Universitat
de Barcelona

Utilidad de la resonancia magnética con
realce tardio en la ablacion de
arritmias ventriculares

David Andreu Caballero

ADVERTIMENT. La consulta d'aquesta tesi queda condicionada a I'acceptacio de les seglients condicions d'Us: La difusié
d’aquesta tesi per mitja del servei TDX (www.tdx.cat) i a través del Diposit Digital de la UB (diposit.ub.edu) ha estat
autoritzada pels titulars dels drets de propietat intel-lectual Gnicament per a usos privats emmarcats en activitats
d’investigacio i docéncia. No s’autoritza la seva reproduccié amb finalitats de lucre ni la seva difusié i posada a disposicio
des d'un lloc alié al servei TDX ni al Diposit Digital de la UB. No s’autoritza la presentacié del seu contingut en una finestra
o marc alié a TDX o al Diposit Digital de la UB (framing). Aquesta reserva de drets afecta tant al resum de presentaci6 de
la tesi com als seus continguts. En la utilitzacié o cita de parts de la tesi és obligat indicar el nom de la persona autora.

ADVERTENCIA. La consulta de esta tesis queda condicionada a la aceptacion de las siguientes condiciones de uso: La
difusién de esta tesis por medio del servicio TDR (www.tdx.cat) y a través del Repositorio Digital de la UB
(diposit.ub.edu) ha sido autorizada por los titulares de los derechos de propiedad intelectual Gnicamente para usos
privados enmarcados en actividades de investigacion y docencia. No se autoriza su reproduccion con finalidades de lucro
ni su difusion y puesta a disposicion desde un sitio ajeno al servicio TDR o al Repositorio Digital de la UB. No se autoriza
la presentaciéon de su contenido en una ventana o marco ajeno a TDR o al Repositorio Digital de la UB (framing). Esta
reserva de derechos afecta tanto al resumen de presentacion de la tesis como a sus contenidos. En la utilizacion o cita de
partes de la tesis es obligado indicar el nombre de la persona autora.

WARNING. On having consulted this thesis you're accepting the following use conditions: Spreading this thesis by the
TDX (www.tdx.cat) service and by the UB Digital Repository (diposit.ub.edu) has been authorized by the titular of the
intellectual property rights only for private uses placed in investigation and teaching activities. Reproduction with lucrative
aims is not authorized nor its spreading and availability from a site foreign to the TDX service or to the UB Digital
Repository. Introducing its content in a window or frame foreign to the TDX service or to the UB Digital Repository is not
authorized (framing). Those rights affect to the presentation summary of the thesis as well as to its contents. In the using or
citation of parts of the thesis it's obliged to indicate the name of the author.




Utilidad de la resonancia magnética con
realce tardio en la ablacién de arritmias
ventriculares

Tesis Doctoral

Universidad de Barcelona, 2013

Elaborada y presentada por

David Andreu Caballero

Directores
Dr. Antonio Berruezo Sanchez

Dr. Lluis Mont Girbau






Agradecimientos

Me gustaria agradecer esta tesis doctoral a todas las personas que han influenciado mi

vida de algiin modo u otro.

A Lluis y Antonio, por haberme ensefiado todo lo que sé en electrofisologia.

A todos los fellows con los que he compartido casos, vivencias, penas y cervezas.
A David, Etel y Esther, compafieros de profesion en tierra extrafia.

A Neus y Paola, por esas risas y conversaciones en el antiguo despachito.

A todo el equipo de la Unidad de Arritmias (Mari Creu, Gemma, Mireia, Chema, Laly y

un largo etcétera...).

A Dani y Carles, comparieros extraordinarios.

A mis suegros, por tener una hija increible.

A mi hermano y a mis padres, por estar siempre a mi lado.

Y muy especialmente a mi mujer y a mi hija. Vosotras me habéis ensefiado que mafiana

siempre serd mejor que hoy, aunque parezca imposible.






Indice






INDICE

INDICE DE FIGURAS ..ot aenes s 3

ABREVIATURAS ...ttt sttt ettt eanes Xi

1. INTRODUCCION........coooiiimeieeteeeeeeeeeee e s se s s sene s seness e 1

1.1, ACTitmias VENITICULATES ..cc..eieiiieiieiiieiiie ettt ettt ettt et e st 1

1.1.1. Tipos de arritmias Ventriculares ............cceeveeeiienieeiiienieeiieeee e 1

1.1.2. TTATAMICITO. ¢...eeeitieiieeieet ettt e 2

1.2 Procedimiento de ablacion por radiofrecuencia de arritmias ventriculares......... 4

1.2.1 Mecanismos causantes de las arritmias ventriculares...........ccccoecueveeneennnene 5

1.2.2 Técnicas de identificacion del OriZen .........c.eevveeviieiiieniieieeieeiee e 6

1.2.2.1  Electrocardiograma de SUperficie .........cceceevueerierienierrienieneeieeeseeeeene 7

1.2.2.2  Maniobras de topoestimulacion............ceceeeueerieriiienieeiienie e 7

1.2.2.3  Maniobras de encarrilamiento ............cccoeeerueerienienienieniereeieee e 8

1.2.2.4  Mapas electroanatdmicos de activaCiOn ...........ccceeceeeveeereeesieesieenieennnens 10

1.2.2.5 Mapas electroanatdmicos de SUSLrato .........ccceeecveerveecieerieeniienieeieeeeneen 11

1.2.2.6  Otras posibles técnicas de identificacion del origen...........ccccecvevueenenee. 13

1.3 Sistemas de Navegacion No FIuOroSCOPICOS........ccvviieriieeriieeniieecieeeevee e 13

1.3.1 Bases fisicas de la localizacion del catéter..........occovviiiiiniiiniiniciniee. 14

1.3.2 Tipos de registros de imagenes segun el navegador............ccceeeveeveenenne. 16
1.3.3 Consideraciones en la identificacion del origen de las arritmias

ventriculares y en el registro de imagenes de resonancia al usar los

SiStemas de NAVEZACION. ........eevuiiriieiieeiieiee ettt ettt st 18

1.4  Resonancia magnética cardiaCa..........cuevvuieriieruierieenieenieeniee e eieeeveeseeeereeenes 19
1.4.1 Resonancia magnética cardiaca con contraste de gadolinio...................... 19
1.4.2 Secuencias de adquisicion 3D .......c..cccceviiiiiiniiniinen 22
1.5 Procesado de imagenes de resonancia magnética cardiaca..........ccceeeveernnennnen. 23
1.5.1 Signal-to-Noise Ratio y Contrast-to-Noise Ratio..........ccceeeevveeerieenneennne. 23
1.5.2 Algoritmos de identificacion de tejido necrotico .........cceevveereieeieenieennen. 24
1.5.3 Correlacion con histologia...........cceevuieriiiiiieniieiiereecee e 26



2. HIPOTESIS DE TRABAJO Y OBJETIVOS ..o oo, 29

3. ARTICULOS PUBLICADOS.........ostvumrrirrrirereenenieeesisesessessssessssessseessssesssseees 31
Usefulness of Contrast Enhanced-Cardiac Magnetic Resonance in Identifying the

Ventricular Arrhythmia Substrate and the Approach Needed for Ablation................... 33

Integration of 3D Electroanatomic Maps and Magnetic Resonance Scar
Characterization into the Navigation System to Guide Ventricular Tachycardia

ADBIALION ettt e e e e et e e e e e e e e e e et et et r ettt aaaaas 63

Displacement of the Target Ablation Site and Ventricles during Premature

Ventricular Contractions: Relevance for Radiofrequency Catheter Ablation............... 75

3D Delayed Enhancement Magnetic Resonance Sequences Improve Conducting

Channel Delineation Prior to Ventricular Tachycardia Ablation............cccccecvveeennennnee. 85

4. DISCUSION .....oiimriiiimieseisseeises st ssss sttt 111
4.1 Utilidad clinica de la resonancia magnética cardiaca en la identificacion del

origen de arritmias VENIIICUIATES. ......c.eeeevieeiiieeiieeeiee et e e 111

4.2 Utilidad del procesado de imagenes de resonancia magnética cardiaca en la
identificacion de istmos de arritmias ventriculares: integracion en el sistema de

LI E A o2 1o 16 )  F PSSR 115

4.3  Influencia del ritmo cardiaco en el corregistro de reconstrucciones

tridimensionales en el sistema de NAVEZACION. ........ccueeruiieviierieeiiieeieeieeeee e eee e 120

4.4  Comparativa entre las distintas secuencias de RMC con realce tardio en la

cuantificacion de la cicatriz, la calidad de imagen y la identificacion de los istmos

de arritmias VENITICULATES ...oooeeeeeeeeeeeeeee e 124
5. CON CLUSIONES ..ottt e e e e e e e eeeae e e e e e e raaaeaaaaees 133
6. BIBLIOGRAFTA ...ttt e e eeee 137

il



Indice de figuras






INDICE DE FIGURAS

Figura 1. Circuito eléctrico simplificado en la ablacion por RF ..........ccccooevieieiiieiincnn, 5

Figura 2 . Propagacion del calor causante de la lesion en el musculo miocardico en

12 ablacion POT REF .....cooiiiiiiiiieceee ettt enaas 5

Figura 3. Esquema de una Extrasistole Ventricular por actividad ectopica (A) y una

Taquicardia Ventricular por mecanismo de reentrada (B) .........cccceeeverieniiieniencnncnnene. 6

Figura 4. Identificacion del origen de la TV clinica mediante maniobras de

tOPOCSHIMUIACTON. ...ttt ettt et ettt e st e et e s nbeebeeeneeenne 8

Figura 5. Esquema de la maniobra de encarrilamiento con las distintas variantes en

ClTESUILAAO. ..o 9

Figura 6. Ejemplo de un mapa de activacion de una EV (A) y de una TVMS por
TEENEIAAA (B) .oiiueiiiiiiie e et e e eaaaas 11

Figura 7. Mapa de sustrato endocardico (A) y epicardico (B) en un paciente con

displasia arritmogénica de ventriculo derecho. ..........ccceeciieiiiiiiiiiiiiiieeee e, 12

Figura 8. Esquemas de la identificacion de la posicion del catéter en el sistema Carto

(A) yen el sistema EnSite (B) ....c.coeioiiiiiiiiieieeee et 15

Figura 9. Ejemplos de registro de imagenes importadas en el navegador Carto............ 17

Figura 10. Imagenes de RMC de pacientes con cicatriz en la secuencia de realce

tardio COn GAAOIINIO .......eeiuiieiieiie ettt et st 20



Figura 11. Comparativa entre una adquisicion con un tiempo correcto de inversion

(A) y una adquisicion con un tiempo de inversion no adecuado (B) .......cccccevveveeennnnne 20

Figura 12. Diferencias en la resolucion de imagen entre una adquisicion 2D (A) y

una adquisicion Single-Shot (B).......coiiiiiiiiiiiieiececeeee e 21

Figura 13. Comparativa entre una secuencia estandar de realce tardio con contraste

de gadolinio (A) y una secuencia 3D de realce tardio (B) del mismo paciente .............. 22

Figura 14. Comparacion entre un algoritmo de identificacion de tejido necrotico

basado en DS (A) y un algoritmo basado en intensidad de pixel (B).......cccccoeevveerinennen. 25

Figura 15. Adaptacion del modelo de 12 segmentos utilizado en el campo de la
electrofisiologia al modelo de 17 segmentos, mas extendido en el campo de imagen

CATAIACA ..ot e e e e et e e e e e e e e e e e e e e e e e e e e aeeeeeeereeaaaaaeeeaanaans 113

Figura 16. Comparacion entre el mapa de voltaje bipolar y las reconstrucciones 3D

derivadas de las imagenes de RMC ...........cccooviiiiiiniiieiieie et 117

Figura 17. Momentos de captura de informacion eléctrica y de posicion efectuados

por el sistema de navegacion, tanto en RS como en EV ..., 121

Figura 18. Cambio en la posicion del punto de maxima precocidad de la EV al

modificar su referencia en el sistema de navegacion hasta el latido previo en RS ....... 122

Figura 19. Analisis de regresion de la diferencia de volumen entre mapas
electroanatémicos obtenidos durante RS y EV respecto al intervalo de acoplamiento
de la EV; y entre la distancia media de los puntos electroanatdmicos del mapa de EV

a la volumetria del ventriculo respecto el intervalo de acoplamiento de la EV ............ 123

vi



Figura 20. Efectos del desplazamiento severo entre imagenes en la secuencia 2D en

1a reconStrucCiON 3D del V.. ..o e e e e e eaeeas 127

Figura 21. Identificacion de CC en las reconstrucciones 3D del ventriculo ............... 128

vii






Abreviaturas






ABREVIATURAS

3D:

CC:

CNR:

DAI:

DS:

ECG:

EV:

FE:

FV:

Pl:

PMI:

RF:

RMC:

RS:

SNR:

TAC:

TV:

TVMS:

TVNS:

TVP:

VD:

VI:

Tridimensional

Canal de conduccion
Contrast-to-Noise Ratio
Desfibrilador automatico implantable
Desviacion estandar
Electrocardiograma

Extrasistole ventricular

Fraccion de eyeccion

Fibrilacion ventricular

Zona peri infarto

Pixel de maxima intensidad
Radiofrecuencia

Resonancia magnética cardiaca
Ritmo sinusal

Signal-to-Noise Ratio

Tomografia axial computerizada
Taquicardia ventricular

Taquicardia ventricular monomorfa sostenida
Taquicardia ventricular no sostenida
Taquicardia ventricular polimorfa
Ventriculo derecho

Ventriculo izquierdo

xi






Introduccion






Introduccion

1. INTRODUCCION
1.1. Arritmias ventriculares

Las arritmias ventriculares pueden tener presentaciones clinicas muy diferentes, desde
la ausencia de sintomas hasta la muerte subita. La causa mas frecuente de muerte subita
cardiaca es la enfermedad coronaria, la cual representa un 80% de todas las causas.(1)
En menos de un 20% de los casos la bradicardia es el ritmo cardiaco que precede de
forma inmediata a la muerte. En el 80% restante el ritmo cardiaco es una taquiarritmia
ventricular, siendo la taquicardia ventricular (TV) el ritmo cardiaco perimortem en mas
del 60% del total. Las torsades de pointes representan un 13% y la fibrilacion

ventricular (FV) primaria representa un 8% de los casos.(1)

El enfoque terapéutico dependerd principalmente del tipo de arritmia ventricular
presente en el paciente. Su presentacion clinica dependera de si la arritmia es sostenida
0 no sostenida: las arritmias no sostenidas presentaran sintomas muy variables, desde
palpitaciones, episodios presincopales o incluso ausencia de sintomas, mientras que las
arritmias sostenidas pueden dar lugar a cuadros clinicos que varian desde la ausencia de

sintomas hasta el sincope o la parada cardiaca.
1.1.1. Tipos de arritmias ventriculares

Las arritmias ventriculares son clasificadas segun su duraciéon y variacion en la

morfologia del electrocardiograma de superficie (ECG).

Extrasistole Ventricular (EV): Consiste en un latido de origen ventricular que se

produce tras un latido del ritmo habitual, seguido normalmente por una pausa hasta el
siguiente latido normal. Generalmente no producen sintomas y son de buen prondstico,
pero se ha observado que un porcentaje de EV elevado en relacion al total de latidos
puede producir disfuncion ventricular.(2) También se ha descrito que las EV de corto
intervalo de acoplamiento y originadas cerca del sistema de conduccion pueden ser

causantes de fibrilacion ventricular.(3)

Taquicardia Ventricular No Sostenida (TVNS): Se trata de una racha de impulsos

ventriculares consecutivos que dura menos de 30 segundos y es autolimitada. Los
sintomas son palpitaciones y episodios presincopales. Si se da en pacientes con

cardiopatia estructural, estd asociado a un mayor riesgo de muerte stbita.
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Taquicardia Ventricular Monomorfa Sostenida (TVMS): Consiste en una racha de

latidos de origen ventricular, los cuales presentan siempre la misma morfologia en el
ECG, con una duracién mayor de 30 segundos que tiene un intervalo entre impulsos de
menos de 600 milisegundos. Los sintomas suelen ser palpitaciones y, muy
frecuentemente, episodios de mareo y sincopes. Dependiendo de diversos factores
(ausencia o no de cardiopatia estructural, longitud de ciclo de la TV, etc.) pueden ser o

no toleradas hemodinamicamente.

Taquicardia Ventricular Poliforma (TVP): Consiste en una racha de latidos de origen

ventricular que presentan un intervalo entre impulsos de menos de 600 ms pero cuya

morfologia en el ECG varia en el tiempo. La torsade de pointes es un tipo de TVP.

Fibrilacion Ventricular (FV): Es una desorganizaciéon de los impulsos eléctricos

ventriculares que se traduce en una ausencia de latido efectivo. Los sintomas son
ausencia de pulso y pérdida de conocimiento inmediata. Si no es tratada o si no revierte

automaticamente puede resultar mortal en pocos minutos.
1.1.2. Tratamiento

Actualmente existen tres tratamientos para las arritmias ventriculares: tratamiento
farmacoldgico antiarritmico, implantacion de un desfibrilador automatico implantable
(DAI) y ablacion de la arritmia. La seleccion del tratamiento depende principalmente
del tipo de arritmia ventricular, de su etiologia, y de las caracteristicas del paciente. A

partir de todo ello se realiza una evaluacion riesgo-beneficio.

Los principales fArmacos antiarritmicos en el tratamiento de las arritmias ventriculares
son los betabloqueantes. Diversos estudios han demostrado que reducen la incidencia de
arritmias ventriculares en multiples situaciones clinicas, asi como también reducen los

episodios de muerte stibita en pacientes con cardiopatia estructural.(4-6)

Existe una controversia en el uso de la amiodarona como farmaco antiarritmico a largo
plazo. Diversos estudios y un meta-andlisis han mostrado una reduccién de los
episodios de muerte subita en pacientes con cardiopatia y disfuncion ventricular.(7-9)
Sin embargo, el estudio SCD-HeFT no mostré beneficio en la supervivencia en
comparacion con placebo.(10) Asi mismo, la elevada probabilidad de efectos
secundarios (relacionados con la dosis y el tiempo de administracién del farmaco) que

obligan a su retirada provocan que no sea un farmaco recomendado a largo plazo.
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Los DAI son un tratamiento de primera eleccion en pacientes seleccionados de alto
riesgo. Numerosos estudios han demostrado su beneficio en la reduccion de mortalidad
en pacientes con cardiopatia, tanto isquémica como no isquémica.(11-18) La reduccion
de mortalidad global obtenida oscila entre el 30% y el 50%, tanto para prevencion
primaria (los pacientes aun no han tenido ningun evento arritmico) como para

prevencion secundaria (los pacientes que han sufrido uno o mas eventos arritmicos).

No obstante, los DAI no estan disefados para reducir las probabilidades de evento
arritmico, sino que unicamente tratan los episodios arritmicos ventriculares reduciendo
la mortalidad por muerte subita. Después de una terapia del desfibrilador el paciente
continuara teniendo las mismas probabilidades de sufrir una arritmia ventricular que

antes de que el DAI tratara el episodio arritmico.

La tultima opcién actual de tratamiento es la ablacion por radiofrecuencia (RF) de la
arritmia ventricular. Dependiendo del tipo de arritmia, el consenso de expertos de la
European Heart Rhythm Association (EHRA) y la Heart and Rhythm Society (HRS)

recomienda la ablacion unicamente en los casos mostrados en la Tabla 1.(19)

Tabla 1. Recomendaciones de la Ablacion por Radiofrecuencia de Arritmias

Ventriculares del consenso de expertos de la EHRA/HRS.

Pacientes con TVMS (incluyendo TV terminadas por un DAI) que
recurren a pesar de fArmacos antiarritmicos, o cuando los farmacos
antiarritmicos no son deseados.

Pacientes con tormenta arritmica o TV incesante que no es debido a
Recomendacion | una causa transitoria reversible.

de ablglzon por Pacientes con frecuentes EV, TVNS o TVMS que se sospecha que

causa disfuncion ventricular.

Pacientes con TV fasciculares.

Pacientes con TVP o FV causadas por un disparador el cual puede
ser tratado mediante la ablacion de radiofrecuencia.

Pacientes con uno o mas episodios de TVMS a pesar de terapia con
uno o mas farmacos antiarritmicos.

Considerar la | Pacientes isquémicos con TVMS recurrentes, fraccion de eyeccion
ablacion por | del ventriculo izquierdo (FE VI) >30% y buena esperanza de vida,
RF como alternativa al tratamiento con amiodarona.

Pacientes isquémicos con TVMS bien toleradas y FE VI >35%,
aunque el tratamiento antiarritmico no haya fallado.
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En resumen, la ablacion por RF estd inicamente contemplada en arritmias ventriculares
donde se puede identificar el origen causante de la misma. Por éste motivo su
identificacion es crucial en los procedimientos de ablacion de arritmias ventriculares. En
el resto de casos, la implantacion de un DAI en combinacién con un tratamiento

farmacoldgico antiarritmico suele ser la primera opcién.

1.2 Procedimiento de ablacién por radiofrecuencia de arritmias ventriculares

La ablacion con catéter mediante RF es actualmente el procedimiento mas utilizado en
el tratamiento de arritmias cardiacas, desde taquicardias supraventriculares hasta la

ablacion de fibrilacion auricular, pasando por la ablacion de taquicardias ventriculares.

La técnica de ablacion por RF se realiza habitualmente introduciendo un catéter por el
sistema venoso o arterial, el cual se progresa hasta las cavidades del corazon. Este
abordaje endocardico es suficiente en la mayoria de los casos para eliminar la arritmia.
Sin embargo, en un porcentaje de casos la arritmia ventricular se origina en la parte
epicardica del miocardio, y la lesion producida por el catéter (incluso con catéteres
irrigados) no tiene la suficiente profundidad para llegar al lugar de origen, debido

sobretodo al grosor de la pared ventricular.(20)

En 1996 Sosa et al describio una técnica de abordaje epicardico mediante acceso
subxifoideo no quirurgico.(21) Esta técnica surgid de la necesidad de realizar una
ablacion epicardica en pacientes con la enfermedad de Chagas, ya que en esta
enfermedad el sustrato arritmogénico se situa principalmente a nivel epicardico,
habiéndose descrito la necesidad de acceso epicardico en mas de un tercio de los
pacientes.(22) En la actualidad inicamente centros de alto volumen o muy referenciales
realizan esta técnica. El procedimiento debe ser realizado con soporte quirtrgico

préximo (por si es necesario debido a alguna complicacion).

En los procedimientos de ablacion por RF se aplica una energia eléctrica con una
frecuencia alrededor de los 500 kHz desde la punta del catéter y es conducida hacia un
parche diferencial de gran superficie situado en la espalda del paciente, cerrando asi el
circuito eléctrico. La alta densidad de lineas de corriente eléctrica localizadas en la
punta del catéter produce el calentamiento del tejido en contacto, mientras que el parche
diferencial apenas calienta el tejido adyacente debido a una menor densidad de corriente

eléctrica, gracias a su mayor superficie (Figura 1).
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Figura 1. Circuito eléctrico simplificado en la ablacion por RF.

Cable Catatsr + Catater
——f -
i Punta Catater

v | Alta densidad de

Fuente RF Tejido miocardio — lineas de corriente
Otros tejidos —

_ Baja densidad de

lineas de corriente
Cable Parche

Este tipo de energia permite tener un gran control sobre el tipo de lesion creada, ya que
la lesion en el tejido se produce a través del calentamiento del tejido en contacto con la

punta del catéter, siguiendo dos mecanismos fisicos diferentes:

Calor resistivo: ocurre en el tejido en contacto directo con la punta del catéter. Este

calor es debido al paso de las lineas de corriente a través del tejido.

Calor conductivo: el calor resistivo en el tejido en contacto con el catéter se propaga por

conduccion a las zonas adyacentes.
La lesion se vuelve irreversible cuando la temperatura supera los 50°C. (Ver Figura 2)

Figura 2 . Propagacion del calor causante de la lesion en el musculo miocardico en

la ablacion por RF.

Catater
Lesion por Calor Lesion por Calor
Conductivo \ ' Resistivo
~3 mm, 83*°C

»
~T mm, 6§7C

Tal como se ha visto, la ablacion por RF permite eliminar tejido miocardico de una
manera precisa y controlada. La identificacion del mecanismo causante de las arritmias

ventriculares es el siguiente paso para poder seleccionar el lugar de aplicacion de la RF.
1.2.1 Mecanismos causantes de las arritmias ventriculares

Existen dos mecanismos causantes de las arritmias ventriculares tratables mediante la

ablacion por RF: activacion ectopica y mecanismo por reentrada. En el primer caso un
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grupo de células con actividad espontdnea actian como disparador de las arritmias
ventriculares. Dependiendo del caso este tipo de actividad puede producirse en reposo o
bien durante el ejercicio. En el segundo caso, existe un circuito formado por una zona
de cé¢lulas enfermas, en las cuales el impulso eléctrico se conduce lentamente. Esta zona
en la que la activacion es mas lenta se sitia entre dos zonas no excitables, ya sean dos
zonas de cicatriz o una zona de cicatriz y una barrera anatomica (como por ejemplo el
anillo mitral), y se comunica con dos zonas de tejido sano en sus extremos, formando lo
que se denomina canal de conduccion (CC).(23) La Figura 3 muestra un esquema de
una arritmia ventricular por actividad ectopica y un esquema de una taquicardia

ventricular por reentrada.

Figura 3. Esquema de una Extrasistole Ventricular por actividad ectdpica (A) y

una Taquicardia Ventricular por mecanismo de reentrada (B).

