously described approach (9). Briefly, a full LV vol-
ume was reconstructed in the axial orientation, and
the resulting images were processed with ADAS-VT
(Galgo Medical, Barcelona, Spain) software. The LV
was divided into 10 layers from the endocardium to
the epicardium, and a 3-dimensional shell was ob-
tained for each layer. PSI maps were obtained from
LGE-CMR images, color-coded, and projected to each
of the shells following a trilinear interpolation algo-
rithm. To characterize the scar areas, a PSI-based al-
gorithm was applied to define the hyperenhanced
area as a scar core or border zone, using 40 + 5% and
60 + 5% of the maximum intensity as thresholds (10).
In the LGE-CMR PSI maps, heterogeneous tissue
channels (HTCs) were defined as continuous corridors
of border zone surrounded by scar core or scar core
and an anatomical barrier (mitral annulus) connecting
2 areas of healthy tissue. HTCs were obtained

The authors attest they are in compliance with human studies committees and animal welfare regulations of the authors’

institutions and Food and Drug Admini: i ideli: includi
visit the JACC: Clinical Electrophysiology author instructions page.

patient consent where appropri

For more i ion,
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FIGURE 1 Summarizing Workflow

CMR-guided approach

4

RV or Aortic root reconstruction for image integration

Ablation of clinical VT

If ECG available

No CMR approach CMR-aided approach
| High density EAM bipolar mapping
[ Substrate ablation guided by electrograms characteristics ] [ Image-guided substrate ablation
| Remap and residual substrate ablation ]

I Conventional ablation of residual VT if needed

Summarizing workflow for no cardiac magnetic resonance (CMR), CMR-aided, and CMR-guided ventricular tachycardia (VT) substrate ablation
procedures. EAM = electroanatomical map; ECG = electrocardiography; RV = right ventricular. See Video 1.

automatically by the ADAS-VT software. HTCs were
classified as: 1) sub-endocardial (layers from 10% to
50%); 2) sub-epicardial (layers from 60% to 90%); and
3) transmural (layers from 10% to 90%).

ABLATION PROCEDURE. The CARTO3 system (Bio-
sense Webster, Diamond Bar, California) was used for
ablation. An open, irrigated 3.5-mm tip ablation
catheter (NaviStar ThermoCool or ThermoCool
SmartTouch, Biosense Webster) was used for map-
ping and ablation. A transseptal approach was used

for LV endocardial mapping. In patients with LGE-
CMR information (CMR guided and CMR aided), an
epicardial approach was performed when a scar
area =14 cm® was found in the 90% epicardial layer
(11,12). In the no CMR group, the need for an epicar-
dial approach was estimated based on VT morphology
on the electrocardiography (ECG), mapping, and
ablation data, the etiology of cardiomyopathy, and
multimodal imaging techniques, as previously pub-
lished by Acosta et al. (11).

FIGURE 2 Integration Pipeline

A

Image segmentation B

EP procedure

LGE-CMR (HTC & PSI)

FAM of Aortic root

Integration result

(A) Multimodal imaging-based cardiac segmentation and fusion before the ablation procedure. Pixel signal intensity (PSI) maps and identification of heterogeneous tissue
channel (HTC) are derived from the late gadolinium enhancement cardiac magnetic resonance (LGE-CMR) studies and fused with the anatomical structures extracted
(MDCT) using the ADAS-VT software platform. (B) Integration of the PSI maps within the spatial reference coordinates of the
CARTO system, by performing a fast anatomical map (FAM) of the aortic root. EP = electrophysiology.

from tor cardiac
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CENTRAL ILLUSTRATION CMR-Guided Ablation Procedure and Outcomes

CMR-GUIDED VT SUBSTRATE ABLATION

" A. PROCEDURE WORKFLOW | |

W No-CMR
W CMR-Aided
W CMR-Guided
3 | C. LONG-TERM OUTCOMES |
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Soto-Iglesias, D. et al. J Am Coll Cardiol EP. 2020;6(4):436-47.

(A) Workflow of the cardiac magnetic resonance (CMR)-guided ventricular tachycardia (VT) ablation procedure. The first step is image segmentation. After that, the
fused image is integrated in the navigator system. Finally, ablation is performed based on the CMR information. (B) Comparison of the acute and 12-month outcomes
among patients who underwent a CMR-guided ablation, patients who underwent a CMR-aided ablation, and patients who did not undergo pre-procedure CMR. The p
values refer to the significant difference between the groups that are inside every box (in the Kaplan Maier plot, p = 0.56 ¢ ds to the diff eb groups
Aand B, and p = 0.002 ponds to the difference groups A and C).

Figure 1 shows the procedure workflow in the 3 acquisition of any EAM, as shown in the Central
groups. The first step of the procedure in both CMR-  Illustration. In the CMR-aided group, a high-density
guided and -aided ablation was the acquisition of a bipolar EAM was acquired, and CMR information
fast anatomical map of the aorta or the right ventricle ~was used to focus mapping in areas of interest (scar
and pulmonary artery. This fast anatomical map was and HTCs on the PSI map) to facilitate the identifi-
then used to integrate the MDCT cardiac reconstruc-  cation of target ablation sites, as previously described
tion and PSI maps within the spatial reference co- (6). In the no CMR group, the procedure started with
ordinates of the CARTO System (Figure 2). In the acquisition of a high-density bipolar EAM of the
CMR-guided group, the next step after PSI map inte- entire ventricle, and, as described previously (6),
gration was RF delivery at the target ablation sites substrate ablation was entirely guided by electro-
directly selected from the CMR information, without graphic characteristics. In a subgroup of 10 patients
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FIGURE 3 ofa Clinical SMVT
A Clinical B ECG-VT algorithm C LGE-CMR (Endocardial PSI & HTC)
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(A) The 12-lead ECG morphology of the clinical sustained monomorphic (SMVT). (B) The result of applying a 2-step, QRS axis-based ECG
algorithm (see the Supplemental Appendix for details) to identify the origin (exit-site) of a scar-related SMVT. (C) LGE-CMR-derived PSI map,
left ventricular (LV) segments according to the American Heart Association (AHA), and the putative HTC d in white) ible for
the clinical VT. One of the putative HTC entrances (black circle) is located at AHA segment number 15, which corresponds to the same identified
segment of origin (VT exit site) after applying the 2-step ECG identification algorithm. See Video 1. Abbreviations as in Figures 1 and 2.

from the CMR-guided group, who had available ECG
information on clinical VT, a baseline programmed
ventricular stimulation was performed to induce
clinical VT (see the following). No attempt was made
for clinical VT induction at the beginning of the pro-
cedure in the remaining 74 patients, and programmed
ventricular stimulation was performed after substrate
elimination (13).

SELECTION OF TARGET ABLATION SITES. In the CMR-
guided group, RF was delivered at the entrance of
the HTCs identified on the PSI maps. RF was applied,
regardless of the presence or not of a pathological
electrogram (EGM) of the targeted sites identified by
CMR. When the ablation catheter was positioned at a
target ablation site according to the PSI map, the EGM
information was analyzed before applying RF to avoid
applications: 1) in EGM with His or fascicular EGM
characteristics; and 2) at sites with an EGM amplitude

>3 mV or between 1.5 and 3 mV without delayed
components, either during sinus rhythm (SR) or after
application of multiple extrastimuli to check for the
presence of hidden slow conduction (HSC), as previ-
ously described (14). RF applications were power-
controlled (50 W, 45°C) for 30 s. In HTCs located
beyond the 50% myocardial layer, RF applications
were prolonged up to 45 s, and contact force was >20
g. For each HTC entrance, >1 application was deliv-
ered to eliminate the pathological EGM (if present) or
to cover the HTC’s wide entrance.

In the no CMR and CMR-aided groups, target
ablation sites were selected after a complete LV EAM
in the first case or focused on the scar area in the
latter case. EGMs that were considered conducting
channel (CC) entrances, according to the scar de-
channeling technique, were targeted (15). See the
Supplemental Appendix for details.
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FIGURE 4 Example of a Nontolerated, Clinical SMVT Ablation

EGM in sinus rhythm
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non-tolerated SMVT. Abbreviations as in Figures 1 to 3.

The 2-step, QRS axis-based ECG algorithm suggested a VT origin (exit site) from AHA segment numbers 11 t 12 (mid lateral). (A) PSI map and
HTCs extracted from the pre-procedural LGE-CMR. Point 1 (white circle) shows an EGM in sinus rhythm (SR) whose characteristics qualify to be
considered for a conducting channel (CC) entrance, located right at the entrance of an HTC identified with the PSI map. This HTC entrance is
found between AHA segments 11 and 12. (B) Paced 12-lead ECG morphology at point number 1. (C) The 12-lead ECG morphology of the clinical,

CMR-GUIDED CLINICAL VT ABLATION. In a sub-
group of 10 patients (36%) from the CMR-guided
group who had an available 12-lead ECG of clinical
VT, the putative channel responsible for the VT was
identified in the PSI map before the procedure, ac-
cording to the ECG characteristics of the VT. For this
purpose, the LV was automatically divided into 16
segments (following the American Heart Association
Model) over the PSI map information and a previously
described (16) 2-step, QRS axis-based ECG algorithm
was used to identify the segment most likely to be
related with the VT exit. Afterward, the PSI map was
analyzed to identify any HTC entrance within the
designated segment (Figure 3, Video 1). The ECG al-
gorithm is explained in detail in the Supplemental
Appendix.

Inthese 10 patients, afterimage integration, the first
step of the procedure was induction and ablation of
clinical VT. Mapping of the induced VT was accurately
directed to the entrance (isthmus exit site during VT)
of the identified putative channel within the scar.
When the VT was hemodynamically not tolerated, the

VT exit site was located by pace mapping (Figure 4)
focused on the identified putative channel. Video 1
shows an example of clinical VT ablation. After
reaching non-inducibility of the clinical VT with pro-
grammed ventricular stimulation, ablation of the
remaining HTC entrances was performed.

PROCEDURE ENDPOINTS, SUCCESS, AND FOLLOW-UP.
The intended endpoint of all procedures was the
complete elimination of all EGMs corresponding to CC
entrances by applying RF during SR (scar de-
channeling technique) (15), either guided by EGM
characteristics after performing an EAM of the sub-
strate (no CMR and CMR-aided approaches), or by
applying RF to all HTC entrances identified with the
CMR-derived PSI maps (CMR-guided). In all cases,
substrate ablation was not considered complete until
disappearance of all pathological EGMs in SR, as well
as after checking for the absence of HSC (performing a
multiple extrastimuli technique) (14). For this, the CC
(EAM-derived) or HTC (PSI map-derived) neighboring
sites directed to the center of the scar were tested
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TABLE 1 Baseline Characteristics Based on the VT Ablation Procedure
Total No CMR CMR-Aided CMR-Guided
(N - 84) (n - 28) (n = 28) (n = 28) P Value* p Valuet

Age, yrs 67 £ 10 70+ 8 66 + 8 64 + 14 0.04 04
Male 79 (94) 26 (93) 26 (93) 27 (96) 1.00 1.00
HT 62 (74) 22 (79) 21(75) 19 (68) 055 0.77
oLp 44 (52) 13 (46) 17 (61) 14 (50) 0.58 0.78
oM 22 (26) 6 (21) 7(25) 9(32) 0.36 0.55
LVEF, % 38 £12 39414 38N 37 o7 0.87
LVEDD, mm 62+7 6247 60+8 6247 0.72 0.65
LVESD, mm 43+12 45+ 9 LY R 4a£17 0.47 0.88
IHD 69 (82) 24 (86) 22 (79) 23(82) 0.45 037
Mean VT cycle length 333 £126 331+ 16 317 £125 364 £ 151 0.503 0.859
Patients with an ICD at the ablation time 75 (89) 27 (96) 24 (86) 24 (86) 0.160 0.160
NYHA functional class

I 26 (31) 7(25) 13 (46) 6 (21) 0.894 0.138

] 46 (55) 17 (61) 1(39) 18 (65)

n 12 (14) 4(14) 4(15) 4(14)

v 0(0) 0(0) 0 (0) 0 (0)
Approach 0.95 0.44

Endo 58 (69) 19 (68) 17 (65) 20 (71)

Endo/Epi 26 (31) 932 932 8(29)
Indication

Incessant VT 5(6) 27 2( 1(4) 0.99 0.99

Arrhythmic storm 13 (16) 5(18) 2 6 (21) 0.99 0.4
Values are mean + SO or n (%). *Difference between cardiac magnetic resonance (CMR)-guided and no-CMR. tDifference between CMR-guided and CMR-aided.

CMR = cardiac magnetic resonance; DLP = dyslipidemia; DM = diabetes mellitus; HT = ion; ICD = i IHD = ischemic heart
disease; LVEF = left ventricular ejection fraction; LVEDD = left ventricular end-diastolic diameter; LVESD = left ventricular end-systolic diameter; NYHA = New York Heart

VT =

both during SR and after applying multiple extra-
stimuli to discard remaining HSCs.

After achieving a complete substrate ablation,
programmed ventricular stimulation was performed
in all patients to assess for residual inducible VTs
(Figure 1). Any induced sustained VT was targeted for
ablation either by activation mapping (if tolerated) or
pace mapping maneuvers. Inducibility was checked
again after each residual VT ablation. Acute success
was defined as noninducibility of any sustained
monomorphic VT at the end of the procedure. Partial
success was considered when the clinical VT was
successfully ablated but other monomorphic VTs
remained inducible.

All patients were discharged with an ICD, and the
first VT zone was programmed at 15 beats/min slower
than clinical VT. Clinical evaluation, together with ICD
interrogation, was scheduled every 6 months. Ven-
tricular arrhythmia-free survival was compared be-
tween groups. Follow-up data were limited to the first
12 months after the procedure to avoid differences in
follow-up duration between groups. Any episode of
sustained ventricular arrhythmia or appropriate ICD
therapy was considered a VT recurrence.
STATISTICAL ANALYSIS. Continuous variables are
presented as mean + SD. Means of 2 variables were

compared using Student’s t-test, Mann-Whitney U, or
analysis of variance tests, when appropriate. Cate-
gorical variables were expressed as total numbers
(proportions) and compared between groups using
the chi-square test. Kaplan-Meier analysis was used
to analyze ventricular arrhythmia—free survival, and
the log-rank test was used to detect significant
differences between groups. For all tests, a
p value <0.05 was considered statistically significant.
Statistics were obtained using the Matlab statistics
toolbox (Matlab R2010a; Mathworks, Inc., Natick,
Massachusetts).

RESULTS

A total of 84 patients (mean age: 67 + 11 years; 79
[94%) were men, 69 [82%] had ischemic heart dis-
ease) were included in the study. CMR-guided abla-
tion was performed in the last 28 consecutively
included patients. In this group (CMR-guided), the
mean age was 64 + 14 years; 27 (96%) patients were
men, and 23 (82%) had ischemic heart disease. Table 1
summarizes the baseline characteristics of the popu-
lation according to the type of ablation procedure.
There were no significant differences between groups
according to LVEF, indication for ablation, etiology of
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cardiomyopathy, New York Heart Association func-
tional class, or presence of cardiovascular risk factors.
There was a significant difference in age between the
no CMR and CMR-guided groups.

CMR-GUIDED ABLATION. In this group of patients
(n = 28), the mean total procedure time was 107 +
59 min. Fifteen (54%) patients underwent a 3-T LGE-
CMR, whereas 13 of 26 (46%) patients underwent
wide-band 1.5-T LGE-CMR because of a previously
implanted ICD (n = 11) or for logistic reasons (n = 2).
Supplemental Figure 1 shows an example of 1.5- and
3-T acquisition. A MDCT scan was also performed in
27 of 28 (96%) patients to obtain key anatomical in-
formation (e.g., coronary arteries, papillary muscles,
and aortic arch). The integration of CMR and MDCT
images was performed before the ablation procedure,
using the ADAS-VT software platform, and then im-
ported into the CARTO system (Figure 2).

The first step of the procedure was the acquisition
of a fast anatomical map, either of the aorta or the
right ventricle and pulmonary artery, to integrate the
multimodality pre-procedural cardiac imaging (MDCT
cardiac reconstructions and 3-dimensional CMR-
derived PSI maps) within the spatial reference co-
ordinates of CARTO. In 25 of 28 (89%) patients, this
integration was achieved using the fast anatomical
map of the aortic root, using a mean time of 7.4 +
2 min for this step. In 3 (11%) patients for whom a
MDCT scan was not available or a retro-aortic access
was not possible, the integration was performed us-
ing the right ventricle and pulmonary artery fast
anatomical map, using a mean time of 32 + 23 min.
CMR-guided clinical VT ablation. The second step
of the procedure in the 10 of 28 (36%) patients with a
documented 12-lead ECG of the VT was clinical VT
ablation. For this purpose, the ablation catheter was
positioned at the entrance of the previously identified
putative channel responsible for the clinical VT,
based on analysis of the 12-lead ECG of the VT
(Figures 3 and 4). In all cases, a pathological EGM was
found at the entrance of the putative channel during
SR. In 5 of 10 (50%) cases, the local EGM showed CC
entrance characteristics, with a mean voltage of 0.49
+0.21 mV and a mean delay of 8.4 + 4.27 ms between
both components of the EGM. In the other 5 of 10
(50%) cases, the local EGM showed no delay between
the far field and the local component during SR; the
mean voltage was 1.26 + 0.61 mV. In these latter
cases, multiple extrastimuli were delivered from the
right ventricular apex to check for HSC, according to a
previously explained technique (14).

After induction, the VT isthmus exit site of the
clinical VT was located using activation mapping, if

Tesis Doctoral

Soto-Iglesias et al. 443
CMR-Guided VT Substrate Ablation
TABLE 2 Acute Results of VT
Total No CMR  CMR-Aided CMR-Guided
(N-84) (n-28) (n - 28) (n=28) pValue* p Valuet
Procedure time, min 179 £79 227+52 203+68 107459 <0.001* <0.001*
RF time, min 20 £12 260 20 £15 15+£8 <0.001* 0.6
RF applications 31£18 3514 29£22 29:20 0.26 0.96
Fluoroscopy 18+10 20+9 2340 10+4 <0.001* <0.001*
time, min
Residual VT after 27 (32) 13 (46) 9(32) 5(18) 0.04* 035
substrate ablation
Induced VT 127 £1.24 136 £1.35 135+ 136 1.04 £+ 099 034 0.36
Complications. 5(6) 1(4) 3(10) 14) 0.75 035
Final procedure 0.7 039
success
Total 70 (84) 21(75) 23(82) 26 (93)
Partial 12 (14) 6 (21) 4(14) 2(M
No 2(2) 1(4) 1(4) 0(0)

CMR-guided and CMR-aided groups.
RF = radiofrequency; other abbreviations as in Table 1.

Values are mean = SD or n (%). *Difference between CMR-guided groups and no CMR. tDifference between

tolerated (2 of 10 [20%)] patients), or otherwise, using
pace mapping (8 of 10 [80%] patients). When activa-
tion mapping was used, a limited activation map (22
+ 2.8 mean points) focused into the putative channel
entrance was performed to identify the VT isthmus
exit site during VT. After that, clinical VT was stopped
during RF as shown in Video 1. In patients who had
the VT isthmus was identified by pace mapping, the
minimum level of concordance with the 12-lead ECG
of the clinical VT was a 10 of 12 lead match. No patient
was inducible for clinical VT after this step. The mean
time required from the beginning of the procedure to
clinical VT ablation was 36 + 15 min. More details of
procedural outcomes in this group are shown in
Supplemental Table 1.

CMR-guided substrate ablation. Complete sub-
strate ablation based on information from the PSI
maps was performed in all patients (n = 28) of the
CMR-guided group. A combined endo-epicardial
approach was performed in 8 of 28 (29%) patients.
The mean number of HTCs identified per patient in
the LGE-CMR-derived PSI map was 1.71 + 0.97 (29 of
48 [60%)] of them were sub-endocardial, 5 of 48 [10%]
were subepicardial, and 14 of 48 [30%] were trans-
mural), with a mean number of HTC entrances per
patient of 9.3 + 5.4 (mean of 4.7 + 3.5 entrances per
each HTC). The mean HTC entrance width was 9.5 +
4 mm. In 177 of 225 (79%) of the identified HTC en-
trances, a pathological EGM was found; 59% of them
showed HSC conduction characteristics, whereas 41%
showed delayed components during SR. The mean
number of RF applications per patient was 29 + 20,
requiring a mean of 4.1 + 3.7 applications for each
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FIGURE 5 Acute Results of VT Substrate Ablation Procedures
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HTC entrance. An example of HTC with multiple en-
trances can be seen in Supplemental Figure 2.

COMPARISON OF ACUTE AND FOLLOW-UP OUTCOMES.
The differences in acute outcomes after substrate
ablation between groups are summarized in Table 2
and Figure 5. The CMR-guided group required less
procedural time than the CMR-aided and no CMR
groups (107 + 59 min vs. 203 + 68 min and 227 + 52 min,
respectively; p < 0.001 for both), as well as less fluo-
roscopy time than the CMR-aided and no CMR groups
(10 £ 4 min vs. 23 + 11 min and 20 + 9 min, respectively;
p < 0.001 for both). Moreover, the CMR-guided group
required less RF time than the no CMR group (15 +
8 min vs. 26 +10 min; p < 0.001) and CMR-aided group,
without reaching statistical significance in this latter
case (15 + 8 min vs. 20 + 15 min; p = 0.16).

In the CMR-guided group, 5 of 28 (18%) patients were
inducible for residual VTs after completion of substrate
ablation. At the end of the procedure only 2 of 26 (7%)
patients were still inducible for fast, nontolerated,
nonclinical VTs. The final end procedure success rate (after
ablation of any residual VTs) in this group was 93%.

