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INTRODUCCION

La fibrilacién auricular (FA) es la arritmia mas frecuente en el ser humano (1). A
pesar del progreso en el manejo de pacientes con FA, ésta sigue siendo una
de las principales causas de accidente cerebrovascular, insuficiencia cardiaca,
muerte subita y morbilidad cardiovascular en el mundo. Ademas, se prevé que
el numero de pacientes con FA aumente considerablemente en los proximos
anos. En consecuencia, la FA supone una carga importante para los pacientes,
los médicos y los sistemas de salud a nivel mundial.

Los enfoques terapéuticos actuales para la FA todavia tienen limitaciones
importantes con respecto a la eficacia y la probabilidad de efectos adversos
significativos. Estas limitaciones han inspirado esfuerzos sustanciales para
desarrollar nuestra comprension de los mecanismos subyacentes a la FA, con
la premisa de que una mejor comprension de los mecanismos conducira a
enfoques terapéuticos innovadores y mejorados. Por otra parte, las terapias
ablativas evolucionan constantemente gracias a los avances tecnolégicos de
manera que hoy en dia existen numerosos tipos de energia disponibles para

realizar las terapias intervencionistas de la FA.

1. Definicion de fibrilacion auricular

Una arritmia es cuando el corazon late demasiado lento, demasiado rapido o
de manera irregular. La fibrilaciobn auricular es wuna taquiarritmia
supraventricular en la que la activacion eléctrica de las auriculas (las cavidades
superiores del corazén) es descoordinada e irregular, perdiendo asi la auricula
su capacidad contractil resultando en una contraccién auricular ineficaz en la
que la sangre no fluye tan bien como deberia desde las auriculas a los dos
ventriculos.
Las caracteristicas electrocardiogréaficas de la FA incluyen:

e Intervalos R-R irregularmente irregulares (cuando la conduccion

auriculoventricular no esta alterada),
e Ausencia de ondas P repetitivas distintas, y

e Activaciones auriculares irregulares.
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La fibrilacion auricular puede ocurrir en episodios breves o puede ser una
condicibn permanente. Los documentos de consenso sobre la ablacion
quirdrgica y con catéter definen la fibrilacion auricular (FA) como una arritmia
que dura =30 s, asumiendo que un evento de FA breve se correlaciona con
eventos de FA mas prolongados o con una alta prevalencia.

2. Epidemiologia de la fibrilacién auricular

En todo el mundo, la FA es la arritmia cardiaca sostenida mas comun en
adultos. Se calcula que en 2016 43,6 millones de individuos presentaban una
FA. En la Uniobn Europea, la prevalencia de FA en adultos mayores de 55 afios
se estim6 en 8,8 millones (IC 95 %, 6,5-12,3 millones) en 2010 y se proyect6
que aumentarfa a 17,9 millones en 2060 (IC 95 %, 13,6 millones—23,7 millones)
(2). Fig 1 y 2. Los factores de riesgo asociados a la ocurrencia de FA son:
hipertension arterial, diabetes mellitus (tipo 1 o 2), sobrepeso, tabaquismo,
consumo de alcohol y antecedentes de infarto de miocardio o insuficiencia
cardiaca. La tasa de incidencia varfa segun la raza en el Reino Unido, la tasa
de incidencia por 1000 afios-persona estandarizada fue 8,1 (IC 95 %, 8,1-8,2)
en blancos versus 5,4 (IC 95 %, 4,6-6,3) en asiaticos y 4,6 (IC 95 %, 4,0-5,3)
en pacientes afrodescendientes (3).

PREVALENCIA GLOBAL DE FA

(a nivel mundial, 43,6 millones de personas tenian FA en 2016)

Tasas de prevalencia
global de fibrilacién
auricular por 100000
habitantes

B <00

600-699

B 700-899 :
B L 4

Figura 1. Prevalencia global de la FA(4).
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Adults with atrial fibrillation, in thousands

Year

Figura 2. Numero proyectado de adultos con fibrilacion auricular en la Unién Europea entre
2000 y 2060(2).