A B
Actividad

Ectapica Canal de Conducclén
Lenta

Valvula
Pulmonar Tejido
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Este tipo de mecanismos se pueden producir en todo el espesor de la pared miocardica.
Por este motivo es necesario conocer con precision el origen de la arritmia ventricular
del paciente, para poder determinar el lugar apropiado donde se creara la lesion que la

elimine.
1.2.2 Técnicas de identificacidn del origen

La identificacion del origen de la arritmia ventricular es crucial para poder tratarla.
Existen varias técnicas que permiten identificar con mayor o menor precision el lugar
donde se esta originando la arritmia. Algunas son no invasivas, como el ECG, y otras
son invasivas, como los mapas electroanatdmicos de activacion o las maniobras de
topoestimulacion. Las pruebas no invasivas, concretamente el ECG, tiene la ventaja de
poder realizarse previamente al procedimiento de ablacion por RF, y permiten planearlo
con antelacion, decidiendo por ejemplo si es necesario un abordaje epicardico o

endocardico. Sin embargo, son poco precisas en comparacion con las técnicas invasivas.
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1.2.2.1 Electrocardiograma de superficie

El ECG es una herramienta no invasiva que permite, entre otras cosas, identificar la
zona del ventriculo donde se origina la TVMS o la EV del paciente. En la literatura
existen diferentes algoritmos que permiten identificar el lugar de origen. El algoritmo de
Miller et al permite identificar el segmento de origen en pacientes con cardiopatia
isquémica.(24) Segal et al definieron otro algoritmo para identificar el origen de TVMS
en pacientes también isquémicos.(25) Dixit et al publicaron un algoritmo que permite
identificar en qué zona del tracto de salida del ventriculo derecho (VD) se origina la

arritmia ventricular.(26)

Por otro lado, existen una serie de criterios electrocardiograficos a partir de los cuales se
identifica el origen epicardico de las arritmias ventriculares. Berruezo et al describieron
un método para identificar el origen epicardico de TVMS en pacientes isquémicos a
partir de la identificacion de una onda pseudodelta mayor de 34 ms en el complejo
QRS.(27) El grupo de Daniels et al describié que un indice de maxima deflexion >0.55
identificaba el origen epicardico en pacientes con TVMS idiopaticas.(28) Bazan et al
afirman en su articulo que la presencia o ausencia de ondas Q en las derivaciones I, I,
I y aVF (dependiendo de un origen inferior o superior) indican una mayor
probabilidad de un origen epicardico de la arritmia ventricular en pacientes sin
cardiopatia isquémica.(29) En el trabajo de Valles et al utilizaron los criterios descritos
previamente para identificar TVMS epicardicas en pacientes con cardiopatia no

isquémica, a partir de un algoritmo propio.(30)
1.2.2.2 Maniobras de topoestimulacion

Las maniobras de topoestimulacién consisten en estimular desde la punta del catéter
situada en la zona del ventriculo donde se cree que se origina la arritmia ventricular, y
comparar la morfologia del ECG estimulado con el ECG de la arritmia ventricular
clinica. Si se consigue una concordancia en las 12 derivaciones se considera que el lugar
donde se ha estimulado corresponde al lugar de origen de la arritmia clinica. Se ha
demostrado que esta técnica es util en la identificacion de los istmos causantes de las
taquicardias ventriculares.(31-33) En la Figura 4 se puede observar un ejemplo de un
caso donde se identifica el lugar de origen de la TV clinica mediante la técnica de

topoestimulacion.
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Figura 4. ldentificacién del origen de la TV clinica mediante maniobras de
topoestimulacion. A: ECG de la TV clinica. B: Mapa electroanatomico epicardico del
VI, donde se muestra el lugar donde se efectud la estimulacion (o pacemap). C: ECG

obtenido de la estimulacion. Se puede observar el gran parecido con la morfologia del

ECG dela TV clinica.
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1.2.2.3 Maniobras de encarrilamiento

Para efectuar esta maniobra es necesario que el paciente tenga en esos momentos la TV
clinica, y el mecanismo de la misma se deba a una reentrada. La maniobra de
encarrilamiento consiste en estimular desde la punta del catéter situado cerca de donde
se sospecha que esta el istmo de la TV a una frecuencia superior a la TV clinica. Una
vez se ha comprobado que se ha capturado la TV (es decir, que el ritmo cardiaco esta
marcado por la estimulacion y no por la taquicardia) se interrumpe la estimulacion.
Posteriormente se mide el intervalo entre el final de la estimulacion (el ultimo estimulo)
y el posterior electrograma intracavitario (intervalo post-estimulacion). Si la diferencia
entre el intervalo post-estimulacion y el ciclo de la TV es de pocos milisegundos, esto
significa que el catéter esta posicionado cerca del circuito de la TV. Si por el contrario
el intervalo post-estimulacion es mucho mayor que el ciclo de la TV, el circuito de la

taquicardia se encontrara alejado del lugar de estimulacion.(34-37)
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No obstante, para determinar si el lugar de estimulacion se corresponde con el istmo de
la taquicardia, es imprescindible observar la morfologia del ECG durante los latidos
estimulados. Si hay fusion oculta (es decir, si la morfologia del ECG durante
estimulaciéon no cambia o apenas cambia respecto la taquicardia) significard que la
estimulacion se realiza sobre la zona de conduccion lenta del circuito. Si por el contrario
la morfologia del ECG cambia durante la estimulacion y el ciclo de retorno es cercano
al ciclo de la taquicardia significara que la estimulacion se realiza desde la zona sana del

circuito de la reentrada. La Figura 5 muestra un esquema de esta maniobra.

Figura 5. Esquema de la maniobra de encarrilamiento con las distintas variantes

en el resultado.
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En el caso de que la estimulacién se realice desde un lugar de la cicatriz que no
pertenece al circuito de la taquicardia (Bystander) la morfologia del ECG de los latidos
estimulados serd la misma que la morfologia de la TV clinica. Sin embargo, es posible

que el tiempo de encarrilamiento de la taquicardia sea mayor. Este tiempo dependera del
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tiempo que necesitara el impulso en atravesar del tejido enfermo en esa zona hasta

llegar al canal de conduccion (Figura 5).
1.2.2.4 Mapas electroanatomicos de activacion

Los mapas de activacion se realizan habitualmente con el soporte de los sistemas de
navegacion a partir de la informacion eléctrica de las zonas mapeadas de los ventriculos.
Se basan en la diferencia temporal entre una referencia y la actividad local en los
diferentes puntos del ventriculo, teniendo en cuenta que esta relacion se mantiene en los
latidos posteriores. De este modo, latido a latido se puede obtener la informacioén
eléctrica de los diferentes puntos de la zona de interés. Para realizar un mapa de
activacion es necesario que el paciente presente la arritmia a mapear. En el caso de
arritmias por actividad ectopica, el origen de la misma se identificard en el mapa como
la zona mas precoz. En los mapas electroanatomicos la zona mas precoz suele mostrarse
en rojo. En el caso de arritmias por mecanismo macroreentrante el circuito de la
taquicardia serd aquel que siga la secuencia de activacion durante todo el ciclo de la
taquicardia, volviendo al inicio en el siguiente latido. En los mapas electroanatomicos
de activacion estos circuitos son mas dificiles de ver, ya que muchas veces existen

zonas de conduccion muy lenta que dificultan seguir la secuencia de activacion.

En la Figura 6 se pueden observar dos ejemplos de mapas de activacion en arritmias
ventriculares. El primero corresponde a un mapa de activacion de una EV (actividad
ectopica), mientras que el segundo se corresponde a un mapa de activacion de una

TVMS (mecanismo reentrante).
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Figura 6. Ejemplo de un mapa de activacion de una EV (A) y de una TVMS por

reentrada (B)
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1.2.2.5 Mapas electroanatdémicos de sustrato

Los mapas electroanatdmicos de sustrato los realizan los sistemas de navegacion a partir
de la informacién de voltaje obtenida a medida que se va realizando el mapa del
ventriculo. Existen dos tipos de mapa de sustrato posibles: los mapas de sustrato bipolar
y los mapas de sustrato unipolar. Los primeros utilizan el voltaje pico a pico obtenido
entre el polo distal y el segundo electrodo del catéter de mapeo. El voltaje bipolar
proporciona informacion local del tejido situado entre estos dos polos, y en principio la
informacion mostrada corresponde a la cavidad donde se esta realizando el mapa. Si el
tejido es sano el voltaje sera elevado. Si por el contrario el tejido es necrético, no habra

actividad eléctrica, por lo que la amplitud del voltaje estard muy disminuida.

Los mapas de sustrato unipolar se realizan a partir del voltaje comprendido entre el polo
distal del catéter y el terminal central de Wilson, el voltaje del cual esta calculado a
partir de la media del voltaje del brazo derecho, el brazo izquierdo y la pierna izquierda
del ECG. El voltaje unipolar puede proporcionar informacion del epicardio si el mapa se

ha realizado desde el endocardio, pero con menor precision.(38)

En la literatura, los umbrales de voltaje mas aceptados para los mapas bipolares
consideran tejido necrotico inexcitable las zonas con voltaje igual o inferior a 0.5 mV.

Las zonas con voltaje bipolar superior a 1.5 mV son consideradas sanas, y las zonas con

11
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voltaje comprendido entre 0.5 y 1.5 mV son consideradas zonas de transicion (también

llamadas zonas peri infarto (PI)).(33)

Para los mapas unipolares las zonas con voltaje igual o inferior a 3.5 mV son
consideradas necréticas y las zonas con voltaje unipolar por encima de 6.5 mV son
consideradas sanas. Las zonas PI son aquellas con voltajes comprendidos entre 3.5y 6.5

mV. (39)

Los CC se identifican como zonas de PI que atraviesan zonas de tejido inexcitable, y
estan conectadas en sus extremos con tejido sano. La Figura 7 muestra un mapa de
sustrato epicardico donde se identifica un canal de conduccion en un paciente con

displasia arritmogénica de VD.

Figura 7. Mapa de sustrato endocardico (A) y epicardico (B) en un paciente con
displasia arritmogénica de ventriculo derecho. Es posible observar como el mapa de
sustrato bipolar endocardico no muestra ningin CC, mientras que el mapa de voltaje

epicardico muestra un canal en la cara lateral del VD.

Bipolar

B

B o
3 M.qn‘w?’ i Cana|
| _ « Vg

Coronary artery

Mapa Endocardico * Mapa epicardico

Algunos estudios sugieren realizar unos ajustes en los umbrales de voltaje para poder
identificar mejor los CC.(40, 41) Otros estudios, en cambio, sugieren realizar un mapeo
detallado de las zonas de cicatriz, ya que dentro de ellas es posible encontrar CC que no
pueden ser identificados por el voltaje pico a pico de los mapas de sustrato bipolares.

Estos se identifican a partir del analisis detallado de los electrogramas locales,

12
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identificando dos componentes (local y campo lejano), y siguiendo la secuencia de

activacion del componente local a lo largo de la cicatriz.(42-44)
1.2.2.6 Otras posibles técnicas de identificacion del origen

La identificacion del origen de una TV es crucial en la planificacion de un
procedimiento complejo como el de ablacién de una TV. Se ha demostrado util en
predecir cuando la ablacion precisard hacerse desde el epicardio y, por tanto, en predecir
cuando el intento de ablacién convencional (endocérdica) serd fallido, evitando largos,
innecesarios y en ocasiones repetidos intentos no exitosos de ablacion. Por tanto la
informacion precisa del origen de la TV podria ahorrar tiempo de procedimiento,
recursos y complicaciones. Ademas posibilitaria tomar la decision de derivar al paciente
a un centro especializado, ya que la técnica de ablacion epicardica se realiza inicamente

en unos pocos centros en la actualidad.

Habitualmente un sustrato anatomico alterado (como el tejido cicatricial y tejido viable
en relacion a éste) que produce bloqueo unidireccional de la propagacion del impulso
eléctrico es la base para la formacion de circuitos de reentrada endocardicos y
epicardicos y la génesis de TV. La evaluacion histologica de la region de reentrada de
las TV ha demostrado la existencia de miocardio viable en el epicardio o, en su caso, en
el endocardio.(45) La RMC con contraste de gadolinio ha demostrado tener la
capacidad de diferenciar in vivo entre tejido viable o cicatricial, con especial precision

en cardiopatias isquémicas y no isquémicas.(46, 47)

Una de las hipdtesis de esta tesis es que el sustrato anatomico de las TV puede ser
identificado y caracterizado con RMC con contraste, y que el patron de distribucion del
tejido cicatricial en el grosor de la pared cardiaca puede ser util en diferenciar entre TV

de origen endocardico y epicardico.

1.3 Sistemas de Navegacion No Fluoroscopicos

Los sistemas de navegacion no fluoroscopicos se idearon con la finalidad de localizar el
catéter de mapeo en el espacio, y mostrar en un entorno virtual la posicion del catéter en
tiempo real. De este modo, y una vez realizado el mapa de la cdmara o cdmaras
cardiacas necesarias, el sistema de navegacion permite identificar la posicion en tiempo
real del catéter sin necesidad de utilizar la escopia, reduciendo de este modo la

exposicion del paciente y del personal del laboratorio a los RX.(48-52)
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Ademas, actualmente permiten asignar informacion eléctrica y de contacto en los
distintos puntos geométricos obtenidos a medida que el catéter va recorriendo las
distintas cdmaras cardiacas, confeccionando punto a punto los mapas electroanatémicos
mencionados en el punto anterior. En ellos se visualiza la posicion actual del catéter en

relacion a la informacion eléctrica de cada punto obtenido previamente.

Actualmente existen disponibles dos navegadores comerciales: el sistema Carto (cuya
version mas novedosa es el Carto3®, Biosense Webster, Diamond Bar, CA), y el
sistema EnSite (cuya version mas actual es el EnSite Velocity™, St Jude Medical, St
Paul, Minn). La principal diferencia entre ellos reside en el principio fisico de
localizacion del catéter en el paciente. Entender como los navegadores localizan la
posicion del catéter es crucial para conseguir la precision necesaria para eliminar con

¢éxito algunas arritmias ventriculares.
1.3.1 Bases fisicas de la localizacion del catéter

El sistema de navegacion Carto identifica la posicion del catéter mediante la
triangulacién de sefiales magnéticas de baja densidad de campo. Una antena triangular
con tres emisores magnéticos se sitlia debajo de la mesa del paciente. Esta antena emite
seflales magnéticas de 5 x 10™ T. Dichas sefiales son captadas por la punta del catéter de
mapeo, el cual incorpora un sensor magnético especial. Mediante la triangulacion de las
sefales recibidas desde los tres emisores el sistema es capaz de identificar la posicién

del catéter en el espacio.(53)

El sistema EnSite identifica la posicion del catéter a partir de las impedancias sensadas
por el propio catéter. Un conjunto de seis parches son colocados de una manera
especifica en el cuerpo del paciente, de tal manera que entre una pareja de parches se
puede identificar una coordenada espacial: un parche situado en la parte lateral
izquierda del pecho del paciente y otro situado en la parte lateral derecha conforman la
coordenada X; un parche en el cuello y otro en la pierna identifican la coordenada Y; y
un parche en el pecho y otro en la espalda permiten identificar la coordenada Z. Estos
parches son conectados al sistema, y por ellos se inyecta corriente de baja amplitud a
una frecuencia de 5,7 kHz. El sistema mide la impedancia entre la punta del catéter y los
dos parches para cada coordenada, pudiendo identificar de este modo su posicion.(54)
La Figura 8 muestra dos esquemas de los dos sistemas de identificacion de la posicion

del catéter.
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Figura 8. Esquemas de la identificacion de la posicion del catéter en el sistema

Carto (A) y en el sistema EnSite (B).

A

Cada sistema tiene sus ventajas e inconvenientes. Las ventajas del sistema EnSite
residen principalmente en que el sistema permite localizar cualquier catéter, ya que no
requiere catéteres con un sensor especial. Su principal desventaja es que la localizacion
del catéter en el espacio es no lineal, es decir, el sistema es capaz de identificar una
variacion en la posicion del catéter, pero no puede calcular el valor absoluto del
desplazamiento. Esto es debido a que la impedancia varia en funcion de multiples
factores, tanto interpaciente como intrapaciente (grasa corporal del paciente,
respiracion, sudoracion, etc.). Para intentar corregir esta desventaja el sistema incorpora
algoritmos de compensacion, y una calibracion que utiliza el interespaciado de los

electrodos para crear un sistema de referencias lineal.

La ventaja del sistema Carto es que es un sistema lineal, independiente del paciente, ya
que los campos magnéticos no se ven alterados por las caracteristicas de cada paciente.
Su principal desventaja radica en la necesidad de utilizar un catéter especial para poder
visualizar su posicion. Otra desventaja importante es el hecho de que el sistema de
referencia no se mueva conjuntamente con el paciente, sino con la mesa de operaciones,
lo cual implica que cualquier movimiento de posicion del paciente en la mesa
invalidaria los puntos electroanatoémicos obtenidos previamente, al variar la posicion
relativa del corazon con el sistema de referencia. No obstante, en la version actual el
sistema incluye la posibilidad de visualizar otros catéteres. Es necesario situar tres
parches en el pecho y otro tres en la espalda, los cuales también incorporan un sensor de
posicion magnético. Entre estos parches se crea una matriz de impedancia que permite

localizar el resto de catéteres. La ventaja respecto al sistema EnSite es que esta matriz es
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calibrada constantemente mediante la posicion real obtenida por el catéter de mapeo, el
cual continua incorporando el sensor magnético. Los sensores magnéticos colocados en
los parches permiten corregir pequefios movimientos del paciente dentro del sistema de

referencia, evitando la necesidad de rehacer el mapa.

Es importante remarcar que los sistemas de navegacion visualizan unicamente la
posicion del catéter en su sistema de referencia, y que ademads el corazén es un o6rgano
dindmico, el cual varia su posicion tanto por su latido como por la respiracion, al estar
situado cerca de los pulmones. Estos dos factores hay que tenerlos en cuenta a la hora
de utilizar los sistemas de navegacion, ya que debido a ellos puede haber diferencias
entre la posicion real del catéter en el corazén y la posicion visual del catéter en el

sistema de navegacion.
1.3.2 Tipos de registros de imagenes segun el navegador

Los navegadores permiten integrar reconstrucciones tridimensionales (3D) del corazén
a partir de iméagenes obtenidas previamente mediante estudios de resonancia magnética
cardiaca (RMC) o tomografia axial computarizada (TAC). De este modo se consigue
una anatomia mas detallada de las distintas cdmaras del corazén que la obtenida a partir
de los mapas electroanatémicos del sistema de navegacion, de los cuales solamente se
obtiene informacion anatomica a medida que el catéter se va moviendo por las distintas

zonas.

Las reconstrucciones obtenidas tienen el sistema de referencia de la maquina donde han
sido adquiridas, y es necesario realizar un cambio de sistema de referencia para
cuadrarlos con la anatomia del sistema de referencia del navegador (registro de
imagenes). En base a los principios fisicos de localizacion del catéter visto

anteriormente, cada navegador realiza un tipo de registro diferente.

El sistema EnSite es un sistema no lineal, por lo que para adaptar el sistema de
referencia se realiza una transformacion no lineal. A partir de una serie de marcadores
pareados introducidos por el operador (tanto en la anatomia del navegador como en la
anatomia importada), el sistema deforma la anatomia del navegador adaptdndola a la

anatomia de la reconstruccion 3D.

El sistema Carto, por el contrario, realiza una transformacion rigida del sistema de
coordenadas de la anatomia importada (es decir, realiza Uinicamente rotaciones y

traslaciones de la anatomia). A partir de una serie de marcadores pareados introducidos
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por el operador (tanto en la anatomia del navegador como en la anatomia importada), el
sistema gira y rota la anatomia importada y la adecua al sistema de referencia basandose
en un algoritmo de distancias minimas. La Figura 9 muestra un registro de imagenes

con el sistema de navegacion Carto.

Figura 9. Ejemplos de registro de imagenes importadas en el navegador Carto. Las
imagenes A y B muestran el proceso de registro mediante marcadores y la imagen C

muestra el resultado final.

1[';.18.1.-'-. 0.37 NfA

Hay que tener en cuenta que una transformacion rigida permite registrar otras
estructuras con el mismo sistema de referencia aplicando la misma transformacion para
todas ellas. En el caso del navegador Carto, esto permite registrar todas las cavidades
del corazon a partir del registro de una tnica cavidad. En el caso del navegador EnSite
esto no ocurre asi, ya que al aplicar transformaciones no lineales es necesario registrar

las estructuras 3D importadas cavidad a cavidad.
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1.3.3 Consideraciones en la identificacion del origen de las arritmias
ventriculares y en el registro de imagenes de resonancia al usar los sistemas

de navegacion

Al realizar los mapas electroanatomicos hay que tener en cuenta una serie de
consideraciones importantes para que los mapas muestren informacidon veraz y no

puedan llevar a confundir al electrofisiélogo sobre el origen de la arritmia a tratar.

Al realizar los mapas de activaciéon es necesario que la referencia tomada sea la
adecuada. En los sistemas de navegacion la referencia eléctrica puede ser una
derivacion del ECG o bien una sefial intracavitaria. Al adquirir un punto es necesario
que la morfologia en el ECG sea siempre la misma que la morfologia de la arritmia que
se quiera tratar. Si se opta por que la referencia sea intracavitaria, el catéter de
referencia no ha de variar su posicion durante todo el periodo de realizacion del mapa.
Si no fuera asi, el tiempo de activacion local de la referencia seria diferente y los puntos
adquiridos previamente serian inservibles. Si se realiza un mapa de activacion de una
reentrada, se ha de ajustar un parametro del navegador llamado “ventana de interés” al
95% de la longitud de ciclo de la taquicardia. Al tratarse de arritmias por mecanismo
por reentrada, la ventana de interés ayuda a asignar la activacion local al latido actual o

bien al siguiente.

Al realizar los mapas de sustrato todos los puntos han de estar tomados en el mismo
ritmo, ya que puede ser que el voltaje sensado pueda verse alterado si se adquieren
durante extrasistole causada por el contacto mecénico del catéter. Actualmente los
sistemas de navegacion no incorporan herramientas especiales para identificar los CC
por activacion. Estos han de ser marcados por puntos sélidos (o Tags) de un color

especifico para identificarlos en los mapas de sustrato.

La integracion de imagenes podria verse alterada por la variacion de la posicion espacial
del catéter en funcion del ritmo cardiaco. La localizacion espacial del catéter en los
sistemas de referencia esta sincronizada con el ECG. Una variacion en el ritmo cardiaco
(por ejemplo una EV o una TV) durante el procedimiento puede provocar un
desplazamiento en la localizacion espacial del catéter en el sistema de referencia, a
pesar de estar localizado en el mismo lugar del corazén. Habria que estudiar pues el
efecto de los diferentes ritmos cardiacos en la localizacion espacial del catéter y su

efecto en las imagenes de resonancia registradas en el sistema de navegacion.
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1.4 Resonancia magnética cardiaca

La RMC es una prueba no invasiva que permite obtener imagenes anatdmicas a la vez
que funcionales. En la actualidad los dos tipos de scanners para uso clinico mas
extendidos son los scanners con intensidad de campo magnético de 1.5T y los scanners
con intensidad de campo magnético de 3T. Existen scanners con mayor intensidad de

campo magnético, pero estan dedicados exclusivamente a investigacion experimental.

Recientemente la RMC ha cobrado gran importancia en el tratamiento de arritmias
ventriculares, especialmente aquellas asociadas a cicatriz, ya que permite identificar

tejido miocardico necrotico a partir de secuencias de realce tardio con gadolinio.
1.4.1 Resonancia magnética cardiaca con contraste de gadolinio

La RMC con contraste de gadolinio es una prueba que permite obtener imagenes donde
se puede identificar la viabilidad del tejido miocardico.(46, 55) Esta identificacién se
basa en una secuencia de adquisicion especifica, siendo la mas estandarizada una
secuencia eco-gradiente con pulso de inversion recuperacion.(56) Previamente al inicio
de la secuencia de adquisicion es necesaria la administracion intravenosa de gadolinio
quelado a 4cido dietilenotriaminopentaacético (Gd-DTPA).(57) Una dosis de 0.1-0.2
mmol/kg permite identificar el tejido miocardico cicatricial, siempre y cuando se ajuste

el tiempo de inversion.(58)

La presencia de gadolinio en un tejido depende de la velocidad de lavado del mismo y
del momento de la adquisicion de la imagen. La vida media en sangre periférica del
gadolinio es de unos 20 minutos. El gadolinio se difunde rapidamente por el tejido, pero
no puede atravesar las membranas celulares intactas (tejido sano) limitando su presencia
al tejido intersticial. Su lavado es rapido y no se producen acumulaciones. En el caso de
haber membranas danadas (fase aguda del infarto de miocardio), el gadolinio se
introduce dentro de la célula aumentando su presencia por unidad de volumen. En el
caso de presencia de fibrosis (infartos antiguos u otras cardiopatias), el gadolinio se
acumula en la extension de la matriz extracelular, resultando en una concentracion
mucho més elevada en comparacion con el tejido sano.(59) El tiempo de adquisicion
optimo suele estar situado en una ventana de 5 a 30 minutos después de la

administracion intravenosa de gadolinio.(60, 61)

En la Figura 10 se pueden observar dos ejemplos de pacientes con cicatriz en el VI en

las imagenes de RMC.
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Figura 10. Imagenes de RMC de pacientes con cicatriz en la secuencia de realce

tardio con gadolinio. Las flechas rojas muestran las zonas con realce tardio.

Estas secuencias son muy sensibles al tiempo de inversion elegido, entendiendo el
tiempo de inversion como el tiempo transcurrido desde la liberacion del pulso de
radiofrecuencia hasta la adquisicion de la imagen. Es el operador quien elige el tiempo
de inversion adecuado, siendo éste el que permite observar la eliminacion de la sefial en
el miocardio sano que no envia ningun tipo de sefial y aparece como una estructura
negra en la imagen resultante. Este tiempo varia segun el tipo de scanner utilizado,
soliendo oscilar entre 200-220 milisegundos en un scanner de 1.5T y entre 320-340
milisegundos en un scanner de 3T. Las regiones con propiedades magnéticas distintas
muestran una hiperintensidad en la imagen resultante (color blanco) debido a
concentraciones distintas de gadolinio. La figura 11 muestra una adquisiciéon con un
tiempo incorrecto de inversidon en comparacién con otra adquisicién con un tiempo

correcto de inversion.

Figura 11. Comparativa entre una adquisicion con un tiempo correcto de inversion

(A) y una adquisicién con un tiempo de inversién no adecuado (B).
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Las secuencias de RMC estan sincronizadas con el ECG, por lo que es importante
seleccionar los parametros adecuados en la sincronizacion con el ritmo cardiaco para
evitar adquirir imagenes durante latidos distintos al RS. La distancia entre cortes de este
tipo de secuencias oscila entre 5 y 12 mm, dependiendo de la intensidad de campo

magnético del scanner. Una mayor resoluciéon comprometeria la calidad de la imagen.

Estas secuencias de realce tardio se efectiian durante respiracion libre (una imagen por
apnea). Esto es, entre las distintas adquisiciones no existe ninguna sincronizacion de la
posicion del corazon, la cual se ve afectada por el movimiento del diafragma durante el
ciclo respiratorio. Como resultado, puede haber variaciones en la posicion del miocardio
entre los distintos cortes debido a la respiracion del paciente, esto hace que la
reconstruccion 3D sea imposible. Una posible solucién es realizar la adquisicion
durante una Unica apnea, para de esta forma evitar la influencia de la respiracion en la

posicion espacial del corazon.
Secuencias Single-Shot

Las secuencias Single-Shot son secuencias que permiten adquirir imagenes de todo el
tejido miocardico en una Unica apnea.(62) Sus principales ventajas son la ausencia de
desplazamiento entre las diferentes imagenes y un tiempo de adquisicion corto
(alrededor de 1 minuto, en comparacion con las secuencias estandar que suelen durar
sobre los 10 minutos). Su principal desventaja es su limitada resolucion espacial. De
este modo, si las imdgenes obtenidas con una secuencia 2D estdndar suelen tener un
tamafio de pixel de 1.4x1.4 mm, las imagenes obtenidas con la secuencia Single-Shot
suelen tener un tamafio de pixel algo mayor (sobre 2.0x2.0 mm), debido al limitado
tiempo de adquisicion de la secuencia. En la figura 12 se puede observar la diferencia en

la resolucion de las imagenes entre una adquisicion 2D y una adquisicion Single-Shot.