Compared with the no CMR group, there was a
lower inducibility rate of residual substrate ablation
in the CMR-guided group (18% vs. 46%; p = 0.04),
with a higher, although statistically nonsignificant,
end procedure success rate (93% vs. 79%; p = 0.17).
Compared with the CMR-aided group, no differences
were found in the inducibility rate after substrate
ablation (18% vs. 32% p = 0.35) or in the end pro-
cedure success rate (93% vs. 86%; p = 0.39). Five of
84 (6%) patients had complications without any sig-
nificant difference between groups (Table 2). In
the CMR-guided group, 1 patient experienced a fis-
tula. In the CMR-aided group, 1 patient experienced
phrenic paralysis and 2 patients had an atrioventric-
ular block. Finally, in the no CMR group, 1 patient had
cardiac tamponade.

After a mean follow-up of 12 months, 10 (12%)
patients had arrhythmia recurrence (1 [4%] patient
in the CMR-guided group, 2 [7%] patients in the
CMR-aided group, and 7 [25%] patients in the no
CMR group; p = 0.024). The Kaplan-Meier curves
for ventricular arrhythmia-free survival (Figure 6)
showed a lower recurrence rate in the CMR-guided
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1

FIGURE 6 Kaplan-Meier Curve for Ventricular Arrhythmia-Free Survival
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group compared with the no CMR group (log-rank:
0.019) with no significant differences in recurrence
rates between the CMR-guided and CMR-aided
groups. Patients censored in the Kaplan-Meier
curves represent those lost to follow-up (4 in the
no CMR group and 2 in the CMR-aided group) or
patients who had the last follow-up occurred before
12 months. No patient died or underwent cardiac
transplantation during the study period, and there
were no differences in the mean follow-up duration
among the groups (11.9 + 0.3 months in the CMR-
guided group, 11.9 + 0.1 months in the CMR-aided
group and 11.4 + 1.6 months in the no CMR group;
P = 0.10). Neither procedure success nor recurrence
rate differed based on CMR image acquisition (1.5-T
scanner vs. 3-T scanner) (Supplemental Table 2).

DISCUSSION

The present study reported, for the first time, the
feasibility of performing VT substrate ablation pro-
cedures guided by LGE-CMR, without requiring an
EAM. This approach was safe and allowed a significant
shortening of the procedural, fluoroscopy, and RF de-
livery times, which made it more efficient compared
with the classical EAM-based procedure and with the
previously reported CMR-aided VT substrate ablation

approach (6). Moreover, CMR-guided VT substrate
ablation was also associated with an improvement in
acute outcomes compared with no CMR by reducing
the inducibility rate after substrate ablation and a
lower recurrence rate during follow-up, which, in turn,
suggested better identification of the arrhythmogenic
substrate and target ablation sites.

It was previously shown that scar distribution
across the myocardial wall, as assessed by LGE-CMR,
was useful in deciding the best approach (endocar-
dial, epicardial, or combined) for VT ablation to reach
the whole VT substrate (11,12). Integration of CMR-
derived PSI maps in the electromagnetic navigation
system was also previously shown to improve the
acute and long-term outcomes of VT substrate abla-
tion using combined CMR-EAM information (6,7).
EFFICIENCY OF CMR-GUIDED VT SUBSTRATE
ABLATION. CMR-guided ablation was shown to be
more efficient due to a significant shortening of pro-
cedural, fluoroscopy, and RF time needed to
completely eliminate the VT substrate. In patients
who underwent the CMR-guided procedure, no EAM
was obtained, either of the whole LV (no CMR group)
or the scar area (CMR-aided group). According to a
previous study from our group (6), the mean time
spent for acquiring the EAM was approximately
36 min, which might partially explain the remarkable
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shortening of procedural times. Moreover, the need
for a re-map, acquired in the no CMR and CMR-aided
groups, to identify residual pathological EGMs, was
no longer present and could partially explain the
remaining saved time. Additional RF target selection
in the CMR-guided group was based on the PSI map
information (i.e., checking for neighboring sites
adjacent to the identified HTC entrances). Further-
more, only 18% of patients who underwent the CMR-
guided procedure needed additional mapping due to
VT inducibility after substrate ablation, which was a
lower proportion compared with the CMR-aided
(32%) and no CMR (46%) groups.

A lower inducibility rate found after CMR-guided
substrate ablation suggested an improvement in VT
substrate identification. CMR-derived PSI maps might
enable a better identification of the real CC entrances
located in the border zone between dense scar and
healthy tissue as defined by conventional voltage
criteria in the EAM (14). This is a region that cannot
usually be well-defined by the EAM due to the far-field
effect of the surrounding healthy myocardium, which
leads to an EAM-derived, low-voltage area smaller
than the PSI-derived (anatomical) scar area (10). A
higher number of CC entrances was described previ-
ously (6) in areas with a bipolar voltage of >1.5 mV
when PSI information was used. A better character-
ization of these transitional areas between healthy and
border zone tissue with LGE-CMR explained a more
extensive substrate elimination in the CMR-guided
group and better acute outcomes (6,17).

In addition, CMR-derived information could be
used to obtain PSI maps from the whole myocardial
thickness, permitting characterization of the sub-
strate into different tissue layers, from endocardium
to epicardium. One of the main limitations of EAM is
the lack of sensitivity to analyze local EGMs gener-
ated deeper than the subendocardium due to a far-
field effect of the surrounding tissue. This might
explain why, in the present study, 21% of HTC en-
trances detected in the CMR-guided procedures
showed an apparently normal EGM. Clinical support
for this hypothesis comes from the previous study by
Andreu et al. (6), in which patients with undetected
CMR-derived HTCs in the EAM, which were therefore
not targeted for ablation, showed an increased VT
recurrence rate after 18 months.

More accurate arrhythmogenic substrate identifi-
cation with the PSI maps, both at the edge of the scar
and deep within the myocardial wall, could explain the
lower inducibility rate after substrate ablation, as well
as the lower recurrence rate when the procedure was
guided by CMR information compared with the no
CMR group. Although PSI information was available in
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the CMR-aided group for substrate characterization,
the selection of ablation targets was exclusively
guided by EAM information. Thus, HTCs depicted in
the PSI maps, but not identified in the EAM, were not
targeted for ablation. A complete substrate ablation
was achieved using a pure CMR-guided approach,
which showed a trend toward lower inducibility after
substrate ablation and a lower VT recurrence rate
compared with the CMR-aided approach; however,
this did not reach statistical significance.

EFFICIENCY OF CMR-GUIDED CLINICAL VT ABLATION.
The present study defined a new approach for clinical
VT ablation guided by imaging and looking for the
putative channel based on ECG morphology during
VT, as described previously (16). The mean procedure
time needed for ablating a clinical VT was only 36 +
15 min, a vast reduction in the time taken by a con-
ventional approach using EAMs. Moreover, in all
cases in which clinical VT ablation was performed
(before completing substrate ablation), a local path-
ological EGM was found at the entrance (exit during
VT) of the HTC responsible for the VT, corroborating
the accuracy of CMR imaging for identifying the
arrhythmogenic substrate.

CLINICAL IMPLICATIONS. Over the past decade, a
substrate-based approach for VT ablation has steadily
increased (5) in both high-volume and non-high-
volume centers (18). Despite the need to corroborate
the results of this study in a multicenter study to
check for reproducibility, consolidation of this
approach could help simplify a procedure considered
challenging and time-consuming. Moreover, the
CMR-guided clinical VT ablation approach could be
an attractive option in selected patients who had the
exclusive elimination of clinical VT is the endpoint,
that is, recurrent VT in patients with a high risk of
complications and comorbidities.

STUDY LIMITATIONS. The main limitation of this
study is the lack of randomization, although we tried
to make groups comparable by matching them for the
key outcome predictors after substrate ablation. The
procedures were performed in different time periods
because only the final 28 consecutive patients un-
derwent CMR-guided ablation. Substrate ablation
techniques only differed among the groups in the
selection of the target ablation site for RF applica-
tions. However, we could not completely exclude that
the results might have been influenced by technical
developments that we did not take into account. We
could not provide data of unipolar EGMs. As conse-
quence, a direct comparison between unipolar maps
and CMR-derived PSI maps was not performed. Con-
tact force and multielectrode catheters were not
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systematically used for EAM. Accuracy of CMR-
guided ablation might have been influenced by the
CMR acquisition technique, spatial resolution, and
image quality. All the structural abnormalities pre-
sent in the scar tissue under the current spatial res-
olution of the CMR could not be characterized, as
previously reported (8). Even if fluoroscopy time was
significantly lower in the CMR-guided group, radia-
tion exposure due to MDCT could reduce this benefit.
Finally, we used the scar de-channeling technique for
substrate ablation in all patients. Further studies are
needed to analyze CMR-guided approach reproduc-
ibility by other groups, in other substrate ablation
modalities, or using different post-processing tools.

CONCLUSIONS

CMR-guided VT ablation halves the time required for
the procedure, significantly reduces the need of
fluoroscopy and RF delivery, and is associated with a
higher rate of non-inducibility after substrate abla-
tion and a higher ventricular arrhythmia—free
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: The present
study constitutes the first report on the feasibility of VT sub-
strate ablation guided by LGE-CMR information (PSI maps),
without requiring an EAM during the procedures. CMR-guided VT
ablation halves the time needed for the procedure, reduces the
need for fluoroscopy, and RF delivery, and is associated with
higher rates of non-inducibility and lower VT recurrence after
substrate ablation.

TRANSLATIONAL OUTLOOK: Although these results warrant
confirmation in further multicenter studies, the consolidation of
a CMR-guided approach for VT substrate ablation could simplify
and improve the outcomes of a procedure considered chal-
lenging and time-consuming.

survival.
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INTRODUCTION

Ventricular tachycardia (VT) substrate ablation is an effective treatment for patients that
suffer from recurrent episodes of scar-dependent VT (1,2) but recurrence rates remain high
(3,4). Moreover, despite the adoption of substrate-based mapping and ablation as the
technique of choice for VT suppression in the last decade (5), the procedure is still

considered challenging and time-consuming.

Recent studies (6,7) have shown that aiding VT substrate ablation with color-coded pixel
signal intensity (PSI) maps obtained from pre-procedural LGE-CMR imaging, results in less
need for RF delivery and improved VT recurrence-free survival. The accuracy of LGE-CMR
for scar tissue characterization and delimitation within the entire myocardial thickness, (8)
as well as its ability to identify additional arrhythmogenic substrate compared with
endocardial or epicardial surface electroanatomic maps (EAM) alone (6), would suggest
better outcomes with this approach. However, in these previous studies, selection of the
ablation targets was still based on EAM findings rather than on LGE-CMR information. Data
on the appropriateness of selecting ablation target sites based exclusively on information

provided by PSI maps is lacking.

The objective of the present study was to evaluate the feasibility and potential benefits of

performing VT substrate ablation guided by PSI maps obtained from LGE-CMR imaging.
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METHODS

Patient Sample

This is a prospective, experimental, non-randomized, and pilot study performed in two
centers. From March 2017, 28 consecutive patients referred for catheter ablation of left
ventricle (LV) scar-related sustained monomorphic VT were included. Patients were
included if they had incessant or repetitive (= 2) VT episodes but also in case of first episode
of slow monomorphic VT. VT substrate ablation was guided by PSI map information (CMR-
Guided) in each case. Procedural data, acute and follow-up outcomes were compared with
two historical control groups consecutively selected (inclusion period from April 2011 to
March 2017) and matched by LV ejection fraction (LVEF), etiology of cardiomyopathy and
need for an epicardial approach: 1) 28 patients in whom VT substrate ablation was
performed without LGE-CMR information (No-CMR), and 2) 28 patients in whom PSI maps
were obtained, integrated into the navigation system and fused with the EAM, selecting the
ablation target based on the EAM information (CMR-Aided). The study complied with the
Declaration of Helsinki. The local Ethics Committee approved the study protocol and all

participants signed the informed consent.

Image Processing
A pre-procedural LGE-CMR was obtained using a 3T scanner (MAGNETOM® Trio®, Siemens
Healthcare, Erlangen, Germany). In patients previously implanted with an implantable

cardiac defibrillator (ICD), the LGE-CMR was performed with a 1.5T scanner (MAGNETOM®
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Aera®; Siemens Healthcare, Erlangen, Germany) using a specific ‘wideband’ sequence in
order to avoid device artefacts. A pre-procedural multi-detector cardiac tomography
(MDCT) was also obtained, in absence of contraindication, using a dual source SOMATOM®
Definition Flash, 128-slice, CT scanner (Siemens Healthcare, Erlangen, Germany). For

acquisition details, see supplemental material.

All LGE-CMR images were processed using a previously described approach (9). Briefly, a
full LV volume was reconstructed in the axial orientation and the resulting images were
processed with ADAS-VT™ (Galgo Medical, Barcelona, Spain) software. The LV was divided
into 10 layers from endocardium to epicardium and a 3D shell was obtained for each layer.
PSI maps were obtained from LGE-CMR images, color-coded and projected to each of the
shells following a trilinear interpolation algorithm. To characterize the scar areas, a PSI-
based algorithm was applied to define the hyperenhanced area as scar core or border zone
(BZ), using 40 = 5% and 60 = 5% of the maximum intensity as thresholds. (10) In the LGE-
CMR PSI maps, heterogeneous tissue channels (HTCs) were defined as continuous corridors
of BZ surrounded by scar core or scar core and an anatomical barrier (mitral annulus)
connecting two areas of healthy tissue. HTCs were obtained automatically by the ADAS-
VT™ software. HTCs were classified as: 1) sub-endocardial (layers from 10 to 50%); 2) sub-

epicardial (layers from 60 to 90%); and 3) transmural (from layer 10 to 90%).

Ablation Procedure
The CARTO3® system (Biosense Webster, Diamond Bar, CA, USA) was used for ablation. An

open irrigated 3.5-mm tip ablation catheter (NaviStar® ThermoCool® or ThermoCool®
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SmartTouch™, Biosense Webster, Diamond Bar, CA, USA) was used for mapping and
ablation. A transeptal approach was used for LV endocardial mapping. In patients with LGE-

CMR information [CMR-Guided and CMR-Aided] an epicardial approach was performed

when a scar area 214 cm2 was found in the 90% epicardial layer. (11,12) In the No-CMR

group the need for an epicardial approach was estimated based on VT morphology in the
ECG, mapping and ablation data, the etiology of the cardiomyopathy and multimodal

imaging techniques, as previously published by Acosta et al. (11)

Figure 1 summarizes the procedure workflow in the three groups. The first step of the
procedure in CMR-Guided and CMR-Aided ablation was the acquisition of a fast-anatomical
map (FAM) of the aorta or the right ventricle and pulmonary artery. This FAM was then used
to integrate the MDCT cardiac reconstruction and PSI maps within the spatial reference
coordinates of the CARTO system, as shown in Figure 2. In the CMR-Guided group, the
immediate next step after PSI map integration was RF delivery at the target ablation sites
directly selected from the CMR information, without acquisition of any EAM. In the CMR-
Aided group, a high-density bipolar EAM was acquired and the CMR information was used
to focus mapping in areas of interest (scar and HTC in the PSI map) to facilitate the
identification of target ablation sites, as previously described (6). In the No-CMR group, the
procedure started with the acquisition of a high-density bipolar EAM of the entire ventricle
and, as described before (6), substrate ablation was entirely guided by electrogram
characteristics. In a subgroup of 10 patients from the CMR-guided group, in whom ECG
information of the clinical VT was available, a baseline programmed ventricular stimulation

was performed in order to induce the clinical VT (see below). In the remaining 74 patients,
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no attempt was made for clinical VT induction at the beginning of the procedure, and

programmed ventricular stimulation was performed after substrate elimination (13).

Selection of target ablation sites

In the CMR-Guided group, RF was delivered at the entrance of the HTCs identified in the
PSI maps. Radiofrequency was applied regardless of the presence or not of a pathological
electrogram (EGM) of the targeted sites identified by the CMR. When the ablation catheter
was positioned at a target ablation site according to the PSI map, the EGM information was
analyzed before applying RF in order to avoid applications: 1) in EGM with His or fascicular
electrogram characteristics, and 2) at sites with an EGM amplitude >3mV or between 1.5-
3mV without delayed components, either during sinus rhythm (SR) or after application of
multiple extrastimuli to check for the presence of hidden slow conduction (HSC), as
previously described. (14) Radiofrequency applications were power-controlled (50W, 45°C)
for a duration of 30 seconds. In HTCs located beyond 50% myocardial layer, RF applications
were prolonged up to 45 seconds and contact force was intended to be >20 grams. For
each HTCs entrance, more than one application was delivered in order to eliminate

pathological EGM (if present) or to cover the HTC's wide entrance.

In the No-CMR and CMR-Aided groups, target ablation sites were selected after a complete
LV EAM in the first case, or focused on the scar area in the latter case. The EGMs that
qualified to be considered as conducting channel (CC) entrances, according to the 'scar

dechanneling’ technique, were targeted (15). See Supplemental Material for details.
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CMR-guided clinical VT ablation

In a subgroup of 10 patients (36%) from the CMR-Guided group in whom the 12-lead ECG
of the clinical VT was available, the ‘putative’ channel responsible for the VT was identified
in the PSI map before the procedure, according to the ECG characteristics of the VT. For
this purpose, the LV was automatically divided into 16 segments [following the American
Heart Association (AHA) Model] over the PSI map information and a previously described,
(16) two-step QRS axis-based ECG algorithm was used to identify the segment most likely
to be related with the VT exit. Afterwards, the PSI map was analyzed to identify any HTC
entrance within the designated segment (Figure 3). The ECG algorithm is explained in detail

in Supplemental Material.

In these 10 patients, after image integration, the first step of the procedure was induction
and ablation of the clinical VT. Mapping of the induced VT was accurately directed to the
entrance (isthmus exit site during VT) of the identified ‘putative’ channel within the scar.
When the VT was hemodynamically not tolerated, the VT exit site was located by using pace
mapping (Figure 4) focused on the identified ‘putative’ channel. The Supplemental Video
shows an example of clinical VT ablation. After reaching non-inducibility of the clinical VT
with programmed ventricular stimulation, ablation of the remaining HTC entrances was

performed.

Procedure endpoints, success and follow-up
The intended endpoint of all procedures was the complete elimination of all EGMs

corresponding to CC entrances by applying RF during SR ['scar dechanneling’ technique
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(15)], either guided by EGM characteristics after performing an EAM of the substrate (No-
CMR and CMR-Aided approaches), or by applying RF to all HTC entrances identified with
the CMR-derived PSI maps (CMR-Guided). In all cases, substrate ablation was not
considered complete until disappearance of all pathological EGMs in SR, as well as after
checking for the absence of HSC [performing a multiple extrastimuli technique (14)]. For
this, the CC (EAM-derived) or HTC (PSI map-derived) neighboring sites directed to the
center of the scar were tested both during SR and after applying multiple extrastimuli to

discard remaining HSC.

After achieving a complete substrate ablation, programmed ventricular stimulation was
performed in all patients to assess for residual inducible VTs (Figure 1). Any induced
sustained VT was targeted for ablation either by activation mapping (if tolerated) or pace-
mapping maneuvers. Inducibility was checked again after each residual VT ablation. Acute
success was defined as non-inducibility of any sustained monomorphic VT at the end of the
procedure. Partial success was considered when the clinical VT was successfully ablated but

other monomorphic VTs remained inducible.

All patients were discharged with an ICD and the first VT zone was programmed 15 bpm
slower than clinical VT. Clinical evaluation together with ICD interrogation was scheduled
every 6 months. Ventricular arrhythmia-free survival was compared between groups.
Follow-up data was limited to the first 18 months after the procedure to avoid differences
in follow-up duration between groups. Any episode of sustained ventricular arrhythmia or

appropriate ICD therapy was considered as a VT recurrence.
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Statistical Analysis

Continuous variables are presented as mean [ standard deviation. Means of two variables

were compared using Student’s T, Mann-Whitney U or ANOVA tests, where appropriate.

Categorical variables were expressed as total numbers (percentages) and compared
between groups using the Chi-square test. The Kaplan-Meier analysis was used to analyze
ventricular arrhythmia-free survival, and log-rank test to detect significant differences
between groups. For all tests, a p-value <0.05 was considered statistically significant.
Statistics were obtained using the Matlab® statistics toolbox (Matlab® R2010a, The

Mathworks, Inc., Natick, MA, USA).

RESULTS

A total of 84 patients [mean age 67 = 11 years old, 79 (94%) men, 69 (82%) with ischemic
heart disease (IHD)] were included in the study. A CMR-guided ablation was performed in
the last 28 consecutively included patients. In this group (CMR-Guided), the mean age was
64 = 14 years, 27 (96%) men and 23 (82%) had IHD. Table 1 summarizes the baseline
characteristics of the population according to the type of ablation procedure. There were
no significant differences between groups according to LVEF, indication for ablation,
etiology of cardiomyopathy, New York Heart Association (NYHA) functional class, or
presence of cardiovascular risk factors. There was a significant difference in age between

No-CMR and CMR-guided groups. However, we considered this difference will not affect
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the ablation results since the presence of VTs has been related with the scar characteristics

rather than age.

CMR-Guided ablation

In this group of patients (n = 28), the mean total procedure time was 107 £ 59 minutes.
Fifteen (54%) patients underwent a 3-Tesla LGE-CMR, whereas 13/26 (46%) undertook a
‘wideband’ 1.5-Tesla LGE-CMR because of a previously implanted ICD (11 patients) or for
logistic reasons (2 patients). Supplemental Figure 1 shows an example of 1.5 and 3 tesla
acquisition. In 27/28 (96%) patients a MDCT scan was also obtained for obtaining key
anatomical information such as coronary arteries, papillary muscles and aortic arch. The
integration of CMR and MDCT images was performed before the ablation procedure, using
the ADAS-VT™ software platform, and then imported into the CARTO® system, as shown in

Figure 2.