3. Etiopatogenia de la fibrilaciéon auricular

Varios factores provocan alteraciones auriculares complejas, como fibrosis
inducida por estiramiento, hipocontractilidad, infiltracidbn grasa, inflamacion,
remodelado vascular, isquemia, disfuncibn de los canales ibnicos e
inestabilidad del calcio. Todos magnifican la ectopia y las alteraciones de la
conduccién, aumentan la propensidén auricular a desarrollar/mantener la FA y
facilitan el estado de hipercoagulabilidad que se asocia. La hipocontractilidad
reduce la tension de cizallamiento endotelial local, lo que aumenta la expresion
del inhibidor del activador del plasmindégeno, y la inflamacion inducida por
isquemia aumenta la expresion de moléculas de adhesion endotelial o
promueve el desprendimiento de células endoteliales, lo que da como resultado
la exposicidn del factor tisular al torrente sanguineo. La FA por si misma agrava

muchos de estos mecanismos, lo que puede explicar su caracter progresivo.

3.1.Remodelacién eléctrica

En general, la FA se asocia con una variedad de patologias y factores de
riesgo cardiovascular establecidos que pueden causar remodelacion estructural
y/o eléctrica (canales ibnicos). Algunas son: la edad, la presencia de

cardiopatias preexistentes (coronaria, valvular), hipertensién, diabetes,
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tabaquismo, obesidad, apnea obstructiva del suefio, consumo de alcohol y
ejercicio fisico intenso. Ademas, la propia FA provoca una remodelacion de la
corriente i6nica que desempena un papel importante en la fisiopatologia de la
FA. Las propiedades eléctricas auriculares se modifican al afectar la expresion
y funcidén de los canales iénicos, las bombas y los intercambiadores, creando
asi un sustrato propenso a la reentrada y promoviendo la arritmia. Este
concepto, conocido como remodelacién de la taquicardia auricular, se describi6
por primera vez en modelos animales y demostré que la estimulacién auricular
rapida a largo plazo o el mantenimiento de la FA favorece la aparicién y el
mantenimiento de la FA (5). El mecanismo molecular consiste en una serie de
modificaciones que dan como resultado un acortamiento del periodo refractario
debido un acortamiento de la duracion del potencial de accién i) disminucién de
la corriente de Ca2+ tipo L, ii) aumento del rectificador interno corriente de K+,
y iii) expresidon/distribucibn anormal de los hemicanales de conexinas de las
uniones gap intercelulares (6). La actividad automatica anormal ocurre cuando
un aumento en las corrientes despolarizantes internas dependientes del tiempo
transportadas por Na* o Caz* (haciendo que el interior celular sea mas positivo)
0 una disminucion en las corrientes externas repolarizantes transportadas por
K* (que mantienen el interior celular negativo) provoca una despolarizacion
celular progresiva tiempo-dependiente. Cuando se alcanza el umbral de
potencial, la célula dispara, produciendo una actividad automatica. Si se
produce una descarga automatica antes del siguiente latido normal (sinusal),
tiene lugar una activacion auricular ectopica (7). Se cree que los focos
auriculares ectopicos de ciclo corto clinicamente tipicos (P sobre T) surgen a
través de la actividad desencadenada, mas tipicamente causada por
posdespolarizaciones retardadas (PDR), pero en algunos casos por
posdespolarizaciones tempranas (PDT). Las PDR son oscilaciones del
potencial de membrana que se producen después de la repolarizacion
completa del potencial de accién desencadenante. Constituyen el mecanismo
mas importante de las arritmias auriculares focales y se ven favorecidas por
condiciones que producen sobrecarga de Ca2+, como isquemia, estimulacion