Figura 12. Diferencias en la resolucion de imagen entre una adquisicion 2D (A) y

una adquisicién Single-Shot (B).
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1.4.2 Secuencias de adquisicién 3D

Las secuencias de adquisicion 3D permiten obtener una mayor resolucion espacial en
comparacion con las secuencias estdndar de realce tardio. La distancia entre cortes se
puede ver reducida hasta los 1.4 mm, lo que permite obtener un véxel isométrico
(1.4x1.4x1.4 mm), por lo que se pueden realizar reconstrucciones 3D sin necesidad de

interpolacion.(63-66)

La principal desventaja de esta secuencia es la pérdida de calidad de la imagen obtenida,
causado principalmente por dos factores. El primero es la reduccion de tejido generador
de seiial al tener mayor resolucion espacial. Si en la secuencia estandar el voxel tiene un
volumen de 9.8 mm® (1.4x1.4x5 mm), en la secuencia 3D el volumen del voxel es de
2.7 mm’ (1.4x1.4x1.4 mm). Esto provoca que el ratio sefial ruido (pardmetro que mide
la calidad de una imagen) sea menor. El segundo factor radica en el hecho de que la
secuencia 3D requiere de mucho mas tiempo para su adquisicion, ya que utiliza un
navegador respiratorio para adquirir siempre la sefial en la misma posicion del
diafragma. Esto provoca que la secuencia se alargue durante varios minutos (varia en
funcién del patrén respiratorio del paciente), provocando que el gadolinio vaya

desapareciendo poco a poco y reduciendo de este modo la relacion sefial ruido.

La Figura 13 muestra una comparativa entre el mismo corte de un eje corto de un
paciente, una realizada con la secuencia estandar y la otra realizada con la secuencia 3D.

El scanner utilizado fue el mismo en ambas adquisiciones.

Figura 13. Comparativa entre una secuencia estdndar de realce tardio con
contraste de gadolinio (A) y una secuencia 3D de realce tardio (B) del mismo

paciente.
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Aunque la calidad de las imagenes de las secuencias 3D sea inferior, su gran resolucion
espacial hace que esta secuencia sea ideal para reconstruir la anatomia en tres

dimensiones dentro de los sistemas de navegacion.

1.5 Procesado de imagenes de resonancia magnética cardiaca

El procesado de imagenes de RMC tiene como objetivo final la inclusion dentro de los
sistemas de navegacion de, ademds de la informacion anatomica, la informacion
funcional del tejido cicatricial causante de las TV reentrantes. De este modo, se podria
combinar y correlacionar la informacion de la resonancia con la informacion de voltaje

del mapa electroanatémico.

Actualmente el tnico modo de poder introducir imagenes dentro de los sistemas de
navegacion es a través del formato DICOM.(67) Para ello es necesaria la creacion de un
software especial donde se aplique un algoritmo de identificacion de tejido necrdtico
sobre las imagenes de resonancia, manteniendo el mismo formato para poder

posteriormente introducirlo en los sistemas de navegacion.

Un aspecto importante en el procesado de imagenes de RMC es la calidad de las
imagenes. Toda la interpretacion posterior se basa en una buena adquisicion, donde las
imagenes no presentan artefactos, existe una buena contrastacion entre el tejido sano y
la zona de cicatriz y el nivel de ruido sea bajo. Una manera de cuantificar esta calidad
de imagen en mediante los ratios de sefial ruido (Signal-to-Noise Ratio, o SNR) y de

contraste ruido (Contrast-to-Noise Ratio, o CNR).
1.5.1 Signal-to-Noise Ratio y Contrast-to-Noise Ratio

El SNR refleja la medida de la calidad de una imagen a partir de la relacion de la sefial
de interés respecto al ruido presente en la misma. En el caso de las imagenes de RMC
con realce tardio, la sefial de interés se corresponde con la intensidad de la cicatriz
mientras que el ruido de fondo se puede medir como la DS de una zona o tejido que no

emite sefial (como por ejemplo aire o pulmones).

En la practica el SNR se obtiene a partir de la media de intensidad de pixel de una
region de interés situada en una zona con cicatriz (Msc,r) respecto la DS de otra region
de interés localizada en una zona con baja o “nula” intensidad de pixel, como un

pulmoén (SDajy).
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De este modo, se define el SNR como:
M

S _ Scar

1.53-SD,,

De manera similar, el CNR es el resultante de la diferencia entre la sefnal de interés
(cicatriz) y la zona adyacente (tejido miocardico normal) respecto el ruido de fondo.
Este parametro indica la facilidad para distinguir en una imagen entre tejido sano y
cicatriz. En la préctica se mide de forma similar al SNR, pero afiadiendo un tercer factor
correspondiente a la media de intensidad de pixel de una region de interés localizada en

tejido miocardico sano (Mwmyo).
Se define el CNR ratio como:

MScar -M
CNR=—"F"7 "
1.53-SD,,

Myo

La necesidad de utilizar el factor correctivo (1.53) se debe a que el ruido presente en las

imagenes de RMC se corresponde con una distribucion Rayleigh.(68, 69)

Este método basado en regiones de interés, debido a su sencillez, es el mas utilizado y
diversos estudios lo utilizan en su metodologia.(70-73) Sin embargo, presenta

problemas de precision respecto a otros métodos mas precisos.(69)
1.5.2 Algoritmos de identificacion de tejido necrotico

La informacion del tejido en las imagenes de RMC con contraste de gadolinio esta
codificada en escala de grises, acorde con la intensidad de sefal recibida, siendo el
tejido necrético codificado en un color mas claro y el tejido sano codificado en un color
mas oscuro. La cavidad estara codificada en un color méas claro (gris claro/blanco) ya

que la sangre tendra contraste.

Para diferenciar el tipo de tejido en las imdgenes de RMC es necesario aplicar un
algoritmo de clasificacion de los pixeles en funcidén de su intensidad, asignandolos a
tejido sano o tejido necrético. Como cada adquisicion aporta valores de intensidad de
pixel diferente, no existe ningun valor fijo que identifique el umbral de clasificacion del
tejido. En la literatura hay distintos algoritmos de clasificacion descritos para identificar
el umbral en cada paciente. Los dos mas utilizados identifican el valor del umbral entre

tejido sano y tejido necrotico basandose en: a) un porcentaje del pixel de maxima
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intensidad (PMI)(74, 75) y b) varias veces el valor de la desviacion estandar (DS) de
tejido sano.(41, 76) Otros algoritmos van mas alld e intentan diferenciar el umbral entre
zona de cicatriz densa y zona PI, del mismo modo que lo hacen los mapas

electroanatémicos de voltaje.(39, 77)

La figura 14 muestra la comparacion de estos dos tipos de algoritmos en funcion de la
intensidad de pixel de la cicatriz y de la region de interés de tejido sano (en el caso del

algoritmo basado en DS).

Figura 14. Comparacion entre un algoritmo de identificacion de tejido necrético
basado en DS (A) y un algoritmo basado en un porcentaje de la intensidad de pixel
de maxima intensidad (B). Los pixeles del histograma se asignan a las zonas de

necrosis densa, zona PI o tejido sano seglin su intensidad de pixel.

Histograma Tejido Sano

Histegrama Cicatriz

Intensidad
de pixel

Pixel de maxima
. ) intensidad (P}
Media Tejido Media Tejido
A Sano + 2D Sano + 3D
Sano Zona Pl
B 35% PMI 50% PMI
A 4 v
sano zonap | NCEOSRIOCRS

La masa del voxel se obtiene a partir de la siguiente ecuacion:
mvoxel = ST ’ PS ' dmyo

Donde PS es el tamafio de pixel, ST es el grosor de la imagen y dmyo s la densidad del
miocardio (1.05 mg/ml). La masa de cicatriz total se obtiene multiplicando el numero de
voxeles asignados a cada zona de cicatriz por la masa del voxel. Para que el calculo sea

correcto no ha de haber superposicion entre imagenes ni distancias entre imagenes.
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1.5.3 Correlacion con histologia

En la actualidad existen limitados estudios donde se correlacionen cortes histoldgicos
del corazén con imagenes obtenidas de la RMC con contraste de gadolinio. El estudio
de Amado et al es un trabajo muy completo donde se comparan diferentes algoritmos de
identificacion de tejido necrotico en las imagenes de RMC con su histologia.(74) En él
se demostrd que el algoritmo basado en un porcentaje del PMI (50% en este caso) era el
que tenia mejores resultados respecto a los algoritmos basados en DS. No obstante, en
este trabajo no se diferenciaba la zona necrdtica entre zona de necrosis densa y zona PI,

ni comparaba los resultados con mapas electroanatémicos de sustrato bipolar.

La correlacion entre zonas viables (zona PI) identificadas mediante RMC vy
electrogramas patoldgicos identificados mediante cartografia con los sistemas de
navegacion no ha sido estudiada hasta el momento. Esta correlacion permitiria
identificar de forma no invasiva las zonas arritmogénicas y ayudaria a interpretar los
electrogramas obtenidos durante la cartografia del ventriculo. Ayudaria por ejemplo a
diferenciar caracteristicas de los electrogramas de las zonas necroticas de los de las

zonas PI.
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2. HIPOTESIS DE TRABAJO Y OBJETIVOS

HIPOTESIS:

El sustrato anatémico de las TV puede ser identificado y caracterizado mediante RMC

potenciada con contraste con campo de alta intensidad (3T). El patron de la distribucion

del tejido cicatricial en el grosor de la pared del VI puede ser util en:

1) Diferenciar entre arritmias ventriculares epicardicas y endocardicas

2) Correlacionar la informacion aportada por el mapa de voltaje con el sustrato
anatomico identificado a través de las técnicas de imagen (RMC).

3) Identificar los istmos criticos para la aplicacion de energia de RF.

Adicionalmente, se describird la utilidad de la integracion entre las imagenes
procedentes de RMC y las obtenidas por el sistema de navegacion 3D para guiar mejor

el procedimiento de ablacion.

OBJETIVOS:
En esta tesis doctoral se definen cuatro objetivos, uno de los cuales se engloba en el

subproyecto 1 y los otros tres en el subproyecto 2:

Objetivo Subproyecto 1:
1. Reconocer los casos en que una arritmia ventricular, relacionada con una cicatriz

miocardica, necesitara ser ablacionada desde endocardio o desde epicardio.

Objetivos Subproyecto 2:

2. Correlacionar las zonas de cicatriz y de musculo viable de los ventriculos
identificadas por RMC, con los datos obtenidos en los mapas de voltaje realizados
con los sistemas de navegacion (correlacion electrograma-tejido).

3. Identificar las zonas en las que debe aplicarse energia de RF, esto es, el istmo de
miocardio viable responsable de la TV.

4. Desarrollar la mejor forma de fusionar la imagen anatomica obtenida con RMC
(volumetria) con las reconstrucciones 3D confeccionadas por los sistemas de

navegacion.

29






Articulos publicados






Articulos publicados

Usefulness of Contrast Enhanced-Cardiac Magnetic
Resonance in Identifying the Ventricular Arrhythmia

Substrate and the Approach Needed for Ablation

Andreu D, Berruezo, A, Fernandez-Armenta J, Ortiz-Pérez JT, Boussy T, de Caralt
TM, Perea RJ, Prat-Gonzalez S, Mont L, Brugada J.

Under Revision at the Eur Heart J.

33






Usefulness of Contrast Enhanced-Cardiac Magnetic
Resonance in Identifying the Ventricular Arrhythmia

Substrate and the Approach Needed for Ablation

David Andreu, MSc*; Antonio Berruezo, MD, PhD'; Juan Fernandez-Armenta, MD";
Jose Tomas Ortiz-Pérez, MD, PhD*; Tim Boussy, MD"; Teresa M de Caralt, MD, PhD?;
Rosario J Perea, MD, PhD?; Susanna Prat-Gonzalez, MD, PhD*; Lluis Mont, MD,
PhD?; Josep Brugada, MD, PhD*

1 Cardiology Department, Thorax Institute, Hospital Clinic, Universitat de Barcelona.
IDIBAPS (Institut d’Investigacions Biomediques August Pi i Sunyer).

2 Radiology Department, Hospital Clinic, Universitat de Barcelona

Word Count: 5928

Address for correspondence:

Antonio Berruezo, MD, PhD

Arrhythmia Section, Cardiology Department
Thorax Institute, Hospital Clinic

C/ Villarroel 170

08036 Barcelona, Spain

Phone: 0034 93 2275551

Fax: 0034 93 4513045

Email: berruezo@clinic.ub.es

35



ABSTRACT
Aims

The endocardial versus epicardial origin of ventricular arrhythmia (VA) can be inferred
from detailed ECG analysis. However, despite its clinical usefulness, ECG has
limitations. Alternatively, scarred tissue sustaining VAs can be identified by contrast
enhanced-Cardiac Magnetic Resonance (ce-CMR). The objective of this study is to
determine the clinical value of analyzing the presence and distribution pattern of scarred
tissue in the ventricles to identify the VA site of origin and the ablation approach

required.
Methods and Results

A ce-CMR study was carried out before the indexed ablation procedure in 80
consecutive patients with nonidiopathic VA. Hyperenhancement (HE) in each
ventricular segment was coded as absent, subendocardial, transmural, mid-myocardial
or epicardial. The endocardial or epicardial VA site of origin was also assigned
according to the approach needed for ablation. The clinical VA was successfully ablated
in 77 (96.3%) patients, all of them showing HE on ce-CMR. In segments with
successful ablation of the clinical VT, HE was absent in 3 (3.9%) patients,
subendocardial in 19 (24.7%), transmural in 36 (46.7%), mid-myocardial in 8 (10.4%)
and subepicardial in 11 (14.3%) patients. Epicardial ablation of the index VA was
necessary in 15 (19.5%) patients. The presence of subepicardial HE in the successful
ablation segment had 84.6% sensitivity and 100% specificity in predicting an epicardial
origin of the VA.

Conclusion

Ce-CMR is helpful to localize the target ablation substrate of nonidiopathic VA as well

as to plan the approach needed.

Keywords: Magnetic Resonance, Ventricular Tachycardia, Epicardial ablation
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INTRODUCTION

The combination of endocardial and epicardial mapping and ablation can increase the
effectiveness of the ventricular tachycardia (VT) ablation procedures in some patients.”
* However, it remains unclear whether a combined, sequential or isolated epicardial
approach should be the first choice in most patients. Although an epicardial approach is
mostly recommended after a failed endocardial ablation, intra-procedural
anticoagulation therapy increases the risk of complications from a second attempt.> Any
source of data providing useful information on the approach required could help to plan

the initial procedure and avoid complications.

Although ECG analysis during VT is useful to anticipate epicardial origin,®® the defined
ECG criteria are imperfect and somewhat limited by varying sensitivities and
specificities, depending on the substrate and area of origin of the ventricular arrhythmia
(VA). In addition, ECG analysis cannot be done in fast VTs or when the 12-lead surface

ECG is not available.

Critical anatomic substrates such as scarred tissue support reentry circuits for
endocardial and epicardial VAs. ° Contrast-enhanced cardiac magnetic resonance (ce-
CMR) has demonstrated its ability to identify this viable tissue in the scar in vivo with

unusual precision in ischemic and nonischemic cardiomyopathies.'*?

We hypothesized that the distribution pattern of the scarred tissue across the ventricle
wall thickness can be useful in differentiating between endocardial and epicardial VA.
The main objective of the study was to evaluate the usefulness of the ce-CMR alone or
in combination with the ECG-suggested ventricular segment of origin (SOO) as a
predictor of endocardial versus epicardial origin.
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METHODS
Patient sample

All consecutive patients with a documented VA in a 12-lead surface ECG submitted for
ablation and who underwent ce-CMR before the index procedure were included in the
study. Patients were considered for VA ablation if they met one of the following
criteria: 1) an incessant VT, 2) repetitive episodes of sustained monomorphic VT, or 3)
symptomatic frequent premature ventricular contractions (PVC) despite the use of
antiarrhythmic drugs, associated with structural heart disease (SHD). Patients with
claustrophobia or classical contraindication for a ce-CMR acquisition were excluded.
Patients with idiopathic VA not associated with SHD or with the diagnosis of
arrhythmogenic right ventricular dysplasia (ARVD) were also excluded. All participants
signed their informed consent and the study protocol was approved by the local Ethics

Committee.
ce-CMR analysis

Patient-identifying data were removed from ce-CMR images for the analysis performed
by two independent cardiologists also blinded to any clinical and electrophysiological
data. In a case of discordance a third observer was required. Ce-CMR images were
analyzed to depict the presence of scarred tissue for each LV segment according to the

17-segment model.®

The right ventricle (RV) septum was divided into three segments:
right ventricular outflow tract (RVOT), right ventricular inflow tract (RVIT) and right
ventricular apex. Equivalence to the 17-segments model of the RV septum was as
follows: RVOT - segment 2; RV apex — segments 8, 9 and 14; RVIT — segment 3. The
RV free wall was not taken into account for the analysis because it was too thin in the
spatial resolution of the ce-CMR images to reliably establish a degree of HE

transmurality. For details of the ce-CMR sequence see supplemental files.
Accordingly, the HE pattern distribution for each segment was defined as follows:

Endocardial ce-CMR pattern: HE involved the endocardium with a mean transmural

extent <50% of wall thickness.

Transmural ce-CMR pattern: HE involved the endocardium with a mean transmural

extent >50% of wall thickness.
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Epicardial ce-CMR pattern: HE involved the epicardial layer with a mean transmural

extent <50% of wall thickness.

Mid-myocardial ce-CMR pattern: HE extended to <50% of wall thickness with mid-

myocardial distribution.
Absence: No HE was identified in the corresponding segment.

Figure 1 shows examples for each of the five HE types. Sensitivity and specificity
analysis were performed both for the presence of one or more segments with epicardial

HE and for a predominance of epicardial HE in the ce-CMR images.
Electrophysiological study

All participants underwent an electrophysiology study in a fasting state, with oral
sedation (10 mg diazepam). Intravenous conscious sedation was used during the
electrophysiology study, except in cases of PVC ablation. In PVC cases, ventricular
mapping was performed without intravenous sedation and a bolus of fentanyl was
administered intravenously before radiofrequency ablation. A navigation system
(CARTO system, Biosense Webster, Diamond Bar, California) was used to guide the
VA ablation. A tetrapolar diagnostic 6F catheter was introduced through the femoral
vein and placed at the RV apex. The stimulation protocol consisted of programmed
ventricular stimulation from the RV apex at 3 drive cycle lengths with up to three
extrastimuli and incremental burst pacing at a cycle length up to 200 ms. If the clinical
VT was not inducible, intravenous isoproterenol was used. A 3.5-mm electrode
irrigated-tip catheter (Thermocool Navistar®, Biosense Webster) was introduced
through transeptal or retrograde aortic access for LV endocardial mapping. A
nonsurgical transthoracic epicardial access was performed for epicardial mapping and
ablation when endocardial VT ablation was unsuccessful, when the endocardial
mapping did not identify a VT substrate, when the patient had a nonischemic
cardiomyopathy and the ECG was suggestive of an epicardial origin (before endocardial

mapping), or when ce-CMR showed an epicardial scar.” > *

ECG-suggested ventricular segment of origin

As scar is usually present in more than one segment and could have different

distribution patterns in each one of them, the ventricular segment related to the VA was
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estimated on the basis of ECG morphology of VT using the Miller classical algorithm.*
The 17-segment model used for image analysis and location of the VA origin was

adapted to the classical electrophysiology regions model *® (Figure 2).

However, the Miller algorithm applies only to ischemic patients and there is no
validated algorithm to identify the origin of VA in nonischemic patients. Therefore, the
sensitivity and specificity analysis in predicting an epicardial origin of the VA were
performed only for the successful ablation segment.

Radiofrequency ablation

Radiofrequency delivery was temperature-controlled with a power limit of 50 W at a
target temperature of 45°C. Ablation of sustained VT was guided by the identification of
diastolic electrograms and entrainment mapping criteria. In a case of unmappable VT,
pacemapping maneuvers identified the exit site in the scar and a substrate mapping and
ablation approach was performed. In 39 (48.8%) patients a substrate ablation was
performed in addition to the clinical VT ablation. The end point of the ablation
procedure was the suppression of clinical VA inducibility and of any monomorphic VT,
whatever the approach needed. The actual SOO of the clinical VA was determined by
the location of the successful ablation site for that VA and was recorded in the CARTO

electroanatomic map.
Mid-myocardial HE analysis

Patients with mid-myocardial HE in the successful ablation site were analyzed in more
detail. The distance was measured between the border/center of the HE and the
endocardium/epicardium in the case of a LV free wall or between the border/center of
the HE and the endocardial RV and LV surface in a case of septal scar. This
measurement refers to the thickness of the healthy myocardium interposed between the
scar and the tip of the ablation catheter at the target ablation site. These patients were
excluded from the general sensitivity and specificity analysis of the scar distribution

pattern to predict the epicardial origin.
Statistical analysis

Quantitative variables are expressed as mean value = SD, and qualitative variables are

expressed as number and percentage. The sensitivity and specificity, as well as the
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positive predictive value (PPV) and negative predictive value (NPV), were obtained for:
1) the presence of any segment with epicardial HE, 2) a majority of segments with
epicardial HE and 3) the type of HE in the successful ablation segment. Comparisons
were made using Chi square test or Wilcoxon test as appropriate. Statistical significance
was set at P <0.05. All data were analyzed using the PASW Statistics 18.0 software
(SPSS Inc, Chicago, Illinois).
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RESULTS

Between June 2007 and September 2012, 80 patients were included in the study, 66
(82.5%) with a documented sustained VT and 14 (17.5%) with PVCs related to SHD.
Fifty-one (63.8%) patients had ischemic cardiomyopathy and 29 (36.2%) patients had
nonischemic cardiomyopathy. The mean LV ejection fraction was 41.9+12.8%. Patient

demographics are shown in Table 1.
ECG and electrophysiology study data

Forty-six (57.5%) patients had a right bundle branch block (RBBB)-like VA
morphology, while 34 (42.5%) patients had a left bundle branch block (LBBB)-like
configuration. In 3 (3.8%) patients the ablation was unsuccessful, and therefore the VA
SOO was considered indeterminate. In 62 (80.5%) of the remaining 77 patients the
successful ablation was performed endocardially and in 15 (19.5%) patients
epicardially. In patients needing an epicardial ablation, a previous endocardial ablation
was unsuccessful in 7 (46.7%) and endocardial mapping had been performed in 8
(53.3%). After ablation, noninducibility of any VA was obtained in 63 (81.8%) patients

and in 14 (18.2%) patients other nonclinical VA were inducible.

In the 49 patients with ischemic heart disease, the successful ablation site of the clinical
VT was located at the endocardium in 46 (93.9%) patients and an epicardial ablation
was required only in 3 (6.1%) patients. Nonischemic patients more frequently required
epicardial ablation (12 (42.9%) patients, p<0.001). See Table 2 for details.

Using the Miller algorithm to localize the VT SOO, the ECG-suggested SOO matched
with the successful ablation segment in 37 of 49 (75.5%) ischemic patients. In 3 (6.1%)
patients the algorithm was not applicable because they had a septal infarction. In the
remaining 9 (18.4%) patients the ECG-suggested SOO did not match the successful
ablation segment. Of these, 3 (6.1%) patients had scar-related PVC that originated in a
papillary muscle, in 5 (10.2%) patients the successful ablation segment was different
from the segment suggested by the ECG, and in the remaining patient (2.1%) the VA
originated in a mid-myocardial scar probably caused by hypertensive cardiomyopathy,
far away from the infarction scar. Figure 3 shows an example in which the ECG-
suggested SOO matched with the successful ablation segment.
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Of the 28 nonischemic patients, 6 (21.4%) presented endocardial HE, 6 (21.4%) patients
presented transmural HE, 4 (14.3%) patients presented mid-myocardial HE and 1
(3.6%) patient had no HE. All except one patient with mid-myocardial HE had a
successful endocardial ablation. In this patient the successful ablation site was located in
the epicardium. On the other hand, 11 (39.3%) patients presented epicardial HE in the

SOO. In all of them the successful ablation site was on the epicardium.
Ce-CMR analysis

In all patients, HE was observed in some segment and the median number of segments
with HE was 5 (IQR: 3-8). Only 3 (3.8%) patients with HE had a successful ablation
site in a segment without HE. In these 3 cases the reason for ablation was frequent
PVCs.

The presence of epicardial HE in one or more segments had a sensitivity of 80.0% and a
specificity of 88.7% in identifying the epicardial origin of the VA. The PPV was 63.2%
and the NPV was 94.8%. When patients were classified as having a predominant
epicardial HE pattern (i.e., number of segments with epicardial HE >= number of
segments with other HE patterns), the sensitivity decreased to 66.7% but the specificity
slightly increased to 98.4%. In this case the PPV was 90.9% and the NPV was 92.4%.

Ce-CMR analysis in combination with electrocardiographic data

In the subgroup of ischemic patients to whom the Miller algorithm applies (n=49) and
the algorithm successfully identified the SOO (n=37), a successful endocardial ablation
(n=34) was associated with subendocardial HE in 6 patients (17.6%), transmural HE in
26 patients (76.5%) and absence of HE in 2 (5.9%) patients. On the other hand, a
successful epicardial ablation (n=3) was associated with transmural HE in 2 (66.7%)
patients and mid-myocardial HE in 1 (33.3%) patient.

Ce-CMR analysis in the successful ablation segment

Successful endocardial ablation (n=62) was associated with subendocardial HE in 19
patients (30.7%), transmural HE in 34 (54.8%), mid-myocardial HE in 6 (9.7%) and
absence of HE in 3 (4.8%) patients. Successful epicardial ablation (n=15) was
associated with subepicardial HE in 11 (73.4%) patients, transmural HE in 2 (13.3%)
and mid-myocardial HE in 2 (13.3%) patients. In this group there were no patients with
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subendocardial HE and all of them had some type of HE. According to these data, and
excluding the patients with mid-myocardial HE in the successful ablation segment, the
presence of epicardial HE in the ce-CMR images had a sensitivity of 84.6% and a
specificity of 100.0% to predict an epicardial VA origin. The PPV obtained in this case
was 100% and the NPV was 96.6%. Table 3 summarizes this information.

Unsuccessful and still-inducible VA after radiofrequency ablation

In 3 (3.8%) patients the ablation procedure was unsuccessful. One of them was referred
for VT ablation and the other 2 patients were referred for scar-related PVC ablation.
The patient referred for VT ablation presented subendocardial HE in the suspected
SOO. One of the patients referred for scar-related PVC ablation had transmural HE in
the suspected SOO and both endocardial and epicardial ablation were attempted. The
other patient presented mid-myocardial HE in the suspected septal SOO. Thirteen
(16.3%) patients remained inducible for other nonclinical VA. One of them (7.7%) had
nonclinical PVCs, 6 (46.2%) patients had nontolerated sustained monomorphic VT and

6 (46.2%) patients had a nontolerated polymorphic VT.

The number of patients with still-inducible VA after ablation was not significantly
different for patients with transmural or mid-myocardial HE versus patients with other
HE pattern distribution in the SOO (12 of 46 (26.0%) versus 4 of 34 (11.8%),
respectively; p=0.113). The number of segments with HE was similar in the
noninducible and still-inducible patients after ablation (5.35%£3.24 versus 6.00£2.25
segments, p=0.452).

Mid-myocardial hyperenhancement

Mid-myocardial HE in the SOO was identified in 8 (10.0%) patients, 4 (50.0%) of them
with nonischemic cardiomyopathy.!” Of the 4 patients with ischemic cardiomyopathy,
one patient also had hypertensive cardiomyopathy and the SOO was located in the
septum, away from the inferior infarction scar. The distribution of the SOO with mid-

myocardial HE was septal in 6 (75.0%) and in the free wall in 2 (25.0%) patients.