The first step of the procedure was the acquisition of a FAM, either of the aorta or the RV
and pulmonary artery, to integrate the multimodality pre-procedural cardiac imaging
(MDCT cardiac reconstructions and 3D CMR-derived PSI maps) within the spatial reference
coordinates of CARTO®. In 25/28 (89%) patients this integration was achieved using the
FAM of the aortic root, employing a mean time of 7.4 + 2 minutes for this step. In 3 (11%)
patients in which a MDCT scan was not available or a retroaortic access was not possible the
integration was performed using the RV and pulmonary artery FAM, employing in this case

a mean time of 32 = 23 minutes.
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CMR-Guided clinical VT ablation

The second step of the procedure in the 10/28 (36%) patients with a documented 12-lead
ECG of the VT was clinical VT ablation. For this purpose, the ablation catheter was
positioned at the entrance of the previously identified ‘putative’ channel responsible for the
clinical VT, based on analysis of the 12-lead ECG of the VT, as shown in Figures 3 and 4. In
all cases, a pathological EGM was found at the entrance of the ‘putative’ channel during SR.
In 5/10 (50%) cases the local EGM showed CC entrance characteristics, with a mean voltage
of 0.49 = 0.21 mV and a mean delay of 8.4 + 427 ms between both components of the
EGM. In the other 5/10 (50%) cases, the local EGM showed no delay between the far field
and the local component during SR, and a mean voltage was 1.26 = 0.61 mV. In these latter
cases, multiple extrastimuli were delivered from the right ventricular apex to check for HSC,

according to a previously explained technique. (14)

After induction, the VT-isthmus exit site of the clinical VT was located using activation
mapping if tolerated [2/10 (20%) patients] or, otherwise, using pacemapping [8/10 (80%)
patients]. When activation mapping was used, a limited activation map (22 + 2.8 mean
points) focused into the ‘putative’ channel entrance was performed to identify the VT-
isthmus exit site during VT. After that, clinical VT was stopped during RF as shown in the
Supplemental Video. In patients in whom the VT isthmus was identified by pacemapping,
the minimum level of concordance with the 12-lead ECG of the clinical VT was a 10/12 lead
match. No patient was inducible for clinical VT after this step. The mean time required from
the beginning of the procedure to clinical VT ablation was 36 = 15 minutes. More details of

procedural outcomes in this group are shown in Supplemental Table 1.
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CMR-Guided substrate ablation

Complete substrate ablation based on information of the PSI maps was performed in all
patients (n = 28) of the CMR-Guided group. A combined endo-epicardial approach was
performed in 8/28 (29%). The mean number of HTCs identified per patient in the LGE-CMR-
derived PSI map was 1.71 = 0.97 [29/48 (60%) of them were sub-endocardial, 5/48 (10%)
sub-epicardial, and 14/48 (30%) transmural], with a mean number of HTC entrances per
patient of 9.3 £ 5.4 (mean of 4.7 + 3.5 entrances per each HTC). The mean HTC entrance
width was 9.5 4 mm. In 177/225 (79%) of the identified HTC entrances a pathological EGM
was found, 59% of them showed HSC conduction characteristics, whereas 41% showed
delayed components during SR. The mean number of RF applications per patient was 29 *
20, requiring a mean of 4.1 + 3.7 applications for each HTC entrance. An example of HTC

with multiple entrances can be seen in Supplemental Figure S2.

Comparison of acute and follow-up outcomes

The differences in acute outcomes after substrate ablation between groups are summarized
in Table 2 and Figure 5. The CMR-Guided group required less procedure time than CMR-
Aided and No-CMR (107 = 59 vs. 203 = 68 min and 227 = 52 min, respectively; p <0.001 for
both), as well as less fluoroscopy time than CMR-Aided and No-CMR (10 + 4 vs. 23 = 11 min
and 20 = 9 min, respectively; p <0.001 for both). Moreover, CMR-Guided required less RF
time than No-CMR (15 = 8 vs. 26 = 10 min; p <0.001) and CMR-Aided, without reaching

statistical significance in this latter case (15 = 8 vs. 20 £ 15 min; p 0.16).
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In CMR-guided, 5/28 (18%) patients were inducible for residual VTs after completion of
substrate ablation. At the end of the procedure only 2/26 (7%) patients were still inducible
for fast, non-tolerated, non-clinical VTs. The final end-procedure success rate (after ablation

of any residual VTs) in this group was 93%.

When compared with the No-CMR group there was a lower inducibility rate of residual
substrate ablation in the CMR-Guided group (18% vs. 46%, p 0.04), with a higher, although
statistically non-significant, end-procedure success rate (93% vs. 79%; p 0.17). When
compared with the CMR-Aided group, no differences were found in the inducibility rate
after substrate ablation (18% vs. 32%, p 0.35) or in the end-procedure success rate (93% vs.
86%; p 0.39). The complication rate was 5/84 (6%) without any significant difference
between groups, Table 2. In the CMR-guided group 1 patient suffered a fistula. In the CMR-
Aided group 1 patient suffered a phrenic paralysis and 2 patients suffered an
atrioventricular block. Finally, in the No-CMR group 1 patient suffered a cardiac tamponade.
After a mean follow-up period of 18 months, 10 (12%) patients had arrhythmia recurrence
[1 (4%) patient in the CMR-Guided, 2 (7%) patients in the CMR-Aided and 7 (25%) patients
in the No-CMR group, p=0.024]. The Kaplan-Meier curves for ventricular arrhythmia-free
survival (Figure 6) show a lower recurrence rate in the CMR-Guided compared with the No-
CMR group (log-rank=0.019) with no significant differences in recurrence rate between
CMR-Guided and CMR-Aided groups. Neither procedure success nor recurrence rate
differed based on CMR image acquisition (1.5 vs 3 Tesla scanner), as Supplemental Table 2

shows.
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DISCUSSION

The present study reports, for the first time, the feasibility of performing VT substrate
ablation procedures guided by LGE-CMR, without requiring an EAM. This approach was
safe, allowing a significant shortening of the procedure, fluoroscopy and RF delivery times,
making it more efficient as compared with the classical EAM-based procedure and even
compared with the previously reported CMR-aided VT substrate ablation approach. (6)
Moreover, CMR-guided VT substrate ablation is also associated with an improvement in
acute outcomes when compared with No-CMR by reducing the inducibility rate after
substrate ablation, and a lower recurrence rate during follow-up, which in turn suggests a

better identification of the arrhythmogenic substrate and target ablation sites.

With this regard, it has already been shown that scar distribution across the myocardial wall,
assessed by LGE-CMR, is useful to decide on the best approach (endocardial, epicardial, or
combined) for VT ablation to reach the whole VT substrate. (11,12) Besides, integration of
CMR-derived PSI maps in the electromagnetic navigation system has already been shown
to improve the acute and long-term outcomes of VT substrate ablation using combined

CMR-EAM information. (6,7)

Efficiency of CMR-Guided VT substrate ablation
CMR-Guided ablation has been shown to be more efficient due to a significant shortening
of procedure, fluoroscopy and RF time needed to completely eliminate the VT substrate. In

CMR-Guided patients no EAM was obtained, either of the whole LV (No-CMR group) or
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focused on the scar area (CMR-Aided). According to a previous study from our group (6),
the mean time spent for acquiring the EAM was about 36 min, which may explain in part the
remarkable shortening of procedure times found. Moreover, the need for a remap, acquired
in the No-CMR and CMR-Aided approaches whenever inducibility was demonstrated, in
order to identify residual pathological EGMs, is no longer present and could partially
explain the remaining ‘saved time'. Additional RF target selection in the CMR-Guided group
was based on the PSI map information, i.e., checking for neighboring sites adjacent to the
identified HTC entrances. Furthermore, only 18% of CMR-Guided patients needed
additional mapping due to VT inducibility after substrate ablation, a lower proportion when

compared to CMR-Aided (32%) and No-CMR (46%) groups.

A lower inducibility rate found after CMR-Guided substrate ablation suggests an
improvement in VT substrate identification. CMR-derived PSI maps may enable a better
identification of the real CC entrances, located in the BZ between dense scar and healthy
tissue as defined by conventional voltage criteria in the EAM (14). This is a region that cannot
usually be well defined by the EAM due to the far-field effect of the surrounding healthy
myocardium, thus leading to an EAM-derived low-voltage area smaller than the PSI-derived
(‘anatomical’) scar area (10). A higher number of CC entrances has been described
previously (6) in areas with bipolar voltage >1.5 mV when PSl information is used. A better
characterization of these transitional areas between healthy and BZ tissue with the LGE-CMR
explains a more extensive substrate elimination in the CMR-Guided group and better acute

outcomes (6,17).
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Additionally, CMR-derived information can be used to obtain PSI maps from the whole
myocardial thickness, permitting characterization of the substrate into different tissue layers,
from endocardium to epicardium. One of the main limitations of EAM is the lack of sensitivity
to analyze local EGMs generated deeper than the subendocardium due to a far-field effect
of the surrounding tissue. This may explain why, in the present study, 21% of HTC entrances
detected in the CMR-Guided procedures showed an apparently normal EGM. Clinical
support for this hypothesis comes from the previous study by Andreu D et al. (6) in which
patients with ‘undetected’ CMR-derived HTC in the EAM, therefore not targeted for

ablation, showed an increased VT recurrence rate after 18 months.

More accurate arrhythmogenic substrate identification with the PSI maps, both at the edge
of the scar and deep within the myocardial wall, can explain the lower inducibility rate after
substrate ablation, as well as the lower recurrence rate when the procedure was guided by
the CMR information compared with the No-CMR group. Although PSI information was
available in the CMR-Aided group for substrate characterization, the selection of ablation
targets was exclusively guided by the EAM information. Thus, HTC depicted in the PSI maps
but not identified in the EAM were not targeted for ablation. A complete substrate ablation
is achievable using a pure CMR-Guided approach, showing a trend towards lower
inducibility after substrate ablation and lower VT recurrence rate when compared to the

CMR-Aided approach, although without reaching statistical significance.

Efficiency of CMR-Guided clinical VT ablation
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The present study defines a new approach for clinical VT ablation guided by imaging,
looking for the putative channel based on ECG morphology during VT, as described
previously (16). The mean procedure time needed for ablating a clinical VT was only 36 +
15 minutes, a vast reduction in the time taken by a conventional approach using EAMs.
Moreover, in all cases where clinical VT ablation was performed (before completing
substrate ablation), a local pathological EGM was found at the entrance (exit during VT) of
the HTC responsible for the VT, corroborating the accuracy of CMR imaging at identifying

arrhythmogenic substrate.

Clinical implications

Over the past decade, a substrate-based approach for VT ablation has steadily increased
(5), in both high-volume and non-high-volume centers (18). Despite the need to corroborate
the results of this study in a multicenter study to check for reproducibility, consolidation of
this approach could help simplify a procedure considered as challenging and time-
consuming. Moreover, the CMR-guided clinical VT ablation approach described could be
an attractive option in selected patients in whom the exclusive elimination of clinical VT is
the endpoint, i.e., recurrent VT in patients with a high-risk of complications and

comorbidities.

Study limitations
The main limitation of this study is the lack of randomization, although we tried to make
groups comparable by matching them for the key outcome predictors after substrate

ablation. The procedures were performed in different time periods and therefore only the

333



Publicaciones Tesis Doctoral

final 28 consecutive patients underwent CMR-guided ablation. However, the substrate
ablation technique only differed between groups in the selection of the target ablation site
for radiofrequency applications. Contact force as well as multielectrode catheters were not
systematically used for electroanatomical mapping. Accuracy of CMR-guided ablation
could be influenced by the CMR acquisition technique, spatial resolution and image quality.
Moreover, we used Scar dechanneling technique for substrate ablation in all patients.
Further studies are needed for analyzing CMR-guided approach reproducibility by other

groups, in other substrate ablation modalities or using different postprocessing tools.

Conclusion
CMR-guided VT ablation halves the time required for the procedure, significantly reduces
the need of fluoroscopy and radiofrequency delivery and is associated with a higher rate of

noninducibility after substrate ablation and a higher ventricular arrhythmia-free survival.
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FIGURES

Central illustration. On the left: workflow of the CMR-Guided VT ablation procedure. The
first step is image segmentation. After that, the fused image is integrated in the navigator
system. Finally, ablation is performed based on the CMR information. On the right:
comparison of the acute and 18 months outcomes between patients with a CMR-Guided

ablation, patients with a CMR-Aided ablation and patients without pre-procedure CMR.
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Figure 1. Summarizing workflow for No-CMR, CMR-Aided and CMR-Guided VT substrate

ablation procedures.

No CMR approach CMR-aided approach CMR-guided approach
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Figure 2. Integration pipeline. Panel A represents the multimodal imaging-based cardiac
segmentation and fusion before the ablation procedure. PSI maps and identification of HTC
are derived from the LGE-CMR studies and fused with the anatomical structures extracted
from MDCT using the ADAS-VT™ software platform. Panel B shows integration of the PSI
maps within the spatial reference coordinates of the CARTO® system, by performing a fast

anatomical map (FAM) of the aortic root.

A) Image segmentation B) EP procedure
LGE-CMR (HTC & PSI) FAM of Aortic root

Fusion MDCT and LGE-CMR Integration result
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Figure 3. Example of a tolerated, clinical sustained monomorphic VT (SMVT) ablation. Panel
A represents the 12-lead ECG morphology of the clinical SMVT. Panel B represents the
result of applying a two-step, QRS axis-based ECG algorithm (see Supplemental Material
for details) to identify the origin (exit-site) of a scar-related SMVT. Panel C represents the
LGE-CMR-derived PSI map, LV AHA segments, and the ‘putative’ HTC (highlighted in white)
responsible for the clinical VT. One of the ‘putative’ HTC entrances (black circle) is located
at AHA segment number 15, which corresponds to the same identified segment of origin

(VT exit site) after applying the two-step ECG identification algorithm.

A) Clinical B) ECG-VT algorithm C) LGE-CMR (Endocardial PS| & HTC)
SMVT
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Figure 4. Example of a non-tolerated, clinical sustained monomorphic VT (SMVT) ablation.
The two-step, QRS axis-based ECG algorithm suggested a VT origin (exit site) from AHA
segment number 11-12 (mid lateral). Panel A shows the PSI map and HTCs extracted from
the pre-procedural LGE-CMR. Point 1 (white circle) shows an EGM in SR whose
characteristics qualify to be considered for a CC entrance, located right at the entrance of
an HTC identified with the PSI map. This HTC entrance is found between AHA segments 11
and 12. Panel B represents the paced 12-lead ECG morphology at point number 1. Panel C

represents the 12-lead ECG morphology of the clinical, non-tolerated SMVT.

A) LGE-CMR (Endocardial PSI & HTC) B) Pacemap C) Clinical
(Point 1) SMVT

(TTTTTTITIVITT IR

EGM in sinus rhythm
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Figure 5. Acute results of VT substrate ablation procedures using the ‘scar dechanneling’
technique for the No-CMR (red), CMR-Aided (blue) and CMR-Guided (green) groups. The
CMR-Guided approach significantly shortens the procedure, fluoroscopy and RF times and
leads to less inducibility after substrate ablation without significant differences in end-
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Figure 6. Kaplan-Maier curve for ventricular arrhythmia-free survival.
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TABLES

Table 1. Baseline characteristics based on the VT ablation procedure.

Total No- CMR- CMR-
CMR Aided Guided | P-value* | P-value**
n=84 n=28 n=28 n=28
Age,y 67+10 70+8 66+8 64+14 0.04 0.4
Male, n (%) 79 (94) 26 (93) | 26(93) 27 (96) 1.00 1.00
HT, n (%) 62 (74) 22(79) | 21(75) 19 (68) 0.55 0.77
DLP, n (%) 44 (52) 13 (46) | 17 (61) 14 (50) 0.58 0.78
DM, n (%) 22 (26) 6 (21) 7 (25) 9(32) 0.36 0.55
LVEF, % 38+12 39+14 38+11 37+11 0.71 0.87
LVEDD, mm 62+7 62+7 60+8 62+7 0.72 0.65
LVESD, mm 43+12 4549 42+11 41+17 0.47 0.88
IHD, n (%) 69 (82) 24 (86) | 22(79) 23 (82) 0.45 0.37
Mean VT cycle length 333+126 | 331+116 | 317+125 | 364+151 0.503 0.859
Patients with an ICD at the | 75 (89) 27 (96) 24 (86) | 24 (86) 0.160 0.160
ablation time [n (%)]
NYHA
26 (31 7 (25 13 (46 6 (21
. Ln%) 6( ) (25) (39) (21)
46 (55 17 (61 11 18 (65
e ILn (%) (55) ©1) 39 ©3) 0.894 0.138
12 (14) 4 (14) 4 (15) 4 (14)
e IIL, n (%)
0 0 0 0
e IV,n (%)
Approach
58 (69) 19 (68) | 17 (65) 20 (71)
e Endo, n (%) 0.95 0.44
26 (31) 9 (32) 9(32) 8 (29)
e Endo/Epi, n (%)
Indication
e Incessant VT, n 0.99
%) 5(6) 2(7) 2(7) 14) 0.99 0.14
13 (16) 5(18) 2(7) 6 (21) 0.99
e Arrhythmic storm,
n (%)

CMR: cardiac magnetic resonance; DLP: dyslipidemia; DM: diabetes mellitus; HT:
hypertension; IHD: ischemic heart disease; LVEF: left ventricle ejection fraction;
LVEDD: left ventricle end-diastolic diameter; LVESD: left ventricle end-systolic
diameter; NYHA: New York Heart Association class; VT: ventricular tachycardia.

* Difference between CMR-guided and No-CMR; **Difference between CMR-Guided
and CMR-Aided.
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Table 2. Acute results of VT substrate ablation procedures.

Tesis Doctoral

CMR- CMR-
Total No-CMR P- P-
Aided Guided
n=84 n=28 value* | value**
n=28 n=28
Procedure time (min) 179+79 227452 203+68 107+59 <0.001* | <0.001*
RF time (min) 20+12 26+11 20+£15 15+8 <0.001* 0.16
RF applications (n) 31+18 3514 29422 29+20 0.26 0.96
Fluoroscopy time (min) 18£10 20+9 23+11 10+4 <0.001* | <0.001*
Residual VT after
27 (32) 13 (46) 9(32) 5(18) 0.04* 0.35
substrate ablation, n (%)
Induced VT (n) 1.27£1.24 | 1.36+1.35 | 1.35£1.36 | 1.04+0.99 0.34 0.36
Complications (%) 5(6) 14) 3(10) 14) 0.75 0.35
Final procedure success (n,
%)
e Total 70 (84) 21 (75) 23 (82) 26 (93)
e Partial 12 (14) 6 (21) 4(14) 2(7) 0.17 0.39
e No 2(2) 1(4) 1(4) 0(0)

RF: radiofrequency; VT: ventricular tachycardia. *Difference between CMR-guided and

No-CMR; **Difference between CMR-Guided and CMR-Aided groups.
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ONLINE APPENDIX

SUPPLEMENTAL METHODS

LGE-CMR acquisition

LGE-CMR was performed in a 3T scanner (Magnetom Trio™-Tim®, Siemens, Erlangen,
Germany). Contrast-enhanced images were acquired 10 minutes after bolus injection of
0.2 mmol/kg Gadobutrol (Gadovist®, Bayer Hispania, Barcelona, Spain) using a
commercially available, free-breathing, ECG-gated, navigator-gated, 3D inversion-
recovery, gradient-echo technique. Slice thickness was 1.4 mm, with no gap between slices.
The field of view was set at 360 mm and matrix size was kept to 256x256 pixels in order to

yield an isotropic resolution of 1.4x1.4x1.4 mm.

Wide band sequence acquisition

In those patients previously implanted with an intracardiac device the LGE-CMR was
performed with a 1.5T scanner (Magnetom Aera®, Siemens, Erlangen, Germany). Using a
2D turbo flash gradient echo sequence the sort-axis contrast-enhanced images were
acquired synchronized with the ECG. Slice thickness was 5 mm, with no gap between slices
iPAT accelerator factor x2. Typical parameters were: Repetition time 948,8 msec; Echo time
1,39 msec; Bandwidth 592 Hx/Px; Flip angle 25° and Matrix size 256x144 pixels. The mean

in-plane resolution was 1.4x1.4 mm, and the voxel size was 9.80 mm3.

MDCT acquisition
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MDCT ECG-gated study was performed on a 128x2-slice computed tomography (CT)
scanner (Somatom Definition Flash, Siemens Healthcare, Erlangen, Germany). Images were
acquired during an inspiratory breath-hold using retrospective ECG-gaiting technique with
tube current modulation set between 50% and 100% of the cardiac cycle. CT angiographic
images were acquired during the injection of a 100 mL bolus of lopromide 370 mg I/mL

(Ultravist, Bayer Hispania, Barcelona, Spain) at a rate of 3 mL/s.

A QRS basis algorithm to identify the origin of scar-related ventricular tachycardia in
an American Heart Association 17-segment model

The algorithm uses the QRS axis in the frontal plane to locate the VT origin in the LV short
axis (inferior vs anterior, septal vs lateral) and the polarity in V3-V4 for its location in the LV

longitudinal plane (basal, medial or apical).

Two steps are needed to define the segment of origin (SgO) of a VT using the proposed

algorithm (18), as follows:

1) Identify the lead limbs with the highest voltage magnitude (positive or negative). If this
magnitude is |, II, or lll, the adjacent leads must be considered, as the major axis is facing
the boundary between two groups of segments. The adjacent limb lead with higher
magnitude will determine the group of segments where the VT may originate. In cases
where there was not a clear lead with R or QS pattern, the Q, R or S wave with the higher
amplitude was taken into the account. In Figure 3, the highest QRS magnitude (negative) is

in lead Ill. The QRS magnitude in aVL (positive) and aVF (negative) should be compared. As
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the absolute amplitude of QRS in aVF is higher than in aVL, the potential SgO are segments

4,10 and 15.