betaadrenérgica, baja concentracion extracelular de K* y taquicardia (8,9). Son
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el resultado de una fuga diastolica anormal de Ca2+ desde el reticulo
sarcoplasmico (RS) a través de los canales de liberacion de Caz* conocidos
como receptores de rianodina (10). El exceso de Caz* diastolico es manejado
por el intercambiador Na+/Caz* de la membrana celular que transporta tres
iones Na+ a la célula por cada ion Caz* extruido, creando una corriente
despolarizante neta (llamada corriente de entrada transitoria, o Iti) que produce
PDR, lo suficientemente grande como para alcanzar el umbral de descarga
ectépica. Las PDR repetitivas causan taquicardias auriculares focales. Por el
contrario, las PDT son oscilaciones de membrana que ocurren durante la fase 2
0 3 del potencial de accion. Se originan cuando la duracién del potencial de
accion es excesivamente prolongada y las corrientes de Caz2* de la membrana
celular se recuperan de la inactivacion y permiten que el Caz* se mueva hacia
adentro, generando asi un nuevo potencial de accién ascendente (11). Los
miofibroblastos pueden aumentar el potencial de reentrada de las células
miocardicas adyacentes, acercandolas al umbral de disparo e iniciando la
actividad focal. La actividad ectdpica puede ser transitoria, manifestandose

como latidos ectopicos aislados o taquicardia sostenida.

3.2.Remodelacién estructural

La remodelacidén estructural se caracteriza por un agrandamiento auricular y
una fibrosis tisular. Morillo, et al. describieron por primera vez modificaciones
estructurales en un modelo canino de taquiarritmia auricular (12). La
microscopia electronica mostr6 un aumento en el nimero y tamano de las
mitocondrias y la ruptura del reticulo sarcoplasmico. También se observaron
nucleos agrandados y dilatacién del reticulo endoplasmico rugoso. Un modelo
ovino encontrd desdiferenciacion con agotamiento del material contractil
(sarcémeros) y acumulacibn de glucégeno, pero mas bien multiples
mitocondrias pequefias. Las células no presentaban atrofia, por el contrario,
estaban agrandadas y no se observaban cambios degenerativos ni
alteraciones en la matriz extracelular (13). Sin embargo, los estudios realizados
en auriculas de perros y humanos mostraron cambios degenerativos y

evidencia de muerte celular necrética y apoptética de los cardiomiocitos (14—
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16). La implicacion clinica de esta diferencia seria la reversibilidad en el caso
de desdiferenciacion en comparacion con la irreversibilidad para la
degeneracion. La fibrosis auricular es una caracteristica comiun de muchos
precursores de la fibrilacibn auricular, como la insuficiencia cardiaca
congestiva, la cardiopatia isquémica, la valvulopatia, la senescencia y la propia
fibrilacibn auricular. La implicacién clinica de esta diferencia seria la
reversibilidad en el caso de desdiferenciacion en comparacién con la
irreversibilidad para la degeneracion. De hecho, la persistencia de la FA se
correlaciona con la cantidad de fibrosis y contribuye a la resistencia terapéutica
en la arritmia persistente (17—19). La fibrosis consiste basicamente en el
depoésito de proteinas de la matriz extracelular por parte de los fibroblastos, que
son células no excitables y las que se encuentran con mayor frecuencia en el
corazon (20). Esta matriz extracelular crea una barrera para la propagacion del
impulso. Ademas, las interacciones entre los cardiomiocitos y los fibroblastos a
través de la creacion de uniones comunicantes pueden causar cambios
arritmogénicos en la bioelectricidad y las propiedades de conduccién de los
cardiomiocitos (21-23). Asimismo, se ha comprobado que la rapida activacion
de los cardiomiocitos auriculares induce fibrosis, creando asi un ciclo de
arritmia y fibrosis (24). La remodelacion estructural solo parece ser reversible
durante las primeras fases del trastorno arritmico, pero su extension es crucial
porque puede alcanzar un umbral mas alla del cual ya no se puede restaurar el
ritmo sinusal. El agrandamiento auricular estd muy a menudo presente en la FA
y es un fuerte predictor independiente para el desarrollo de esta (25). De
hecho, puede ser una causa o una consecuencia de la FA y puede revertirse
parcialmente después de la restauracion del ritmo sinusal (26,27).