When the VA SOO was located in the septum, the successful ablation was performed
from the LV in 4 (66.7%) patients. In both patients with a free wall SOO, the successful
ablation was performed from the epicardium. A combined RV/LV or

endocardial/epicardial mapping was performed in 7 (87.5%) patients and
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radiofrequency applications from both the RV and LV were performed in 2 of them
(25.0%). Radiofrequency was applied from the endocardium and the epicardium in 2
(25.0%) patients. Other VA (nontolerated polymorphic VT) was induced in 3 (33.3%)
patients after the elimination of the clinical one on the basal septum.

Of note, in all cases the successful ablation site was that with the shortest distance to the
center of the HE region (mean distance: 5.95+1.32 versus 8.39+2.63 mm; p=0.015). The
thickness of the healthy tissue between the endocardial/epicardial surface and the
scarred tissue boundary was also shorter in the successful ablation site (mean thickness:
4.03+0.97 versus 5.97+£1.87 mm; p=0.003), as detailed in Table 4 and Figure 4.
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DISCUSSION
Main findings

The present study indicates that the blinded analysis of the presence and distribution of
the scar, obtained with pre-procedural conventional ce-CMR, may provide useful
clinical information to localize the target ablation substrate of nonidiopathic VA and
therefore to focus mapping in the ventricular area of interest, as these mostly (96.3%)
originate in a LV segment with HE. In addition, this information can be used to plan the
ablation procedure by helping to decide the approach: endocardial vs epicardial in case
of free wall VA or RV vs LV septal mapping and ablation in case of septal VA.

Appropriately planning the approach for VT ablation is important for logistics and
safety. Epicardial access after LV endocardial mapping, for which the patient should be
anticoagulated, is not recommended and should be avoided.® Therefore the need to go to
the epicardium after an endocardial mapping/ablation attempt would result in
postponing the procedure to a second ablation attempt or to assume unnecessary risks
for the patient. Alternatively, pericardium access could be gained before anticoagulation
is needed for LV endocardial mapping/ablation in certain substrates, such as
nonischemic cardiomyopathy. However, the incidence of epicardial VVTs in nonischemic
patients (42.9% in the present study) would result in nearly 60% unnecessary epicardial
accesses. Therefore, in this subset of patients a previous ce-CMR study should be
strongly recommended to plan the VT ablation approach. On the contrary, the low
incidence of clinical VTs requiring epicardial ablation in ischemic patients makes the
recommendation of pre-procedural ce-CMR to identify patients with scar extending to
the epicardium controversial. Finally, epicardial ablation is a less-used technique;
knowing the approach needed before beginning the procedure could help in deciding if

the patient should be referred to a center with experience in more complex ablations.

Several small studies have shown that the location of HE in ce-CMR images is related
to the VA substrate identified with the electroanatomic voltage map.'® ** *® In addition,
a small study in nonischemic patients, only 48% of whom had delayed enhancement
indicative of scar, reported that the epicardial scar distribution in 2 patients required an
epicardial ablation. However, the results of this study cannot be extrapolated to the
general population of patients with scar-related VTs due to its small sample size and the
fact that the majority (69%) of patients analyzed had only PVCs as the index
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arrhythmia, explaining the low percentage of patients having delayed enhancement and
the low percentage needing epicardial ablation *°. In the present study, only 17.5% of
patients had frequent PVCs associated with SHD. This explains why all patients had HE
in some segment and only 3 (3.8%) patients had the index arrhythmia (PVC in all cases)
ablated in a segment without HE. Epicardial ablation was also more frequently needed

in our study, probably due to difference in the patient profile.
Diagnostic yield of pre-procedural ce-CMR

The presence of epicardial HE in any segment identified the epicardial origin of the VA
with a high sensitivity (80%) and specificity (88.7%). However, when considering a
predominant epicardial scar pattern instead of the simple presence of epicardial HE in
any segment, the specificity increased to 98.4%, at the cost of a decrease in sensitivity
to 66.7%. Although these values are comparable to those obtained with the ECG
analysis of the VTs, the major advantage of using ce-CMR is the lack of dependence on

12-lead surface ECG availability and its analytical limitations, especially in fast VTs.% 8

Sometimes patients have large, complex scar regions with varying distribution patterns
through the LV wall, or these scars are present in different segments in the same
ventricle. In these cases the information provided by ECG could be useful to determine
the segment in which the VA s originating. The classical algorithms for the
identification of VA segment of origin by ECG analysis were obtained from patients
with ischemic heart disease. In the present study the Miller algorithm was used to
identify the segment of VA origin only in ischemic patients, obtaining a 75.5% match
with the actual ablation segment. One reason for this low accuracy was that the
algorithm is only useful for patients with inferior or anterior infarctions. In our series, 3
of 49 (6.1%) patients had septal infarctions and so the algorithm could not be applied.
Another reason for this low accuracy is that according to the adaptation of the 12-
segments electrophysiology model to the 17-segment model described here, the
algorithm only defines the origin in segments 3, 4, 5, 13, and 14 of the 17-segments
model. ECG morphology is not defined for medial segments and basal anterolateral
segments. If ECG algorithms to regionalize the segment of origin and applicable to
nonischemic patients are developed in the future, the combination of the ECG with the
ce-CMR images could determine endocardial versus epicardial origin with even higher

sensitivity and specificity. Assuming a hypothetical perfect match between ECG-
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suggested segment of origin and the actual successful ablation segment, a sensitivity of
84.6% and a specificity of 100% could be obtained.

Patients with mid-myocardial HE

Mid-myocardial HE in the SOO is not frequent (10% in the present series) and probably
depends on the underlying substrate, the preferential location being the interventricular
septum. Contrary to previous reports,* 8 of the 9 clinical VT ablation attempts in these
cases were successful in the present series. This is probably related to mapping from
both sides (endocardium/epicardium or RV/LV septum) in all but one of these patients
and delivery of radiofrequency from both sides in 4 of the patients. Interestingly, the
ablation was always successful at the site in which the distance from the surface to the
border/center of the HE region was shorter. This suggests the usefulness of this
measurement to deciding the right place for radiofrequency delivery.

On the other hand, a slightly higher percentage of patients remained inducible after
ablation when the scar distribution was mid-myocardial in the basal septum. In a
previous study a similar percentage of still-inducible nonclinical VA was observed in
patients with septal scars.?® In these cases the limitations of ablation could be related not
only to septal thickness but also to the proximity of the conduction system and the risk
of damaging it, precluding radiofrequency application.

Clinical implications

Obtaining a pre-procedural conventional ce-CMR is of value for planning the VT
ablation approach. In nonischemic patients, even the high incidence of epicardial VTs
probably do not justify epicardial access before endocardial mapping for all patients,
especially with the possibility of using ce-CMR to guide the procedure. In ischemic
patients the usefulness could be more limited if clinical VT elimination is the objective,
because only a small proportion will require an epicardial ablation. However, if the
objective is to render the patient noninducible, ce-CMR could be of value to identify

when the scar reaches the epicardium.

Ce-CMR could also be especially useful to identify mid-myocardial scars because it
allows measurement of the thickness of the healthy myocardium interposed between the
scar and the endocardium/epicardium or RV/LV surface. Finally, systematically

obtaining a ce-CMR before cardioverter defibrillator implantation, especially in
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secondary prevention, could be a good strategy to anticipate procedural requirements if

a VT ablation is needed in the future.
Limitations

The use of the ECG to identify the segment of origin and increase the accuracy in
predicting the successful ablation site is limited by the fact that the algorithms available
are obtained from ischemic patients.™ Although there are no algorithms developed to be
used in nonischemic patients, it is assumed that the majority of electrophysiologists are
able to regionalize the area of interest when the ECG during VT is available. However,
even without the ECG information, the sensitivity and specificity of ce-CMR is high

enough to be considered for VT ablation planning.
CONCLUSION

Use of ce-CMR helps to identify endocardial versus epicardial VA origin and to plan
the approach needed. It also helps in deciding the RV versus LV approach for septal
scar-related VA with mid-myocardial HE. Additional benefit could be obtained by
taking into account information from the 12-lead ECG to regionalize the segment of

origin.
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FIGURE LEGENDS

Figure 1. Pattern distribution of hyperenhancement (HE) in cardiac magnetic
resonance images. A: Endocardial HE. In this case segments 13, 14 and 16 (red
arrow) presented endocardial HE. B: Transmural HE. The ce-CMR of this patient
showed a transmural HE in segment 4 (red arrow) and segment 5. Segment 3 was also
affected by endocardial HE. C: Mid-myocardial HE. In this case mid-myocardial HE
affects segments 2 (red arrow) and 3. Segment 4 is partially affected. D: Epicardial
HE. Red arrows show epicardial HE in segments 10 and 11. In these images it is also

possible to observe mid-myocardial HE in segments 7 and 8.

Figure 2. Adaptation of the electrophysiological 12-segments model to the 17-
segment model. Adaptation of the 17-segment model to the anatomical regions
described by Miller et al. As a limitation of this algorithm, an important number of

regions were not identified as a possible VA site of origin.

Figure 3. Example of the identification of the origin of ventricular arrhtyhmias
(VA) using ECG information. Ischemic patient with inferior infarction. Al: ECG of
the ventricular tachycardia (VT). The origin of this VT is located in the inferobasal
septum (segment 3 in the 17-segment model), according to the Miller algorithm
(inferior infarction, left bundle branch block, left superior axis and growing R-wave
precordial pattern). B1: ce-CMR basal short-axis image of the patient. The white arrow
identifies a transmural hyperenhancement (HE) in the inferobasal septum. C1: Substrate
map (big picture) and activation map (small picture) of the VT. It is possible to identify
the istmus of the VT in the inferobasal septum. A block line lesion was performed

joining the mitral annulus with a zone of dense scar.

Figure 4. Cardiac Magnetic Resonance and Carto electroanatomic map of two
patients with mid-myocardial hyperenhancement (HE) in the successful ablation
site. Case A: endocardial ablation of premature ventricular contractions (PVC)
originated from the right ventricle (RV). The distance to the boundary of the HE region
was shorter from the RV than from the left ventricle (LV). Only radiofrequency ablation
(RFA) from the RV was performed. Case B: endocardial ablation from the LV. In this
case the distance to the boundary of the HE region was shorter from the LV than from
the RV. Both RV and LV were mapped. A previous unsuccessful RFA was attempted
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from the RV. After mapping the LV the maximum precocity was obtained in the LV
septum and the RFA eliminated the PVC.
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Table 1. Patient demographics

Demographic data N=80
Age (years) 65.6+£9.3
Men 27 (90.0%)

Hypertension

23 (76.7%)

Diabetes mellitus 5 (16.7%)
Hyperlipidemia 24 (80.0%)
Clinical arrhythmia with LBBB ECG morphology 34 (42.5%)
Echocardiography data

LV ejection fraction (%) 41.9+12.8
LV end-diastolic diameter (mm) 61.3+£8.2
LV end-systolic diameter (mm) 45.3£10.9
Cardiac magnetic resonance data

LV ejection fraction (%) 36.8+12.7
LV end-diastolic volume (ml) 216.8+69.0
LV end-systolic volume (ml) 142.0+66.0
Structural heart disease

Ischemic 51 (63.8%)
Nonischemic 29 (36.2%)
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Table 2. Comparison of the endocardial and epicardial site of successful ablation

and type of structural heart disease (n=77).

Endocardial Epicardial

successful ablation successful ablation

Ischemic 46 (93.9%) 3 (6.1%)

Nonischemic 16 (57.1%) 12 (42.9%)
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Table 3. Successful ablation site (endocardial vs epicardial) depending on: 1) the
presence of segments with epicardial hyperenhancement (HE), 2) the predominance of
segments with epicardial HE and 3) the type of HE in the actual or ECG-suggested

segment of origin.

Endocardial Epicardial

successful ablation  successful ablation

No epicardial 0 0
segments with HE 55 (94.8%) 3(5.2%)
Segments with
HE on ce-CMR One or more
segments with 7 (36.8%) 12 (63.2%)
Epicardial HE
Minority of
segments with 61 (92.4%) 5 (6.2%)
Segments with epicardial HE
HE on ce-CMR Majority of
segments with 1(9.1%) 10 (90.8%)
epicardial HE
Absence 2 (100.0%) 0
Endocardial 6 100.0%) 0
HE on Segment
suggested by  Transmural 26 (92.9%) 2 (7.1%)
ECG (n=37)
Mid-myocardial 0 1 (100.0%)
Epicardial 0 0
Absence 3 (100.0%) 0
Endocardial 19 (100.0%) 0
HE on Segment
with successful ~ Transmural 34 (94.4%) 2 (5.6%)
RF ablation
Mid-myocardial 6 (75.0%) 2 (25.0%)
Epicardial 0 11 (100.0%)
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Table 4. Analysis of patients with mid-myocardial hyperenhancement in the
successful ablation segment. The distance from the mapped surface (right ventricle
versus left ventricle in a case of septal scar or endocardium versus epicardium in a case
of free wall scar) to the center of the hyperenhanced (HE) region is provided as well as
the thickness of the healthy tissue interposed between the HE region and the mapped

surface at the successful ablation site. Units: mm

Patient ~ Ablation = Segment  Scar center to RV Scar center to LV Scar boundary to Scar boundary to
location endocardium endocardium RV endocardium LV endocardium
1 Endo RV RVIT 6.32 13.81 5.64 9.10
2 Endo LV 3 6.18 5.89 5.26 4.43
3 Endo LV 2 7.92 5.98 5.72 3.71
4 Endo LV 2 8.01 6.59 5,51 4.77
5 Endo LV 2 9.06 6.82 491 3.52
6 Endo LV 2 9.81 7.82 8.55 4.45
Patient  Ablation  Segment  Scar center to LV Scar center to LV Scar boundary to Scar boundary to
location endocardium epicardium LV endocardium LV epicardium
7 Epi LV 6 7.07 4.57 4.87 3.04
8 Epi LV 5 5.29 3.59 3.78 2.68

LV: Left ventricle
RV: Right ventricle
RVIT: right ventricle inflow tract

VA: Ventricular arrhythmia
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Integration of 3D Electroanatomic Maps and Magnetic
Resonance Scar Characterization Into the Navigation
System to Guide Ventricular Tachycardia Ablation

David Andreu, BEng; Antonio Berruezo, MD, PhD; José T. Ortiz-Pérez, MD, PhD;
Etelvino Silva, BEng; Lluis Mont, MD, PhD; Roger Borras, BSc; Teresa Maria de Caralt, MD, PhD;
Rosario Jesus Perea, MD, PhD; Juan Fernandez-Armenta, MD;

Hrvojka Zeljko, MD; Josep Brugada, MD, PhD

Background—Scar heterogeneity identified with contrast-enhanced cardiac magnetic resonance (CE-CMR) has been
related to its arrhythmogenic potential by using different algorithms. The purpose of the study was to identify the
algorithm that best fits with the electroanatomic voltage maps (EAM) to guide ventricular tachycardia (VT)

ablation.

Methods and Results—Three-dimensional scar reconstructions from preprocedural CE-CMR study at 3T were obtained
and compared with EAMs of 10 ischemic patients submitted for a VT ablation. Three-dimensional scar reconstructions
were created for the core (3D-CORE) and border zone (3D-BZ), applying cutoff values of 50%, 60%, and 70% of the
maximum pixel signal intensity to discriminate between core and BZ. The left ventricular cavity from CE-CMR
(3D-LV) was merged with the EAM, and the 3D-CORE and 3D-BZ were compared with the corresponding EAM areas
defined with standard cutoff voltage values. The best match was obtained when a cutoff value of 60% of the maximum
pixel signal intensity was used, both for core (+*=0.827; P<<0.001) and BZ (+*=0.511; P=0.020), identifying 69% of
conducting channels (CC) observed in the EAM. Matching improved when only the subendocardial half of the wall was
segmented (CORE: *=0.808; P<<0.001 and BZ: r*=0.485; P=0.025), identifying 81% of CC. When comparing the
location of each bipolar voltage intracardiac electrogram with respect to the 3D CE-CMR-derived structures, a Cohen

k coefficient of 0.70 was obtained.

Conclusions—Scar characterization by means of high resolution CE-CMR resembles that of EAM and can be integrated
into the CARTO system to guide VT ablation. (Circ Arrhythm Electrophysiol. 2011;4:674-683.)

Key Words: ventricular tachycardia ablation m cardiac magnetic resonance m conducting channels

ost ventricular tachycardia (VT) episodes in patients

with structural heart disease are related to a myocardial
scar, even in cases of a focal origin.! In these patients,
electroanatomic mapping (EAM) is commonly used and
helpful in guiding the ablation procedure. Through a color-
coded display of the intracardiac electrogram (EG), EAM
systems allow depiction of cardiac anatomy and myocardial
integrity using 3D maps of the cardiac chambers. Areas of
interest show reduced EG amplitude in voltage maps and
are considered a surrogate of myocardial scar.>? An
accurate high-density map of low voltage areas is key in
identifying slow conduction zones inside the scar, also
called conducting channels (CC). These CC display a
higher voltage amplitude than the surrounding area and are
the target for ablation in scar-related VTs.* However,
point-by-point mapping is cumbersome, requires consider-
able skill, and is highly time-consuming.

Clinical Perspective on p 683

Depiction, quantification, and characterization of scar het-
erogeneity with contrast-enhanced cardiac magnetic reso-
nance (CE-CMR) has been demonstrated to have predictive
value for ventricular arrhythmia inducibility and clinical
events during follow-up>~7 and has a good correlation with
histology in animal models as well.® It also has been sug-
gested that integration of scar depiction by CE-CMR into the
EAM system could be of value in guiding the VT ablation
procedure.>!® However, feasibility of the real-time integra-
tion of scar components, infarct core (CORE) and border
zone (BZ), into the navigation system to facilitate CC
identification has not been tested yet. Most CE-CMR tech-
niques are limited by insufficient spatial resolution or incom-
plete left ventricular (LV) coverage during acquisition, lead-
ing to partial volume effect and shifting artifacts between
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slices that preclude appropriate 3D reconstruction and inte-
gration into the EAM system. The purpose of the study was
to develop the postprocessing tools to permit scar tissue
segmentation, characterization, and integration into the EAM,
based on a free-breathing, navigator-gated, high spatial res-
olution CE-CMR technique. Given that EG analysis is cur-
rently the gold standard in guiding the VT ablation, we aimed
at defining the best correlation between CE-CMR and bipolar
voltage maps for scar tissue characterization.

Methods

Patient Population

In our institution, patients with recurrent clinical VT are enrolled in
an ongoing study to evaluate the usefulness of a preprocedure
CE-CMR in guiding the VT ablation procedure. The local ethics
committee approved the study protocol and all included patients
signed the informed consent. We prospectively included 12 consec-
utive patients older than 18 years with documented myocardial
infarction who had recurrent VT and for whom a 3T CE-CMR study
was available. We excluded carriers of implantable devices as well
as subjects with other classical contraindications to CE-CMR.

CE-CMR Acquisition Protocol

All subjects underwent CE-CMR examination at a mean of 3+2 days
before the VT ablation procedure using a 3T clinical scanner

Integration of Magnetic Resonance Scar to Guide Ablation 675

Figure 1. Algorithms applied to a contrast-
enhanced cardiac magnetic resonance (CE-CMR)
image. A, Manual segmentation applied to a
CE-CMR image, both left ventricle endocardium
and scar (white and red areas, respectively). B, C,
and D, Same images postprocessed by an algo-
rithm using 50%, 60%, and 70% of maximum sig-
nal intensity, respectively.

(Magnetom Trio, Siemens Healthcare) equipped with advanced
cardiac software and a dedicated cardiac 12-element phased array
coil. Seven minutes after intravenous administration of gadodiamide-
DTPA (Omniscan, Amersham Health) at a dose of 0.2 mmol/kg, a
whole-heart, high spatial resolution, delayed-enhanced study was
conducted using a commercially available free-breathing, navigator-
gated, 3D inversion-recovery, gradient echo technique.'!-'> The 3D
slab was acquired in the transaxial direction, with a 256X256 pixels
matrix size and minimized field of view. A Cartesian trajectory was
used to fill the k-space and the phase-encoding (y) direction was
anteroposterior. The acquired voxel size was adjusted to achieve an
isotropic spatial resolution of 1.4X1.4X1.4 mm. A set of images was
reconstructed in the LV short-axis orientation with 1.4-mm slice
thickness (typically 50—70 images) for subsequent image processing.
The mean acquisition time was 189 minutes, depending mainly
on the breathing pattern and the presence of arrhythmias during the
study. To compensate for the expected long acquisition time, we
added 30 ms to the nominal value necessary to null normal
myocardium as derived from a TI-scout sequence, typically at 320
ms. Other typical sequence parameters were as follows: repetition
time, 2.6 ms; echo time, 0.9 ms; flip angle, 15°; bandwidth, 810
Hz/pixel; and 51 k-space lines filled per heartbeat. Image acquisition
was ECG gated to end-diastole to minimize cardiac motion. Respi-
ratory synchronization was performed for every other heartbeat using
a crossed-pair navigator approach. The dataset was acquired during
expiration and generalized autocalibrating partially parallel acquisi-
tion (GRAPPA); an acceleration factor of 2 was used to speed up
data acquisition. The scan could not be completed in 1 patient with

Figure 2. Area measurement method. A,
CORE scar area measurement of the
electroanatomic voltage map is being
made over the projection on the left ven-
tricle cardiac magnetic resonance-de-
rived structure. B, Area measurement of
the CORE of the 3D scar structure
derived from the cardiac magnetic reso-
nance acquisition.
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Table 1.  Patient Demographics (n=10)
Demographic data
Age, y 64.8+10.6
Men 9 (90%)
Hypertension 6 (60%)
Diabetes mellitus 2 (20%)
Hyperlipidemia 6 (60%)
Echocardiography data
LV ejection fraction, % 39.1+15.1
LV end-diastolic diameter, mm 64.4+9.3
LV end-systolic diameter, mm 45.6+7.2
Cardiac magnetic resonance data
LV ejection fraction, % 36.7+16.4
LV end-diastolic volume, mL 184.1+61.6
LV end-systolic volume, mL 122.1+65.1
LV mass, g 151.2+27.0

LV indicates left ventricular.

claustrophobia. Another patient had an irregular breathing pattern
resulting in an image quality too poor to be postprocessed. In the
remaining 10 patients the image quality was adequate.

CE-CMR Image Processing

The reformatted slab in the short-axis orientation was exported into
DICOM format. Images were processed with a self-customized
software (TCTK, Tissue Characterization Tool Kit, Barcelona) based
on MATLAB (The MathWorks, Natick, MA). Briefly, an experi-
enced operator manually outlined the endocardial border of the LV
in all sequential short-axis slices to generate a dataset of the anatomy
of the LV cavity. Then the scar was roughly outlined, and an
automatic discriminator algorithm was applied to the scar region,
defining 3 types of tissue—CORE, BZ, and healthy myocardium—to
obtain a second dataset corresponding to the scar region.

The algorithm uses an automatic method based on an adjustable
percentage of the maximum voxel signal intensity (MSI) of the scar
region to define the threshold between the CORE and the BZ. In
previous studies, the threshold was set at 50% of the MSIL.>#8 In the
present study, 3 different cutoff values were analyzed: 50, 60, and
70. Three distinct datasets were obtained for each patient (50% MSI,
60% MSI, and 70% MSI). Figure 1 shows an example of the images
obtained with the different algorithms applied to a CE-CMR image.
Similarly, based on previous studies,>” the threshold between the BZ
and the healthy myocardium was defined as two-thirds of the

threshold between CORE and BZ. Voxels with signal intensity (SI)
between the MSI and the CORE-BZ threshold are labeled as CORE.
Similarly, voxels with SI between the CORE-BZ and BZ-healthy
myocardium thresholds are labeled as BZ. Afterward, voxels con-
sidered as CORE and BZ are assigned a different and known SI (eg,
2000 and 2500). Voxels from other areas remain at their original SI.
All sets of images are then exported into DICOM format and
imported into the CARTO system (Biosense Webster, Diamond Bar,
CA) before beginning the electrophysiological study. Using the
CartoMerge module, the LV anatomy is segmented and exported.
Using the voxel intensity filters of this module and setting them to
only obtain voxels with known SI (eg, 2000 for CORE and 2500 for
BZ), it is possible to obtain the 3D-CORE and 3D-BZ structures.

Electrophysiological Study and Substrate Mapping
A dose of 10 mg diazepam was administered before the electrophys-
iology procedure. The VT ablation procedure was performed under
intravenous conscious sedation using midazolam and a perfusion of
fentanyl. A multipolar diagnostic catheter was positioned at the right
ventricular (RV) apex, and electrophysiology testing was performed
at the beginning of the procedure. A programmed RV stimulation
with basal trains (600—500—430) and up to 3 ventricular extrastimuli
until refractory period or 200 ms and burst pacing was used for VT
induction. The stimulation protocol continued until completed or
clinical VT was induced. VT was then stopped, and an LV substrate
map was obtained. A transseptal access was performed in all cases,
and a steerable introducer (Agilis Sheet, St Jude Medical Inc, St
Paul, MN) was used to facilitate endocardial mapping maneuvers.
An endocardial high-density 3D electroanatomic bipolar voltage map
of the LV was obtained during stable sinus rhythm using the CARTO
system. All induced VTs were targeted. The same RV stimulation
protocol was used to test for acute results after ablation.

Scar Area Measurement

Three LV landmarks were coregistered in the CE-CMR and EAM
datasets: the LV apex, mitral annulus, and the aortic annulus. A
map of the aorta or the RV was obtained for registration purposes
to avoid a long axis rotation between the 3D-LV shell and the
EAM. After landmark fitting, a more precise surface adjustment
was made. Manual adjustment was allowed, and a slight rotation
and/or displacement to match the LV CE-CMR shell with the LV
EAM was required in 3 cases. We used standard voltage thresh-
olds to define the scar on EAM: <0.5 mV for the CORE and
0.5-1.5 mV for the BZ.

To account for mismatch registration driven by the inner position
of some points of the EAM, it was projected over the CE-CMR-
derived 3D-LV dataset, and the projected areas of CORE and BZ
were then measured (Figure 2).

Table 2. Agreement Analysis Between Electroanatomic Voltage Mapping and CE-CMR
Regression Line Bland-Altman Analysis, cm?
P P M C Bias Sup Inf

CMR CORE-50% MSI 0.811 <0.001 1.225 11.505 —15.5 -7.9 —23.1
CMR CORE-60% MSI 0.827 <0.001 0.877 7.964 —5.8 —0.75 -10.8
CMR CORE-70% MSI 0.594 0.009 0.354 5.219 6.1 14.7 -25
CMR Half-CORE-60% MSI 0.808 <0.001 0.923 5.663 —43 1.2 —-9.8
CMR BZ-50% MSI 0.594 0.009 0.179 1.546 12.2 22.5 1.9
CMR BZ-60% MSI 0.511 0.020 0.388 6.994 3.2 121 —-57
CMR BZ-70% MSI 0.523 0.016 0.645 12.845 -75 1.8 —16.8
CMR Half-BZ-60% MSI 0.485 0.025 0.374 9.337 1.1 10.2 -8.0

CE-CMR indicates contrast-enhanced cardiac magnetic resonance; BZ indicates border zone of the scar; MSI,
maximum signal intensity; M, slope of the regression line; C, constant of the regression line; r, Pearson correlation
coefficient; Sup, superior limit of the 95% confidence interval; and Inf, inferior limit of the 95% confidence interval.
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Subendocardial Scar Area Measurement

Because endocardial bipolar voltage maps only accurately reflect
myocardial activation of the subendocardium, an additional analysis
was performed of the CE-CMR data, restricted to the endocardial
half of the entire left LV wall (epicardial half in 1 case). The
algorithm applied was the one that obtained the best match with the
full myocardial thickness.