2) Identify the positivity or negativity of the precordial leads V3 and V4; concordance
indicates a basal or apical origin, respectively. Other combinations indicate a middle origin.
Figure 3 shows an example of a VT in which the algorithm correctly identified the SOO in

segment 15.

Substrate ablation protocol in the control group

A four-step ablation protocol was performed as previously described.(5,17-19). Briefly, an
endocardial and/or epicardial substrate map was acquired first. Electrograms with delayed
components (E-DCs) were tagged and differentiated between inner and conducting
channel (CC) entrance electrograms, depending on the DC precocity during sinus rhythm.
The CC entrance was defined as the E-DC with the shortest delay between the far-field
component of healthy/BZ muscle and the local, pathological component corresponding to
the local activation of myocardial fibers within the scar. Second, radiofrequency was
delivered at target ablation sites, which were the CC entrances identified in the EAM as
described in the previous step. Third, a remap was acquired in order to document complete
substrate elimination or to identify residual E-DCs if that were the case. Residual E-DCs were
identified in the same way as in the first step and RF ablation was delivered to eliminate all

of them.
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SUPPLEMENTAL TABLES
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Online Table 1. Procedural outcomes based on whether ablation of clinical VT was

performed or not.

Without 12-lead | With 12-Lead Povalue™*
N=18 N=10 "
Procedure time (min) 121.56 + 64.09 81.10+41.10 0.085
RF time (min) 15.56 £7.35 14.03 £9.84 0.645
RF applications (n) 30.83 +17.87 25.4+21.36 0.478
Fluoroscopy time (min) 9.89£4.16 10.50 £4.06 0.710
gRojs)ldual VT after substrate ablation, n 2 (11%) 3.(30%) 0211
(1]

Induced VT (n) 0.83 £9.85 1.40+0.97 0.154
Final procedure success (n, %)

e Total e 18(100%) *  8(80)

* Partial - 0 < 2(20) 0.050

* No - 0 - 0
Recurrence rate (n, %) 1 (5%) 0 0.448

Online Table 2. Main outcomes after CMR-guided ablation based on the CMR field

strength (1.5 vs 3 Tesla scanner).

1.51:1T=(i‘1;/[R 3-; fll\/;R Povalue™*

Procedure time (min) 109.23 £ 60.33 105.27 £ 60.81 0.864
RF time (min) 13.08 +5.30 16.68 +9.93 0.253
RF applications, n 27.15+16.59 30.40 +£21.30 0.660
Fluoroscopy time (min) 8.85+3.29 11.20 £ 4.44 0.128
f;:;ﬁ‘;il :{(,Z;ter substrate 2 (15%) 3 (20%) 0.750
Induced VT (n) 0.92+1.04 1.13£0.99 0.588
Final procedure success, n
(%)

e Total e 12(92%) *  14(93%) 0.916

e Partial * 1(8%) * 1 (7%)

* No 0 0
Recurrence rate, n (%) 1 (7.7%) 0 (0%) 0.274
Number of HTC 1.54 +£0.78 2.07+£1.03 0.143
Number of HTC entrances 7.77 £ 6.34 8.93+4.46 0.575
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SUPPLEMENTAL VIDEO

Supplemental video. Supplemental video shows an example of clinical VT ablation.
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SUPPLEMENTAL FIGURES

Online Figure 1. Late gadolinium enhancement cardiac magnetic resonance (LGE- CMR)
and delivered pixel signal intensity (PSI) in a patient with a prior anterior myocardial
infarction. On top a study performed with a 3 Tesla scanner. On the bottom, a study
performed with a 1.5 -Tesla scanner in the same patient. Both studies identified a
heterogeneous tissue channel in the septal portion of the scar with the same morphology

and distribution.

3T PSI map
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Online Figure 2. Example of a post myocardial infarction patient with an inferior

heterogeneous tissue channel (HTC) with multiple entrances (black arrows).
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7. DISCUSION

a. Hallazgos principales de la Tesis

La presente Tesis analiza la utilidad clinica de la RM, una técnica de diagnédstico porimagen
no invasiva, en un amplio espectro de aplicaciones para pacientes con Cl, atendiendo a los
distintos momentos evolutivos de esta patologia desde el evento isquémico agudo: i)
andlisis de la presenciay evolucion histoldgica de la cicatriz post-IAM y su potencial sustrato
arritmogénico, asi como comparacién de su utilidad respecto a la TAC; ii) evaluacién de las
caracteristicas de la cicatriz post-IAM que le confieren un potencial arritmogénico vy, por
tanto, utilidad de la RM-RTG para estratificar mejor el riesgo arritmico respecto a la FEVI; y
iii) rendimiento y utilidad de la RM-RTG para guiar de forma directa los procedimientos de
ablacién del sustrato arritmogénico en pacientes que ya han tenido AV relacionadas con la

cicatriz.

De manera resumida, los principales hallazgos de la Tesis son los siguientes:
1. La RM permite una evaluacién dindmica de las caracteristicas cuantitativas y
cualitativas de las cicatrices post-IAM a lo largo del tiempo.
2. El miocardio infartado experimenta un proceso de remodelacién de larga duracidn
(afos) que se caracteriza por una disminucidn constante de la masa total de cicatriz
y un aumento progresivo en su heterogeneidad, es decir, un aumento en la

proporcion de tejido heterogéneo dentro de la misma.

355



Discusion Tesis Doctoral

3. El ndmero y distribucién de los canales de tejido heterogéneo (HTC/BZC), que
constituyen el sustrato histolégico de la arritmogénesis, cambian notablemente
durante afios (al menos, 4) tras el IAM, y estos cambios pueden evaluarse de forma
fiable con RM seriadas.

4. Enlafase agudatrasel IAM, se inicia una cascada de procesos inmunes que implican
el reclutamiento de distintas subpoblaciones monocitarias y la expresién de
diversos biomarcadores detectables en suero.

5. Algunas subpoblaciones monocitarias (monocitos “clasicos” e “intermedios”) se
relacionan de forma positiva con el tamano de la cicatrizde IAM, y de manera inversa
con la FEVI resultante. Por el contrario, los monocitos "no clasicos”, relacionados con
el control de la inflamacidn, parecen asociarse de forma positiva con una mayor
heterogeneidad de la cicatriz y la presencia de canales de tejido heterogéneo.

6. La RM-RTG, en comparacién con la TAC, es la técnica de imagen mas precisa a la
hora de evaluar, de forma no invasiva, las caracteristicas de la cicatriz post-IAM y su
potencial arritmogenicidad. La TAC no es capaz de detectar la presencia de BZC en
aproximadamente un 36% de los pacientes que tienen cicatrices post-IAM sdélo
subendocérdicas.

7. La masa de BZC de la cicatriz en el IM crénico, un pardmetro cuantificable con RM,
es la variable independiente que se correlaciona mas fuertemente con la aparicién
de AV, tras ajustar por variables de confusién como la edad, la FEVI o la masa total
de cicatriz. Su utilizacion podria mejorar la estratificacion del riesgo de AV en

pacientes con Cl crénica, en comparacién con la FEVI.

356



Discusiéon Tesis Doctoral

8. En pacientes con Cly AV, es posible y seguro realizar procedimientos de ablacidn
de sustrato guiandolos exclusivamente mediante la informacién derivada de los
mapas de PSl de la RM, sin necesidad de adquirir EAM completos. Este abordaje es,

ademas, mas eficaz y eficiente que si no se dispusiera de la RM-RTG.

b. Utilidad de la Resonancia Magnética en la Evaluacion de la Presencia y Evolucion del

Sustrato Arritmogénico

Como primer aspecto novedoso aportado, esta Tesis demuestra que la RM puede permitir
el anédlisis evolutivo de la cicatriz post-IAM, viniendo ademas a modificar la creencia pre-
establecida de que la cicatriz post-IAM no se modifica a largo plazo. En la Cl, a diferencia
de otras miocardiopatias (figura 23), cuando evoluciona en ausencia de nuevos eventos
isquémicos (es decir, cuando la EAC permanece estable) no se observa un aumento
progresivo de la fibrosis macroscépica. El resto de miocardiopatias, bien con base genética
o téxico-metabdlicas, van afectar habitualmente de manera progresiva a la estructura del
miocardio y se asocian también con una progresion de la fibrosis macroscépica. Por tanto,
ser capaces de visualizar la anatomia evolutiva de la cicatriz post-IAM mediante RM-RTG
equivale a poder analizar el efecto histoldégico directo de los mecanismos reparativos

(mediados por el sistema inmune) sobre el tejido danado.
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MRI-LV-DE-60% MRI1-LV-DE-60%

TISSUE TISSUE

Figura 23. Mapas de PSI a partir de RM-RTG seriadas, separadas en el tiempo 4 arios, en un paciente diagnosticado de
miocardiopatia dilatada NO isquémica de origen genético. El paciente no habia tenido AV documentadas, y su FEVI estaba
moderadamente deprimida, sin indicacion para DAI en prevencion primaria. Notese visualmente como, a diferencia de lo
que se demuestra en el articulo 1 de la Tesis (301) para pacientes con CI, la progresion de la fibrosis macroscopica,
evaluada mediante RTG, es hacia su aumento, afectando progresivamente a una mayor masa del VI. Figura original.

b.1 Cambios histoldgicos tras la isquemia y formacion de la cicatriz post-1AM

La informacién que disponemos sobre los procesos celulares e histolégicos que ocurren
tras un IAM se basa fundamentalmente en modelos experimentales con animales. Durante
los primeros dias y semanas tras el evento isquémico agudo, los miocitos muertos son
reemplazados gradualmente por una cicatriz de coldgeno. Esta progresién de la
cicatrizacién de la “lesién miocardica” es un proceso dindmico que generalmente se divide

en 3 etapas: i) inflamacién/necrosis, ii) fibrosis/proliferacién y iii) remodelacién/maduraciéon

a largo plazo. (302-305)

La fase inflamatoria ocurre durante los primeros dias en animales pequefnos y la primera
semana o mas en animales mas grandes y en humanos. (306-309) Varias células

inflamatorias, incluidos neutréfilos, monocitos/macréfagos vy linfocitos, invaden el area
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isquémica ya en las primeras horas después del evento coronario agudo, alcanzando su
concentracion maxima varios dias después. (308,309) Estas células juegan un papel central
en el proceso de cicatrizacién, estando involucradas en tareas de sefalizacién celular,
funciones de remodelacién, protedlisis y fagocitosis. (310) El articulo 2 de la presente Tesis
(311) describe la cinética de las distintas subpoblaciones de monocitos circulantes (CLM,
non-CLM e INTM) en el proceso de formacién de la cicatriz post-IAM, complementando la

relativa ausencia de datos al respecto en el ser humano. (312-316)

La remodelacion estructural del drea isquémica se inicia cuando las células inflamatorias y
los miocitos necrdticos secretan y activan las metaloproteinasas de la matriz (MMPs) (figura
24). (317-319) Estas enzimas degradan el material de la matriz y las células que ayudan a
los macréfagos fagociticos en la reabsorcién del tejido necrético. Una proporcion de los
macréfagos, la que no incluye los macréfagos residentes tisulares, proceden de la
diferenciacion de los monocitos séricos, una vez han penetrado en el tejido dafiado. (320)
En el articulo 2 de la Tesis (311) se analizd la relacién entre las distintas subpoblaciones
monocitarias y los niveles de ciertos biomarcadores séricos, incluyendo las MMPs (MMP-1,
2 y 9), relacionadas con la degradaciéon de la matriz extracelular, pero también otras
moléculas como las interleukinas 6 (IL-6) y 1B (IL-1B), relacionadas con la inflamacidn; el
factor de necrosis tumoral a (TNF-a), relacionado con la apoptosis celular; el inhibidor
tisular de las MMPs (TIMP) y la proteina C reactiva (CRP), relacionada también con la

inflamacidn.
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En relacidn a la fase inflamatoria inicial, si bien la nueva acumulaciéon de coldgeno no es
evidente en los primeros dias, a medida que los miocitos necréticos se reabsorben, se
deposita en su lugar un tejido de granulacidén provisional que consiste en fibrina,
fibronectina, laminina, glicosaminoglicanos y nueva matriz. (306,317,321) En el articulo 2
de la Tesis, (311) el hecho de disponer del anélisis anatémico de la cicatriz a los 7 dias del
IAM mediante post-procesado de las imagenes de RM permitié evaluar las caracteristicas
visibles de esta fase inflamatoria, poniendo en relacidn el posible papel de la expresion

diferencial de las subpoblaciones monocitarias con las caracteristicas del tejido cicatricial

en la RM.
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Figura 24. Eventos moleculares y celulares clave que intervienen en la formacion de la cicatriz post-IAM (panel A) y
proceso de maduracion de la matriz extracelular de colageno (panel B). De Richardson et al. (305)

En la fase de fibrosis, que suele durar varias semanas, (306-309) comienza una proliferacién
y migracion de fibroblastos, que son las células méas abundantes del corazén sano,
(304,322) hacia la zona isquémica, donde se produce su diferenciaciéon celular hacia

miofibroblastos. Estos miofibroblastos, que también surgen por diferenciacién de otras
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células aparte de los fibroblastos, como células madre del corazén, pericitos, células de
musculo liso vascular y células endoteliales, (322-324) se caracterizan por una elevada
expresion de a-actina, (323) una proteina que interviene en la funcién contréctil de los
sarcomeros. Justo cuando comienza la proliferacion de miofibroblastos, la concentracion
de MMPs empieza su descenso por activacién del TIMP (figura 24). En el articulo 2 de la
Tesis (311) se recoge precisamente el aumento progresivo de los niveles de TIMP ya
durante la fase inflamatoria, que es lo que provocard el descenso progresivo de la
concentracion de MMPs. Los miofibroblastos expresan (y secretan, hacia la matriz
extracelular) pro-coldgeno (principalmente de los tipos | y Ill, aunque también IV y VI),
alcanzando el pico maximo de expresidon de estas moléculas hacia la semana post-IAM.
(325-331) Esta expresién de pro-coldgeno provoca a su vez aumentos de hasta 10 veces en
el contenido de coldgeno miocardico, que se estabiliza varias semanas a meses después

del IAM. (304,326,332-337)

Por ultimo, la fase de remodelacion, que dura varias semanas en animales pequefos y
meses en animales grandes y humanos, (306-309) consiste en la “estabilizaciéon” del nuevo
coldgeno de la matriz extracelular, por un fenémeno denominado de “cross-linking” entre
las fibras y por la unién de las fibras de coldgeno a proteoglicanos (figura 24).
(302,322,331,337-343) En el articulo 2 de la Tesis, (311) se escogié como momento
temporal para realizar la segunda RM seriada 6 meses después del evento coronario, con
la intencion de reflejar precisamente los cambios histolégicos ocurridos durante las fases
de fibrosis y remodelado de la cicatriz, un aspecto novedoso y que pone en intima relacion

el trabajo con el articulo 1 de la Tesis, (301) tal y como se abordaré en el siguiente apartado.
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Los niveles de monocitos clésicos e intermedios (CLM e INTM), como se ha demostrado en
la Tesis, se correlacionan de manera positiva, sobre todo en los primeros 3 dias después
del IAM, con los niveles de IL-6, TNF-a, and CRP, moléculas de senalizacién paracrina que
intervienen directamente en la inflamacién. La cinética y los niveles de monocitos no
clasicos (non-CLM) se correlacionaron con los niveles de MMPs, en relacién a los procesos

de degradacidn de la matriz extracelular.

Finalmente, no debemos olvidar que, en comparacién con los modelos animales cléasicos
de IAM no reperfundido, estudios mas recientes han modificado este modelo hacia uno
basado en la isquemia-reperfusion. Gracias a la aparicion de las estrategias de reperfusién
temprana (angioplastia coronaria), este tipo de modelo experimental es mucho mas
semejante a lo que ocurre en el ser humano hoy en dia, como la poblacién incluida en el
articulo 2 de la Tesis. (311) Gracias a estos modelos de isquemia-reperfusion, se ha
demostrado que la reperfusion temprana acelera la reabsorcién de tejido necrdtico,
aumenta la cantidad de células inflamatorias, aumenta la cantidad de vasos sanguineos y
disminuye la cantidad de miofibroblastos dentro de la herida, (344,345) presumiblemente
por aumento del flujo sanguineo en la zona reperfundida. Estructuralmente, estos cambios
provocan la supervivencia de un mayor nimero de miocardiocitos y una menor densidad
de coldgeno en el drea infartada, asi como una menor densidad de enlaces cruzados (cross-
linking) dentro de la matriz de coldgeno. (346) Faltaria por demostrar, pues, si una
reperfusion més temprana se podria relacionar con posibles diferencias en la respuesta

inmune (p. ej., en la expresién diferencial de unas subpoblaciones monocitarias u otras) a
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la injuria miocardica, y si esto puede tener un papel en la modificacion ulterior de las

caracteristicas histoldgicas (“mas o menos arritmogénicas”) de la cicatriz.

b.2 Papel de la Resonancia Magnética en la evaluacion de los cambios histoldgicos post-IAM e implicaciones
clinicas

Inmediatamente después del IAM se ponen en marcha una serie de procesos bioldgicos
con implicacién directa del sistema inmune, tal y como se ha analizado en el articulo 2 de
esta Tesis, (311) que van a influir en la reparacidn tisular de la zona dafiada. La dificultad del
estudio de estos procesos en el ser humano estriba en la dificultad de obtener muestras
bioldgicas autdpsicas en distintos momentos tras el IAM, aparte de la imposibilidad obvia
de comparar muestras histolégicas de un mismo sujeto en distintos momentos evolutivos.
Aqui es donde la RM va a jugar el papel fundamental de permitir analizar estos cambios de

manera no invasiva.

El articulo 1 de la Tesis (301) viene a indagar precisamente en la capacidad de la RM, como
técnica diagndstica no invasiva, de detectar los cambios evolutivos de la cicatriz isquémica
en el ser humano. Ademaés de confirmar la capacidad de la RM para detectar estos cambios,
el articulo 1 (301) supone la primera evidencia descrita en la literatura que confirma que el
proceso de remodelado del tejido cicatricial no cesa en los primeros meses tras el evento
isquémico agudo, sino que continta ocurriendo a lo largo de mucho mas tiempo, como se
comprueba al comparar RM realizadas 4 afios después del IAM con las realizadas al cabo

de una semanay a los 6 meses. En este punto, merece la pena recordar que, debido a la
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aparicién de edema lesional, es conocido que la RM-RTG podria sobreestimar el tamafo
del infarto en las fases iniciales de cicatrizacién. (347) De hecho, el drea con RTG puede
aumentar en las primeras 48 h después del IAM y luego disminuir durante un periodo de
hasta 8 semanas, hallazgos ambos correlacionados con los cambios en el tamafio del infarto
durante el mismo periodo. (348,349) Paralelamente, existe evidencia de que, en el ser
humano, se observa una reduccién progresiva del tamafo del infarto durante los primeros
3 meses después del evento isquémico agudo, (350) habiendo sido atribuido este hecho a
la resolucién del edema. Por el contrario, otros estudios (351) han indicado que el tamafio
del infarto contintda disminuyendo leve, pero significativamente, durante el primer afo. En
consecuencia, los cambios crénicos a largo plazo observados en el estudio FOOTPRINT
(primer articulo de la Tesis) (301) no pueden ser explicados sdlo por la supuesta
reabsorcién del edema, sino que van en la linea de investigaciones previas (351) y
respaldan la existencia de un proceso continuo y constante de remodelado de las cicatrices

isquémicas que dura afnos.

La metodologia de post-procesado de las imédgenes de RM utilizada en el articulo 1 de la
Tesis (301) y sucesivos (311,352-354) merece un comentario para justificar la manera en la
que se ha llevado a cabo la caracterizacién tisular y cuantificacion de los componentes de
la cicatriz post-IAM a lo largo de la Tesis. Al fin y al cabo, del correcto y preciso anélisis de
las imagenes dependen las conclusiones que se extraigan posteriormente. En todos los
articulos, se utilizé el software de post-procesamiento ADAS3D LV (ADAS3D Medical SL,
Barcelona), desarrollado con la colaboracién del Hospital Clinic y comercialmente

disponible. Cuenta actualmente con marcado CE (Conformité Européenne, de la Unidn
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Europea), aprobacién por la FDA (Food and Drug Administration, de los EEUU) y dispone
de un algoritmo patentado para la deteccion automatica de HTC/BZC (US Patent
10,304,185 y European Patent EP2950270B1.2015). Con este software, el Unico paso
estrictamente manual del post-procesamiento de las imagenes es la delimitacién de los
bordes endocérdico y epicardico del VI, una tarea sencilla que puede ser aprendida
rapidamente tras unos pocos casos procesados. Posteriormente, el software elabora
automéaticamente los mapas 3D de PSI, mostrdndolos en distintas capas, todas ellas
codificadas en colores (configurables por el usuario, pero habitualmente referidas como las
capas del 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80% y 90% del espesor miocérdico total,
desde endocardio hacia epicardio) (figura 25). Para la elaboracién de los mapas PSI, como
ya se ha comentado, se eligen automaticamente los umbrales de PSI correspondientes al
40% (= 5%) y 60% (£ 5%) de la MSI, pues previamente han demostrado ser los que mejor
correlacionan los componentes de la cicatriz (core y BZ) con las zonas de bajo voltaje (< 0,5
mV y entre 0,5y 1,5 mV, respectivamente) identificables en los EAM. (220) En este punto,
merece la pena recordar sin embargo que, hasta la fecha, la Unica validaciéon histoldgica los
mapas EAM para la deteccidn de cicatrices surge de modelos de IM en animales, (355) por
lo que los EAM no deberian ser considerados “gold standard” en la identificacién de la

cicatriz post-IM.
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10% Layer

Figura 25. Identificacion del miocardio sano (purpura) y los componentes de la cicatriz (rojo, core; amarillo-verde, BZ)
mediante andalisis automdtico de las intensidades de serial de pixeles (PSI) y utilizacion de los puntos de corte de 40 + 5%y
60 + 5% respecto a la maxima intensidad de serial (MSI). A la derecha, reconstrucciones 3D de los mapas PSI para las
capas del 10% (subendocardio), 50% (medio-miocardio) y 90% (subepicardio). Se utilizo el software ADAS3D LV (ADAS
3D Medical, Barcelona) en todos los articulos de la Tesis. Figura original.