Estudios histopatolégicos han demostrado infiltracion de adipocitos en el
miocardio de pacientes con FA, cuya extensién se correlaciona con el volumen
de tejido adiposo epicardico. De hecho, se ha observado, en pacientes obesos,
que el tejido adiposo epicardico infiltra la pared de la auricula izquierda, lo que
resulta en una reduccion del voltaje endocardico. Ademas, el volumen de tejido
adiposo epicardico se correlaciona significativamente con la localizacién de

electrogramas auriculares fraccionados, que son un marcador del
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enlentecimiento local de la conduccién en pacientes con FA. Por lo tanto, el
tejido adiposo epicardico juega un papel importante en la alteracion de las

propiedades electrofisiologicas de los tejidos cardiacos (28—30).

3.3.Remodelacién autonémica

El sistema nervioso autbnomo cardiaco (SNA) se ha implicado en la
fisiopatologia de varias arritmias, incluida la FA. El papel del SNA en la
patogenia de la FA fue reconocido por primera vez por Coumel y colaboradores
en 1978(31). En particular, las ramas simpatica y parasimpatica del sistema
nervioso autbnomo pueden afectar la actividad eléctrica del corazon, lo que
lleva al desarrollo de la fibrilacidbn auricular. La activacidbn simpatica puede
aumentar la actividad eléctrica en las auriculas, mientras que la activacion
parasimpatica puede disminuir la frecuencia cardiaca y aumentar la variabilidad
de la frecuencia cardiaca. Por lo tanto, los desequilibrios en el sistema nervioso
autbnomo pueden conducir a una mayor susceptibilidad a la fibrilacion
auricular. Estudios previos demostraron que la hiperactividad del sistema
nervioso autonomo cardiaco (SNA) es fundamental en el inicio y mantenimiento
de la FA. En un modelo canino de fibrilacion auricular paroxistica simulada
mediante estimulacién auricular rapida, la actividad neural en los plexos
ganglionares cardiacos aumentd progresivamente a medida que continuaba la
estimulacién (32,33). La remodelacién autondémica progresiva se traduce en
con un aumento de la densidad de los nervios simpatico y vagal que resulta en
una hiperinervacion y un cambio del equilibrio simpatico/vagal en las primeras
24 horas de FA simulada por estimulacion auricular rapida. Trabajando
sinérgicamente con la remodelacion eléctrica y la remodelacion estructural, la
remodelacion autonémica puede ser un elemento critico en el mantenimiento

de la FA en las primeras 24 horas después de su inicio (34).

4. Mecanismos de iniciacion de la fibrilacion auricular

4.1. Actividad ectopica focal desencadenada — inicio de la FA
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Los estudios clinicos han demostrado que hasta el 94 % de los
desencadenantes auriculares que inician paroxismos frecuentes de FA se
originan en una de las venas pulmonares (VP), de hecho, desde los manguitos
miocardicos que se extienden mas alla de la unién venoauricular hacia las VP
(35). Estos manguitos son mas extensos alrededor de las VP superiores que
alrededor de las inferiores (36). Esta disposicién coincide con la distribucién de
focos de despolarizaciones auriculares prematuras para el inicio espontaneo de
FA en las series clinicas publicadas (37). Las propiedades altamente
arritmogénicas de las venas toracicas se han relacionado con una anisotropia
debida a fibras miocardicas discontinuas separadas por tejido fibrético, lo que
promueve la excitacibn reentrante, la automaticidad y la actividad
desencadenada. Ademas, las VP y los ostia de las VP de los pacientes con FA
muestran con frecuencia propiedades de conduccibn anormales
(fragmentacion, alta frecuencia dominante) que promueven aun mas la
arritmogénesis (38). Curiosamente, también se han encontrado patrones
histologicos congruentes en las uniones entre las células del miocardio
auricular y la musculatura lisa vascular en el seno coronario, la vena cava
superior y las valvulas AV, donde bajo condiciones fisiol6gicas, se observa
actividad eléctrica sincrénica, mientras que se producen posdespolarizaciones
y actividad desencadenada durante la estimulacion con catecolaminas, la
estimulacién auricular rapida y/o aumento de la presion intra-auricular(38). Esto
explica que las fuentes desencadenantes de la FA puedan localizarse en la
pared posterior de la auricula izquierda, la vena cava superior, el ligamento de
Marshall, el ostium del SC, el tabique interauricular, la cresta terminal y la
region adyacente al anillo de las vélvulas atrioventriculares. Incluso las
anomalias congénitas raras, como una vena cava superior izquierda

persistente, pueden desencadenar una FA (39—41).