Electrogram Location

The location of every EG with respect to the 3D CE-CMR-derived
scar structures, using the best threshold, was analyzed. Location and
bipolar voltage were categorized in CORE, BZ, and healthy tissue.

CC Identification

CCs were identified on the EAM by means of voltage criteria (a
corridor of BZ surrounded by voltage areas <0.5 mV and connected
by al least 2 sites to the healthy myocardium). For each CC, the
following data were collected and analyzed using dual-observer

50% MSI
B=1.225
MSE = 107.9
r2=0.811
p <0.001

60% MSI
B =0.877
MSE = 50.0
r2 = 0.827
p < 0.001

70% MSI
B =0.354
MSE = 26.5
r2 = 0.594
p = 0.009

60% MSI Half

677

Figure 3. Comparison between regres-
sion lines using different cutoff values. A,

B=0.923 Regression lines for the 3D-CORE struc-
MSE = 62.7 tures using values of 50%, 60%, and
r2=0.808 70% of the maximum signal intensity
p <0.001 (MSI) and 60% MSI considering only the

50% MSI
B=0.179
MSE = 7.1
12 = 0.594
p=0.009

subendocardial half-wall thickness. B,
Regression lines for the 3D border zone
(BZ) structures using values of 50%,
60%, and 70% MSI and 60% MSI and
considering only the subendocardial
half-wall thickness. B coefficient indi-
cates slope of the regression line); MSE,
mean square error; and r?, square Pear-
son coefficient.

60% MSI
B=0.388
MSE = 46.9
r2=0.511
p = 0.020

70% MSI
B =0.645
MSE = 106.1
r2=0.523
p=0.016

60% MSI Half
B =0.374
MSE = 48.3

r2 = 0.485

p =0.025

methodology: (1) location based on the 17-segment classification,
(2) identification of CC on the CE-CMR~-derived scar structures, (3)
orientation (parallel to short or long axis), (4) matching between the
surface ECG morphology obtained with pace mapping in the CC exit
and the clinical VT, (5) radiofrequency ablation on the CC, and (6)
the relationship between the CC and clinical VT. CC on the MRI was
considered in the presence of (1) a corridor of BZ surrounded by
CORE tissue or CORE plus mitral annulus and (2) a connection to
the healthy tissue by at least 2 sites. Discrepancy was resolved by the
intervention of a third observer.

Statistical Analysis

Analysis was performed using SPSS 16.0 software (SPSS Inc,
Chicago, IL). Continuous variables are presented as mean®=SD or
median (interquartile rank), unless otherwise specified. The relation-
ship between EAM and CE-CMR areas was assessed by Pearson
correlation and Bland-Altman analysis. Single measures were ob-
tained from all patients to perform the regression analysis. A Cohen
k coefficient was calculated to evaluate the agreement between the
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Figure 4. Bland-Altman plots of measures using the most relevant cutoff values. A1 and A2, Bland-Altman plots using a cutoff value of
60% of maximum signal intensity (MSI) for the CORE and border zone (BZ), respectively. B1 and B2, Bland-Altman plots using a cutoff
value of 70% of MSI for the CORE and BZ, respectively (units are cm?).

bipolar voltage of the EAM and the SI on the CE-CMR. A
probability value <0.05 was considered significant.

Results
Ten patients were included. Patient demographics are de-
scribed in Table 1.

The median procedure time was 205.0 (126.5-217.5)
minutes, and the median number of points collected per EAM
was 467.5 (300.0-553.3). The median number of ablation
lesions and radiofrequency time was 11.0 (7.5-23.5) and
319.0 (233.0-692.0) seconds, respectively. The median flu-
oroscopy time was 13.0 (9.8-27.5) minutes. Of the 10

Table 3. Comparison Between Electrogram Location and
Bipolar Voltage, Using the Cutoff Value of 60% of Maximum
Signal Intensity and Considering Only the Subendocardial
Half-Wall Thickness

Electrogram Voltage

Location on

CE-CMR-Derived CORE BZ >0.5, Healthy
Structures <0.5 mV =15 mV >1.5mV
CORE 662 (85.1%) 239 (21.7%) 42 (3.0%)
BZ 103 (13.2%) 730 (66.2%) 119 (8.7%)
Healthy tissue 13 (1.7%) 134 (12.1%) 1214 (88.3%)
Total 778 (100%) 1103 (100%) 1375 (100%)

CE-CMR indicates contrast-enhanced cardiac magnetic resonance; CORE,
core of the scar; and BZ, border zone of the scar. Healthy indicates normal
myocardium.

Cohen « coefficient=0.70.

patients, 9 had inducible VTs during the stimulation protocol.
In total, 10 different VTs were induced in these patients, and
in 1 case an epicardial approach was necessary. Noninduc-
ibility of the clinical VT or any other VT was achieved in all
and 90% of cases, respectively. In 6 (60%) patients, an
implantable cardioverter-defibrillator (ICD) was implanted
after the procedure. Three patients who did not undergo ICD
implantation had well-tolerated VTs and preserved systolic
function. One patient did not undergo ICD implantation
because of a low life expectancy and comorbidities criteria.
After the VT ablation, all patients continued on treatment
with -blockers, and 1 patient was still inducible and was
treated with amiodarone. Patients with and without ICD were
followed every 6 months. During a follow-up of 14.5 (11.8—
17.0) months, none of the patients had VT recurrences.

Scar Analysis Results

The mean distance between the surface of the LV EAM and
the surface of the 3D-LV endocardial shell after landmark
and surface registration was 3.41+2.86 mm.

The total number of endocardial points acquired was 4364,
with 1108 (25.4%) being location-only. The number of EGs
with a voltage =0.5 mV was 778 (17.8%); 1103 points
(25.3%) had a 0.5-1.5 mV, and 1375 points (31.5%) had
>1.5 mV.

The mean density of points taken in the BZ, CORE and
healthy tissue was 11.0+8.9, 5.1£1.8, and 1.1£0.5 points
per cm?, respectively. Assuming an equidistant distribution of
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Table 4. Characteristics of the Conducting Channels Observed in the Electroanatomic Voltage Maps
Observed on CE-CMR (Location)
Segment

Patient Location 50% MSI 60% MSI 70% MSI 60% MSI Half CC Orientation PM-VT Match RFA on CC VT-Related
2 1,2 No-(C) Yes-(BZ) No-(B2) Yes-(BZ) Long-axis No Yes Yes
3 4,10 No-(C) No-(C) Yes-(B2) Yes-(BZ) Long-axis Yes Yes Yes
4 4,10 Yes-(B2) Yes-(B2) No-(B2) Yes-(BZ) Long-axis Yes Yes Yes
4 4,5 No-(C) Yes-(BZ) Yes-(B2) Yes-(BZ) Short-axis Yes Yes Yes
4 3 No-(C) No-(C) No-(C) Short-axis No Yes No
5 10, 11 No-(C) No-(C) Yes-(B2) Short-axis Yes Yes Yes
6 14 Yes-(B2) Yes-(BZ) Yes-(BZ) Yes-(BZ) Long-axis Yes Yes Yes
6 16 No-(C) No-(C) Yes-(BZ) Yes-(BZ) Short-axis No Yes No
7 10 Yes-(B2) Yes-(B2) Yes-(B2) Yes-(BZ) Long-axis No Yes Yes
7 9 Yes-(B2) Yes-(BZ) No-(B2) Yes-(BZ) Long-axis No Yes No
8 16 No-(C) Yes-(BZ) Yes-(B2) Yes-(BZ) Long-axis No Yes Yes
8 13, 14 No-(C) Yes-(BZ) Yes-(B2) Yes-(BZ) Short-axis No Yes No
8 15 No-(C) No-(BZ) No-(B2) Long-axis No Yes No
9 3,4 Yes-(B2) Yes-(BZ) No-(B2) Yes-(BZ) Short-axis No Yes Yes
9 10 Yes-(B2) Yes-(B2) No-(B2) Yes-(BZ) Short-axis No Yes No
10 3 Yes-(B2) Yes-(BZ) Yes-(B2) Yes-(BZ) Short-axis Yes Yes Yes

CE-CMR indicates contrast-enhanced cardiac magnetic resonance; CC, conducting channels; CC orientation, parallel to the short or the long axis; PM-VT Match,
good match between the morphology obtained with pace mapping (PM) maneuvers in the conducting channel (CC) exit and the clinical ventricular tachycardia (VT);
RFA on CC, if radiofrequency energy was delivered in the CC exit; VT-related, if the CC participated as an isthmus of a clinical VT; C, core of the scar; and BZ, border

zone of the scar.
No CC were observed in patient 1.

points, the area resolution for the BZ and CORE was 0.09 and
0.20 cm?, respectively. The mean difference in areas obtained
using an intensity threshold of 50% to 60% was —9.6%£6.9
cm? for CORE and 8.9+7.3 cm? for BZ. Increasing the
intensity threshold from 60% to 70%, the mean difference
between areas was —11.9+9.5 cm® for CORE and 10.74+8.6
cm? for BZ. Therefore, changes in the area size from
CE-CMR could be detected with the EAM area resolution.

Table 2 shows the agreement between the EAM and
CE-CMR in defining CORE and BZ, and Figure 3 shows the
comparison between the different regression lines obtained
for each cutoff value. The MSI cutoff value of 60% yielded
the highest correlation between EAM and CE-CMR areas to
discriminate between CORE and BZ (*=0.827; P<0.001).
Figure 4 shows the Bland-Altman analysis between EAM and
CE-CMR for the CORE and BZ with cutoff values of 60%
and 70% MSI. The MSI cutoff value of 60% showed the best
agreement for both CORE and BZ. The disagreement be-
tween Bland-Altman and regression analysis of the BZ using
a cutoff value of 60% MSI can be explained by an outlier
situated at the extreme of the regression line (Figure 4A2).
That case penalizes the slope of the regression line dramati-
cally, due to the limited number of cases analyzed.

The agreement improved when only the subendocardial
half-wall of the LV from the CE-CMR images was analyzed
(Table 2). In 3 patients (30%), the scar was completely
subendocardial and therefore there were no differences with
the whole wall segmentation for scar area measurements.
However, the global result of this method was a slight
improvement, with less than 10% difference between 3D-
CORE surface scar areas and that of the EAM.

The mean CORE/BZ area ratio on the EAM was
1.30+0.86. Using 50%, 60%, and 70% of MSI, the mean
CORE/BZ area ratio was 10.32%+9.53, 1.96%+0.80, and
0.59%0.28, respectively. The best mean CORE/BZ area ratio
similarity was obtained when a threshold of 60% of MSI was
used and only the subendocardial half-wall was considered
(1.66=0.96).

Electrogram Location Agreement

Table 3 shows the EG location agreement analysis. A Cohen
k coefficient of 0.70 was obtained. Bipolar voltage EGs <0.5
had the best location agreement with the 3D-CORE. A
significant disagreement was found for bipolar voltage EGs
between 0.5 and 1.5 mV, with 21.7% located on 3D-CORE,
which was probably due to a far-field effect.

CC Identification

Table 4 shows the results of this analysis. Of the 16 CC
observed in the EAM, 13 (81%) could be identified on the 3D
CE-CMR-derived scar reconstruction when the cutoff value
of 60% MSI was used and only the half-subendocardial wall
was considered. Using the cutoff values of 50%, 60%, and
70%, 7 (44%), 11 (69%), and 9 (56%) CC were observed,
respectively. Eleven CC observed in the EAM (69%) were
related to clinical VTs, and all of them were ablated.

A representative 3D EAM and processed CE-CMR 3D
image for each case is shown in Figure 5. A good correspon-
dence between both methods can be observed for both CORE
and BZ shape and location as well as for CC identification.
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Discussion
The present study proves that accurate 3D scar tissue char-
acterization can be achieved by means of CE-CMR. In
addition, different scar components can be integrated online
into the CARTO navigation system. Using image registration
we identified the algorithm obtaining the best agreement
between CE-CMR and EAM to define the CORE and BZ,
therefore allowing CC depiction. These preliminary results
are the basis for further attempts to use CE-CMR-derived

data to guide VT ablation procedures.
A large body of evidence exists showing that substrate
mapping is a good guide to perform VT ablation proce-

Figure 5. Comparison between electroanatomic
voltage maps and contrast-enhanced cardiac
magnetic resonance (CE-CMR)-derived structures
for all cases. The CE-CMR structures were
obtained using a cutoff value of 60% maximum
signal intensity with only the subendocardial half-
wall. Image 10 shows the epicardial case.

dures.'>'5 During substrate mapping, bipolar voltage maps
are considered a surrogate of myocardial characterization and
standard cutoff values of <0.5 mV and <1.5 mV are
commonly used to identify the dense scar (CORE) and the
intermediate viable BZ, respectively.!> The bipolar voltage
maps obtained with these criteria have been demonstrated to
be useful in identifying CC in the setting of ischemic
cardiomyopathy and these CC are an appropriate target for
VT ablation.* However, scar characterization by means of
EAM is time-consuming and requires considerable skill and
effort. Alternatively, methods such as nuclear perfusion
imaging or CE-CMR have been proposed for scar charac-
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terization. In this regard, CE-CMR offers better spatial
resolution, making the technique best suited for this
purpose. Despite the exquisite scar depiction and histolog-
ical precision shown in animal studies,'¢ the truth is that
image quality remains an issue when the technique has
been applied in the clinical arena. Several factors are
responsible for this. Partial-volume effects on the standard
thickness short-axis slices can lead to overestimation of
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Figure 6. Comparison of 3D contrast-enhanced
cardiac magnetic resonance (CE-CMR)-derived
scar reconstructions with different cutoff values.
Endocardial view of the scar on the electroanat-
omic map and the same view of the 3D CE-CMR-
derived scar reconstruction. Panel 1, Scar recon-
struction obtained using 60% of the maximum
signal intensity (MSI) and considering only the
subendocardial half-wall thickness. White arrows
show the ventricular tachycardia (VT)-related con-
ducting channel inside the scar. Radiofrequency
ablation lesions were deployed at this level, ren-
dering the VT noninducible. Panel 2, Scar recon-
struction using the 50% MSI. In this case, no con-
ducting channel is observed. Panel 3, Scar
reconstruction using the 70% MSI. In this case, a
less accurate delineation of the conducting chan-
nel can be observed.

BZ areas.!” In addition, multiple breath-holds are needed
when using classic fast low-angle shot (FLASH) seg-
mented inversion recovery techniques that cause shifting
of artifacts between slices.'8 Multislice acquisition using
subsecond inversion recovery steady-state free-precession
sequences can overcome this problem, but these techniques
are also hampered by insufficient spatial resolution!® and
limited signal-to-noise ratio at 1.5 T.

Figure 7. Final aspect of scar segmentation using the best cutoff value integrated into the navigation system (patient 5).
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It has been shown that the best correlation between the
total scar area from CE-CMR and CARTO bipolar maps is
obtained with a cutoff value of 1.5 mV. However, a mismatch
of 20% between the infarct surfaces was observed in one-
third of cases, mainly at LV basal positions.® Possible reasons
explaining this discrepancy were a lack of good catheter
contact and stability using the transaortic approach, with the
consequent acquisition of erroneous EGs and low density of
recorded points. In the present study, a transseptal access to
the LV cavity, the use of a steerable introducer, and the
high-density maps obtained might have contributed to achiev-
ing the good correlation between scar component areas
derived from CE-CMR and EAMs.

Another source for discrepancy relies on the definition of
scar tissue used for CE-CMR analysis. Some algorithms have
been proposed to measure infarct size from the CE-CMR
images, which have been validated against histology as the
gold standard.® The CE-CMR-derived scar also has been
compared with EAM, using the full-width half-maximum
algorithm previously validated.'® In that study, a bipolar
voltage threshold of 1.5 mV to define scar resulted in 29%
more mismatched points as compared with the CE-CMR data.
The low spatial resolution of the CE-CMR technique applied
might have accounted for this discrepancy. In the present
study, a high-density EAM as well as a high spatial resolution
CE-CMR technique were used to minimize these effects.
Despite this, we found a mean difference of 4.3 cm? for the
CORE area using the best cutoff value (see Table 2).
However, a bipolar voltage location agreement >85% be-
tween EGs <0.5 mV and its location on the 3D-CORE
structures was obtained. This good matching of CORE area
allowed for precise CC identification inside the scar. There-
fore, critical sites for radiofrequency application also can be
identified.

Image Integration

An accurate registration between the endocardial LV shell
and the 3D EAM should be the first step to compare scar
areas. The registration error for ventricular chambers in the
present study was slightly lower than that in previously
published studies,?® probably reflecting the improvement in
spatial resolution achieved with both the EAM and CE-CMR
images. The final positional error was estimated by the EG
location agreement and CC identification and permitted
identifying the vast majority of CC with the appropriate
settings.

CORE Versus BZ Discrimination Algorithms

Although the best correlation between postmortem triphen-
lyltetrazolium chloride pathology and scar identified on
CE-CMR was achieved using the 50% MSI as the optimal
cutoff value, a 60% MSI was needed to obtain the best
correlation with CORE in EAMs. The smaller scar CORE
areas identified in bipolar voltage maps can be reasonably
explained by the effect of the far-field EGs of the surrounding
healthy tissue, reducing the area where low voltage EGs are
registered. This effect is proportionately higher in small and
heterogeneous scars (Figure 3). Because CORE infarct areas
represent the unexcitable tissue, when choosing the cutoff

value to discriminate between CORE and BZ, a good CORE
delineation is preferable to more accurately depict CC inside
the scar?! (Figure 6). According to the Bland-Altman analysis
(Figure 4), the scar BZ area disagreement is greater than that
of the CORE area and increases with the scar size. This can
suggest that the information of the BZ provided by the CMR
is useful only for small areas (<30 cm?). However, with only
1 case having BZ areas larger than 30 cm?, further studies
with a larger sample size should be undertaken to confirm this
finding.

Additional benefit obtained by segmenting only the sub-
endocardial half-wall thickness from CE-CMR is probably
explained by the fact that bipolar voltage only accurately
reflects electrophysiological events that occur a few millime-
ters deep. On the other hand, the whole-wall CE-CMR
segmentation might represent a complementary tool to depict
deeper intramural or epicardial scar characteristics that can-
not be properly assessed by voltage mapping, allowing a
more comprehensive characterization of the arrhythmogenic
substrate (Figure 7).

Study Limitations

A limitation of the study is the small sample size. This has
been a constant in previous studies defining cutoff voltage
values to delimit CORE and BZ regions.’-'%13 Another
limitation is the ever-present possibility of positional error.

A previous study'? considered the CE-CMR-derived struc-
tures as a gold standard instead of EAM. It is difficult to
know which scar characterization method should be opti-
mized to match the other and more histology studies will be
necessary to determine the potential accuracy and contribu-
tion of each method.

Cardiac imaging at 3T field strength provides higher in-plane
and z-axial spatial resolution (up to 1.4 mm) but also renders a
lower signal-to-noise ratio and contrast-to-noise ratio as com-
pared to thicker 2D conventional slices. This could have affected
the threshold for scar components discrimination. The optimal
contrast between normal myocardium and scar tissue is affected,
especially when a long acquisition time is needed. Motion
artifacts remain a major limitation of free-breathing navigator
sequences. Therefore, appropriate patient selection, particularly
regarding the breathing pattern and absence of frequent arrhyth-
mias, remains critical.

Conclusions

High-resolution 3D reconstruction of the LV chamber,
CORE, and BZ can be obtained from currently available
CE-CMR techniques and can be integrated and registered
with the EAM obtained using the CARTO navigation system
to guide VT ablation. The best match in defining the CORE
and BZ probably is near an MSI cutoff value of 60% and
appears to be improved when only the thickness of the
subendocardial half of the wall is considered. Future studies
are warranted to determine whether integration of CE-CMR-
derived data into the navigation system streamlines or facil-
itates the VT ablation procedure.
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CLINICAL PERSPECTIVE

Currently, substrate-based catheter ablation for scar-related ventricular tachycardia (VT) is based on obtaining a
high-density voltage map of the ventricle to identify low voltage areas indicative of scarred tissue and conducting channels
(VT isthmus). This point-by-point mapping technique is time-consuming and has inherent technical limitations. Integration
of scar anatomy from preprocedural imaging into a mapping system could facilitate the procedure. The present study shows
that high-resolution 3D scar tissue reconstruction can be obtained by postprocessing 3T contrast-enhanced cardiac
magnetic resonance images and integrated and registered with the CARTO electroanatomic mapping system. Scar core and
scar border zone are defined on the basis of relative signal intensity, and an algorithm obtaining the best agreement between
contrast-enhanced cardiac magnetic resonance and the bipolar voltage maps is defined and appears to be improved by
considering only the subendocardial half of the ventricular wall. Mapping and ablation findings and outcomes for a
substrate-based VT ablation using this technology is promising in this small series of patients. Therefore, although the
technique is limited to non-implantable cardioverter-defibrillator patients, future studies are warranted to determine
whether this image-guided VT ablation method can improve the procedure.
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BACKGROUND During premature ventricular contractions (PVCs),
a spatial displacement of the ventricles and the target ablation
site with respect to the sinus rhythm (SR) position is observed
during mapping and ablation.

OBJECTIVES To analyze this displacement and its relevance for
image integration and PVC ablation.

METHODS The electroanatomical activation maps (EAMs) of 55
consecutive patients who underwent PVC ablation were analyzed.
Spatial displacement between each point position during PVC and
SR was obtained.

RESULTS A total of 6923 points from 71 EAMs were analyzed.
Overall, the median distance between the point position during
SR and PVC for all the points was 9.42 mm (interquartile range
[IQR]: 6.19-12.85). The EAM points from the right ventricle
showed more displacement than did those from the left ven-
tricle: 10.35 mm (IQR: 7.16-13.95) vs 7.62 mm (IQR: 5.20-
10.81); P <.001. The ventricular end-diastolic volume of the
EAM during SR was greater than that during PVC (median
difference: 9.75 [IQR: 0.37-19.67] mL; P = .002). A shorter
coupling interval of the PVC was associated with greater spatial

.001), and worse image integration (mean point-to-surface
distance between EAM and 3-dimensional computed tomogra-
phy-derived structure; r = —.642; P = .018).

CONCLUSIONS There is a significant spatial displacement be-
tween the point position in SR and PVC, mainly in the right
ventricle. This displacement increases with the shortening of
the PVC coupling interval and can result in poorer image fusion
and difficult catheter navigation/positioning for ablation.

KEYWORDS Premature ventricular contraction; Radiofrequency ab-
lation; Navigation system; Image integration; Spatial displace-
ment

ABBREVIATIONS 3D = 3-dimensional; CMR = cardiac magnetic
resonance; CT = computed tomography; EAM = electroanatomi-
cal map; ECG = electrocardiogram; IQR = interquartile range;
LV = left ventricle; LVOT = left ventricle outflow tract;
PVC = premature ventricular contraction; RF = radiofrequency;
RFA = radiofrequency ablation; RV = right ventricle; RVA = right ven-
tricular apex; RVOT = right ventricular outflow tract; SO0 = site of or-
igin; SR = sinus rhythm

(Heart Rhythm 2012;9:1050-1057) © 2012 Heart Rhythm Society. All
rights reserved.

displacement (r = —.521; P <.001), higher end-diastolic vol-
ume reduction with respect to the SR beat (r = —.718; P =
Introduction

Radiofrequency ablation (RFA) is an established treatment
for patients with symptomatic premature ventricular con-
tractions (PVCs) and for those in whom PVCs are suspected
to cause cardiomyopathy.'~® The use of navigation systems
to create activation electroanatomical maps (EAMs), as well
as to integrate these EAMs with the image acquisitions from
computed tomography (CT) scan and cardiac magnetic res-
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Investigacion Sanitaria” (FIS 2008-2011, PI080243) and by a grant from
the “Sociedad Espafiola de Cardiologfa” in 2008. Mr Andreu received a
research grant from Biosense Webster. Address for reprint requests and
correspondence: Dr Antonio Berruezo, MD, PhD, Arrhythmia Section,
Cardiology Department, Thorax Institute, Hospital Clinic, University of
Barcelona, Villarroel 170, 08036 Barcelona, Catalonia, Spain. E-mail ad-
dress: berruezo@clinic.ub.es.

1547-5271/$ -see front matter © 2012 Heart Rhythm Society. All rights reserved.

onance (CMR), is a helpful tool."*”~'° Electrical and spatial
information from activation EAMs taken during PVC is
useful to guide catheter mapping and positioning. However,
the spatial position of the activation EAM points taken
during PVC differs from that of the same points taken
during sinus rhythm (SR). Therefore, as catheter manipula-
tion is mainly done during SR beats, the use of activation
EAMs taken during PVC complicates the procedure.

In addition, the registration of 3-dimensional (3D) struc-
tures derived from CT or CMR images acquired during SR
with EAMs taken during PVC can be difficult and inaccu-
rate and can induce a catheter positioning error.

The first objective of this study was to analyze the spatial
position displacement during PVC with respect to the SR
and to identify potentially relevant variables influencing it.
The second objective of this study was to analyze the
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influence of these variations in spatial position on the ac-
curacy of image registration.

Methods

Patient sample

Fifty-five consecutive patients with PVCs who underwent
RFA were included in the study. Patients were referred for
PVC ablation according to current guidelines.” The main
indication was symptomatic frequent PVCs despite the use
of antiarrhythmic drugs, followed by the presence of PVC-
induced cardiomyopathy or structural heart disease, defined
as previous myocardial infarction, significant valvular heart
disease, ventricular dysfunction, and/or moderate to severe
left ventricle (LV) hypertrophy.

Electrophysiological study, activation mapping,
and ablation

A dose of 10 mg of diazepam was administered before the
electrophysiology procedure. Ventricular mapping was per-
formed without the administration of any intravenous seda-
tion drug. At 2-5 minutes before RFA, fentanyl was admin-
istered intravenously. A multipolar diagnostic catheter was
positioned at the right ventricle (RV) apex. A 3.5-mm irri-
gated tip catheter (Navistar; Biosense Webster, Diamond
Bar, CA) was used in all patients to obtain an activation map
of the right ventricular outflow tract (RVOT), right ventric-
ular inflow tract, right ventricular apex (RVA) and/or left
ventricular outflow tract (LVOT), left ventricular inflow
tract, left ventricular apex, and coronary sinus (as appropri-
ate) and to deliver radiofrequency (RF) at the target ablation
site. In those patients in whom the PVC was not frequent
during the procedure, pacing maneuvers were performed
(ie, burst pacing or pause-induced PVC). Isoproterenol was
not used to induce the PVC.

An electrocardiogram (ECG)-gated activation map of
the chamber of interest was acquired by using the CARTO
system (Biosense Webster). The reference used to perform
the activation EAM was an ECG precordial lead having a
QRS complex with the same polarity during SR and the
PVC and a well-defined R-wave peak. During activation
mapping, points were acquired only if the catheter was
stable during the 2 seconds before electroanatomical point
acquisition. In patients with PVC precordial lead transition
in V5 and a septal RVOT earliest electrogram precocity on
the activation map, the distal coronary sinus and the LVOT
were also mapped. In patients with a precordial lead tran-
sition in V, or V,, the LVOT was mapped via aortic retro-
grade access.