Ademas de la identificacion automatica de los componentes principales de la cicatriz (core
y BZ), la utilizacién del software ADAS3D nos ha permitido cuantificar, de una manera
completamente automatizada, la masa de BZC (figura 26). Esto ha sido de especial
relevancia para los articulos 1 (301) y 3(354) de la presente Tesis. El articulo 1 (301) no sélo
demuestra que el remodelado de la cicatriz ocurre a mucho maés largo plazo de lo que
previamente se creia, sino que este trabajo describe ademas, por primera vez, un cambio
sustancial a largo plazo en la morfologia y distribucién de los BZC, asi como una
disminuciéon progresiva y generalizada en la masa de estos canales (figura 27). La
significacion de este hecho permanece incierta al no haber documentado eventos
arritmicos durante el seguimiento de los pacientes incluidos en el estudio, pero abre la

hipdtesis sobre si estos cambios a largo plazo en el sustrato arritmogénico subyacente
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pudieran tener que ver con el hecho de que las AV por reentrada suelan ocurrir en muchos
casos anos después del evento isquémico. En este sentido, ha sido descrita una media de
tiempo desde el IAM hasta la arritmia de 16 * 8 anos. (283) La ausencia de eventos
arritmicos en la poblacién de los articulos 1y 2 de la Tesis (301,311) durante el periodo de
seguimiento podria reflejar la relativamente baja incidencia acumulada de MSC en los
primeros 5 afios después de un IAM segun estudios clésicos (cohorte Framingham), (56) y
que aun se esperaria que fuera menor en poblaciones modernas, donde se dispone de la

posibilidad de tratamiento mediante revascularizacién coronaria precoz.

Scar mass: 59 g
BZ mass: 27.7 g (46%)
BZC mass:7.1 g

Figura 26. Ejemplo de un paciente con antecedentes de IAM anterior y TVMS por reentrada en relacion a la cicatriz. La RM

post-procesada muestra la presencia de una gran cicatriz (59 g), con abundante presencia de tejido heterogéneo (27,7 g de

BZ) y un gran BZC de 7,1 g (linea blanca), responsable del circuito de reentrada. Rojo: core; verde-amarillo: BZ; purpura:
miocardio sano; malla azul: volumen calculado para el BZC; camara verde: ventriculo derecho. Figura original.
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Figura 27. Disminucion progresiva y generalizada en la masa de BZC tras un IAM (panel A). Panel B1) Reconstruccion 3D
que muestra la evolucion temporal en el numero y distribucion de los BZC en todas las capas del miocardio, en un paciente
con IAM anterior. Panel B2) Mismo paciente, mostrando en detalle los componentes de la cicatriz y BZC solo a nivel
subendocdardico (capa del 10%). La desaparicion de la zona mas basal de core provoca un aparente “desplazamiento”
apical de los BZC subendocardicos (lineas blancas del panel B2). Este mismo comportamiento (reduccion drastica de la
zona de core y BZ) ocurre también a nivel medio-miocardico y subepicardico, lo que explica los hallazgos mostrados en el
panel Bl.De Jauregui et al. (301)
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LVEF 47.4% LVEF 33.1% LVEF 21%
iLVEDV 94 ml/m2 iLVEDV 120.3 mlI/m2 iLVEDV 122 mlI/m2
Scarmass 55.91 g Scar mass 51.55 g Scar mass 27.51 g
Scar mass 39.65% Scar mass 34.13% Scar mass 15.69%

Figura 28. Paciente con IAM anterior. De izquierda a derecha, mapas de PSI a partir RM seriadas a los 7 dias, 6 meses y 4
aiios del evento isquémico. Se muestra la capa del 70% del miocardio (intramiocardica). Cualitativa y cuantitativamente, se
aprecia una disminucion progresiva de la masa total de cicatriz. A los 4 arios, desaparece un BZC (linea blanca) por
desaparicion del area de BZ (verde-amarillo) del borde septal de la cicatriz. Persiste una zona cicatricial con predominio de
core (rojo) en el extremo mas apical de la cicatriz original. Notese que, a pesar de una disminucion de la masa de cicatriz, el
VI sufire un remodelado adverso “paradojico”, con aumento progresivo del volumen telediastolico y caida de la FEVI. De
acuerdo a las guias de practica clinica, el paciente se remitio para implante de DAI en prevencion primaria. Figura original.
Por otra parte, en el articulo 1 de la Tesis, (301) pasados 4 anos del IAM hasta un 31% de
los pacientes tenfan cicatrices de un tamafo considerable (> 10 g de masa total) y con
presencia de BZC. Aunque no pueden extraerse mas conclusiones sobre este hecho al no
haber documentado AV clinicas, merece la pena recordar en este punto que, en el estudio
GAUDI-CRT, (356) la presencia de cicatriz > 10 g y BZC demostré predecir con un 100% de
sensibilidad, 64,6% de especificidad y 24,5% de valor predictivo positivo la aparicién de AV

en pacientes isquémicos, en este caso candidatos a implante de dispositivo de

resincronizacidon cardiaca.

Como ya se menciond en la Introduccién de esta Tesis, la aparicion de un IAM va a provocar,
y esto si es ampliamente conocido en la literatura, un proceso de remodelado del VI
(incluido el miocardio remoto a la zona de la cicatriz) que, en algunos casos, podré ser causa

de IC (figura 28). De hecho, otros trabajos previos (357) han descrito la utilidad de la
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medicidn de la fibrosis difusa en el miocardio remoto a la cicatriz post-IAM, como parte de
ese remodelado del VI, medido con RM y puesto en relacidon con ciertos biomarcadores
séricos, como la galectina-3. (357) Ademds, y como también se mencioné en la
introduccidén, la RM es una técnica mas precisa, en comparacion con la ecocardiografia,
para la evaluacion de las dimensiones del Vly la FEVI. (161) En el articulo 2 de la Tesis (311)
se encontré una fuerte asociacion entre los niveles de monocitos CLM e INTM vy el
remodelado adverso del VI dentro de los 7 dias posteriores al IAM, efecto que se mantuvo
alos 6 meses. Este proceso de remodelado se evalud, mediante la adquisicion de iméagenes
de cine-RM, como un aumento de los didmetros telediastdlico y telesistdlico del VI junto
con una disminucién de la FEVI en esos 6 meses. No obstante, el efecto mecanistico no es
posible demostrarlo con nuestro trabajo, pues, entre otros aspectos, resulta dificil
establecer si el hecho de tener un IAM de mayores dimensiones es lo que condiciona una
mayor concentracién de estas subpoblaciones monocitarias y si, a su vez, esto es lo que
provoca un peor remodelado; o si, por el contrario, es el aumento relativo de estas

subpoblaciones el que condiciona verdaderamente dicho remodelado adverso.

En estudios experimentales previos en roedores, ya habia sido descrita la correlacion entre
una mayor presencia de monocitos clasicos y el tamafo del IAM y sus componentes (core,
BZ) (figura 29). (310,358) Por otra parte, y también en roedores, se ha investigado el efecto
del tratamiento con determinados anticuerpos que interfieren en la infiltracion tisular
monocitaria, relaciondndose esta menor infiltracién con una disminucién del tamafo de los

infartos. (359) Los hallazgos de nuestro trabajo son, por tanto, generadores de hipétesis

370



Discusiéon Tesis Doctoral

para la realizacidon de futuros estudios relacionados con este tema, y para el anélisis de

potenciales dianas terapéuticas anti-inflamacién tras el IAM.
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Figura 29. El grado de respuesta monocitaria depende del tamario del IAM (panel de la izquierda, modelo en ratones) y se
correlaciona con la cantidad de fibrosis (RTG en RM) a los 6 meses del mismo (panel central, modelo en humanos). Por el
contrario, la correlacion entre la respuesta monocitaria y la cantidad de edema en fase aguda (48 h) del IAM, medida
mediante secuencias T2 de RM, es débil (panel de la derecha, modelo en humanos). Esto podria reflejar que la respuesta
monocitaria esta favorecida por la extension de tejido que ha sufrido una lesion irreversible. LGE: late gadolinium
enhancement; LV: left ventricle. De Ruparelia et al. (358)

Por otro lado, el articulo 2 de esta Tesis (311) demuestra, por primera vez en la literatura y
al haber aplicado las técnicas de post-procesado de iméagenes de RM para la
caracterizacién de la cicatriz y cuantificaciéon de sus componentes, una fuerte asociacion
entre los niveles de monocitos non-CLM y la masa de BZ en la cicatriz, asi como entre éstos
y la formacion de BZC, el sustrato arritmogénico para el desarrollo de AV por reentrada.
Estos resultados, nuevamente, abren la puerta a nuevos estudios que confirmen la
causalidad de dicha asociacién. En este sentido, es conocido que, en roedores, (360) los
monocitos no clasicos promueven la diferenciacion celular de los fibroblastos en
miofibroblastos contractiles y secretores de pro-coldgeno; los miofibroblastos, ademas,
pueden formar conexiones electroténicas con los miocardiocitos del tejido sano

circundante, contribuyendo potencialmente a la arritmogénesis. (360)
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A modo de resumen, los dos primeros articulos de la Tesis abren preguntas clinicas no
resueltas pero muy relevantes, como p. ej. jpor qué la mayoria de AV relacionadas con la
cicatriz (TVMS reentrantes) ocurren anos después de un IAM? ;Podrian influir los
mecanismos reparadores/inmunes de los primeros momentos (fase aguda) tras el IAM en
el curso evolutivo histoldgico de la cicatriz? jPodrian jugar un papel estos mecanismos en
la aparicién de AV a largo plazo en estos pacientes? Es mas, jpodrian desarrollarse nuevas
estrategias terapéuticas que modificaran el curso evolutivo de la cicatriz y potencialmente

previnieran la aparicion de AV?

Por dltimo, continuaria siendo una incégnita el conocer cudndo es el mejor momento
evolutivo post-IAM para identificar y caracterizar el sustrato arritmogénico pues, como se
ha demostrado, éste parece ser cambiante durante afios. No obstante, en el articulo 1 (301)
se demostré igualmente que la no identificacién de BZC en las RM realizadas a los 7 dias 'y
6 meses tras el IAM mostré un alto valor predictivo negativo (> 90% en ambos casos) para
la ausencia de un sustrato arritmogénico a los 4 anos. La RM, por tanto, podria ayudar a
clasificar a los pacientes isquémicos con bajo riesgo arritmico desde fases relativamente
tempranas tras el evento coronario agudo, aunque harian falta mas estudios al respecto

que confirmaran esta hipdtesis.
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b.3 Evaluacion del sustrato arritmogeénico mediante otras técnicas de imagen: Comparacion de la Tomografia
Computarizada frente a la Resonancia Magnética

Como ya se ha mencionado previamente, la RM tiene algunas limitaciones potenciales; p.
ej. el hecho de ser una técnica no ampliamente disponible en algunos centros hospitalarios,
la necesidad de contar con radidlogos y técnicos bien entrenados en la adquisicidén de
imagenes cardiacas, la imposibilidad de completar los estudios en pacientes con severa
claustrofobia, o la aparicion de artefactos en relacién a la presencia de dispositivos de
estimulacion cardiaca (marcapasos y DAI). Aunque se pueden adquiririmagenes de calidad
Sptima no sélo con maquinas de 3 Tesla, sino también con las de 1,5 Tesla, o se pueden
utilizar secuencias de banda ancha (wideband) para eliminar o disminuir los artefactos de
los dispositivos de estimulacién, estos son algunos motivos por los que otros grupos de
investigacion han analizado el rol de la TAC, una técnica de imagen mas accesible, para
identificar y caracterizar el sustrato arritmogénico en Cl. En este sentido, con el tercer
articulo de la Tesis (352) pretendimos evaluar el comportamiento de la TAC respecto a la
RM a la hora de evaluar el sustrato arritmogénico en pacientes con Cl, con el objeto de
valorar si lo que ya habia sido estudiado en los articulos 1 y 2 (301,311) podia ser
igualmente analizado con la TAC. Otras técnicas de medicina nuclear aplicadas a imagen
cardiaca, como el SPECT y, en menor medida, el PET, han sido utilizadas también para
predecir la recuperacién funcional y el remodelado ventricular post-IAM, asi como para
determinar la presencia y extension de la fibrosis miocérdica. El problema de estas técnicas,
que sobrepasan los objetivos de esta Tesis, es su limitada resolucion espacial (5-8 mm) en
comparacién con la TAC, en un rango mucho mayor que el que se precisa para la

evaluacion de los corredores de tejido heterogéneo.
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La evaluacién del espesor de la pared miocardica mediante TAC ha surgido recientemente
como un método alternativo de imagen cardiaca para identificar el sustrato arritmogénico
en pacientes con Cl. El IAM provoca una pérdida neta de tejido (por apoptosis celular) y su
sustitucién por fibrosis, esto es, acumulacién de coldgeno en la zona daiada. El resultado
macroscopico es el adelgazamiento de la pared miocardica, mas o menos patente en
funcién del tamafo del infarto. Basdndose en los valores normales de grosor miocéardico
del VI previamente descritos para poblacién sana, (361) un grupo de investigacion de
Burdeos analizé (295) la relacion entre las areas de bajo voltaje identificadas en el EAM y
las zonas de adelgazamiento significativo de la pared miocardica, definido como <5 mm.
Para poder hacer esto, los investigadores utilizaron un software de post-procesamiento
que, de manera analoga a como se ha venido realizando en los articulos que componen
esta Tesis, permitia crear reconstrucciones 3D del VI y codificar mediante colores la
informacién obtenida, en este caso, el grosor de la pared por TAC (figura 30). Los autores
detectaron que todas las LAVA estaban presentes en la zona de adelgazamiento
significativo de la pared (< 5 mm), o sélo hasta 23 mm fuera de su borde. (295) Ademas, las
LAVA en el endocardio se encontraban principalmente zonas con grosor miocérdico de
entre 3 y 5 mm, mientras que en el epicardio se encontraban en las zonas con

adelgazamiento muy significativo (< 3 mm).
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Figura 30. Comparacién de las dreas adelgazamiento de la pared miocdrdica y zonas de bajo voltaje en el EAM. A) Areas
de adelgazamiento con < 5 mm (linea blanca) y < 3 mm (linea marron). B) Arvea de superposicion (flecha larga) entre la
zona de adelgazamiento con < 5 mm y voltaje < 1,5 mV. C) Area de adelgazamiento con < 5 mm pero sin bajo voltaje
(flecha corta). D) Zona con voltaje < 1,5 mV pero sin adelgazamiento significativo (punta de flecha). Las regiones de LAVA
(puntos marrones) se encuentran dentro de las areas con grosor de pared < 5 mmy < 3 mm. De Komatsu et al. (295)

Gracias al anédlisis de las imagenes de TAC mediante mapas 3D de grosor miocardico
codificados en color, se pudieron identificar inhomogeneidades en dicho grosor, dentro
de la zona afectada por la cicatriz post-IAM. Estas diferencias locales de grosor, que
definiremos como “crestas” (ridges) en ocasiones originan canales-cresta delimitados por
“valles” de tejido mas adelgazado, y se han correlacionado con los istmos responsables de
AV por reentrada (figura 31). (300,362) Histolégicamente, estas crestas representan
corredores de tejido miocardico viable que, al tener una mayor celularidad respecto al

entorno de cicatriz densa (core), origina un mayor grosor visible de pared.
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Figura 31. IAM inferolateral. Mapa de canales (ridges) de TAC (arriba a la izquierda) vs. EAM con mapa de activacion de
una TV (arriba a la derecha). Debajo se muestra la fusion entre ambos mapas. Un canal-ridge de TAC con grosor de 2-4 mm
y rodeado por zonas de < 2 mm corresponde con el istmo del circuito de reentrada (obsérvese la activacion diastdlica en los

3 EGM mostrados arriba a la derecha). Modificado de Takigawa et al. (300)

El punto de partida para la realizacion del articulo 3 de la presente Tesis (352) fue el
constatar la ausencia de una comparacién real entre la TAC y la RM en pacientes con Cly
sustrato arritmogénico verificado (es decir, pacientes que ya han tenido AV por reentrada
en relacion a la cicatriz post-IAM). Dado que existe evidencia que demuestra que, en |IAM
transmurales, la concordancia entre el mapa de adelgazamiento de la TAC (< 5 mm) y el
area de bajo voltaje epicardico en el EAM (< 1,5 mV) es peor que cuando se compara esta
ultima con la zona de cicatriz identificada por RM (figura 32) (298) , planteamos un estudio

comparativo entre ambas técnicas de imagen tomando como gold standard la RM.
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181+ 13% 24+t 10%

Figura 32. Correlacion entre el area de sustrato estructural identificado por imagen (RM y TAC) y por mapeo de voltaje
(EAM). La concordancia se muestra tanto para el endocardio como para el epicardio. Las dareas de falsos positivos y falsos
negativos se expresan en % respecto al area del sustrato identificada por imagen. ICM: ischemic cardiomyopathy; MDCT:

multidetector cardiac tomography; CMR: cardiac magnetic resonance. Modificado de Yamashita et al. (298)

En el tercer articulo de la Tesis (352) se demuestra que la TAC, comparada con la RM, no es
capaz de detectar la presencia de sustrato arritmogénico en un porcentaje muy elevado de
pacientes (mas de un tercio) que tienen IAM no transmurales, sino subendocérdicos. La
definicién de transmuralidad por TAC se ha determinado cldsicamente como la presencia
de éreas de adelgazamiento con grosor < 5 mm de pared. (361) El anélisis de la presencia
de “crestas” miocérdicas en la cicatriz fue sélo moderadamente capaz (sensibilidad del
61,8%) de identificar los BZC que se identifican por RM. (352) Por otro lado, la sensibilidad

de la TAC mejoré significativamente, aun siendo todavia modesta (72,2%), en casos de IAM
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transmurales, debido a una menor tasa de falsos negativos. En cuanto a la identificacién de
las entradas de canal, un aspecto particularmente Util a la hora de plantear una ablacion de
sustrato mediante la técnica de scar dechanneling, (263,286,353) la TAC mostrd baja

sensibilidad (33,1%).

Anatémicamente, resultaria I6gico esperar que las zonas de entrada de canal muestren una
gradacion de grosores miocardicos mucho mas “suave” que la que se va a encontrar en las
zonas del interior del canal (el “istmo protegido” correspondiente al potencial circuito de
reentrada de TV); las “crestas” y “valles” de tejido se suavizarian en los bordes de la cicatriz.
Seguramente por este motivo, establecer umbrales de grosor que identifiquen zonas
correspondientes a ridge en los extremos de unién de un corredor de miocardio viable con
el miocardio sano resulte mas dificil. En resumen, de alguna manera la TAC nos permite
identificar un sustrato arritmogénico “simplificado” en comparacién con la RM-RTG (figuras
33 y 34), siendo una técnica potencialmente Gtil como ayuda durante la realizacién de
procedimientos de ablaciéon (p. ej., para focalizar la zona de mapeo y ahorrar tiempo, e
identificar el curso de las arterias coronarias en los procedimientos de ablacion epicérdica),
(295,298-300,362,363) pero que no deberia reemplazar la informacion obtenida mediante
una RM-RTG. Adelantandonos a lo que se discutird posteriormente en relacién al articulo 5
de la Tesis (353), la RM si ha demostrado, ademas de identificar el sustrato arritmogénico
con mayor precision que la TAC, (352) ser capaz de identificar sustrato adicional comparado
con los EAM endo-epicardicos. (191,286) La RM permite, a diferencia de los EAM,

identificar, representar y reconstruir los componentes de la cicatriz en todo su espesor 3D,
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superando las limitaciones de la representacion (incompleta) 2D de los circuitos de

reentrada con los EAM. (248)

MRI-LV-DE-80% CT-LV-WT

TI.§§UE THICKNESS (mm)

L

—36 %

GALGO
MEDICAL

Figura 33. IAM anteroseptal transmural. Se muestra, a la izquierda, el mapa de PSI derivado de RM-RTG correspondiente a
la capa del 80% del espesor miocdrdico (subepicardio), en rojo se muestra el core, en amarillo-verde la BZ, en purpura el
miocardio sano, y las lineas negras corresponden a BZC identificados con el software ADAS3D. A la derecha, se muestra un
mapa codificado en colores del grosor parietal por TAC. Los umbrales de grosor para los distintos colores se modifican
manualmente para identificar los “ridges”, estableciendo como limite entre miocardio sano y zona cicatricial el corte de 5
mm. Notese como la TAC identifica razonablemente bien la zona de cicatriz, pero solo parcialmente el sustrato
arritmogénico: detecta un corredor de tejido viable (BZC en RM, ridge en TAC) en el extremo mas apical (linea gris), pero
no es capaz de detectar otro corredor situado en la vertiente mdas basal de la cicatriz, que si se visualiza con RM. Figura
original.