4.2.Reentrada — Mantenimiento de la FA

La reentrada requiere tanto un sustrato vulnerable adecuado, como un
disparador que actua sobre el sustrato para iniciar la arritmia. Dichos sustratos

pueden ser causados por alteraciones de las propiedades eléctricas (reentrada
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funcional) o por cambios estructurales (reentrada anatémica) (42). Numerosas
patologias cardiacas pueden causar sustratos estructurales para reentrada
basicamente mediada por el agrandamiento auricular y la fibrosis. De hecho, el
tamano auricular afecta la cantidad de tejido disponible para acomodar los
circuitos de reentrada y es un determinante mayor de la aparicibn de
reentradas relacionadas con la FA al hacer disponibles vias anatomicas de
mayor dimensién (43). La induccién y mantenimiento de la reentrada requieren
un equilibrio critico entre periodo refractario y propiedades de conduccion. En
consecuencia, un acortamiento del periodo refractario y/o una conduccién mas
lenta son los principales mecanismos que contribuyen a la perpetuacion de ya
sea uno o multiples circuitos de reentrada. La combinacion de todos los
componentes eléctricos y los procesos de remodelacién estructural promueve
el acortamiento del periodo refractario del tejido auricular y por lo tanto
disminuye la longitud de onda de los circuitos de reentrada, ya que esta Ultima
es el producto del periodo refractario y la velocidad de conduccién. Es
fundamental tener en cuenta que cualquier propagacion de frente de onda
depende de una interaccion critica entre la "fuente" y el "sumidero" de una
corriente despolarizante. Si el sumidero, que actia como una especie de tejido
aguas abajo del frente de onda de activacién, es demasiado grande, la
propagacion falla porque la corriente de la fuente es demasiado débil para su
excitacion. Sin embargo, si ocurre lo contrario, un gran numero de células se
encuentran con una dimensidbn mas pequefa de tejido corriente abajo, lo que
resulta en una mayor velocidad de conduccién (44). Mdltiples mecanismos de
reentrada han sido postulados. Allessie y colaboradores fueron los primeros en
demostrar que la actividad de reentrada es funcional y, por lo tanto, existe sin
la necesidad de un obstaculo anatomico. Con base en sus observaciones de
una taquicardia, que fue inducida en la auricula izquierda de un conejo por
estimulacibn prematura que mostraba excitacion por ondas giratorias,
introdujeron su concepto de “circulo principal” (45). Su teoria consiste en un
circuito de reentrada que se establece en un bucle lo mas pequefio posible que
permite que la onda se propague. Dentro del circulo principal, multiples

impulsos que se propagan centripetamente vuelven refractario el tejido central
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y lo extinguen. Por el contrario, la propagacién centrifuga de impulsos en el
borde de ataque del circulo despolariza el tejido adyacente lo mas rapido
posible, antes durante el periodo refractario relativo (46).