The RFA target was the site having maximum electro-
gram precocity, either on the activation map of a given
chamber or after comparing the different chambers if >1
map was obtained. At this site, RF was delivered for 60
seconds with a temperature limit of 45°C and a power limit
of 40 W in the RV, 25 W in the distal coronary sinus, 30 W
in the aortic root, and 50 W in the LVOT subvalvular
region. No additional RF applications were delivered if no
PVC recurrence was observed. Atrial and ventricular burst

pacing and isoproterenol were used to test for acute results
after ablation.

Point displacement analysis

Points acquired during PVC preceded by an SR beat (ie,
R-wave peak of PVC and R-wave peak of the previous SR
beat) were selected for analysis. The spatial position of each
point of the EAM at these 2 specific times was compared.
The activation map of the PVC was saved on the CARTO
system as a new map, and the time marker reference was set
at the R wave of the previous SR beat for all points ana-
lyzed. This adjustment of the time reference permits auto-
matic spatial location of the catheter-tip position in the SR
beat (Figure 1), thereby obtaining the chamber anatomy on
the end diastole of the SR beat. The spatial position (X, Y,
and Z coordinates) of both maps (PVC and SR) was then
exported into a text file, and the Euclidean distance between
the spatial location during the PVC and SR was obtained for
each point. All the points were classified according to ana-
tomical region: RVOT, right ventricular inflow tract, RVA,
LVOT, left ventricular inflow tract, and left ventricular
apex.

Variables that potentially influence spatial displacement
were also taken into account: (1) the PVC coupling interval
for each patient, (2) the site of origin (SOO) of the PVC
(classified as septal RVOT, free-wall RVOT, subtricuspid,
submitral, LVOT, and LV lateral wall), and (3) the presence
or absence of structural heart disease.

Image acquisition

For the purpose of registration with EAM volume recon-
structions, a subset of patients underwent anatomical eval-
uation of cardiac chambers, with either CT or CMR. The CT
images were obtained by using a dual-source dual-energy
128-slice scanner (SOMATON Definition Flash; Siemens,
Forchheim, Germany). Image acquisition was triggered by a
bolus tracking technique in the ascending aorta after an
intravenous bolus of 80 mL (5 cm?/s) of iodinated contrast
(Tomeron 380) followed by an additional dose of 10—15 cm?
at slow rate to facilitate simultaneous visualization of the
RV chamber. A spiral, dose-modulated acquisition with
retrospective ECG gating was obtained with a tube voltage
of 80 kV and an effective current of 800 mA. Image recon-
struction was performed in SR in the axial plane at late
diastole, defined as 90% of the RR interval. Slice thickness
was set at 0.75 mm and the in-plane resolution was 0.6 X
0.6 mm.

In 6 cases, the LV and RV anatomy was derived from a
delayed enhanced CMR study obtained with a 3-T clinical
scanner (Magnetom Trio, Siemens Healthcare, Germany),
conducted to allow myocardial tissue characterization. Ac-
quisition was started 5 minutes following an intravenous
bolus of 0.2 mmol/kg of gadodiamide (Omniscan; Amer-
sham Health, UK). We used a free-breathing, navigator-
gated, 3D inversion recovery gradient echo technique. The
3D slab was acquired in the transaxial direction, with a 256
X 256 pixels matrix size and minimized field of view, to
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Figure 1

Spatial displacement of a given electroanatomical activation map (EAM) point depending on the rhythm. A1: Spatial location of a point (tagged

in blue) during premature ventricular contraction (PVC). The acquisition reference (upper left arrow) is set in the R wave of the PVC. A2: Spatial location
of the same point tagged in blue during sinus rhythm (SR). In this case, the acquisition reference (lower left arrow) is set in the R wave of the previous sinus
beat; the distance was 10.6 mm. B: Spatial displacement of the whole EAM during SR with respect to the EAM obtained during PVC.

yield an isotropic spatial resolution of 1.4 X 1.4 X 1.4 mm
and to allow for image reformatting in the LV short-axis
orientation for subsequent image processing. Image acqui-
sition was acquired in SR at mid-to-late diastole in every
case, and an arrhythmia detection algorithm was applied to
avoid data acquisition during premature heartbeats.

Mesh volume calculation

The mesh of the RV EAM during SR and PVC and the RV
mesh obtained from the CT or CMR segmentation were
exported into a CartoView file. By using a self-customized
script based in MATLAB (The MathWorks, Natick, MA),
the volume was calculated for each mesh. Only complete
EAMs were used for volume calculation. Arbitrarily, a
complete EAM was considered when there were >15 points
in each of the 3 regions of the ventricle and the EAM fill
threshold was <25.

Image registration analysis

The CartoMerge module was used to perform image regis-
tration with the EAM of the PVC and SR beats. Three RV
landmarks were set in the CT/CMR and EAM: one in the
RV apex, another in the tricuspid annulus, and the third in
the RVOT. After landmark fitting, a surface adjustment was
also made. Finally, the mean point-to-surface distance was
obtained.

Statistical analysis

Continuous variables are presented as mean * standard
deviation or median (interquartile range [IQR]), unless oth-
erwise specified. Normal distribution of the Euclidean dis-
tance variable was assessed by using a Kolmogorov-Smir-
nov normality test. Comparison between Euclidean distance

and location was assessed by using the Mann-Whitney U
test and the Wilcoxon test. Volume and registration com-
parisons were assessed with the Wilcoxon test. Pearson
correlation was used to assess the relationship between ECG
variables and point displacement, registration accuracy, and
EAM volumes. A P value of <.05 was considered signifi-
cant. Analysis was performed by using R 2.13.1 software (R
Foundation for Statistical Computing, Vienna, Austria).

Results

Fifty-five patients who underwent RFA of PVC were in-
cluded. Thirty-two (58.2%) patients underwent RFA due to
symptomatic frequent PVCs despite the use of antiarrhyth-
mic drugs, and 23 (41.8%) patients had PVC-induced car-
diomyopathy or structural heart disease (as previously de-
fined). The mean PVC burden was 27.1% *= 12.6%. The
mean LV ejection fraction was 42.1% = 15.4%, and 17
(30.9%) patients had an LV ejection fraction of =40%.
Patient demographics are shown in Table 1.

Electrophysiology study

Fourteen (25.5%) patients had a right bundle branch block—
like morphology of the PVC, while 41 (74.5%) patients had
a left bundle branch block-like configuration. More than 1
chamber was mapped in 16 (29.1%) patients, whereas in 39
(70.9%) patients only 1 activation map (RV in 30 patients
and LV in 9 patients) was obtained. The PVC SOO was
located in the RV in 32 (58.2%) patients (10 in the lateral
wall RVOT, 14 in the septal RVOT, and 8 around the
tricuspid annulus) and in the LV in 23 (41.8%) patients (16
around the aortic annulus, 4 around the mitral annulus, and
3 in the LV free wall).
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Table 1  Patient demographics

Demographic data
Patients, N 55

Age (y), mean = SD 53.4 * 16.7
Sex: Man, n (%) 35 (63.6)
Hypertension, n (%) 24 (43.6)
Diabetes mellitus, n (%) 4 (7.3)
Hyperlipidemia, n (%) 15 (27.3)
Echocardiography data
LVEF (%), mean = SD 42.1 = 15.4
LV end-diastolic diameter (mm), mean = SD 59.9 £ 7.0
LV end-systolic diameter (mm), mean = SD 26.5 = 10.7
Patients with an LVEF of =40%, n (%) 17 (30.9)
Other data
PVC burden (%), mean = SD 27.1 = 12.6
Cardiomyopathy, n (%) 23 (41.8)
Previous myocardial infarction, n (%) 5 (9.0)

LV = left ventricle; LVEF = left ventricle ejection fraction; PVC =
premature ventricular contractions; SD = standard deviation.

The mean duration of the procedure was 149.0 = 59.5
minutes, and the mean fluoroscopy time was 15.2 % 8.1
minutes. The median number of ablation lesions and RF
time was 3.0 (IQR: 1.0-7.0) and 240.0 (IQR: 90.0-522.5)
seconds, respectively.

Point displacement analysis results

The displacement of a total of 6923 points from 71 EAMs
(46 RV and 25 LV) was analyzed. Both the histogram of the
Euclidean distance between PVC and SR points and the
Kolmogorov-Smirnov test variable showed a nonnormal
distribution (P <.001). The RV EAM points showed more
displacement than those from the LV: 10.35 (IQR: 7.16—
13.95) vs 7.62 mm (IQR: 5.20-10.81); P <.001. In the RV,
there were significant differences only when comparing the
displacement between the RVA and the RVOT, whereas in

Table 2  Distance between electroanatomical map points
during sinus rhythm and premature ventricular contraction
Number (%) First Third
of points Median quartile quartile
RV 4793 (69.2) 10.35 7.16 13.95
RV apex 837 (12.1) 10.73 7.55 13.87
RVOT 2790 (40.3) 10.18 7.13 13.48
RVIT 1166 (16.8) 10.10 6.61 14.73
LV 2130 (30.8) 7.62 5.20 10.81
LV apex 761 (11.0) 8.57 5.97 11.50
LVOT 943 (13.6) 7.28 4.51 10.62
LVIT 426 (6.2) 6.14 3.71 9.25

LV = left ventricle; LVIT = left ventricular inflow tract; LVOT = left
ventricular outflow tract; RV = right ventricle, RVIT = right ventricular
inflow tract; RVOT = right ventricular outflow tract.

the LV all the regions had significant differences. (Figure 2
and Table 2 show the differences in the displacement ac-
cording to the point location.).

The univariate and multivariate (after adjusting for RV
or LV EAM) correlation analysis of the relationship be-
tween the mean point displacement and the PVC coupling
interval showed a greater displacement associated with a
shorter coupling interval (univariate analysis: RV: r =
—.495, P <.001; LV: r = —.495, P = .012; multivariate
analysis: r = —.521, P <.001; adjusted r = —.580,
P <.001). Figure 3 shows the regression analysis for these
measurements.

Spatial displacement was greater when the PVC SOO
was in the RV (10.33 mm [IQR: 7.27-13.78]) vs the LV
(8.34 mm [IQR: 5.13-11.58]); P < .001. However, there
were no significant differences between RV and LV SOO
when analyzing the median displacement of the successful
RFA point (7.84 [IQR: 4.33-10.76] vs 6.36 [IQR: 3.59—
9.17] mm, respectively; P = .357). Finally, RV SOO was
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Figure 2

Analysis of spatial displacement according to location. A: Comparison of spatial displacement between points from the right ventricle (RV) and

the left ventricle (LV). B: Detailed analysis according to the spatial location of points in the 3-segment model. Points from the RV showed greater spatial
variation than did points from the LV. LVIT = left ventricular inflow tract; LVOT = left ventricular outflow tract; RVIT = right ventricular inflow tract;

RVOT = right ventricular outflow tract.



1054 Heart Rhythm, Vol 9, No 7, July 2012
RV EAM regresion line
O - = = = LV EAM regression line
s O RV EAM
E ® LV EAM
o
o
c
2 RV EAMs LV EAMs
2
c r -0.495 -0.495
8
s p <0.001 0.012
M -0.0173 -0.0152
* C 18.73 15.62
o MSE 103.6 49.5
T T T T T
300 400 500 600 700 800
PVC coupling interval (ms)
Figure 3  Regression analysis of the spatial displacement vs the coupling interval of the PVC. An inverse correlation is observed between spatial

displacement and coupling interval. Regression lines also showed a significant difference in point displacement depending on RV or LV EAM. Results from
the univariate analysis are shown. C = constant of regression line; EAM = electroanatomical map; LV = left ventricle; M = slope of regression line; MSE =
mean square error; PVC = premature ventricular contraction; r = Pearson correlation coefficient; RV = right ventricle.

associated with a shorter median coupling interval than LV
SO0 (477.0 [IQR: 433.3-513.0] vs 550.0 [IQR: 501.0-
618.0] ms, respectively; P = .001).

There were no statistical differences in spatial displace-
ment between patients with or without structural heart dis-
ease (8.93 = 3.60 vs 9.18 £ 2.98 mm, respectively; P =
753).

Mesh volume analysis results

Of the 71 EAMs, 28 were considered complete; all of them
were RV EAMs. The median fill threshold was 23.5 (IQR:
21.5-25) mm. The volume of the EAMs was larger during
SR than during PVC (113.3 [IQR: 98.4-167.0] vs 109.7
[IQR: 89.2-140.21] mL; P = .003). The median difference
was 9.75 (IQR: 0.37-19.67) mL (P = .002). The difference
between volumes was inversely related to the coupling
interval (r = —.718; P = .001; Figure 4A).

Twenty-two of the 28 patients with complete EAMs
underwent a previous image acquisition (16 CT, 6 CMR) for
registration purposes. The RV volume derived from the
CT/CMR was higher than that of the EAM during SR and
PVC (163.8 [IQR: 118.0-186.5] vs 120.0 [IQR: 102.5-
162.5] and 110.2 [IQR: 95.9-132.3] mL, respectively; P <
.001; Figure 4C). After the image registration, the mean
point-to-surface distance between the PVC EAM and the
CT/CMR shell was greater (2.87 = 0.55 mm) than that
between the SR EAM and the CT/CMR shell (2.67 = 0.46
mm; P = .009). The mean point-to-surface distance be-
tween the PVC EAM and the CT/CMR shell was inversely
related to the coupling interval (r = —.642; P = .018) when
this coupling interval was <500 ms (Figure 4B).

Discussion

Main findings

The present study shows significant displacement in EAM
points during PVC compared with their SR position. The

median displacement during PVC was close to 1 cm, a
nonnegligible distance when navigating during SR to map
and locate the PVC SOO. Two factors influenced this dis-
placement: (1) the chamber that was mapped, with greater
displacement in RV mapping, and (2) the coupling interval,
with a shorter interval associated with increased displace-
ment and worse registration accuracy, as the CT/CMR im-
age is acquired during SR beats and EAMs are obtained
during PVC.

Spatial displacement and nonfluoroscopic
navigation

Although some studies have reported changes in the spatial
position based on the rhythm when integrating CT images
and EAMs of the left atrium,'"!? there are no studies ana-
lyzing the point displacement between EAMs taken during
SR and during PVC. Catheter display in the EAM is gated
according to a fiducial point (usually the R wave of a given
surface ECG lead) during the cardiac cycle, which compen-
sates for the cardiac motion.'> However, this compensation
is not effective when the activation EAM is obtained during
PVC and catheter maneuvers and navigation occur mostly
during SR. The reason for the position discrepancy is that
point acquisition occurs at the end diastole in SR but in PVC
it might occur at the end systole or at any time during the
diastole, depending on the coupling interval. In fact, the
spatial displacement was found to be greater when the PVC
coupling interval was shorter. The SOO of the PVC can also
influence the displacement: RV SOO is associated with
greater displacement than is LV SOO, and small differences
were also found between LV regions. The reasons for these
differences are not known, but the observation that PVCs
originating in the LV had a longer coupling interval could at
least partially explain them. The lower displacement in the
RF points with respect to the rest of the ventricles is ex-
plained by the fact that the apex of the ventricles (RVA and
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Figure 4

Regression analysis of volume difference and point-to-surface registration error based on the coupling interval. Volume difference analysis

between computed tomography (CT)/cardiac magnetic resonance (CMR) and electroanatomical map during sinus rhythm (SR) and premature ventricular
contraction (PVC). A: Volume difference between SR and PVC, derived from the electroanatomical map. B: Regression analysis of the mean point-to-surface
registration error vs the coupling interval of the PVC. C: Volume difference analysis between CT/CMR and electroanatomical map during SR and PVC.

left ventricular apex) presented more movement than the
basal segments of the ventricles near the valvular plane (see
Figure 2 and Table 2). In turn, this could be explained by the
fact that the great vessels hold the heart structure and are
more fixed than the apex of the ventricles. The majority of
the patients (53 patients, 94.5%) presented a SOO of the
PVC located near the valvular plane, and so this would
explain why the median displacement of the RFA points
was lower than the median displacement of the whole ven-
tricles.

Placing the catheter at the exact SOO in a case with low
PVC density could be highly time-consuming. While cath-
eter navigation and positioning is mostly done during SR,
the activation EAM used to indicate the point of maximum
precocity is obtained during PVC. This results in a lack of
movement accuracy that could extend the procedure, in-

crease fluoroscopy requirements, and eventually result in an
ineffective ablation. Figure 5 shows a possible method to
correct the mismatching between the spatial position of the
point of maximum precocity of the PVC in the activation
EAM and its location when navigating in SR. By copying
the point into a new map and setting the time reference
annotation to the R wave of the previous sinus beat it is
possible to guide the ablation catheter into the SOO while
navigating in SR. Navigation systems could automatically
implement this by displaying the anatomy of the ventricles
in SR, together with the information of the PVC activation
sequence (Figure 6).

Spatial displacement and image integration
Good image integration of the EAM and the 3D structures
derived from CT/CMR mostly depends on having similar
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Figure 5

Modification of spatial location of the earliest activation point in a case of a premature ventricular contraction (PVC) mapping. The figure shows

an electroanatomical activation map obtained from a patient with a low PVC density. A: Activation map of the PVC. The point of maximum precocity is
tagged in dark blue. B: Modification of the reference annotation to the previous sinus rhythm (SR) beat. The point of maximum precocity (dark blue tag)
showed significant displacement in SR with respect to its spatial position during PVC. During navigation in SR, the ablation catheter was positioned at the
dark blue point. A single radiofrequency application was enough to stop the PVC.

volumes in both 3D meshes. This study found that the
volume of the EAM is usually greater during SR than during
PVC, which can be explained by the differences in point
acquisition (ie, end diastole vs end systole or at any time
during the diastole, respectively). As the CT/CMR acquisi-
tion is done close to the end diastole during SR, using the
activation EAM obtained during PVC to perform the inte-
gration is not appropriate because of the difference in vol-
ume and spatial position.

Study limitations

One limitation of this study is the fact that only 39.4% of the
EAMs were considered complete. Even in these cases, the
entire surface of the chamber was not mapped, and therefore
volumes from the CT/CMR and EAM are not fully compa-
rable. In addition, the possibility of internal points reducing

the volume of the cavity in EAM compared with the CT/
CMR cannot be excluded. Another limitation is that the
CARTO system does not take into account the respiration
effect, which can slightly alter the position of some points.
However, because of the high number of points used for the
analysis and the small variation in the spatial position due to
respiration between the SR beat and the PVC, we consider
this effect to be negligible. This study was conducted by
using data from EAMs of only the CARTO system. It
should be possible to observe and analyze the same effect
by using another navigation system, although we have not
tested this possibility.

Conclusions
Significant spatial displacement exists between EAM points
obtained during SR and PVC that can make it difficult to
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Figure 6
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Anatomical
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Projection of the activation map of premature ventricular contraction (PVC) on the electroanatomical map obtained during sinus rhythm (SR).

A: Electroanatomical activation map of the right ventricle during PVC, together with its anatomy during SR obtained by changing the electrocardiogram
(ECG) reference annotation. B: Activation map of the PVC projected over the anatomic reconstruction during SR obtained by changing the ECG reference
annotation. In this case, the anatomy of the right ventricle during PVC is shown in gray.

navigate and position the ablation catheter to deliver RF at
the SOO of the mapped PVC. This displacement mostly
depends on the PVC coupling interval but is also specific to
the SOO region and results in poorer image integration.
Actions such as modification of the image acquisition tim-
ing to approach that of the coupling interval and simulta-
neous display of the SR map in the navigation system could
facilitate the procedure.
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ABSTRACT

Background

Non-invasive depiction of conducting channels (CC) is gaining interest for its
usefulness in ventricular tachycardia (\VT) ablation.

Objectives

We studied whether characterization of myocardial scar with delayed-enhanced cardiac
magnetic resonance (de-CMR) using a navigator-gated delayed enhanced 3D sequence
(3DNAYV) proved to be superior to conventional 2D imaging using either a single shot
inversion recovery steady-state-free-precession (IRSSFP-2D) or inversion-recovery
gradient echo (IRGE-2D) sequence.

Methods

We included 30 consecutive patients with structural heart disease referred for VT
ablation. Myocardial characterization was conducted prior to the ablation procedure in a
3T-scanner using IRGE-2D, IRSSFP-2D and 3DNAYV sequences, yielding a spatial
resolution of 1.4x1.4x5 mm, 1.98x1.98x5 mm and 1.4x1.4x1.4 mm respectively. The
scar components, core and border zone (BZ), were quantified in all datasets using the
60% and 40% threshold of maximum pixel intensity, respectively. 3D-reconstruction of
the scar was obtained for each sequence and an electrophysiologist identified potential
CC and compared them to those obtained with the electroanatomic map (EAM).

Results

We found no significant differences in the scar core mass between the IRGE-2D,
IRSSFP-2D and 3DNAYV sequence (mean 7.48+6.68 versus 8.26+5.69 and 6.26+4.37 ¢
respectively, p=0.084). However, the BZ mass was smaller in the IRGE-2D and
IRSSFP-2D than in the 3DNAV sequence (9.22+5.97 and 9.39+6.33 versus 10.92+5.98
g respectively; p=0.042). The matching between the CC observed in the EAM and in
3DNAYV was 79.2%, while the matching obtained when comparing the EAM and the
IRGE-2D and the IRSSFP-2D sequence decreased to the 61.8% and the 37.7%,
respectively..

Conclusion

The higher spatial resolution provided by 3DNAV images improved the overall
delineation of CC prior to VT ablation.

KEYWORDS: Magnetic Resonace, Ventricular Tachycardia Ablation
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INTRODUCTION

In recent years, many studies have documented an unquestionable relationship between
several scar parameters derived from delayed-enhanced cardiac magnetic resonance (de-
CMR) and ventricular arrhythmias occurrence or inducibility.(1-3) From a
mechanistically point of view, conducting channels (CC) are considered probable
isthmus of ventricular tachycardia, and substrate ablation techniques consider the
complete elimination of CC critical to fully achieve non-inducibility of ventricular
arrhythmias.(4-6)

Several studies have demonstrated the utility of de-CMR imaging in the identification
of CC using 3D reconstructions of the scar through the distinction of the scar in two
types of tissues. The scar core represented by dense hyperenhanced areas, and the
border zone (BZ) reflecting areas of heterogeneous non-dense hyperenhancement, likely
capable of transmitting the electric impulse with slow conduction.(7,8) The integration
of these reconstructions into the navigation system gives valuable information about the

location and size of the CC prior to the electroanatomical mapping.(7,9)

De-CMR imaging using an inversion recovery 2D spoiled gradient echo sequence
(IRGE-2D) represents the standard for clinical characterization of the myocardium.(10)
A single shot inversion recovery steady-state-free-precession sequence (IRSSFP-2D),
which provides a fast data acquisition allowing imaging in challenging patients, has
been clinically validated against IRGE-2D.(11) However, these techniques have
insufficient spatial resolution in the Z-axis, and portend limitations with 3D
reconstructions due to the spatial mismatching between slices caused by respiratory
motion. An approach based on free breathing imaging with a navigator-gated inversion
recovery 3D sequence (3DNAV) with full left ventricular coverage compares favorably
with standard 2D and allows 3D reconstruction without slice shifting artifacts.(12) In
addition, the use of higher field strength at 3T might be exploited to reduce slice

thickness to the level needed for appropriate CC depiction.

The aim of this study was to compare the depiction of CC provided by 3DNAV, IRGE-
2D and IRSSFP-2D sequences as compared to electroanatomic maps (EAM) among

patients referred for VT ablation.
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METHODS
Patient sample

As part of our ongoing clinical protocol, patients with ventricular arrhythmia and
structural heart disease who are referred for catheter ablation undergo a de-CMR exam.
Patients with implantable devices as well as subjects with other classical
contraindications to de-CMR, such as clinical instability and claustrophobia, were
excluded from the study. Patients referred for VT ablation and arrhythmogenic right

ventricular dysplasia were also excluded.
De-CMR Protocol

From June 2009 to September 2012 a total of 31 patients were scheduled to undergo a
de-CMR examination using a 3 Tesla scanner (Magnetom Trio, Siemens Healthcare,
Erlangen, Germany) equipped with 32 independent receiver channels and a 32-cardiac
channel coil. The system provides a strength of 45 mT/m, enabling a slew rate of 200
T/m/s. Prior to the examination, patients were instructed to maintain a shallow and
steady respiration. No medications, other than those given for the clinical VT, were
administered prior to the study. An intravenous dose of 0.2 mmol/kg of gadodiamide
(Omniscan, Amersham Health) was given, and delayed enhanced imaging was started
seven minutes later. A TI scout was prescribed in a mid-ventricular short axis view to

select the appropriate TI to null healthy myocardium.

First, a whole-heart, high spatial resolution, delayed-enhanced study was conducted
using a commercially available free-breathing, 3DNAV inversion-recovery gradient
echo technique as previously described.(7,12) The 3D slab was acquired in the axial
plane. A Cartesian trajectory was used to fill the k-space with phase-encoding (y) in the
anteroposterior direction. The field of view was covered by a 256 x 240 pixel matrix,
and in-plane reconstruction was allowed to achieve an isotropic spatial resolution of
1.4x1.4x1.4 mm and a voxel size of 2.74 mm®. To compensate for the expected long
acquisition time, we added 50 msec to the nominal value necessary to null normal
myocardium as derived from the TI scout. Other typical sequence parameters were as
follows: repetition time, 2.6 msec; echo time, 0.9 msec; flip angle, 15°; bandwidth, 810
Hz/pixel; and 51 k-space lines filled per heartbeat. In some cases, a high temporal

resolution 4-chamber view cine, achieved by means of parallel imaging with an
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acceleration factor of 3 was used to select the optimal acquisition window and minimize
cardiac motion in late-diastole. Respiratory synchronization was performed for every
other heartbeat using a crossed-pair navigator approach. The dataset was acquired
during expiration and generalized autocalibrating partially parallel acquisition
(GRAPPA) with an acceleration factor of 2 was used to speed up data acquisition. A set
of images was reconstructed in the LV short-axis orientation with 1.4-mm slice

thickness (typically 50-70 images) for subsequent image processing.

A new TI-scout was prescribed to select an updated appropriate TI. Following, a set of
conventional delayed enhanced images was obtained using a well-established
segmented 2D inversion recovery gradient-echo sequence (IRGE-2D).. Consecutive 5
mm-thick slices with no gap between them were prescribed to accomplish full LV
coverage in the short axis orientation (one slice per breathhold). Typical parameters
were: repetition time, 19 msec; echo time, 4 msec; flip angle, 25°; bandwidth, 140
Hz/pixel; and 35-45 k-space lines filled every other heartbeat, needing 10 to 15
heartbeats per slice. This sequence has been validated for clinical use at 3T.(13) The

mean in-plane resolution was 1.4x1.4 mm, and the voxel size was 9.80 mm®.