MRI-LV-DE-10%

TISSUE

Figura 34. IAM inferoseptal. Deteccion de entradas de canales con RM y TAC. Panel izquierdo: BZC subendocardico (en la
capa miocardica del 10%) identificado por RM (linea blanca), que muestra 3 entradas (circulos rojos). Panel medio: Capa
del 40% del miocardio (medio-miocardio) por RM. Esta capa muestra varios BZC (uno de ellos, submitral) que realmente

corresponden a ramificaciones del BZC anterior en el espesor de la cicatriz, estas ramificaciones aportan 2 entradas
adicionales que conectan al canal con el miocardio sano. Panel derecho: mapa de grosor por TAC en el mismo paciente. La

379



Discusiéon Tesis Doctoral

TAC reconoce muy bien la zona de cicatriz y la estructura simplificada del canal ramificado visible por RM, pero solo
identifica 3 de las 5 entradas del mismo. De Jauregui et al. (352)

A pesar de lo expuesto, la integracion de la anatomia cardiaca reconstruida mediante post-
procesado de las imégenes obtenidas con TAC durante los procedimientos de ablacién no
deja de ser util, pues tiene un impacto en la seguridad y resultados del procedimiento
(figuras 35y 36). (298,299,364) Para pacientes con |AM transmural, la utilizacién de la TAC
como técnica para identificacion del sustrato puede ser util, aunque mejor si se combina
con la informacién de la RM. En conclusién, la RM debe ser considerada, la mejor
herramienta de imagen para evaluar la presencia y evolucidn del sustrato arritmogénico,
asi como para splanificar los procedimientos de ablacién. La TAC permite contar con una

reconstruccién 3D de alta resolucién de las cdmaras cardiacas y otras estructuras relevantes,

| " |II

siendo la combinacién de ambas técnicas de imagen el “ideal” para la planificacion de los

procedimientos de ablacidn de sustrato de TV.
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Figura 35. Paciente con antecedentes de IAM anterolateral y afectacion del musculo papilar adyacente (estructura 3D con
base y veértice delimitados por los triangulos rojos). El paciente presentaba extrasistolia ventricular monotopica de muy alta
densidad (> 30% en Holter) relacionada con automatismo anormal en la zona de cicatriz del papilar. La TAC ayuda a
delimitar con gran resolucion espacial (0,5 mm) las estructuras cardiacas, ayudando a localizar la punta del catéter y a
dirigir su apoyo (flecha verde) hacia el sitio diana de ablacion. Figura original.
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Figura 36. Integracion multimodal de imdgenes cardiacas para la planificacion de procedimientos de ablacion de sustrato
de TV. A la izquierda y arriba, TAC previa al procedimiento, la alta resolucion espacial permite identificar el trayecto de las
arterias coronarias, un aspecto importante cuando se realiza ablacion desde el epicardio, para evitar daiarlas al aplicar
radiofrecuencia. En la parte inferior e izquierda, el mapa de PSI obtenido a partir de RM-RTG permite identificar una gran
cicatriz anterior y 3 BZC (lineas negras). En el panel central, resultado de la fusion entre las estructuras anatomicas
extraidas de la TAC y la RM. A la derecha, integracion de esta informacion dentro de las coordenadas espaciales de
referencia del sistema de navegacion con el que se obtienen los EAM y se realiza la ablacion. De Berruezo et al. (224)

c. Utilidad de la Resonancia Magnética en la Estratificacion del Riesgo Arritmico en
Cardiopatia Isquémica

El cuarto articulo de la Tesis (354) pretende abordar una de las cuestiones o dificultades
mas relevantes de la Cardiologia actual, como es la estratificacién del riesgo de AV y MSC
en pacientes con Cl. Tal y como se detallé en mayor profundidad en la Introduccidn, la FEVI
no es un marcador de riesgo 6ptimo, ni en Cl ni en miocardiopatias no isquémicas.
(60,61,76-78) A pesar de ello, continta siendo el criterio principal en el que se basan las
recomendaciones actuales para determinar la indicacién de implante de DAl en prevencion
primaria de MSC. Dicha indicaciéon se establece hoy en dia para pacientes con FEVI < 35%.

(3,60-62)
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El papel de la RM en la estratificacién del riesgo arritmico ha sido ya evaluado tanto para
pacientes con Cl como miocardiopatias no isquémicas. A pesar de que existe evidencia de
la relacion entre la presencia de RTG y una mayor incidencia de eventos arritmicos (tabla
2), (164,193) y que la extension y heterogeneidad de la cicatriz miocéardica parece ser un
buen predictor de AV y mortalidad (tabla 3), (193) la RM aidn no ha podido demostrar su
capacidad para guiar de manera fidedigna la toma de decisiones clinicas. Ello es debido
principalmente, ademas de a la baja disponibilidad de la técnica en algunos centros
hospitalarios, a tres limitaciones importantes que discutiremos a continuacién:
e i) desconocimiento sobre qué parametro/s de la cicatriz derivados de la RM pueden
ser mas Utiles para estratificar el riesgo;
e ii) falta de evidencia sobre el uso de herramientas de post-procesado de las
imagenes de RM; y

e iii)ausencia de protocolos normalizados para su adquisicion y validacion histoldgica.

En relacion al tercer punto, la ausencia de protocolos normalizados de adquisicion, un
trabajo previo de nuestro grupo de investigacién (190) ya demostré que la obtencién de
imagenes con una secuencia de adquisicidon de eco de gradiente 3D (“3D-GRE") con libre
respiracion (ver apartado f.2 “Secuencias de adquisicion en Resonancia Magnética” de la
Introduccién) es superior a las secuencias convencionales 2D para representar el sustrato
arritmogénico (figura 37). La mejor resolucién obtenida con las secuencias 3D permite
revelar mejor la presencia de BZCy su estructura ramificada, (225) aunque también precisan

mayores tiempos de adquisicién y procesamiento. (190) Las secuencias 2D-GRE, a pesar de
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su peor resolucidn, pueden ser una alternativa razonable debido a que necesitan menores
tiempos de adquisicidon y procesamiento. En aquellos casos en los que el tiempo de
adquisicion con 3D-GRE e incluso 2D-GRE pudiera resultar problematico (p. ej.,
claustrofobia, pacientes con patologia respiratoria), la secuencia 2D-SSFP (steady-state-
free-precession) podria ser una opcién util, aunque la sensibilidad de esta secuencia es
mucho méas modesta. (190) En consecuencia, el anélisis del sustrato con RM en todos los
articulos de la presente Tesis se ha realizado empleando secuencias 3D-GRE,
preferentemente, o 2D-GRE. Los aspectos maés técnicos de las adquisiciones se han

detallado convenientemente en cada uno de los articulos compilados en la Tesis.

A

IRGE-2D

IRSSFP-
2D

Figura 37. Paciente con IAM inferior transmural. Se muestran capas al 10%, 25%, 50%, 75% y 90% del espesor de la pared
del VI. Todos los BZC (lineas de puntos blancos, numeros 1, 2y 5) identificados en la reconstruccion 3D del VI utilizando la
secuencia 3D-GRE (3DNAV) se habian observado en el EAM mediante analisis de EGM con componentes retrasados (es
decir, los BZC correspondian a canales de conduccion lenta). Con las otras secuencias 2D (IRGE-2D e IRSSFP-2D) solo se
identificaron parcialmente esos canales. Los canales “M” de las secuencias 2D no se observaron ni la 3D ni en el EAM
(falsos positivos). Modificada de Andreu et al. (190)
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El articulo 4 de la Tesis (354) viene, pues, a tratar de resolver los problemas identificados
en los puntos anteriores i) y ii). Es decir, pretende identificar los pardmetros derivados del
andlisis estructural de la cicatriz relacionados de forma més directa con la arritmogénesis y,
por otra parte, pretende describir la cuantificacion automatizada de los componentes de |a
cicatriz con un software de post-procesamiento de imagenes comercialmente disponible,
patentado, con marcado CE y aprobado por la FDA. El objetivo, finalmente, fue tratar de
estandarizar el andlisis de los datos que se pueden obtener con la RM, asi como identificar
las caracteristicas anatdmico-histolégicas que verdaderamente confieren a la cicatriz post-

IAM propiedades arritmogénicas.

La cicatriz definida por RM-RTG ha demostrado una buena correlaciéon con las dreas de bajo
voltaje (< 1,5 mV) en los EAM. (191,365) Por otro lado, tanto el tamano como la
heterogeneidad de la cicatriz post-lAM, evaluados con RM, son variables que, a diferencia
de la FEVI, se han asociado con la inducibilidad de TV en el EEF, (185,186) aparicion de AV
e incluso mortalidad. (164,165,216,366,367) En nuestro trabajo, (354) de todos los
parametros analizados con RM en pacientes con cicatriz post-IAM (masa total de cicatriz, de
BZ, de core y de BZC), la masa de BZC fue la variable mas fuertemente asociada a la
aparicién de TVMS (causa de la mayoria de casos de MSC arritmica), (368) con una

sensibilidad del 92,4% y especificidad del 86,9% para el punto de corte de > 5,15 g.
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La masa de BZC, un pardmetro cuantitativo, estaria intrinsecamente ligada a la estructura
cualitativa de la cicatriz, su heterogeneidad y distribucién espacial, y se relacionaria con la
presenciay cantidad de canales de conduccién lenta dentro de la cicatriz. (188,191) En este
sentido, en el estudio prospectivo GAUDI-CRT, (356) llevado a cabo en pacientes con FEVI
severamente deprimida (< 35%) e indicacién para TRC, la presencia de BZC (evaluada
como variable dicotdmica) ya tenia un valor predictivo positivo para la aparicién de AV (24-
25%) similar al de una masa de BZ aumentada (> 5,35 g en ese estudio), demostrando en
cualquier caso ambas variables un mejor comportamiento que la simple evaluacién de la
masa cicatricial total. Esto va en la linea de otro reciente estudio, (193) en el que la presencia
de una "grey zone fibrosis” (es decir, la masa de BZ) > 5,0 g mostré una sensibilidad del
84% y una especificidad del 72% para predecir la aparicién de MSC en pacientes con Cl
crénica. La masa de BZC, al relacionarse de manera directa con los istmos anatémicos de
reentrada (figura 38), pareceria aportar un “plus” de sensibilidad y especificidad respecto a

la masa total de BZ.
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Figura 38. Cicatriz post-IM potencialmente arritmogénica. Se han delimitado (lineas discontinuas gruesas) los bordes del
core (rojo) y BZ (amarillo-verde). En gris, se marca todo el tejido de BZ que forma parte de la masa de BZC. Las puntas de
flecha negras serialan las entradas (puntos de union con el miocardio sano, en purpura) de los BZC. Las lineas finas de
puntos representan los potenciales circuitos de reentrada que podrian originarse en la cicatriz representada. Figura
original.

Por otro lado, en nuestro estudio, (354) la mejoria del software de post-procesamiento
ADAS3D nos permitié calcular de manera automética la masa de BZC, que ha demostrado
ser el pardmetro mas preciso en la prediccion de la aparicion de TV por reentrada. La figura
39, incluida en el articulo, (354) demuestra de forma visual el paradigma de lo que parece
conferir “arritmogenicidad” a la cicatriz: no es tanto la cantidad de la misma o de BZ, sino

su distribucién espacial conformando canales de tejido heterogéneo (BZC/HTC). El hecho
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de disponer de una "masa critica” de BZC elevaria las posibilidades de sufrir una TV por
reentrada, independientemente de que otros triggers pudieran ser necesarios, como se
comentd en la Introduccién (factores neurohormonales, mecénicos, alteraciones

hidroelectroliticas, etc.). (87,88)

Aunque haria falta una validacién externa, el anélisis de la masa de BZC podria ayudar a
mejorar la seleccion de pacientes con Cl crénica candidatos a implante de DAI en
prevencion primaria, (81) de forma similar a como se demostré el valor (incluso en términos
de coste-efectividad) de la RM para decidir el implante de un DAI-TRC versus marcapasos-
TRC en el estudio GAUDI-CRT. (356,369) También, el anélisis de la masa de BZC podria
ayudar a decidir realizar un seguimiento clinico mas estrecho de determinados pacientes
“en riesgo”, o a llevar a cabo pruebas de deteccién adicionales (p. ej. un EEF)
independientemente de la FEVI. (370) Serian necesarios estudios de cohortes méas grandes
para evaluar prospectivamente el uso de la masa de BZC, evaluada con RM-RTG, y su

precision predictiva para la aparicion de AV y MSC.
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Figura 39. Ejemplos de cicatriz arritmogénica (case) y no arritmogénica (control). Se trata de dos pacientes con cicatriz
post-IAM de similares dimensiones, masa y composicion en BZ/core (verde/rojo, respectivamente). Sin embargo, el paciente-
caso, que presento una TVMS sincopal, presentaba una distribucion de la BZ en forma de canales (lineas blancas, BZC), con

una masa de BZC significativa que lo predisponia a mantener circuitos de reentrada. En el paciente-control, que no habia

sufrido eventos arritmicos, la masa de BZC era de 0 g aun teniendo una masa de BZ similar, pues toda la BZ se encontraba

“rodeando” el core, sin formar canales. De Jauregui et al. (354)

389



Discusion Tesis Doctoral

En cuanto al disefio del trabajo presentado en el articulo 4 de la Tesis, (354) a pesar de las
limitaciones inherentes de los estudios de casos y controles, este tipo de estudios son
aceptables cuando la tasa de eventos de interés (en este caso, aparicion de TV en pacientes
con Cl crénica) es baja. Por otra parte, este trabajo se puede poner en relacién con el primer
articulo de la Tesis, (301) pues continta siendo una incégnita cuél seria el mejor momento
para realizar el “cribado” de la masa de BZC mediante RM, ya que también hemos
demostrado que la cicatriz post-IAM sufre un proceso de remodelado a largo plazo, que
afecta directamente a la estructura del sustrato arritmogénico, y que hasta ahora no era

conocido. (301)

Una de las fortalezas del estudio es que se emplearon RM de diferentes fabricantes y con
distintas intensidades de campo (1,5 y 3 Tesla), por lo que el método propuesto de
identificacion del sustrato arritmogénico parece poder exportarse a la practica clinica
habitual, independientemente del tipo de maquina de RM disponible, y siempre y cuando

la calidad de las imagenes sea suficientemente buena.

Por ultimo, harén falta estudios prospectivos que validen el punto de corte de masa de BZC
> 5,15 gy respalden su utilidad en la toma de decisiones clinicas. Ademas, sabemos ya, por
lo que se ha explicado a lo largo de la Tesis, que la MSC en Cl no siempre (aunque si

mayoritariamente) se debe a la aparicion de TV por reentrada.
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d. Utilidad de la Resonancia Magnética para guiar los Procedimientos de Ablacion de

Sustrato de Taquicardias Ventriculares

Una vez discutido el papel de la RM como mejor técnica de imagen para la identificacién y
caracterizacion del sustrato arritmogénico en Cl, (352) su caracter evolutivo tras el IAM
(remodelado de la cicatriz) (301,311) y el posible rol del célculo de la masa de BZC en la
estratificacion de riesgo arritmico, (354) el articulo 5 de la Tesis (353) ahonda en las
posibilidades de la RM como herramienta para guiar de forma directa los procedimientos
de ablacién de sustrato de TV en pacientes con Cl crénica que ya han presentado eventos

arritmicos (prevencion secundaria).

El dltimo articulo de la Tesis (353) demuestra, por primera vez en la literatura y a diferencia
de trabajos previos, (285,286) que es posible realizar una ablaciéon de sustrato guiada
exclusivamente por la informacién derivada de los mapas PSI de la RM-RTG, sin necesidad
de realizar un EAM completo, consiguiendo procedimientos eficaces, seguros y mas
eficientes (en menor tiempo). La tasa de inducibilidad para TV residual tras la ablacién de
sustrato fue significativamente mas baja en los procedimientos guiados por RM, por lo que
se requirieron menos aplicaciones adicionales de RF para dar por finalizado el
procedimiento. Estos resultados se reflejan igualmente al analizar la supervivencia libre de
TV al afo de la ablacién; ésta fue significativamente superior respecto a la de los
procedimientos donde no se disponia de la informacién de la RM (96% vs. 75%, log rank =
0,019), sin diferencias respecto a los procedimientos donde si se utilizé la RM, pero las
dianas de ablacién se seleccionaron en base a la informacién del EAM (96% vs. 93%, log

rank = 0,557).
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Uno de los primeros motivos por los que la utilizacién de la RM durante los procedimientos
de ablacién resulta atil y mejora los resultados del procedimiento reside en la mejor
capacidad de planificar la intervencion y decidir el mejor abordaje posible en cada caso. La
cicatriz de IAM tiene una estructura piramidal, de base mas ancha que la zona superior,
pues el subendocardio es el que primero sufre la isquemia en el SCA. (41) La realizacion de
un abordaje combinado endo-epicardico se ha relacionado con una menor tasa de
recurrencia arritmica durante el seguimiento, ya sea como estrategia de primera linea o
después de una ablaciéon endocardica previamente fallida (figura 40). (260,282) El motivo
de esto es que se consigue alcanzar con las aplicaciones de RF la vertiente méas profunda
(subepicardica) de la cicatriz, eliminando el sustrato situado a dicho nivel. Sin embargo,
cuando se realiza el abordaje combinado de manera sistematica, (260) o bien sdlo
atendiendo al fracaso previo del abordaje endocérdico, (282) se encuentra una significativa
proporcion de pacientes sin sustrato epicardico ablacionable, por lo que en algunos casos
se habria realizado una técnica fatil y potencialmente peligrosa. En un trabajo previo de
nuestro grupo de investigacién, (283) se observd que basar la decisién sobre un abordaje
endo-epicardico segun el cumplimiento de los criterios clasicos de transmuralidad de la
cicatriz por imagen (p. ej. > 75% de la pared con RTG positivo, o grosor <5 mm en el TAC)
mejoraba los resultados tras la ablacidn, pero, aun asi, un 12,5% de los pacientes con
cicatrices transmurales continuaban sin presentar sustrato arritmogénico ablacionable en
el epicardio cuando se mapeaba la zona con el catéter. Con el objetivo de mejorar la
seleccién de pacientes para el abordaje combinado, otro trabajo de nuestro grupo (364)

encontré que la presencia de un area de cicatriz > 14 cm? en la capa del 90% de los mapas
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PSI de RM tenia una sensibilidad y especificidad ambas del 100% para la deteccién de
sustrato ablacionable en el epicardio. En este sentido, el disponer de la RM pre-
procedimiento y aplicar ya este criterio de decisién en los pacientes del articulo 5 de la

Tesis (353) probablemente influyé en la mejoria de los resultados clinicos.
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Figura 40. Curvas de supervivencia (Kaplan-Meier) libre de TV tras ablacion de sustrato en pacientes con G1: sustrato
endocardico y ablacion endocardica; G2: sustrato transmural y ablacion combinada endo-epicardica; y G3: sustrato
transmural pero ablacion solo endocardica. El grupo G3 presenta una supervivencia significativamente peor que los otros
grupos. De Acosta et al. (283)

Por otro lado, ya en un trabajo previo de Andreu et al., (286) donde se analizé la utilidad de
la RM para "ayudar” en la ablacién, se observé que no sélo la mejor seleccién del abordaje
influia en los resultados clinicos, sino que la propia integracién de los mapas PSI en los
sistemas de navegacion aportaba eficacia adicional. De hecho, los pacientes en los que si
se integraron los mapas PSI pero en los que se detectaron BZC que no se ablacionaron por
no haber sido identificados como canales de conduccién lenta en el EAM, hubo una mayor
tasa de recurrencias a los 20 = 19 meses (29% vs. 14%, log-rank = 0,027). (286) Esto es
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indicativo de que la RM-RTG permite, en algunos casos, identificar sustrato adicional que
no es detectable mediante el EAM. Por otra parte, la RM facilita la interpretacién 3D de los
EGM patoldgicos encontrados en el mapeo de sustrato, ayudando a una mejor
identificacion de las entradas de canal (figura 41), un aspecto particularmente importante
cuando se utiliza la técnica de scar dechanneling, (262-264) pero que igualmente puede

ser aplicable a otras técnicas de ablacion de sustrato. (257-261)

Figura 41. Ablacion de sustrato ayudada por RM en paciente con CI. Panel Al: Mapa de voltaje bipolar (EAM) con
umbrales estandar (rojo: < 0,5 mV; purpura: > 1,5mV). El mapa de voltaje no permite identificar canales de tejido con
voltajes intermedios. Panel A2: Identificacion (puntos azules) de los lugares con EGM con componentes retrasados
indicativos de conduccion lenta; los EGM con componentes con retraso mas corto (puntos negros) representan las entradas
de los canales de conduccion lenta. La identificacion espacial de los canales resulta dificultosa. Panel A3: Mapa de PSI del
VI a partir de RM-RTG. Las lineas discontinuas blancas representan los BZC identificados, que se correlacionan de manera
casi perfecta con la distribucion de EGM patologicos del EAM (panel A4). De Andreu et al. (286)
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Enresumen, el articulo 5 de la Tesis, (353) que es la “continuaciéon natural” del trabajo previo
de Andreu et al., (286) confirma la fiabilidad de los mapas de PSI obtenidos a partir de la
RM-RTG, de tal manera que es posible y seguro realizar una ablacion completa y eficaz del
sustrato arritmogénico sin obtener un EAM, tan sélo "aislando” los BZC identificados por
RM del resto de miocardio sano mediante aplicacién de RF en sus entradas (scar
dechanneling). (262-264) Por otro lado, la eficiencia de los procedimientos, tal y como se
describen en el articulo 5, (353) se explica también en parte por el hecho de que no se
realiza test de inducibilidad antes de empezar la ablacién, sino que se realiza todo el
procedimiento en ritmo sinusal (evitando la inestabilizacion hemodinamica del paciente),
(267) y sdlo al finalizar se comprueba la inducibilidad para TV residuales. En caso de
inducibilidad positiva, se mapearia el sustrato en busca de targets adicionales de ablacion.
Este método no es inferior, y si mas seguro, en comparacion con realizar protocolos

repetidos de induccién antes y durante la ablacién. (267,274,371)