El otro mecanismo que ha sido descrito es la reentrada de onda espiral. Estos
estudios postulan que la reentrada relacionada con la FA es el resultado de la
actividad peribdica ininterrumpida de una reentrada de onda espiral estable,
serpenteante y autosostenida que adopta la forma de un rotor, la onda espiral
gira alrededor de un circuito microrreentrante (47). Las ondas espirales son
conocidas por observaciones de reacciones quimicas en medios excitables y
se han adaptado a fenbmenos electrofisioldgicos después de experimentos con
modelos matematicos de propagacion eléctrica intercelular (modelo Fitzhugh-
Nagumo) y han sido reproducidos en modelos de tejido cardiaco (48,49). Como
resultado de una activacion ectopica prematura dentro de la auricula que inicia
un frente de onda, que choca con el latido sinusal anterior (y, por lo tanto,
encuentra su frente refractario y de recuperacion), esto puede servir como un
escenario tipico: la propagacién del frente de onda ectopico puede chocar y
bloquear tarde o temprano en el borde del tejido no recuperado y por lo tanto
refractario. En el momento en que éste recupera la excitabilidad es activado
por el frente de onda prematuro, generando una curva que sigue
continuamente al frente de recuperacion hasta lograr una revoluciéon completa.
El punto en el que los tejidos excitados y refractarios chocan se denomina
"singularidad de fase". Cabe destacar que el radio de la curvatura del frente de
onda disminuye hacia el vortice del rotor, donde la velocidad de conduccién es
infinitesimal debido a un desajuste fuente-sumidero. Esta hipbtesis se
considera el mecanismo de reentrada mas popular en la FA. Algunos estudios
postularon que la ablacién de dichos rotores se asocia con una ausencia
sostenida de FA cuando se realiza su ablacién con éxito (50) aunque los
estudios multicéntricos no demostraron el mismo resultado. Ademas, también
se cree que estos rotores actuan como focos de fondo periddicos que generan
frentes de onda, que pueden romperse en multiples ondas al encontrar

obstaculos anatémicos como orificios o tejido cicatricial. ElI progreso en los
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sistemas electroanatomicos de mapeo de la superficie corporal podria permitir
pronto su verificacion o identificacion confiable.

Nuestra comprension actual de los mecanismos de mantenimiento de la FA
también se basa en parte en las observaciones obtenidas a través de modelos
informaticos y experimentos clave a principios de la década de 1960. Moe et al.
describieron probablemente la via final comin mas frecuente en la FA
sostenida, es decir, un frente de onda irregular que se fracciona y divide en
ondiculas hijas independientes y finalmente inestables después de haber
chocado con islotes o hebras de tejido refractario (51). Estas ondiculas hijas
muestran una actividad muy rapida con una duracién de ciclo variable y muy
corta, pueden volver a dividirse, chocar entre si y/o extinguirse al encontrar
tejido refractario (bloqueo funcional) o sitios de conduccién lenta. Finalmente,
numerosas wavelets garantizan el sustento de la FA, particularmente cuando
estan presentes procesos avanzados de remodelacion estructural y eléctrica,
favoreciendo su “supervivencia”. Finalmente, numerosas ondiculas garantizan
el sustento de la FA, particularmente cuando estan presentes procesos de
remodelacion  estructural y eléctrica avanzados, favoreciendo su
“supervivencia”. Sin embargo, demostrar que multiples wavelets pueden ser el
mecanismo principal para la reentrada relacionada con la FA es un desafio, ya
que esto basicamente requeriria una diferenciacion de otros mecanismos como
los mencionados anteriormente o la conduccion fibrilatoria remota del sitio de
interés (ver mas abajo). Hasta el momento, no podemos identificar todas las
fuentes locales de reingreso relacionado con la FA, razdén por la cual este
concepto mantiene su naturaleza hipotética.

Con menos frecuencia, un unico foco de disparo muy rapido (PV o no PV)
puede identificarse como el mecanismo de inicio y mantenimiento de la FA. En
estos casos, se ha demostrado que una actividad focal ectdpica se propaga
hacia las auriculas y se encuentra con tejido parcialmente recuperado y
refractario. Cabe senfalar que la duraciéon del ciclo de dicho conductor es, por
definicidbn, mas corta que los periodos refractarios del tejido adyacente, razon

por la cual no todo el tejido de esa camara cardiaca puede despolarizarse de
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manera regular 1: 1 y con conduccién irregular y fibrilatoria por lo que puede

producirse una activacion fragmentada (44).