Finally, a stack of ultra-fast short axis slices were obtained in the same short axis
locations as the IRGE-2D using a single shot inversion recovery steady-state-free-
precession sequence (IRSSFP-2D) without phase-sensitive reconstruction. This
technique has been also validated against IRGE-2D at 1.5T and 3T field strength.(14)
Basic parameters were as follows: repetition time was 2.2 ms; the echo time was 1.1 ms;
flip angle was 50° and the bandwidth 1240 Hz/pixel. Trigger was set every other
heartbeat. Typically, twenty-six cardiac cycles were necessary to image 13 slices during
one single breathhold. A matrix size of 192x192 pixels and a mean FOV of 380x380

mm rendered an in-plane resolution of 2.0x2.0 mm and a voxel size of 20.00 mm®.
Electrophysiological Study

A navigation system (CARTO system, Biosense Webster, Diamond Bar, California)
was used to guide the ablation. A tetrapolar diagnostic 6F catheter was introduced
through the femoral vein and placed at the RV apex. A 3.5-mm electrode irrigated-tip
catheter (Thermocool Navistar®, Biosense Webster) was introduced through transeptal
or retrograde aortic access for endocardial mapping. A nonsurgical transthoracic

epicardial access was performed for epicardial mapping and ablation when endocardial
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ablation was unsuccessful or when the endocardial mapping did not identify a substrate
for VT.

A high-density LV endocardial substrate eletroanatomical map (EAM) was performed
for each case in order to identify the CC. In the case of an epicardial access an

epicardial EAM was also obtained.
Image Quality Analysis

A single representative short axis image at the same location was selected in every study
for image quality assessment. The slice Z-axis position was checked in each image to
verify a similar slice position. The SNR and the CNR was calculated for the three
sequences. A self-customized software based in MATLAB 7.0 (The MathWorks,
Natick, Massachusetts) was developed to calculate the signal to noise ratio (SNR) and
the contrast to noise ratio (CNR), following similar methods as described in previous
studies.(15) See supplemental files for further details.

Figure 1 shows a comparative between De-CMR images of the different sequences with

a similar slice position.
Scar Quantification

The scar region was roughly delimited manually in all short axis slices by the same
operator using the segmentation program TCTK®. The scar tissue was split into core
and BZ using an algorithm based in the pixel with the maximum signal intensity (PMI)
of the scar region. The threshold between core and BZ was obtained as the 60% of the
PMI whereas the threshold between BZ and healthy tissue was calculated as the 40% of
the PMI as previously described.(7) The total core and BZ mass was obtained by
calculating the product of all the voxels for each region by myoxer. See supplemental files

for further details.
Identification of the Conducting Channels

Based on the short axis segmented images, a 3D reconstruction of the LV was obtained
for the IRGE-2D, IRSSFP-2D and 3DNAYV sequences as described in a prior study of
our group.(8) Using a software tool based in the Gimias environment
(http://www.gimias.org), the LV endocardial and epicardial borders were delimited

using a semiautomatic segmentation algorithm. From the LV borders, five concentric
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layers from the endocardium to epicardium were created (10%, 25%, 50%, 75%, and
90% of the LV wall thickness, respectively). The pixel signal intensity of the De-CMR
images was projected into the different layers and color-coded in order to visualize the
signal intensity distribution. Using the same thresholds described previously to
differentiate the scar core from the BZ and the BZ from the healthy tissue (60% and
40% of the PMI, respectively), the color scale was modified to mimic that used in the
EAM.

Shifting between consecutive images was evaluated qualitatively as follows: 1) Absent,
when no spatial displacement between slices was observed; 2) mild, when shifting
between images was present but did not compromise the segmentation; 3) Moderate,
when image shifting caused inadequate segmentation in any region, and 4) severe, when
image shitting impeded a correct 3D reconstruction of the LV. Figure 2 shows an

example of severe displacement in 3D reconstruction using a IRGE-2D sequence.

All CC were identified both in the de-CMR reconstructions and EAM. An
electrophysiologist, masked to the EAM data, analyzed the different 3D reconstructions
and identified the CC according to their distribution across the whole LV wall
thickness. Figure 3 shows an example of the three de-CMR 3D reconstructions
compared to the endocardial EAM. If the image quality of one set of images was too
low to be reconstructed (due to low SNR or CNR, the presence of artefacts or severe
slice shifting effects) the set was considered unreadable. Another electrophysiologist
blinded to the de-CMR reconstructions labelled the presence of CC in the EAM. The
CC in the EAM was defined as voltage CC and late potential CC, following the same
criteria that was defined in a previous study.(8) An example is shown in the
supplemental files. A third independent observer assessed the agreement between de-
CMR and EAM in CC depiction.

Statistical Analysis

Quantitative variables are expressed as mean value = SD, whereas qualitative variables
are expressed as number and percentage. Comparisons between the different sequences
were made using paired t-test and the repeated measures Anova test. The intra-observer
agreement and the inter-observer agreement were assessed using Lin’s coefficient.
Statistical significance was set at p<0.05. All data was analyzed using the PASW
Statistics 18.0 software (SPSS Inc, Chicago, Illinois).
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RESULTS

A total of 23 (76.7%) patients with ischemic cardiomyopathy and 7 (23.3%) patients
with non-ischemic cardiomyopathy were included in the study. Twenty-four (80.0%)
patients were referred for VT ablation and 6 (20.0%) patients were referred for scar-

related PVC ablation. Patient characteristics are shown in table 1.
De-CMR results

The de-CMR study was performed a mean of 6.4+10.7 days prior to the VT ablation
procedure. The mean acquisition time for IRGE-2D sequence was 11.64+4.28 minutes
while the mean acquisition time for IRSSFP-2D and 3DNAV was 1.06+0.64 minutes
and 16.43+7.19 minutes respectively (p<0.001). As expected, the number of short axis
images available for analysis was higher with the 3DNAV sequence. No differences
were found in the number of images acquired with the IRGE-2D and the IRSSFP-2D
sequences. Accordingly, the time required for LV segmentation was higher with the
3DNAV as compared to the others (table 2).

There were no differences in the total scar mass between the different de-CMR
sequences (p=0.570). However, a trend to a smaller core mass was observed with the
use of 3BDNAYV as compared to the standard IRGE-2D sequence, that reached statistical
significance when compared with the IRSSFP-2D sequence. In line with these results,
the BZ mass was higher in the 3DNAV than in the IRGE-2D (p=0.028) and the
IRSSFP-2D sequences (p=0.040).

Both, the IRGE-2D and IRSSFP-2D sequences showed higher SNR and CNR than the
3DNAYV sequence (p<0.001). The SNR was lower in the IRGE-2D images as compared
to the IRSSFP-2D sequence (p=0.002), but there were no significant differences in the
CNR between the two sequences (p=0.196).

Table 3 shows the Intra-observer and Inter-observer agreement. The intra-observer
agreement showed a good matching between the different measures (Lin’s coefficient
was greater than 0.9 in all cases). However, the inter-observer agreement showed a

lower concordance in the case of measurements of SNR and CNR.
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In 4 (13.3%) cases the IRGE-2D sequence had severe shifting and the 3D reconstruction
could not be performed. In 5 (16.7%) cases a moderated shifting was observed. With
regards to the IRSSFP-2D sequence, a moderate shifting was observed in 5 (16.7%)
studies with no cases of severe displacement. One patient (3.2%) was excluded because
the 3DNAYV sequence was not completed due to claustrophobia.

Conducting Channel Analysis

A total of 30 endocardial EAM and 9 epicardial EAM were obtained. The mean number
of points for the endocardial and epicardial EAM was 422.6+194.1 and 475.0£242.7
respectively. The mean number of CC identified in the EAM was 2.55+1.64. A mean of
2.47+£1.25 CC were identified in the 3DNAV dataset, whereas only 2.08+1.26 and
1.23£0.97 CC were depicted using the IRGE-2D and IRSSFP-2D, respectively (p
value). The agreement between the CC present in the EAM and those identified in the
3D LV reconstructions using the IRGE-2D, IRSSFP-2D and 3DNAYV sequences were
61.8%, 37.7% and 79.2%, respectively (Figure 4).
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DISCUSSION

Characterization of scarred tissue with de-CMR is widely performed using conventional
imaging techniques, basically based on breathhold segmented inversion recovery
gradient echo or rapid steady-state-free-precession techniques. These techniques have
been validated for the diagnosis and viability evaluation in multiple clinical scenarios.
However, imaging at a higher spatial resolution is becoming an imperative need in the
field of arrhythmias, where imaging at a higher level of detail is mandatory to plan the
ablation techniques. This study proves that imaging with a free breathing 3D acquisition
at 3T field strength is superior to conventional de-CMR techniques to depict CC among

patients referred for ventricular arrhythmia ablation.

The unique ability of cardiac de-CMR to depict scarred myocardium with an
unprecedented precision makes the technique particularly attractive in the field of
arrhythmias. From the very first beginning, even coarse features reflecting scar
morphology from conventional 2D de-CMR images, such as infarct mass or infarct
surface area, have been identified as predictors of ventricular arrhythmia inducibility.(1)
Later on, a more refined approach to characterize the scar components into a dense core
or an heterogeneous mixture of viable and patchy scarred myocardium, called border
zone, proved to be a stronger predictor of cardiac mortality and ventricular arrhythmia
inducibility than infarct sizing.(2,3) In addition, several experimental studies have
demonstrated distinctive electrophysiological conducting properties of myocardial
tissue according to their characterization using high resolution de-CMR imaging, which
opened the possibility for the technique to become a clinical tool for the preprocedural
plannification of VT ablation. Ashikaga and coworkers showed that de-CMR with
submillimiter resolution was able to reveal the isthmus of the reentry circuits critical for
VT generation as areas of complex 3D disarrayed mixture of viable and scarred
tissue.(6) This study used postmortem cardiac imaging, where cardiac and respiratory
motion were not at play, and limitations in time of acquisition were not an issue. Since
then, a great interest in the development of fast and high-resolution imaging techniques
has evolved into the clinical scenario to overcome the inherent limitations of in-vivo

imaging.

So far, the accumulated evidence suggests that areas with intermediate grades of viable

tissue within the scar are the substrate for slow conduction channels.(16) These areas
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can be depicted by means of de-CMR in a manner that is dependent of the equipment
and sequences used, as well as the spatial and temporal resolution achieved. In this
regard, imaging with sufficient spatial resolution remains a critical issue, since previous
work has demonstrated that the amount of myocardium defined as BZ within the scar
varied substantially depending on the spatial resolution achieved. Using delayed
enhancement imaging in a murine model at high field strength, Schelbert and co-
workers showed an excellent correlation between the gadolinium deposition and the
histological pattern of fibrosis distribution nearly at the cellular level. Interestingly,
when image resolution was degraded to resemble the clinical situation, the authors
found an increase in the BZ while total infarct size remained unchanged.(17) The
authors claimed that partial volume effects accounted for the increase in BZ when
image resolution was pushed down. In line with these results, in our study we did not
find significant differences in total infarct sizing with the 3D and 2D sequences.
However, despite a higher spatial resolution with the 3DNAV technique, we found that
BZ was significantly higher with the 3DNAV sequence than with the 2D sequences, a
finding that cannot be explained by an increase in partial volume effect. We found that
the SNR and CNR were lower with the 3DNAV technique, consistent with a smaller
voxel size. In our study, the SNR was proportional to the voxel size of the technique,
9.8 mm® with the IRSSFP-2D, 19.6 mm® with the IRGE-2D sequence and 2.74 mm?®
with the 3DNAYV technique. This might have accounted for an increase in the amount of
tissue showing intermediate signal intensity, finally classified as BZ. Another factor to
take into consideration is the long acquisition time needed for 3DNAV data sets,
leading to contrast diffusion and suboptimal T1 nulling effects. Thus, 3D images
visually look less sharp and contrasted than conventional 2D images, but when post-
processing is conducted with an automatic approach, a higher number of CC can be
identified. CMR-2D sequence provides acceptable scar mass quantification while CMR-

3D sequences provides the best CC depiction when comparing to CC observed in EAM.
Conducting Channels delineation

The correct visualization of the CC using De-CMR images previously to the ablation
procedure can be a useful tool to guide and properly plan the intervention.(7,8,18)
Nevertheless, different De-CMR sequences have been described in each of these
studies. IRGE-2D sequences present the problem of displacement between slices due to
respiratory motion that limits a correct 3D reconstruction of the LV. In this study, 30%
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of the cases had severe or moderate displacement between slices that impeded the 3D
reconstruction. IRSSFP-2D theoretically corrects this undesirable effect by making the
full acquisition in a single breath-hold. However, in this study the 16.7% of cases have
moderate displacement between images, probably as the result of the need of an
excessively long breathhold.

The 3D LV reconstructions using the 3DNAV sequences provided the highest number
of CC observed also in the EAM. The percentage of CC indentified both in the EAM
and in the 3D LV reconstruction was similar to that identified in a previous study.(8)
This can be explained by the higher spatial resolution of this sequence, which facilitates
the depiction of CC in the 3D LV reconstruction. For the same reason, IRSSFP-2D
provided the lowest sensitivity in identifying CC. The percentage of false positive was

very similar in the three sequences (around 20%).
Limitations

There are several limitations in our study. In 3.2% of the cases the 3DNAYV could not be
completed due to respiratory motion or excessive long acquisition time. Factors related
with patient cooperation and arrhythmia may increase substantially the acquisition time,
which ends up limiting image quality and the real clinical applicability of the technique.
In addition, we did not test other validated methods for classifying BZ, such as the
standard deviation approach. In a recent study, the BZ defined with the standard
deviation methods was superior to the methods proposed by Yan and Schmidt to predict
VT inducibility.(19) Despite, we used the method that in our hands provided a better
correlation as compared with the EAM in previous studies.(8)

CONCLUSIONS

Despite the higher SNR and CNR of standard IRGE-2D and IRSSFP-2D images, the
higher spatial resolution provided by 3DNAV images improved the overall delineation
of CC prior to VT ablation.
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Table 1. Patient demographics.

Demographic data N=30
Age (years) 65.6+9.3
Men 27 (90.0%)

Hypertension

23 (76.7%)

Diabetes mellitus 5 (16.7%)

Dyslipidemia 24 (80.0%)
Cardiac Magnetic Resonance data

LV ejection fraction (%) 30.3+10.9

LV end-diastolic volume (ml) 220.7+88.3
LV end-systolic volume (ml) 159.1+79.9
LV mass (Q) 125.9+32.3
Antiarrythmic treatment

Beta blockers 20 (66.7%)
Amiodarone 9 (30.0%)
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Table 2. Comparison between the three sequences studied

IRGE-2D IRSSFP-2D 3DNAV p value

Scar Mass (grams) 16.70+10.89 17.65+10.70 17.18+9.32 p=0.570

Core Mass (grams) 7.48+6.68 8.261+5.69 6.26x+4.37 p=0.084

Border Zone Mass 9.2245.97 9.39+6.33 10.92+5.98 p=0.042

(grams)

SNR 24.45+9.22 30.76+13.79 17.14+7.14 p<0.001

CNR 20.42+8.51 22.54+12.06 12.38+5.45 p<0.001
Segmentation and

processing time 1.85+0.38 1.70+0.42 9.01+2.83 p<0.001

(minutes)
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Table 3. Intra-observer and inter-observer agreement of the image quality and

scar quantification of the CMR images. Lin’s coefficient is shown for each sequence..

Intra-Observer agreement

IRGE-2D IRSSFP-2D 3DNAV
SNR 0.9699 0.9811 0.9896
CNR 0.9668 0.9804 0.9864
BZ mass 0.9883 0.9654 0.9547
Core mass 0.9792 0.9920 0.9608

Inter-Observer agreement

IRGE-2D IRSSFP-2D 3DNAV
SNR 0.6905 0.9056 0.8155
CNR 0.4553 0.8378 0.7815
BZ mass 0.9518 0.9290 0.9117
Core mass 0.9594 0.9067 0.9249
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Figure 1. View of a representative slice of the same patient obtained by the IRGE-2D
sequence (A), the IRSSFP-2D sequence (B) and the 3BDNAYV sequence (C).
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Figure 2. Displacement between slices during 3D reconstruction of the left
ventricle using a IRGE-2D sequence with severe shifting. Panel 1. The spatial
displacement between consecutive slices (green arrows) causes that the model of the LV
does not fit the contour of the cardiac magnetic resonance (CMR) image (yellow
arrows). Panel 2: This mismatching between the LV and the CMR images causes

erroneous scar identification in the different LV layers (red arrows).
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Figure 3. ldentification of conducting channels (CC) in the different 3D left
ventricular (LV) reconstructions using cardiac magnetic resonance (CMR)
sequences and in the electroanatomical map (EAM). Layers at the 10% and 25% of
the thickness of the LV wall are shown. In the EAM three conducting channels (CC) are
identified, displayed as white dot lines. These CC are also observed in the 3D LV

reconstruction using the 3DNAV sequence. Other CC are observed in the LV

reconstructions (blue dot lines) but not identified in the EAM.
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Figure 4. Matching between the conducting channels (CC) observed in the
substrate electroanatomical map (EAM) and the CC identified in the 3D left
ventricle reconstructions using different cardiac magnetic resonance (CMR)

sequences.
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4. DISCUSION

4.1 Utilidad clinica de la resonancia magnética cardiaca en la identificacion del

origen de arritmias ventriculares.

Conocer de antemano el probable origen endocérdico o epicardico de una arritmia
ventricular (TVMS o EV frecuente) es una informaciéon muy util tanto a nivel

organizativo como a nivel de seguridad de procedimiento.

Actualmente el abordaje epicardico se realiza s6lo en unos pocos centros especializados
del pais, ya que es una técnica compleja que requiere de un operador con experiencia. El
tener previamente la informacion de un probable origen epicardico permite planificar el

procedimiento de ablacion en un centro especializado.

Por otro lado, el procedimiento habitual de ablacion de arritmias ventriculares empieza
con un mapeo endocdrdico del VI (en el caso de que se sospeche de un origen
izquierdo). Durante el proceso de mapeo del VI es necesario anticoagular con heparina
al paciente. Si después del mapeo se observa que el origen de la arritmia ventricular es
epicardico, o bien después de un intento de ablacion endocardica fallido, es necesario un
abordaje epicardico. No obstante, el consenso en arritmias ventriculares recomienda no
realizar una puncién epicardica bajo terapia anticoagulante, ya que conlleva un riesgo
muy importante para el paciente.(19) Tener la informacion de un origen epicardico
previamente permitiria realizar la puncién epicardica previamente al mapeo endocardico

del VI sin estar anticoagulado el paciente.

Existen métodos para predecir el origen epicardico de una arritmia ventricular a partir
del analisis del ECG.(27, 28, 78) No obstante, el principal problema de estos criterios
radica en que son especificos de pacientes con una cardiopatia estructural concreta, y no
son reproducibles en pacientes con otro tipo de cardiopatia.(29) Ademdés, no son

aplicables en TVs rapidas por la dificultad del analisis del ECG.

Estudios previos han descrito que en un porcentaje muy elevado de arritmias
ventriculares idiopaticas originadas en los tractos de salida, la ablacion endocardica
consigue eliminarlas satisfactoriamente, y que estas no estan ligadas a una cardiopatia
estructural visible mediante RMC con realce tardio.(79-83) Por otro lado, otros estudios
han demostrado que la ablaciéon combinada (endocardica y epicardica) es necesaria en la
eliminacion del sustrato causante de arritmias ventriculares en los pacientes con DAVD.

Sin embargo, en un estudio reciente donde se realizaba una comparacion entre una
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ablacion de sustrato convencional (endocardica) versus una ablacion combinada en
pacientes isquémicos se observo que solamente un 33% de los pacientes a quienes se les

practicd un acceso epicardico requirieron ablacion epicérdica.(84)

Por otro lado, existen en la literatura distintos estudios donde se pone de manifiesto la
utilidad de la RMC con realce tardio en el estudio y tratamiento de las arritmias
ventriculares.(39, 76, 85-87) Sin embargo, hasta la fecha de la publicacion de esta tesis
doctoral no ha habido ningtn trabajo publicado donde se utilizara la RMC con realce
tardio de gadolinio para predecir el origen endocardico o epicardico de las arritmias
ventriculares. Un estudio publicado en el 2009 sugeria que un realce epicardico puede
predecir un origen epicardico de la arritmia ventricular.(88) Sin embargo, el numero de
pacientes en este estudio es muy reducido (14 pacientes, 5 de los cuales no presentaban
arritmias ventriculares) y centrado Unicamente en pacientes con cardiopatia no

isquémica.

El primer articulo de esta tesis doctoral es un estudio retrospectivo que trata sobre la
utilidad de la RMC con realce tardio en la prediccion del origen endocardico o
epicardico de arritmias ventriculares en pacientes con cardiopatia estructural,
focalizandose unicamente en las arritmias originadas en el VI. Analizando el tipo de
cardiopatia, se encontraron diferencias entre la proporcion de pacientes con cardiopatia
no isquémica que requirieron una ablacion epicardica frente a los pacientes con
cardiopatia isquémica (el 42.9% requirié una ablacidon epicardica en el primer grupo
frente a un 6.1% en el segundo). No obstante, a pesar de estas diferencias, en un 60% de
pacientes con cardiopatia no isquémica la arritmia ventricular se ablacion6 exitosamente
desde el endocardio. Esto implica que el tipo de cardiopatia no puede predecir un origen
epicardico de la arritmia ventricular, a pesar de que es mas probable que un paciente
con cardiopatia no isquémica sufra una arritmia ventricular localizada en el epicardio

que un paciente con cardiopatia isquémica.

En este estudio se demuestra como una RMC puede ayudar a identificar un origen
epicardico previamente al inicio del procedimiento. La presencia de realce epicardico
presentd una sensibilidad y especificidad del 80.0%, y del 88.7%, respectivamente. Si
se contempla una mayoria de segmentos con realce epicardico, su sensibilidad decrece

hasta el 66.7%, pero su especificidad aumenta hasta el 94.8%.

Sin embargo, la distribucion del realce puede variar en funcion de la region del VI. Para

obtener una mayor sensibilidad y especificidad previamente es necesario identificar en
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qué segmento se origina la arritmia ventricular. En este estudio se utiliz6 el algoritmo
de Miller et al para identificar el origen en los pacientes isquémicos a partir del analisis
del ECG.(24) Este algoritmo fue capaz de identificar correctamente el origen en un
75.5% de los casos isquémicos. Debido a que este algoritmo utiliza el modelo de
divisiéon en 12 segmentos del VI (descrito en el mismo articulo) fue necesario
readaptarlo al modelo de 17 segmentos utilizado en el analisis de imagen cardiaca.(89)
La Figura 15 muestra la adaptacion realizada del modelo de 12 segmentos descrito por

Josephson al modelo de 17 segmentos utilizado en el campo de la imagen cardiaca.

Figura 15. Adaptacion del modelo de 12 segmentos utilizado en el campo de la
electrofisiologia al modelo de 17 segmentos, mas extendido en el campo de imagen
cardiaca.
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No obstante, el hecho de que este algoritmo es aplicable unicamente a pacientes
isquémicos limita su utilidad en combinacion con la RMC, ya que los patrones de realce
obtenidos son principalmente transmurales (73%) o endocardicos (16%). Ademas, en
casi un 25% de los pacientes el algoritmo no pudo identificar el origen de la taquicardia,
debido principalmente a otras localizaciones del infarto (infartos septales o musculos

papilares) o porque el algoritmo era inespecifico.

Debido a esta limitacion del algoritmo, y al hecho de que en la literatura no se haya

descrito ningun otro algoritmo de identificacion del origen de una arritmia ventricular a
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partir de la morfologia del ECG (valido tanto como para pacientes isquémicos como
para pacientes no isquémicos) se calculo la sensibilidad y especificidad de la RMC con
realce tardio asumiendo una localizacién exacta del segmento de origen de la arritmia
ventricular a partir del ECG. Para ello se analiz6é unicamente el patron de realce tardio
en el segmento de la RMC donde se realizd la ablacion efectiva, y se obtuvo una
sensibilidad y especificidad del 84.6% y del 100% respectivamente, aumentando

significativamente la capacidad de predecir un origen epicardico.

Los casos con realce medio-miocéardico constituyen una excepcion. En este estudio se
observé que el tejido sano interpuesto entre la zona donde se realiza la ablacion y la
zona de tejido necroético influye en el éxito de la ablacion. En una serie de 9 casos con
realce medio-miocérdico en el segmento de origen de la arritmia ventricular (7 de los
cuales estaba localizado en el septo) se observd que el lugar de ablacion exitoso se
correspondia con la cavidad (VI o VD en los casos septales, endocardio o epicardio en
el resto) con menor tejido sano interpuesto hasta la zona de necrosis. Esto es debido a la
limitada profundidad de la lesion de RF, pese a la utilizacion de catéteres irrigados. En
estos casos es recomendable analizar las imagenes de resonancia previamente,
identificando el lugar de ablaciéon como la cavidad con menor tejido sano interpuesto

entre ésta y la zona de necrosis.

En este estudio se demuestra la utilidad de una simple prueba de imagen como es la
RMC con realce tardio en la planificacion de la ablacion de arritmias ventriculares. El
hecho de saber de antemano si un acceso epicardico sera necesario permite planificar de
un modo mdas optimo los recursos disponibles (necesidad de equipo de anestesia,
duracion de estancia hospitalaria post-ablacion, anticipaciéon de complicaciones) y
permite realizar la puncion epicardica previamente al inicio de la terapia anticoagulante,
necesaria durante la cartografia y ablacion endocérdico en el VI. Asimismo, el hecho de
conocer la localizacion del posible sustrato causante de arritmias ventriculares permite
disminuir el tiempo de procedimiento, al realizar un mapeo mas localizado de la zona de

interés.
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4.2 Utilidad del procesado de imagenes de resonancia magnética cardiaca en la
identificacion de istmos de arritmias ventriculares: integracion en el sistema

de navegacion.

En el trabajo anterior se ha demostrado la utilidad de la RMC con realce tardio en la
identificacion de arritmias ventriculares epicardicas. Una secuencia 2D con contraste de
gadolinio es suficiente para identificar los segmentos del ventriculo con realce. Sin
embargo, su limitada resolucion espacial, ademds de las variaciones en la posicion del
miocardio entre los distintos cortes debido a la respiracion del paciente, provoca que sea
inviable su utilizacion para guiar la ablacion de arritmias ventriculares a partir de su
integracion en los sistemas de navegacion. Las secuencias 3D de RMC permiten tener
una mejor resolucion espacial al mismo tiempo que se evitan desplazamientos de los
cortes entre si cuando se adquieren las imagenes. Esto permite identificar con mayor

precision las zonas de distinta viabilidad miocérdica.(63, 64)

Para integrar las imagenes de RMC dentro del sistema de navegacion es necesario
realizar un preprocesado de imagenes, ya que los navegadores actuales Unicamente
extraen estructuras 3D a partir de la intensidad de pixel de las imagenes de RMC. En la
literatura existen diferentes métodos de procesado de imagen para determinar el punto
de corte entre zona PI y cicatriz densa, asi como el umbral para zona PI y tejido
sano.(74-77) En la introduccion se han comentado los dos tipos de algoritmos mas
utilizados para diferenciar el punto de corte entre el tejido sano y las dos zonas de
cicatriz. Amado et al compar6 los dos tipos de algoritmo con la histologia en un modelo
experimental y demostrd que el que método que mejor se correlaciona es el basado en
un porcentaje del PMI.(74) Asimismo, dos estudios han demostrado que los métodos
que calculan los umbrales entre las diferentes regiones del tejido miocardico mediante
un porcentaje del pixel de méxima intensidad son mas reproducibles tanto intra como
interobservador que los métodos basados en regiones de interés y DS.(85, 90) Un
estudio previo adapté los niveles de voltaje de los mapas de sustrato y los compard con
la cicatriz derivada de la RMC con contraste de gadolinio.(39) Sin embargo, ninglin
estudio ha comparado previamente diferentes puntos de corte en el procesado de imagen
de Ia RMC con los mapas de sustrato utilizando los niveles estandar de voltaje bipolar, a
pesar de que éstos estan considerados actualmente el gold standard en la ablacion de

arritmias ventriculares.(33)
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El segundo trabajo de esta tesis doctoral tiene como objetivo determinar qué umbral de
intensidad de pixel de las imagenes de RMC con realce tardio presenta una mayor
concordancia con los mapas electroanatdmicos de sustrato y, de este modo, identificar
en la cicatriz los istmos causantes de las TV reentrantes. Para ello fue necesaria la
creacion de un software que permitiera seleccionar y aplicar el algoritmo
discriminatorio en una zona de interés segun un umbral de intensidad de pixel.
Partiendo del valor del 50% del PMI definido en el articulo de Amado et al, se
definieron tres valores para poder discriminar entre tejido necrético y zona PI: 50, 60 y
70% del PMI. La frontera entre tejido sano y zona PI se definié6 como dos tercios del
umbral entre tejido necrdtico y zona PI. Las reconstrucciones 3D de la cicatriz se
integraron dentro del sistema de navegacion, se midieron las dreas de cicatriz densa y

zona PI, y se compararon con los mapas electroanatomicos de voltaje.