También debemos hacer notar que, en todos los casos de ablacidn de sustrato, aunque no
se obtuviera un mapa completo de la superficie del VI, siempre que se observaran EGM
fragmentados se realizaba un “anélisis funcional” del sustrato mediante la técnica de
aplicacién de multiple extraestimulo, que pretende desenmascarar la presencia de
conduccién lenta (decremental) oculta en ritmo sinusal. La descripcion de esta técnica
(275,278) y otras similares, (276,277,279) que han demostrado mejorar los resultados de la

ablaciéon de sustrato, escapan no obstante los objetivos de la presente Tesis.
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Otro aspecto interesante de nuestro trabajo es la confirmacién de la notable eficiencia que
supone disponer de una RM pre-procedimiento; en pacientes donde interese ablacionar
una sola morfologia de TV concreta y no todo el sustrato (p. e]. pacientes afiosos, “tormenta
arritmogénica” por una TV monomorfica incesante, etc.) se puede completar el
procedimiento en una media de 36 = 15 min. (353) La identificacién previa del exit site del
circuito de la TV responsable se realiza mediante el anélisis de la morfologia del QRS de la
TV en el ECG, existiendo algoritmos sencillos, como el de Andreu et al., (372) que permiten
identificar el segmento AHA correspondiente a dicho exit site en sélo dos pasos visuales.
Con los mapas de PSl a partir de la RM-RTG, se puede identificar el BZC cuya “entrada” (en
RS) se localiza en el segmento AHA predicho por el ECG de la TV, y que actuaria como exit
site del circuito de reentrada. Con toda esta informaciéon disponible antes del
procedimiento de ablacidn, ésta consistiria basicamente en realizar el acceso vascular
correspondiente, dirigir el catéter al segmento AHA diana y a la entrada del BZC
responsable, aplicando RF en dicha zona (figuras 42 y 43) y realizando toda la intervencion
en ritmo sinusal. Esto permite explicar la corta duracién de los procedimientos realizados

mediante la metodologia que se describe en el dltimo articulo de la Tesis. (353)

Finalmente, en la figura 44 se muestra un ejemplo de la correlacion fisiopatolégica real
entre el sustrato arritmogénico identificado por RM y el circuito real de una TVMS inducida
espontdneamente durante un procedimiento de ablacién de sustrato, con la informacion

de los mapas PSl integrada en el sistema de navegacion.
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Figura 42. (4) Morfologia de una TVMS en el ECG de 12 derivaciones en un paciente con CI. (B) Tras aplicar un algoritmo
de andalisis del ECG descrito previamente por Andreu et al. (372) se identifica el exit site de la TV clinica en el segmento
AHA n° 15 (apical inferior). (C) Mapa de PSI derivado de la RM-RTG con los segmentos AHA marcados y el teorico BZC
(resaltado en blanco) responsable de la TV clinica. La entrada identificada en el segmento AHA n° 15 (circulo negro) es el
exit site de la TV, y la ablacion con RF en dicho lugar consiguio volver no inducible la TV. De Soto-Iglesias et al. (353)

Como limitaciones de nuestro estudio, (353) debemos reconocer que no se trata de un
estudio aleatorizado, sino que es observacional prospectivo y utiliza controles histéricos
(los pacientes que, o bien no tenian RM pre-procedimiento, o en los que se realizd la
ablacion “facilitada por”, pero no “guiada por” la RM), de manera que otras variables
(referentes a mejora de la técnica) podrian haber influido en la mejora de resultados. Por
otra parte, no se utilizaron catéteres multielectrodo. Los avances tecnoldgicos han
permitido desarrollar nuevos catéteres que disponen de multiples electrodos, mini-
electrodos o micro-electrodos; no obstante, su disefio puede modificar el “campo de

visiéon” (mm de tejido al que se refiere la sefial registrada), la relacion sefial-ruido, los valores
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de voltaje “anémalo” (que son especificos para cada catéter), la capacidad para detectar
canales de conducciodn, la densidad de puntos adquiridos por unidad de tiempo, y también

el coste-eficacia de los procedimientos. (373)

CHANNEL |

Figura 43. Detalle ampliado de la figura 42. El BZC tiene dos entradas anatomicas, de las cuales la situada en el segmento
AHA n° 15 (circulo negro) se co-localiza con el exit site predicho tras el analisis de la morfologia de la TV clinica. Las
flechas rojas indicarian el sentido de la despolarizacion miocardica predicha en TV; la flecha verde la entrada del impulso
en el canal; los corchetes azules delimitarian el istmo protegido predicho para el circuito de reentrada, que se co-localiza
con el BZC responsable. Modificado de Soto-Iglesias et al. (353)
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Figura 44. Ablacion de sustrato guiada por RM en un paciente con CI. Arriba a la derecha se muestra el mapa de PSI de la
capa del 10% del miocardio, integrada en el navegador. Los BZC identificados en negro con el software ADAS3D
corresponden a canales situados en el subendocardio (< 50 % del espesor miocardico). Los canales en gris son, por el
contrario, subepicardicos (> 50%). Durante la intervencion, el paciente presento una TVMS espontanea con la morfologia
que se muestra abajo a la izquierda. Mediante un catéter multipolar diagnostico, se mapeo el circuito de reentrada (mapa de
activacion), registrando la secuencia de activacion que sefialan las flechas rojas en el panel situado arriba a la izquierda.
Cuando se superponen (abajo a la derecha) el mapa de PSI y el mapa de activacion de la TV, se observa una correlacion
espacial perfecta entre el istmo de la TV y el BZC situado a nivel mas apical, transversal al eje largo del VI. La ablacion en
la entrada mas anterior de dicho BZC volvio la TV no inducible. Figura original.
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Otros grupos de investigacién, basandose en la rapidez de mapeo que ofrecen los
catéteres multielectrodo, abogan por realizar las ablaciones de TV no basadas en el sustrato

|ll

en RS, sino identificando el “diastolic pathway” (es decir, el istmo del circuito de reentrada),
(374,375) incluso en TV mal toleradas hemodindmicamente, gracias a la rapidez de mapeo
con dichos catéteres. Estos grupos defienden que el mapeo de sustrato en RS seria
incompleto, al no existir siempre una correlacion perfecta entre las zonas con conduccion
lenta que se observarian en RS y en TV (“sustrato dindmico”). (376) En cualquier caso, el
mapeo de sustrato en RS o en TV, utilizando catéteres convencionales o nuevos catéteres
con multiples electrodos, diferentes tamafos de electrodo, o diferentes distancias inter-
electrodo, continuaria estando sujeto a: i) las limitaciones técnicas inherentes al mapeo
electroanatémico, que no permite caracterizar de forma completa ni el sustrato ni los
circuitos de TV, que son 3D y en ocasiones afectan a capas profundas de la pared
miocardica; ii) las limitaciones técnicas propias al tipo de catéter empleado, y su coste-
eficacia; vy iii) la tolerabilidad hemodinédmica de las TV, el nimero de TV inducibles, y los
riesgos afadidos para el paciente como resultado de la prolongacion del tiempo de las
intervenciones. Nuestro trabajo va pues mas all3, al considerar como sustrato ablacionable,
y potencialmente involucrado en la génesis de la reentrada, todos aquellos BZC/HTC
identificados en la RM-RTG, independientemente de que los EGM registrados con el catéter
puedan ser considerados patolégicos o no. La reentrada precisa de un sustrato anatémico
subyacente; lo que varia es la resolucién con que somos capaces de identificarlo. La RM, en
virtud de los resultados que se han venido discutiendo a lo largo de la Tesis, parece una
buena técnica para identificar el sustrato arritmogénico post-IAM, analizar su evolucién y

tratar las AV que de él se derivan.
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8. CONCLUSIONES

Las principales conclusiones de la Tesis se detallan a continuacion:

1. La RM permite una evaluaciéon de las caracteristicas cuantitativas y cualitativas de la
cicatriz post-IAM de manera dindmica, esto es, permite evaluar los cambios que
ocurren a nivel histolégico en el tejido dafado a lo largo del tiempo tras el evento
coronario agudo.

2. El miocardio infartado presenta un proceso de remodelacion de larga duracidn
(afos) que se caracteriza por una disminucidn constante de la masa total de cicatriz
y un aumento progresivo en su heterogeneidad, es decir, un aumento en la
proporcion de tejido heterogéneo dentro de la misma.

3. El ndmero y distribucién de los canales de tejido heterogéneo (HTC/BZC), que
constituyen el sustrato histoldgico de la arritmogénesis, cambian notablemente
durante afos (al menos, 4) tras el IAM, y estos cambios pueden evaluarse de forma
fiable con RM seriadas.

4. Tras el IAM, se inicia una cascada de procesos inmunes que implican la expresion
de diversos biomarcadores detectables en suero y que estan relacionados con la
inflamacién (IL-6), la degradacién de la matriz extracelular (metaloproteinasas) y la
apoptosis celular (TNF-a). Ademas, se produce un reclutamiento de distintas
subpoblaciones monocitarias, células inmunes directamente involucradas en todos

estos procesos.
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5. Existen 3 subpoblaciones monocitarias: monocitos clasicos (CLM), no clasicos (non-
CLM) e intermedios (INTM). Los CLM (los mas numerosos) y los INTM presentan una
cinética de reclutamiento similar tras el IAM, aumentando su nimero répidamente
(horas) tras el evento coronario y disminuyendo progresivamente con el paso de los
siguientes 7 dias. Por el contrario, los non-CLM van aumentando de manera
progresiva a lo largo de este periodo.

6. Los monocitos CLM e INTM, relacionados con la pro-inflamacién, parecen asociarse
de forma positiva con el tamano de la cicatriz de IAM, y de manera inversa con la
FEVIresultante. Por el contrario, los monocitos non-CLM, relacionados con el control
de la inflamacién, parecen asociarse de forma positiva con una mayor
heterogeneidad de la cicatriz y la presencia de canales de tejido heterogéneo.

7. LaRM eslatécnica de imagen mas precisa a la hora de evaluar, de forma no invasiva,
las caracteristicas de la cicatriz post-IAM y su potencial arritmogenicidad. La TAC,
otra técnica de imagen ampliamente utilizada por otros grupos de investigacién, no
es capaz de detectar la presencia de BZC en aproximadamente un 36% de los
pacientes que tienen cicatrices sélo subendocardicas, y sdlo es capaz de
aproximarse mejor a la RM (aunque con pobres valores de sensibilidad) en casos
con cicatrices transmurales, que provocan un adelgazamiento significativo de la
pared miocérdica y permiten diferenciar mejor las variaciones locales de grosor en
la zona infartada.

8. El post-procesamiento de las imadgenes de RM permite caracterizar y cuantificar, en
gramos, la masa de los distintos componentes de la cicatriz e incluso la masa de

BZC. Esta ultima, la masa de BZC, es la variable independiente que se correlaciona
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10.

11.

mas fuertemente con la aparicién de AV en pacientes con cicatriz post-IAM, tras
ajustar por variables de confusién como la edad, la FEVI o la masa total de cicatriz.
Existe una fuerte correlacién positiva entre la masa total de cicatriz y la masa de BZ,
pero no asi entre la masa total de cicatriz y la de BZC. Esto refleja que no sdlo la
abundancia relativa de tejido heterogéneo (BZ) en la cicatriz es importante para la
estratificacion de riesgo de AV tras un IAM, como ya ha sido analizado por otros
grupos, sino mas bien su distribucidn cualitativa en forma de canales (BZC). En este
sentido, la masa de BZC viene a reflejar precisamente esa distribucion espacial, que
es la que confiere arritmogenicidad a la cicatriz.

La utilizacion de la masa de BZC podria mejorar la estratificacion del riesgo de AV
en pacientes con Cl. La masa de BZC, en comparaciéon con la FEVI, permite
reclasificar correctamente como de “alto riesgo” a mas de un tercio de los pacientes
con AV clinicas, y como de “bajo riesgo” también a mas de un tercio de los pacientes
sin AV documentadas en el seguimiento. Por otro lado, el uso de dos criterios de
"alto riesgo arritmico", como son el tener una FEVI < 35% y masa de BZC > 5,15 g,

permite detectar (sensibilidad) a mas del 97% de los pacientes con AV clinicas. Por

el contrario, el uso de dos criterios de "bajo riesgo" (FEVI > 35% y masa de BZC <

5,15 g) permite detectar (especificidad) a mas 82% de los controles.

Dado que la RM permite identificar con gran fiabilidad la presencia de BZC 'y, por
tanto, es capaz de ofrecer un mapa preciso del sustrato arritmogénico de la cicatriz
post-IAM, hemos demostrado que es posible y seguro realizar procedimientos de
ablacién de sustrato con RF guidndolos exclusivamente mediante la informacién

derivada de los mapas de PSI de la RM, sin necesidad de adquirir EAM completos.
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12. Llevar a cabo procedimientos de ablaciéon de sustrato guiados exclusivamente por
la informacién obtenida a partir de una RM pre-procedimiento es, ademas, mas
eficaz (menos recurrencias clinicas durante el seguimiento), probablemente debido
a que la RM permite identificar mejor el sustrato arritmogénico evitando las
limitaciones de los EAM. Por otra parte, este abordaje permite ahorrar tiempos de
mapeo, de RF y de procedimiento, haciendo las intervenciones mas eficientes.

13. En casos de pacientes donde se plantee realizar sélo una ablacién de la TV clinica
(no el sustrato completo), el disponer de una RM previa permite identificar, de
antemano y gracias al anélisis de la morfologia de la TV en el ECG, el BZC
responsable (istmo) de mantener el circuito de reentrada de la TV clinica,

permitiendo realizar el procedimiento de manera segura, eficaz y muy eficiente.
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10. ANEXOS

ANEXO I: HOJAS DE RECOGIDA DE DATOS

Recogida de datos para el estudio FOOTPRINT (articulo 1):

Nombre y apellidos:

NHC:
Ne total de canales: .....
Datos por canal: Esquema de los canales
ID canal Distribucién ID segmento Capas
1 Longit. / Transv. / Diag.
2 Longit. / Transv. / Diag.
3 Longit. / Transv. / Diag.
2 4 Longit. / Transv. / Diag.
‘E 5 Longit. / Transv. / Diag.
N 6 Longit. / Transv. / Diag.
VTDVI (mL) ......... Scar (g) 1. basal anterior 7. mid anterior 13. apical anterior
. . 2. basal anteroseptal 8. mid anteroseptal 14. apical septal
VTSVI (mL): ......... BZ (g): ovuveee 3. basal inferoseptal 9. mid inforosoptal 1. apical inferior
. . 4. basal inferior 10. mid inferior 16. apical lateral
FEVI (%)' """"" Core (g)' """"" 5. basal inferolateral  11. mid inferolateral 17. apex
Notas: BZmass (g): ..coou.. 6. basal anterolateral  12. mid anterolateral
Ne total de canales: .....
Datos por canal: Esquema de los canales
ID canal Distribuciéon ID segmento Capas
1 Longit. / Transv. / Diag.
2 Longit. / Transv. / Diag.
wn 3 Longit. / Transv. / Diag.
g 4 Longit. / Transv. / Diag.
L 5 Longit. / Transv. / Diag.
E 6 Longit. / Transv. / Diag.
o
VTDVI (mL): ......... Scar (g): «ooevvee
1. basal anterior 7. mid anterior 13. apical anterior
VTSVI (mL) ......... BZ (g) ......... 2. basal anteroseptal 8. mid anteroseptal  14. apical septal
. . 3. basal inferoseptal 9. mid inferoseptal 15. apical inferior
FEVI (%): ......... Core (g): ..cuuee. 4. basal inferior 10. mid inferior 16. apical la!e:al
. . 5. basal inferolateral  11. mid inferolateral 17. apex
Notas: BZ mass (g) ‘ 6. basal anterolateral  12. mid anterolateral
Ne total de canales: .....
Datos por canal: Esquema de los canales
ID canal Distribuciéon ID segmento Capas
1 Longit. / Transv. / Diag.
2 Longit. / Transv. / Diag.
N 3 Longit. / Transv. / Diag.
(o) 4 Longit. / Transv. / Diag.
2 5 Longit. / Transv. / Diag.
< 6 Longit. / Transv. / Diag.
<
VTDVI (mL): ......... Scar (g): ..c...... 1. basal anterior 7. mid anterior 13. apical anterior
. . 2. basal anteroseptal 8. mi 14. apical septal
VTSVI (mL): . BZ(g): wvovueene 3. basal inferoseptal 9. 15. apical inferior
FEVI (%): ......... Core (g): .oveeree 4. basal inferior 10. 16. apical lateral
5. basal inferolateral  11. mid inferolateral 17. apex
Notas: BZ mass (g): ..cco.. 6. basal anterolateral  12. mid anterolateral
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DATA COLLECTION SHEET. FOOTPRINT STUDY: Cath lab & Follow-up ECGs

[ PATIENT ID (Bea):
DATE OF MYOCARDIAL INFARCTION: ........./evueeceef wovuanne
Site of myocardial infarction (check all that apply):
Septal (V1-V2) Anterior (V3-V4) Inferior (11, Il, aVF) Lateral (V5-V6, I-avL)
Lesions found after catheterization:

Specify segment, % of stenosis, which was the
culprit lesion, the revascularization approach,
initial and final TIMI:

Right Coronary Artery

Coronary Artery Segmentation Model

Left Anterior Descending  Left Circumflex

Taken from Cerci R, et al. Circ Cardiovasc Imaging 2012;5:587-595.

ECG 1 DATE: ......... Y S —
Rhythm: Sinus Atrial fibrillation [011411=) O,
Conduction disturbances:
e AV block? Specify: 1% 2™ Mobitz | (Wenckebach) 27 MobitzIl 3
* Bundle branch block? Specify: RBBB LBBB LAFB LPFB
Intervals/seg (ms):
PR QRS ST RR Qr QTc (Bazett)
Wave (mm):
} 1] m avVR avL aVvF Vi v2 V3 v4 V5 V6
Q
R
S
Selvester QRS Score (check all that apply):
Complete 54-Criteria, 32-Point QRS Scoring System®
Maximum v, vy m Any Q )
Lead Anterior @ Ay Q m R=20 ms ()
Laad Points Critacia Points QorS=1.8mV m R=02 mV (1)
V. @  O=2om )
1 @ o=0ms i 8 Rem® R @
R=S0ms (2) -
(2% [ZEz & Rn
R=06mV (1) T m
" @ az00ms @ QandSs03mV (1) A @ Q=30 ms 1)
me " RS =1 (%)
Vi RQ =1 @
Anterior m Any Q 1) RS =2 1)
avL @ Q=30ms (1) RA=10 [0} RO =2 )
RQ =1 m RA=0.1mV (1) R=0.7 mV )
AsRV,mV (1) R (1)
Ve @ Q=30 ms m
avF 5) [ Q=50 ms ® Posterior ) RS =15 (1)
Q=40 ms @ RS =1 @
Q=30 ms v R=60ms (2) RQ =1 @
Rast @ Resoms () Ao 2 o
{ RQ %2 0] A=15mV (1) R=06 mV )
1
QandSs04mV (1) “
“Wn, criteri is met, with the Notched R indicates a notch that beging within the fiest 40 ms. From
Hindman et al.®
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Recogida de datos para la ablacidn de taquicardias ventriculares guiada por RM (articulo 5):

Datos Paciente:

Nombre: Fecha nacimiento:

Edad:
NHC: Fecha: N° EEF: Sexo:
Datos basales:
HTA: Si/ No Diabetes: Si/ No Dislipemia: Si/ No Fumador: Si/ No
/ Ex EPOC: Si/No CKD: Si/No
Cardiopatia: No / Isquémica / Dilatada / DAVD / DAVI / Hipertrofica / Hipertensiva / ...
IAM previo: No / Anterior / Inferior / Septal / Lateral / Apical Antigiiedad IAM:
NYHA:I/II/II1/1IV FA permanente: Si/ No DATI: Previo / Post /
No

N° Episodios DAI/ TV: N° Terapias (ATP+Choques): N° Choques:
N° Episodios fuera de zona:
Medicacion: f Bloquers / IECAS-ARA II / Clase I/ Sotalol / Amiodarona / Ant-Ca

Indicacion:
Indicacion: EV-TVNS / TVMS / Sincope+Induccion TV / Terapia DAI/ FV
Tormenta Arritmica: Si/ No TV incesante: Si/ No

Pruebas previas:
Ecocardiograma: FE(%): DDVE(mm): DSVE(mm):

Hipocinesia: No / Anterior / Inferior / Septal / Lateral / Apical / Difusa
KT: Lesiones coronarias: Si/ No N°vasos lesiones: 1 /2 /3 N°vasos ReV:1/2/3

RMN: Tipo: 1.5T /3T Realce Tardio: No / VI/ VD Endo / Epi/
Transmural/Mid

Localizacion: No / Anterior / Inferior / Septal / Lateral / Apical

TAC: Si/ No Holter (%EV):

TV Clinica 1:

ECG 12 derivaciones: Si/ No LCT(ms): Tolerada: Si/ No
Morfologia: BRD / BRI  Eje(°): Transicion precordiales V........
Criterios Epi: Si/ No

TV Clinica 2:

ECG 12 derivaciones: Si/ No LCT(ms): Tolerada: Si/ No
Morfologia: BRD / BRI Eje(°): Transicion precordiales V........
Criterios Epi: Si/ No (Pseudo Delta/ Q en V1-V2 /Q en dI / MDI)

Sustrato v approach TV:
EV-TV Tracto Salida — Tracto Entrada idiopatica / Otras idiopaticas / EV por cicatriz

Sustrato Cardiopatia Isquémica / Sustrato Cardiopatia No Isquémica / Sustrato DAVD
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Datos procedimiento:

Sustrato:
Mapa CARTO: VD / VI / Ambos
L oc Searl APIACiG| Pts | Pts | Pts | Pts | Pts
n Mapa | Azules s 1 Verdes Negros| RF
Endo
Endo Remap
Epi
Epi Remap

Loc Scar: No / Anterior / Inferior / Septal / Lateral / Apical ~ Ablacién: No / Lineal /

Puntual / Mixto

zul: Potencial retrasado; Naranja: doble extra negativo,; Verde: doble extra positivo;

Negro: entrada de canal

Tabla TV observadas en procedimiento (redondear TV clinicas):