4.3.Implicaciones clinicas de los conceptos fisiopatolégicos

Vincular la diversidad de factores de riesgo y mecanismos que conducen a la
FA y la comprension de los conceptos fisiopatolégicos involucrados puede
mejorar la prevencion y el tratamiento de la FA. En consecuencia, seguimos
implementando enfoques diagndsticos y terapéuticos cada vez mas
innovadores, dirigidos a objetivos especificos.

Los enfoques actuales se basan en sistemas tridimensionales de mapeo
electroanatomico. Estos métodos pueden ser no invasivos y analizar la
actividad eléctrica del corazdén desde la superficie corporal con una resolucion
espacial y temporal creciente o invasivos basandose en la informacién
adquirida con catéteres diagnésticos multipolares y catéteres de ablacion. En el
campo farmacoldgico no se han desarrollado novedades por ejemplo para el
bloqueo especifico de los canales de Na+* o K*.

Por el contrario, los métodos de imagen son una fuente de informacién en
pleno desarrollo. Estas son multiples siendo las mas importantes la resonancia
magnética nuclear, la tomografia computarizada y la ecografia intracardiaca.
Estas nuevas herramientas invasivas y no invasivas actualmente disponibles
no permiten el conocimiento completo de los mecanismos relacionados con la
FA, al menos pueden allanar el camino para una mejora adicional en vistas de

desarrollar terapias selectivas y personalizadas.

5. Diagnéstico y clasificacion de la fibrilacion auricular

El diagnostico de FA requiere la documentacion del ritmo con un trazado de
electrocardiograma (ECG) que muestre FA. Por convencion, un episodio que
dura al menos 30 s es diagnéstico de FA clinica. Ademas, existe la
denominada FA subclinica en la que se incluyen episodios de alta frecuencia
auricular confirmados como FA, flutter auricular o taquicardia auricular. Dichos

episodios de FA detectados por un monitor cardiaco insertable o un monitor

26



Programa de Doctorado en Medicina Universitat de Barcelona, 2023

portatil y confirmados por electrogramas intracardiacos revisados visualmente o
con el ritmo registrado en un ECG. En general se definen como episodios de
alta frecuencia auricular aquellos que duran mas de 5 minutos, aunque aun no
disponemos de estudios robustos que prueben cual es la actitud clinica que se
debe tener ante los mismos en pacientes asintomaticos que requeririan una
anticoagulacion si su riesgo cardioembdlico es elevado.

La clasificacidbn estd basada en la presentacion, duracion y terminacion

espontanea de los episodios de FA:

. FA no diagnosticada antes, independientemente de su duracion o de la
FA inaugural ) .
presencia/gravedad de los sintomas

o FA que termina espontaneamente o con intervencion dentro de los 7 dias del
FA paroxistica |
inicio.

FA que se mantiene continuamente mas de 7 dias, incluidos los episodios
FA persistente | terminados por cardioversion (medicamentos o cardioversion eléctrica) después

de >7 dias

FA persistente FA continua de > 12 meses de evolucion cuando se decide adoptar una estrategia
de larga de control del ritmo.

duracion

FA aceptada por el paciente y el médico, en la que no se realizaran mas intentos
de restaurar/mantener el ritmo sinusal. La FA permanente representa una actitud
FA permanente . . o . ) - .
terapéutica del paciente y del médico mas que un atributo fisiopatologico

inherente de la FA

Tabla 1. Clasificacion de la fibrilacion auricular
Esta clasificacidon es una simplificaciébn excesiva de la naturaleza compleja de
la FA, pero en ella se basa gran parte de nuestra evidencia actual puesto que

es la utilizada para los estudios clinicos.

6. Presentacion clinica de la FA

Algunas personas que tienen FA no saben que la tienen y no tienen ningun
sintoma. Otros pueden experimentar uno 0 mas de los siguientes sintomas
(52-54): palpitaciones del corazén (rapidas o fuertes), aturdimiento, fatiga
extrema, dificultad para respirar, dolor toracico, poca tolerancia al esfuerzo. En

algunos casos se pueden observar manifestaciones clinicas severas como

27



Programa de Doctorado en Medicina Universitat de Barcelona, 2023

sincope, hipotension, insuficiencia cardiaca aguda con edema pulmonar,
isquemia miocardica y shock cardiogénico.