Al identificar el mejor algoritmo en base a la comparacion entre las areas observadas en
las reconstrucciones 3D con las areas del mapa electroanatémico, se establecio que el
tejido necrdtico define con una mayor claridad los CC que la zona PI, ya que aunque los
CC estén definidos como regiones de tejido de zona PI que atraviesan dos areas de
tejido inexcitable, son las barreras eléctricas (como los anillos valvulares o el tejido

necrotico) las que realmente delimitan estos canales de conduccion.

Las rectas de regresion obtenidas en este estudio mostraron una sobreestimacion del
tamafio del tejido necrdtico denso de la cicatriz en las reconstrucciones 3D cuando se
usaba un umbral del 50% del PMI. Asi mismo, al usar un umbral del 70% del PMI el
tamafio del tejido necrético esta muy por debajo del tamainio de la cicatriz observada en
los mapas electroanatomicos. Este estudio concluye que el valor de corte que mejor
define la frontera entre tejido necrdtico y zona PI, en comparacion con el mapa
electroanatémico de voltaje bipolar, es el 60% del PMI. Esta correlacion mejora al
considerar unicamente la mitad de la pared miocardica més cercana a la cavidad
mapeada. No obstante, para este valor se defini6 un umbral del 40% de PMI como
frontera entre tejido sano y zona PI, el cual obtuvo una pobre correlacién con los mapas
de voltaje, siendo el area de zona PI de la reconstruccion 3D sensiblemente mas

pequena que el area medida en el mapa electroanatomico.

Una de las particularidades de la utilizacion de este algoritmo es que para tamafios de
cicatriz pequefios (<10 cm?) la reconstrucciones 3D estaban sobrestimadas en

comparacion con el mapa electroanatémico, tanto en la zona PI como en la zona de
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tejido necroético. Esto puede ser debido a que el voltaje de los puntos electroanatémicos
esta influenciado por el efecto de campo lejano del tejido sano adyacente, estando el
voltaje de los puntos periféricos de las diferentes regiones de la cicatriz aumentado
considerablemente. Esto se traduce en una disminucion de las areas de cicatriz en los

mapas electroanatomicos no despreciable para tamafios de cicatriz tan pequenios.

La Figura 16 muestra un ejemplo de las distintas estructuras 3D derivadas de la RMC

en comparacion con el mapa electroanatémico de voltaje bipolar.

Figura 16. Comparacion entre el mapa de voltaje bipolar y las reconstrucciones 3D
derivadas de las imagenes de RMC. La comparacion se ha realizado usando los
umbrales estandar (0.5 mV y 1.5 mV) en los mapas de voltaje y los umbrales de 60% y
40% del PMI (1), 50% y 33% del PMI (2) y 70% y 47% del PMI (3) en las

reconstrucciones 3D.
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Al estar los CC definidos como zonas viables de miocardio (zona PI) localizados entre
zonas inexcitables, es importante definir con precision las zonas necroticas que actian
como barreras para la propagacion del impulso eléctrico. De este modo se pueden
identificar con mas claridad los CC. La pobre correlacion entre la zona PI de los mapas
de voltaje y la estructura 3D de la zona PI derivada de la RMC puede ser debida en
parte al efecto sobre los mapas electroanatomicos del voltaje detectado del campo
lejano de las zonas de tejido sano.(91) Esta suposicion obtiene mas fuerza al observar la
localizacion de los puntos electroanatomicos en relacion a las reconstrucciones 3D de la
cicatriz utilizando el umbral del 60% del PMI. Més del 85% de los puntos
electroanatémicos se correspondia con su correspondiente reconstruccion 3D, tanto en
los puntos electroanatomicos clasificados como cicatriz densa (<0.5 mV) como en los
puntos clasificados como sanos (>1.5 mV). Sin embargo, un elevado porcentaje de
puntos (21.7%) clasificados como zona PI (con voltaje >0.5 mV y <1.5 mV) estan
localizados sobre estructuras 3D de tejido necrotico. Esto puede ser debido a que el
voltaje de zonas menos necroticas adyacentes ‘“contaminan” el electrograma local,

aumentando el valor de voltaje, ya comentado anteriormente.

En este estudio, utilizando los umbrales del 60% y 40% del PMI se identificaron un
69% de los CC observados en el mapa electroanatomico de sustrato. Al considerar
unicamente la mitad endocardica del miocardio en la segmentacion de las estructuras
3D derivadas de la RMC, se mejor6 en la delimitacion de las zonas de tejido necrotico

inexcitable, permitiendo la identificaron de un 81% de los CC.

Existen diferentes procedimientos descritos para identificar los CC causantes de las
arritmias ventriculares. Articulos previos sugieren la identificacion de CC mediante el
llamado Voltage Scanning, el cual consiste en la variacion de los umbrales de voltaje
hasta la identificacion de CC.(40) Es remarcable que el valor de corte de voltaje bipolar
obtenido en este articulo mayoritariamente esta por debajo de 0.2 mV. Sin embargo, la
densidad de puntos en este estudio es baja en comparacion con la obtenida en el
presente trabajo (en el articulo se reporta una media de 142 puntos para completar una
cartografia del ventriculo versus una mediana de 467.5 puntos reportada en el estudio de
la presente tesis doctoral). Este hecho limita la resolucion del mapa de voltaje, ya que
hay zonas de miocardio sin informacion eléctrica y la interpolacion efectuada por el
sistema de navegacion a la hora de mostrar la informacion en los mapas

electroanatémicos puede llevar a conclusiones erroneas.
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Por otro lado, articulos posteriores han descrito otra manera de identificar los CC
basados en el andlisis de los electrogramas bipolares.(42, 43) Este método se basa en la
diferenciacion dentro del electrograma intracavitario bipolar de dos tipos de
componentes: 1) electrograma de campo lejano correspondiente al tejido sano adyacente
a la cicatriz, cuyas caracteristicas son pocas deflexiones, baja frecuencia y amplitud
reducida; y 2) electrograma local, cuyas caracteristicas son alta frecuencia, baja
amplitud, fraccionamiento y retraso respecto al componente de campo lejano. Este
retraso es variable dependiendo de la localizacion del punto dentro del CC (cuanto mas
cercano al centro de la cicatriz en el CC, mayor retraso). Generalmente la informacion
de voltaje mostrada en los mapas electroanatomicos corresponde al electrograma de
campo lejano, ya que éste presenta habitualmente mayor amplitud que el electrograma
local correspondiente a la activacion del CC. Por este motivo, es dificil apreciar este
tipo de canales usando la informacion de voltaje de los mapas electroanatdémicos, y es
necesario marcarlos mediante puntos de interés. Esto requiere un tiempo de elaboracion
del mapa de CCs muy superior al resto de métodos, aunque de esta forma se visualiza
informacion cualitativamente diferente, es decir, CC que de otra forma no se podrian

visualizar.

Tal como se ha visto, existen diferencias entre los distintos métodos para identificar CC.
Cada método tiene sus ventajas y desventajas. La combinacion de varios métodos

permite identificar un mayor nimero de CC.

En este estudio la media de la distancia entre el mapa electroanatomico y Ila
reconstruccion 3D de los ventriculos derivada de la RMC fue de 3.414+2.86 mm, inferior
a los datos reportados en estudios previos.(92-95) No obstante, en los 10 casos de este
articulo todos los mapas electroanatomicos fueron obtenidos durante RS, el mismo
ritmo en que fue obtenida la RMC. En casos posteriores a la publicacion de este articulo
(principalmente en casos de EV originada en zonas de cicatriz donde se integrd la
reconstruccion 3D en el sistema de navegacion) se observd dificultad a la hora de
realizar la integracion entre el mapa electroanatomico y las reconstrucciones 3D de los
ventriculos. En algunos casos el registro de las imagenes fue imposible, debido a la

disparidad de volumenes de ambas estructuras.
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4.3 Influencia del ritmo cardiaco en el corregistro de reconstrucciones

tridimensionales en el sistema de navegacion.

Tal como se ha comentado en el apartado anterior, en la aplicacion clinica diaria del
segundo trabajo de esta tesis doctoral se observaron dificultades en el registro de las
estructuras 3D derivadas de las imagenes de RMC o TAC y los mapas de voltaje y
activacion. Se trabajo sobre la hipotesis de que estas dificultades se debian a que las
imagenes de RMC o TAC se habian realizado durante RS, mientras que los mapas de

activacion se realizaban durante EV o TVMS.

El cuarto trabajo de esta tesis doctoral tiene como objetivo cuantificar la diferencia de
posicion espacial de un mismo punto en ritmo sinusal respecto a extrasistolia
ventricular. En este estudio se observé que la mediana del desplazamiento obtenido en
6923 puntos de un total de 71 mapas electroanatomicos no era despreciable (9,42 mm,
con un rango intercuartil de 6,19 a 12,85 mm). Este desplazamiento variaba en funcion
de dos variables principales: el intervalo de acoplamiento de la extrasistole con respecto

al latido previo y la situacion del punto con respecto a la antomia del VD o el VI.

Un intervalo de acoplamiento corto entre la EV y el latido previo en RS demostro tener
mayor desplazamiento que un intervalo de acoplamiento mas largo. Esto se explica por
el hecho de que los sistemas de navegacion utilizan el ECG como referencia para
capturar la informacion (eléctrica y de posicion) en los mapas de activacion de EV. En
RS, dado que la activacion eléctrica se produce antes de la activacion mecanica, la
captura de informacion se produce durante la teledidstole ventricular. Sin embargo, al
producirse una EV con intervalo de acoplamiento corto, la captura de informacion en el
sistema de navegacion se produce en algin momento de la sistole mecanica del latido
previo (normalmente en ritmo sinusal), pudiendo coincidir incluso con la telesistole si el
intervalo de acoplamiento es muy corto. La Figura 17 muestra la relacion
electromecanica entre la informacion obtenida por el ECG y la contractilidad de los
ventriculos al producirse una EV. Es importante observar la diferencia entre los

volimenes ventriculares al adquirir la informacion durante RS y durante EV.
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Figura 17. Momentos de captura de informacidn eléctrica y de posicion efectuados
por el sistema de navegacion, tanto en RS como en EV. Se puede observar la relacion
entre el volumen ventricular, el desplazamiento de la pared miocardica y la sefal del
ECG en el momento de la captura.
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Esta relacion electromecdnica varia considerablemente entre los diferentes
pacientes.(96) Por este motivo la relacién entre el intervalo de acoplamiento y el
desplazamiento presenta mucha dispersion de valores. Los puntos del VD también
demostraron sufrir un mayor desplazamiento respecto a los puntos del VI. Los puntos
del VD se desplazaron una mediana de 10,35 mm respecto los 7,62 mm de mediana que

se desplazaron los puntos del VI.

Una de las implicaciones directas de este desplazamiento en la practica clinica, ademas
de en la integracion de imagenes, se observa en la ablacién de EV poco frecuentes
durante el procedimiento. El mapa de activacion esta realizado durante EV. Sin
embargo, la navegacion se realiza principalmente durante RS. En el momento de
posicionar el catéter en el lugar mas precoz (obtenido durante EV) durante navegacion
en RS se produce un error de posicionamiento del catéter que puede provocar que la
ablacion no sea efectiva. Para evitarlo, en el estudio se recomienda identificar el punto
objetivo y cambiar su referencia hasta el latido en RS. De este modo, el sistema de
navegacion corregird las coordenadas del punto hasta su posicion durante RS (Figura

18).
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Figura 18. Cambio en la posicién del punto de maxima precocidad de la EV (Al) al
modificar su referencia en el sistema de navegacion hasta el latido previo en RS
(A2).

El desplazamiento de los puntos de los mapas electroanatomicos en funcion del ritmo
cardiaco esta ligado fuertemente con la calidad del registro de las reconstrucciones 3D.
Los mapas electroanatomicos siempre son mas pequefios que las reconstrucciones 3D
derivadas de imagenes de RMC o TAC, puesto que generalmente no se realiza un mapa
completo de los ventriculos. Sin embargo, la diferencia entre los mapas obtenidos
durante EV y durante RS no es despreciable. Esto es debido a que, tal como se ha
explicado previamente, el volumen ventricular en los mapas obtenidos durante EV es
mucho menor ya que son adquiridos durante un momento entre la sistole y la diastole
precoz. La Figura 19A muestra la relacion entre el intervalo de acoplamiento y la
diferencia entre el volumen de los mapas tomados en RS y los mapas tomados durante
EV. Se puede observar como cuanto menor es el intervalo de acoplamiento, mayor es la

diferencia entre volumenes.
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La calidad del registro de imagenes se mide cuantitativamente mediante la distancia
media entre los puntos electroanatomicos y la superficie de las reconstrucciones 3D.(92-
95) En este trabajo se demostrd que esta distancia aumenta a medida que el intervalo de
acoplamiento es mas corto, relacionado con la diferencia entre los volimenes de los
mapas electroanatomicos durante EV y durante RS. La Figura 19B muestra la relacion

entre el intervalo de acoplamiento y la distancia media de los puntos del mapa de EV.

Figura 19. Andlisis de regresion de la diferencia de volumen entre mapas
electroanatomicos obtenidos durante RS y EV respecto al intervalo de
acoplamiento de la EV (A); y entre la distancia media de los puntos
electroanatomicos del mapa de EV a la volumetria del ventriculo respecto el

intervalo de acoplamiento de la EV (B).
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Por estos motivos, en los casos de pacientes con poca densidad de EV y si se desea
realizar un registro de imagenes, es recomendable realizar un mapa electroanatomico en

RS previo al mapa de activacion de la EV.
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4.4 Comparativa entre las distintas secuencias de RMC con realce tardio en la
cuantificacion de la cicatriz, la calidad de imagen y la identificacion de los

istmos de arritmias ventriculares

Tal como se ha comentado en el punto 4.2, la resolucion espacial de las secuencias 3D
permiten identificar una proporcion importante de los CC, objetivo en la ablacion de
TV. La ausencia de desplazamiento entre las imagenes sucesivas permite una
reconstruccion 3D fiel al tamafio real del VI. Sin embargo, el elevado tiempo de
adquisicion en comparacion con otras secuencias provoca que la calidad de la imagen se
vea reducida debido al ruido y, en algunos casos, se ha de interrumpir la prueba debido

a la intolerancia del paciente a un estudio tan prolongado.

Una solucion intermedia entre las secuencias 3D y las secuencias 2D de RMC con
realce tardio son las secuencias adquiridas durante una unica apnea, o Single-Shot.(63)
De este modo, se evitan los problemas de desplazamiento entre imagenes asociadas a
las secuencias 2D y a los problemas de ruido e intolerancia del paciente a la prueba
debido al prolongado tiempo de adquisicion de las secuencias 3D. Sin embargo, el
problema de una resolucion espacial limitada persiste, ya que la resolucion espacial en

el eje Z es parecida a la resolucion de las secuencias 2D.

Diversos estudios han comparado previamente estas secuencias entre si en el ambito de
la calidad de imagen.(97-99) Sin embargo, todavia no se ha evaluado cudl de estas
secuencias permite identificar un mayor niimero de canales de conduccion o si existen
diferencias en la cuantificacion de la cicatriz entre las diferentes secuencias (aspectos de
vital importancia tanto en la ablacion de TV como en la estratificacion de riesgos de

arritmia en pacientes con cicatriz en las imagenes de RMC).(41, 75, 85, 100-102)

El cuarto estudio de esta tesis doctoral compara estas tres secuencias en tres categorias
distintas: cuantificacion del tamafio de la cicatriz, calidad de imagen e identificacion de

CC en comparacion con los mapas electroanatémicos.
Cuantificacion del tamafio de la cicatriz:

Tal como se ha comentado previamente, la cuantificacion del tamafio de la cicatriz
(tanto en su tamano total como en su division entre tejido necrotico denso y zona PI) ha
tomado una especial relevancia a la hora de estratificar el riesgo de arritmias en
pacientes con cicatriz ventricular y portadores de DAI. Actualmente esta cuantificacion

se realiza con métodos manuales o semiautomaticos, donde un operador selecciona
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manualmente regiones de interés sobre las imagenes de RMC con relace tardio, y
posteriormente se aplica un algoritmo en las regiones seleccionadas que separa la

cicatriz entre zona PI y tejido necrético.

El tiempo empleado por el operador es directamente proporcional al tamafio de la
cicatriz, pero también al grosor de las imagenes de la RMC. Si por ejemplo una
secuencia como la secuencia 2D estandar presenta menos cortes que la secuencia 3D
(del orden de una cuarta parte), el tiempo empleado en el andlisis serd mucho menor.
Sin embargo, no se sabe si existirdn diferencias entre las masas de las zonas de la

cicatriz obtenidas en las diferentes secuencias.

En este estudio se observd que no existian diferencias estadisticamente significativas
entre la cantidad de cicatriz total entre las tres secuencias (2D, Single-Shot y 3D).
Tampoco existian diferencias entre la cantidad de tejido necrdtico denso obtenido en el
analisis de las imagenes de las secuencias 2D y Single-Shot, al igual que entre las
secuencias de 2D y 3D. Sin embargo, la cantidad de tejido necrético denso obtenida en
el analisis de las imdgenes de la secuencia Single-Shot era superior a la cantidad
obtenida en el andlisis de las imagenes de la secuencia 3D. En contrapartida, la
cuantificacion de zona PI fue mayor en el andlisis de las imdgenes de la secuencia 3D
frente a la obtenida en las secuencias Single-Shot y 2D. Este hecho ya se observo en un

estudio previo.(103)

Estos resultados explican que la utilizacion de las secuencias 2D o Single-Shot sean las
mas utilizada en la cuantificacion de cicatriz, ya que aunque tengan una resolucion
espacial mas reducida que la secuencia 3D, su reducido nimero de imagenes hace que
el tiempo invertido en cada andlisis sea mucho menor. Ademas, el hecho de que la
secuencia 2D haya sido la mas utilizada en los diversos estudios de estratificacion de
riesgo de arritmias en funcion de la cantidad de cicatriz (en los cuales ya se han
obtenido los puntos de corte), provoca que el uso de esa secuencia sea la mejor opcion
en la cuantificacion de cicatriz mediante el analisis de imagenes de resonancia

magnética.
Calidad de las iméagenes. SNR y CNR:

La calidad de las imagenes de RMC es fundamental a la hora de realizar
cuantificaciones de tamaifio de cicatriz o de realizar reconstrucciones 3D del VI donde

se identifiquen los CC. Imagenes de mala calidad y por tanto con mas ruido pueden dar
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lugar a mayores tamafios de cicatriz, que no se correspondan con la realidad o, en el
caso de las reconstrucciones 3D del VI, pueden representar CC falsos que no se

observan en los mapas electroanatomicos.

En este estudio se observéd que las imdgenes que tuvieron una mayor calidad fueron las
imagenes obtenidas mediante la secuencia Single-Shot. Por el contrario, las imagenes
de peor calidad fueron las obtenidas mediante la secuencia 3D. No se encontraron
diferencias estadisticamente significativas entre la secuencia Single-Shot y la secuencia

2D en cuanto a calidad de imagen.

Estos resultados son logicos si se tiene en cuenta la distinta resolucion espacial de las
diferentes secuencias. La secuencia 3D proporciona un voxel de 2.74 mm® de volumen,
mientras que en la secuencia 2D el voxel obtenido tiene un volumen de 19.6 mm’® y en
la secuencia Single-Shot el tamafio de voxel es de 40 mm’. Esta diferencia de tamaros
explicaria la diferencia en el SNR y el CNR obtenida en el estudio, ya que la cantidad
de masa miocardica es mucho mayor y, por lo tanto, proporciona una mayor intensidad

de senal, provocando un aumento en el SNR y el CNR.

Por otro lado, en el estudio se observd que la medida del SNR y CNR, basada en
regiones de interés, era poco reproducible en las mediciones interobservador. Un
estudio previo ya afirmaba que la medida del SNR y del CNR basado en regiones de
interés era poco reproducible, y proponia otros métodos mas robustos y
complicados.(69) Sin embargo, la medida del SNR y CNR utilizada en este estudio es la
mas utilizada en otros estudios, en gran parte gracias a la sencillez del método.(70-73)
Ademas, el hecho de que se utilizara el mismo método para analizar las tres secuencias

estudiadas, reduce el error introducido por este factor.
Identificacion de los canales de conduccion:

Tal como se ha visto, la identificacion de los istmos causantes de las TV es uno de los
objetivos principales de esta tesis doctoral que ya fue alcanzado en el segundo estudio.
En ese estudio se utilizo una secuencia 3D para identificar los CC, mientras que en otros
estudios se utilizd una secuencia 2D o una secuencia Single-Shot para identificar los
CC.(41, 100) Falta por comprobar si existen diferencias significativas en Ila
identificacion de CC utilizando las tres secuencias en los mismos pacientes, y comparar
la reconstruccion 3D del VI con los mapas electroanatémicos, obteniendo el nivel de

concordancia en la identificacion de CC para cada secuencia.
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En el estudio realizado se observo que en 4 pacientes de 30 (13.3%) la secuencia 2D
presentaba un desplazamiento entre imagenes clasificado como severo, lo cual impedia
la reconstruccion 3D correcta del VI. La figura 20 muestra como este desplazamiento
impide la adaptacion del modelo de mallado del VI a las imagenes de RMC de la
secuencia 2D. La secuencia Single-Shot, que tedricamente corregia este fendomeno,
también presentd algunos casos de desplazamiento de grado moderado (16.7%). No

obstante, la reconstruccion 3D se pudo realizar aunque de forma suboptima.

Figura 20. Efectos del desplazamiento severo entre imagenes en la secuencia 2D en
la reconstruccion 3D del VI. Es posible observar como determinadas zonas del modelo
quedan dentro de la cavidad debido al desplazamiento entre imagenes (panel 1), hecho
que provoca que en la reconstruccion 3D del ventriculo aparezcan zonas de cicatriz que

no se aprecian en las imagenes de resonancia (panel 2).
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La secuencia que permitié identificar un mayor nimero de CC fue la secuencia 3D,
seguida de la secuencia 2D y por ultimo la secuencia Single-Shot. No obstante, el hecho
de identificar un numero mayor de CC no significa que la secuencia tenga mayor valor
predictivo a lo hora de identificar CC en el mapa electroanatomico. En comparacion con
los CC identificados en los mapas electroanatomicos, la secuencia Single-Shot tuvo una
pobre correlacion (Gnicamente un 38% de concordancia) mientras que la secuencia 2D
pudo identificar hasta un 62% de los CC observados en el mapa electroanatomico. La
secuencia 3D tuvo el mayor porcentaje de concordancia (79%), valor muy cercano al
porcentaje de CC observados tanto en las reconstrucciones 3D utilizando la misma
secuencia como en los mapas electroanatomicos (81%) expuesto en el segundo estudio
de esta tesis (apartado 4.2). Todo ello se explica en gran parte gracias a las diferencias
en la resolucion espacial entre cada una de las secuencias. A mayor resolucion espacial,

mayor numero de CC identificados.

Figura 21. Identificacion de CC en las reconstrucciones 3D del ventriculo. En este
caso se identifican tres CC (canales 1, 2 y 3) tanto en el mapa tridimensional como en la
reconstruccion 3D del VI a partir de las imdgenes de resonancia (secuencia 3D). Se
puede observar una zona con baja densidad de puntos donde se observa un CC en la
reconstruccion 3D que no se observa en el mapa electroanatémico, posiblemente debido

a la falta de informacion eléctrica de esa zona al tener una menor densidad de puntos.

CARTO

RMC-3D
10%

Por otro lado, el porcentaje de falsos positivos (CC identificados en las reconstrucciones

3D del VI a partir de las secuencias de resonancia pero no observados en los mapas
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electroanatémicos) fue muy similar en las tres secuencias (alrededor del 20%). Estos
datos pueden verse alterados en parte a la limitada resolucion espacial de los mapas
electroanatémicos, ya que éstos se focalizan en las zonas de interés y pueden aparecer
zonas poco mapeadas donde no se observan CC debido a la baja densidad de puntos. La
figura 21 muestra un ejemplo de un caso donde se identifican dos CC tanto en el mapa
electroanatdémico como en la reconstruccion 3D del VI, pero que existe un cuarto CC
observado en la reconstruccion 3D que no se observa en el mapa electroanatomico,

posiblemente debido a la baja densisdad de puntos en esa area.
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5. CONCLUSIONES

Subproyecto 1:

La distribucion del realce tardio en las imagenes de RMC permite diferenciar entre

un probable origen endocérdico o epicardico de las arritmias ventriculares.

La combinacion de la informacion del tejido necrotico de la RMC con la
informacion del ECG de la arritmia ventricular permitiria identificar con gran
sensibilidad y especificidad el origen endocardico o epicardico de una arritmia

ventricular.

Subproyecto 2:

Las imagenes post procesadas de RMC se pueden integrar dentro de los sistemas de

navegacion para guiar la ablacion de arritmias ventriculares.

Un umbral del 60% del PMI en las imagenes de RMC permite definir el limite entre
tejido necrdtico y zona PI, en comparacién con los mapas electroanatémicos de

voltaje bipolar.

Un umbral del 60% del PMI puede identificar cerca de un 80% de los CC

responsables de TV en pacientes isquémicos.

Existe una diferencia espacial en un mismo punto entre RS y EV, acentuada
sobretodo en el VD. Este desplazamiento se ve incrementado con el acortamiento
del intervalo de acoplamiento de la EV, y es clave a la hora de posicionar el catéter
en el lugar objetivo de ablacion si el ritmo de navegacion es diferente al ritmo del

mapa electroanatomico.

El desplazamiento debido al ritmo cardiaco dificulta el registro de imagenes en los
sistemas de navegacion al haber una diferencia entre el volumen del mapa

electroanatémico tomado durante EV y el volumen de la reconstruccion 3D.

Las secuencias 3D de RMC permiten identificar un mayor numero de CC respecto

las secuencias 2D y Single-Shot de RMC.

No existen diferencias entre las diferentes secuencias de RMC respecto la
cuantificacion total de la cicatriz, aunque la secuencia 3D identifica una mayor zona

PI y una menor zona de tejido necrético denso.
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