Ne
TV

BRD /
BRI

LCT
(ms)

Eje (°)

Transicié
n
Precordia
les

Tolera
da

Target

Approa

chdela
TV

BRD / BRI: Morfologia taquicardia (bloqueo de Rama Derecha o Izquierda)
LCT (ms): Longitud de ciclo de la taquicardia en ms
Eje: Grados (de -180°a 180°)

Transicion precordiales: VI1-V6 (VO = sin transicion)

Tolerada: TV tolerada hemodinamicamente (Si / No)
Target: Intento de ablacion de la TV, incluso sin apliar RF (Si/ No)
Approach TV: Approach mediante Pacemapping (PM), o mediante mapeo en taquicardia

(Act o Act Carto)
Ne Stop Induc Localizacién

durante Lesién Origen Epi . Istmo TV Canales
TV RF cién Istmo

Stop durante RF: La TV paré mientras se aplicaba RF (Si / No)
Lesién: Lesion puntual o Lineal
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Origen: Localizacion del origen de la taquicardia: TSVD / TEVD / TSVI (Valsalva / Seno
Coronario / Infravalvular / Union mitroaortica) / TEVI/ Scar VD / Scar VI

Induccion: Espontanea-mecdanica/Induccion basal/Residual

Localizacion Istmo: Lugar del mapa de voltaje donde se identifica el istmo (No / Core / BZ /
Helathy)

Canales: Identificacion canales por: Late potentials (LP) / Voltaje / No

Materiales:

Técnica: CARTO / Convencional / NAVX/ Rhythmia Catéter: 4 mm /4 mm irrigado / 8
mm/3.5 mm irrigado/MiFi

Agilis: Si/ No Guia Epi inicial: Si/No Fusion: TAC / RMN / RMN + Scar / No
Acceso: Venoso: Si/No Arterial: Si/No Epi: Si/ No Transeptal: Si/ No
Estrategia: Endo / Epi / Epi tras mapeo endo / Epi tras ablacion endo fallida

Canalizacion SC: Si/ No posible / No intentado PentaRay: Si/No Orion: Si/No
EG patolégicos tras RF: Si/ No

Induccion:

Induccion Basal: No / Espontanea / Clinica / No clinica / No realizado

Protocolo induccion: Maastrich / Basal Iso: No / Basal / Final / Basal y Final

Protocolo induccion: No / Basal / Final / Basal y Final
Datos Finales:

Tiempo (min): RX (min): RX (mGy): RF (N°):RF
(s):

Hora puncion femoral:  Hora inicio mapeo: Hora fin procedimiento:

TV inducidas: TV target: TV target activacion: TV ablacionadas:
TV residuales:

Complicaciones: CVE: Si/No

Exito: Si/ No / Parcial
Motivo: Mal tolerada / No induc / Ablacion ineficaz / No acceso / Todavia induc/ FV —TP
EGM Residuales:
Tipo: [ |Azul [ ]Negro [ ] Verde
Localizacion: Anterior/Inferior/Lateral/Septal Endo/Epi
Razoén no eliminacion EGM:

No se eliminan: Potencias elevadas / Inestabilidad del catéter

Proximidad: Sistema de conduccion / Frénico / Coronaria / No accesible
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ANEXO I: APROBACION DE LOS COMITES ETICOS DE INVESTIGACION CLINICA

Aprobacion CEIC para el articulo 1:

CLINIC

BARCELONA

Hospital Universitari

CIF - G-08431173

I gsz=

DICTAMEN DEL COMITE ETICO DE INVESTIGACION CLINICA

JOAN ALBERT ARNAIZ GARGALLO, Secretario del Comité Etico de Investigacién Clinica del Hospital
Clinic de Barcelona

Certifica:
Que este Comité ha evaluado la propuesta del promotor, para que se realice el estudio:

DOCUMENTOS CON VERSIONES:

Tipo Subtipo Version
Hoja Informacion de Paciente V2_31/08/2016 V2_31/08/2016
Protocolo V2_31/08/2016 V2_31/08/2016

TITULO: Long-term FOIlOw-up after an acuTe myocardial infarction to exPloRe the stabllity of the
arrhythmogeNic SubsTrate The FOOTPRINT study.

INVESTIGADOR PRINCIPAL: ANTONIO BERRUEZO SANCHEZ

y considera que, teniendo en cuenta la respuesta a las aclaraciones solicitadas (si las hubiera), y
que:

- Se cumplen los requisitos necesarios de idoneidad del protocolo en relacién con los
objetivos del estudio y estan justificados los riesgos y molestias previsibles.

- La capacidad del investigador y los medios disponibles son apropiados para llevar a cabo
el estudio.

- Que se han evaluado la compensaciones econémicas previstas (cuando las haya) y su
posible interferencia con el respeto a los postulados éticos y se consideran adecuadas.

- Que dicho estudio se ajusta a las normas éticas esenciales y criterios deontolégicos que
rigen en este centro.

- Que dicho estudio cumple con las obligaciones establecidas por la normativa de
investigacion y confidencialidad que le son aplicables.

- Que dicho estudio se incluye en una de las lineas de investigacién biomédica acreditadas
en este centro, cumpliendo los requisitos necesarios, y que es viable en todos sus
términos.

Este CEIC acepta que dicho estudio sea realizado, debiendo ser comunicado a dicho Comité Etico
todo cambio en el protocolo o acontecimiento adverso grave.

y hace constar que:

12 En la reunién celebrada el dia 15 de septiembre de 2016, acta 18/2016 se decidié emitir el
informe correspondiente al estudio de referencia.

29 EI CEIC del Hospital Clinic i Provincial, tanto en su composicién como en sus PNTs, cumple con las
normas de BPC (CPMP/ICH/135/95)

32 Listado de miembros:

Presidente:
- FRANCISCO JAVIER CARNE CLADELLAS (Médico Farmacélogo Clinico, HCB)

HOSPITAL CLINIC DE BARCELONA
Villarroel, 170 - 08036 Barcelona (Espana)
Tel. 93 227 54 00 Fax 93 227 54 54

ralitat de Catalunya www. hospitalclinic.org
rtament de Salut

- UNIVERSITAT DE BARCEL ONA
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CLINIC

BARCELONA

Hospital Universitari

Secretario:
- JOAN ALBERT ARNAIZ GARGALLO (Médico Farmacélogo Clinico, HCB)

Vocales:

- ITZIAR DE LECUONA (Jurista, Observatorio de Bioética y Derecho, UB)

- MONTSERRAT GONZALEZ CREUS (Trabajadora Social, Servicio de Atencion al Usuario,
HCB)

- MIRIAM MENDEZ GARCIA (Abogada, HCB)

- MONTSERRAT NUNEZ JUAREZ (Enfermera, HCB)

- JOSE RIOS GUILLERMO (Estadistico. Plataforma de Estadistica Médica. IDIBAPS)

- JOSE MIGUEL SOTOCA (Farmacéutico Atencion Primaria, CAP Les Corts)

- ANTONI TRILLA GARCIA (Médico Epidemidlogo, HCB - Director UAPS)

- OCTAVI SANCHEZ LOPEZ (Representante de los pacientes)

- MARIA JESUS BERTRAN LUENGO (Médico Epidemidlogo, HCB)

- MARTA AYMERICH GREGORIO (Médico Hematdlogo, HCB)

- GISELA RIU VILADOMS (Farmacéutica Hospitalaria, HCB)

CIF - G-08431173

En el caso de que se evalue alglin proyecto del que un miembro sea investigador/colaborador, este
se ausentara de la reunion durante la discusion del proyecto.

Para que conste donde proceda, y a peticion del promotor,

Barcelona, a 13 de septiembre de 2016

Hospital Universitari

COMITE ETIC
. INVESTIGACIO CLINICA

Reg. HCB/2016/0621

\

Mod_04 (V3 de 29/06/2016) PR

HOSPITAL CLINIC DE BARCELONA
Villarroel, 170 - 08036 Barcelona (Espana)
Tel. 93 227 54 00 Fax 93 227 54 54

[} Sensrotas ge Coistumy= wwwhospitalclinic.org . i
D Seperosass:
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Aprobacidn CEIC para el articulo 2:

SRV

CLINIC

BARCELONA

Hospital Universitari

D. Joan Albert Barbera Mir, Adjunto a la Direccién de Investigacion del

Hospital Clinic de Barcelona,
CERTIFICA:

Que el Comité de Investigacion del Hospital Clinic, en la sesion
celebrada en el dia de hoy, ha analizado el proyecto de investigacion
titulado:

Role of serum biomarkers of cardiac fibrosis and magnetic resonance
imaging to predict adverse cardiac remodeling and ventricular
susceptibility.

cuyo investigador principal es el Dr. Berruezo Sanchez, Antonio
del Servicio de Cardiologia

entendiendo que dicho estudio se incluye en una de las lineas de
investigacién biomédica acreditadas en este centro, cumpliendo
los requisitos metodoldgicos necesarios, y que es viable en todos
sus términos, por lo que lo ha considerado adecuado y ha decidido

su aprobacion.

Lo que firmo en Barcelona, a 25/11/2010

Registro: 2010/ 6148

HOSPITAL CLINIC DE BARCELONA
Villarroel, 170 - 08036 Barcelona (Espafia)
Tel. 93 227 54 00 Fax 93 227 54 54
www. hospitalclinic.org
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Aprobacion CEIC para los articulos 3, 4y 5:

CLIiNIC

BARCELONA

Hospital Universitari

CIF — G-08431173

DICTAMEN DEL COMITE ETICO DE INVESTIGACION CLINICA

NEUS RIBA GARCIA, Secretaria del Comité Etico de Investigacién Clinica del Hospital Clinic de
Barcelona

Certifica:
Que este Comité ha evaluado la propuesta del promotor, para que se realice el estudio:

DOCUMENTOS CON VERSIONES:

Tipo Subtipo Version
Protocolo v. 1
Hoja Informacién de Paciente Subproyecto 1,2,34y5 v. 1

TITULO: Caracterizacion del Sustrato Arritmogénico y Evaluacién de su Utilidad en la Prediccion de
Eventos Arritmicos y Guiado de los Procedimientos de Ablacién
INVESTIGADOR PRINCIPAL: ANTONIO BERRUEZO SANCHEZ

y considera que, teniendo en cuenta la respuesta a las aclaraciones solicitadas (si las hubiera), y

que:

- El estudio se plantea siguiendo los requisitos de la legislacion vigente.

- Se cumplen los requisitos necesarios de idoneidad del protocolo en relacién con los
objetivos del estudio y estan justificados los riesgos y molestias previsibles para el sujeto,
teniendo en cuenta los beneficios esperados.

- Son adecuados tanto el procedimiento para obtener el consentimiento informado como
la compensacién prevista para los sujetos por dafios que pudieran derivarse de su
participacion en el ensayo (si procede).

- Que se han evaluado las compensaciones econémicas previstas (cuando las haya) y su
posible interferencia con el respeto a los postulados éticos y se consideran adecuadas.

- La capacidad del investigador y sus colaboradores, y las instalaciones y medios
disponibles, tal y como ha sido informado, son apropiados para llevar a cabo el estudio.

- Que dicho estudio se incluye en una de las lineas de investigacion biomédica acreditadas
en este centro, cumpliendo los requisitos necesarios, y que es viable en todos sus
términos.

Este CEIC acepta que dicho estudio sea realizado, debiendo ser debiendo ser comunicado a dicho
Comité Etico todo cambio en el protocolo o acontecimiento adverso grave.

HOSPITAL CLINIC DE BARCELONA
Villarroel, 170 - 08036 Barcelona (Espana)
Tel. 93 227 54 00 Fax 93 227 54 54

A} Generalitat de Catalunya
Departament de Salut

www.hospitalclinic.org

lavausell  UNIVERSITAT DE BARCELONA
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CLIiNIC

BARCELONA

Hospital Universitari

CIF - G-08431173

y hace constar que:

12 En la reunién celebrada el dia 11/06/2015, acta 11/2015 se decidié emitir el informe
correspondiente al estudio de referencia.

22 E| CEIC del Hospital Clinic i Provincial, tanto en su composicién como en sus PNTs, cumple con las
normas de BPC (CPMP/ICH/135/95)

32 Listado de miembros:

Presidente:

FRANCISCO JAVIER CARNE CLADELLAS (Médico Farmacdlogo Clinico, HCB)

Vicepresidente:

BEGONA GOMEZ PEREZ (Farmacéutica Hospitalaria, HCB)

Secretario:

NEUS RIBA GARCIA (Médico Farmacdlogo Clinico, HCB)

Vocales:

ITZIAR DE LECUONA (Jurista, Observatorio de Bioética y Derecho, UB)
MONTSERRAT GONZALEZ CREUS (Trabajadora Social, Servicio de Atencién al Usuario,
HCB)

MIRIAM MENDEZ GARCIA (Abogada, HCB)

MONTSERRAT NUNEZ JUAREZ (Enfermera, HCB)

JOSE RIOS GUILLERMO (Estadistico, Farmacologia Clinica, USEM, UASP, HCB)
JOSE MIGUEL SOTOCA (Farmacéutico Atencién Primaria, CAP Les Corts)
ANTONI TRILLA GARCIA (Médico Epidemidlogo, HCB - Director UAPS)
OCTAVI SANCHEZ LOPEZ (Representante de los pacientes)

MARIA JESUS BERTRAN LUENGO (Médico Epidemidlogo, HCB)

MARTA AYMERICH GREGORIO (Médico Hematdlogo, HCB)

En el caso de que se evalde algun proyecto del que un miembro sea investigador/colaborador, este
se ausentara de la reunion durante la discusion del proyecto.

Para que conste donde proceda, y a peticion del promotor,

==

Barcelona, a 23 de junio de 2015

Reg. HCB/2014/1114

Mod_02 (V2 de 22/10/2013) PS)

HOSPITAL CLINIC DE BARCELONA
Villarroel, 170 - 08036 Barcelona (Espaia)
Tel. 93 227 54 00 Fax 93 227 54 54

[| Ganeralitat do Catalunya www.hospitalclinic.org framimfl  UNIVERSITAT DB BARCELONA

4

Departament de Salut
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ANEXO 11l: PUBLICACIONES ADICIONALES AL DOCTORADO

ARTICULOS CIENTIFICOS:

1. Soto-lglesias D, Acosta J, Penela D, Fernandez-Armenta J, Cabrera M, Martinez M,
Vassanelli F, Alcaine A, Linhart M, Jauregui B, Efimova E, Perea RJ, Prat-Gonzélez S,
Ortiz-Pérez JT, Bosch X, Mont L, Cdmara O, Berruezo A. Image-Based Criteria to Identify
the Presence of Epicardial arrhythmogenic Substrate in Patients with Transmural
Myocardial Infarction. Heart Rhythm 2018;15:814-821.

2. Berruezo A, Efimova E, Acosta J, Jauregui B. Isolated, Premature Ventricular Complex-
Induced Right Ventricular Dysfunction Mimicking Arrhythmogenic Right Ventricular
Cardiomyopathy. HeartRhythm Case Rep 2018;4:222-226.

3. Andreu D, Ferndndez-Armenta J, Acosta J, Penela D, Jauregui B, Soto-Iglesias D,
Syrovnev D, Arbelo E, Tolosana JM, Berruezo A. A QRS Axis-Based Algorithm to Identify
the Origin of Scar-Related Ventricular Tachycardia in an American Heart Association 17-
Segment Model. Heart Rhythm 2018;15:1491-1497.

4. Soto-lglesias D, Andreu D, Jauregui B, Linhart M, Mont L, Berruezo A. Mini-electrodes
help identifying hidden slow conduction during ventricular tachycardia substrate
ablation. J Electrocardiol 2018; 51:1011-1013.

5. Korshunov V, Penela D, Linhart M, Acosta J, Martinez M, Soto-lglesias D, Fernandez-
Armenta J, Vassanelli F, Cabrera M, Borras R, Jauregui B, Ortiz-Pérez JT, Perea RJ,
Bosch X, Sanchez-Quintana D, Mont L, Berruezo A. Prediction of premature ventricular
complex origin in left vs. right ventricular outflow tract: a novel anatomical imaging

approach. Europace 2019;21:147-153.
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6.

10.

Pedrote A, Acosta J, Frutos-Lépez M, Jauregui-Garrido B, Alarcén F, Arana-Rueda E.
Analysis of late reconnections after pulmonary vein isolation: Impact of interlesion
contiguity and ablation index. Pacing Clin Electrophysiol 2019;42:678-685.

Penela D, Martinez M, Fernandez-Armenta J, Aguinaga L, Tercedor L, Orddnez A,
Acosta J, Marti-Almor J, Bisbal F, Rossi L, Borras R, Linhart M, Soto-Iglesias D, Jauregui
B, Ortiz-Pérez JT, Perea RJ, Bosch X, Mont L, Berruezo A. Influence of myocardial scar
on the response to frequent premature ventricular complex ablation. Heart
2019;105:378-383.

Berruezo A, Penela D, Jauregui B, Soto-Iglesias D, Aguinaga L, Ordénez A, Fernandez-
Armenta A, Martinez M, Tercedor L, Bisbal F, Acosta J, Marti-Almor J, Aceha M, Anguera
|, Rossi L, Linhart M, Borras R, Doltra A, Sdnchez P, Ortiz-Pérez JT, Perea RJ, Prat-
Gonzélez S, Teres C, Bosch X. Mortality and morbidity reduction after frequent
premature ventricular complexes ablation in patients with left ventricular systolic
dysfunction. Europace 2019;21:1079-1087.

Jauregui B. Biology, Culture and Society, Factors Configuring Health From a Gender
Perspective. Has Cardiology Overcome the Challenge? Rev Esp Cardiol (Engl Ed)
2019;72:800-802.

Crespo C, Linhart M, Acosta J, Soto-Iglesias D, Martinez M, Jauregui B, Mira A, Restovic
G, Sagarra J, Auricchio A, Fahn B, Boltyenkov A, Lasalvia L, Sampietro-Colom L,
Berruezo A. Optimisation of cardiac resynchronisation therapy device selection guided
by cardiac magnetic resonance imaging: Cost-effectiveness analysis. Eur J Prev

Cardiol 2020;27:622-632.
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12.

13.

14.

15.

Linhart M, Doltra A, Acosta J, Borras R, Jauregui B, Fernandez-Armenta J, Anguera |,
Bisbal F, Mari-Almor J, Tolosana JM, Penela D, Soto-Iglesias D, Villuendas R, Perea RJ,
Ortiz JT, Bosch X, Auricchio A, Berruezo A. Ventricular arrhythmia risk is associated with
myocardial scar but not with response to cardiac resynchronization therapy. Europace
2020;22:1391-1400.

Arana-Rueda E, Jauregui B, Frutos-Lépez M, Acosta J, Sanchez-Brotons JA, Garcia-
Riesco L, Campos-Pareja A, Nieto C, Pedrote A. Long-term survival and implantable
cardiac defibrillator therapies according to sex. A propensity-matched study. J
Womens Health (Larchmt) 2020. doi: 10.1089/jwh.2020.8475 [Online ahead of print]
Alcaine A, Jauregui B, Soto-Iglesias D, Acosta J, Penela D, Ferndndez-Armenta J, Linhart
M, Andreu D, Mont L, Laguna P, Cémara O, Martinez JP, Berruezo A. Automatic
Detection of Slow Conducting Channels during Substrate Ablation of Scar-related
Ventricular Arrhythmias. J Interv Cardiol 2020;2020:4386841.

Lépez Rodriguez E, Jauregui Garrido B, Ruiz Franco-Baux J, Caballero Gullén L,

Guisado Rasco A, Jiménez-Hoyuela Garcia JM. Valor prondstico de la gammagrafia de
perfusién miocéardica en pacientes diabéticos sin lesiones coronarias. Rev Esp Med
Nucl Imagen Mol 2021;40:100-106.

Acosta J, Soto-lglesias D, Jauregui B, Fernandez-Armenta J, Penela D, Frutos-Lépez M,
Arana-Rueda E, Pedrote A, Mont L, Berruezo A. Long-term Outcomes of Ventricular
Tachycardia Substrate Ablation Incorporating Hidden Slow Conduction Analysis. Heart

Rhythm 2020;17:1696-1703.

479



16.

17.
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19.

20.

21.

Penela D, Jauregui B, Berruezo A. Intracardiac Versus Transesophageal
Echocardiography: If You Don't Compare Them You Don't Have the Answer. JACC Clin
Electrophysiol 2020;6:880-881.

Fernandez-Armenta J, Soto-Iglesias D, Silva E, Penela D, Jaduregui B, Linhart M, Bisbal
F, Acosta J, Fernandez M, Borras R, Villuendas R, Cano L, Guasch E, Mont L, Berruezo
A. Safety and Outcomes of Ventricular Tachycardia Substrate Ablation During Sinus
Rhythm: A Prospective Multicenter Registry. JACC Clin Electrophysiol 2020;6:1435-
1448.

Berruezo A, Penela D, Jauregui B, Soto-lglesias D. The role of imaging in catheter
ablation of ventricular arrhythmias. Pacing Clin Electrophysiol 2021;44:1115-1125.
Jauregui B, Ferndndez-Armenta J, Acosta J, Penela D, Terés C, Orddiez A, Soto-
Iglesias D, Silva E, Chauca A, Carreiio JM, Scherer C, Pedrote A, Berruezo A. MANual
vs. automatlC Local Activation Time Annotation for Guiding Premature Ventricular
Complex Ablation Procedures (MANIaC-PVC Study). Europace 2021;23:1285-1294.
Jauregui B, Penela D, Fernandez-Armenta J, Acosta J, Terés C, Orddiez A, Soto-
Iglesias D, Silva E, Chauca A, Carrefio JM, Scherer C, Falasconi G, Pedrote A, Berruezo
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En relacion al objeto de la presente Tesis, el proyecto titulado “AutoMatic integration of
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