Ademas, la presencia de una FA se asocia con los siguientes problemas:

6.1. Disminucion de la calidad de vida

Mas del 60% de los pacientes con FA tienen una calidad de vida
significativamente deteriorada, siendo el problema méas grave en pacientes de
sexo femenino, aquellos mas jovenes o que presentan comorbilidades (55-57).
Sin embargo, en una poblacién con fibrilacion auricular con funcién sistélica del
VI conservada, solo el funcionamiento psicologico predice sistematicamente
tanto los sintomas relacionados con la fibrilaciébn auricular como la calidad de
vida relacionada con la salud con mayor prevalencia de la personalidad tipo D
(58). Los sintomas y la calidad de vida son importantes para identificar el
tratamiento 6ptimo de la FA. También es importante confirmar que los sintomas
estan relacionados con la FA o, en su defecto, excluir una adaptacién a vivir
con una capacidad fisica subdptima interrogando al paciente por disnea o

fatiga de esfuerzo y registrando posibles mejoras después de la cardioversion.

6.2. Accidente cerebrovascular o tromboembolismo periférico

El riesgo anual de accidente cerebrovascular relacionado con la FA en
pacientes con FA depende de las comorbilidades. Los accidentes
cerebrovasculares cardioembolicos asociados con la FA suelen ser graves,
muy recurrentes, a menudo fatales o con discapacidad permanente (59,60). La
FA de inicio reciente también se asocia a la incidencia de embolias sistémicas
(61).

6.3. Insuficiencia cardiaca

Multiples mecanismos asociados a la FA pueden conducir a una disfuncion
ventricular izquierda e insuficiencia cardiaca, lo que resulta en una alta
prevalencia e incidencia de insuficiencia cardiaca entre los pacientes con FA.
Compartiendo factores de riesgo comunes, la FA y la insuficiencia cardiaca a

menudo coexisten, pudiendo exacerbarse entre si, lo que resulta en una
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mortalidad significativamente mayor que cualquiera de las dos por separado
(62,63).

6.4.Hospitalizacion

Aproximadamente el 30 % de los pacientes con FA tienen al menos uno, y el
10 % tiene > 2, ingresos hospitalarios al afo (64-66), con el doble de
probabilidades de ser hospitalizados que las personas sin FA de la misma edad
y sexo (37,5 % frente a 17,5 %, respectivamente). En una cohorte nacional, la
FA fue la principal causa de ingreso en el 14% de los pacientes hospitalizados,
pero su mortalidad intrahospitalaria fue <1%. Las razones mas comunes de
hospitalizacion de los pacientes con FA fueron los trastornos cardiovasculares

(49%), causas no cardiovasculares (43%) y sangrado (8%).

6.5. Deterioro cognitivo y demencia vascular

La FA puede causar dificultad cognitiva que va desde un leve deterioro hasta la
demencia (67). Esto puede ocurrir a través de un accidente cerebrovascular
clinico o silencioso, o a través de vias independientes del accidente
cerebrovascular que no se comprenden completamente. Estudios de imagen
por resonancia magnética (MRI) han demostrado que la AF se asocia con un
aumento de mas del doble de las probabilidades de tener isquemia cerebral

silenciosa (68).

6.6.Muerte

La FA se asocia de forma independiente con un aumento del doble del riesgo
de mortalidad por todas las causas en mujeres y un aumento del 1,5 en
hombres, con un aumento general del riesgo de mortalidad de 3,5 veces.(69) Si
bien la explicacion mecanicista de esta asociacion es multifacética, las
comorbilidades asociadas juegan un papel importante.(70) Un estudio mostré
que las causas mas comunes de muerte entre los pacientes con FA fueron la
insuficiencia cardiaca (14,5%), el cancer (23,1%) y la infeccion/sepsis (17,3%),
mientras que la mortalidad por accidente cerebrovascular fue solo del

6,5%.(71) Estos y otros datos recientes indican que, ademas del tratamiento
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anticoagulante y el tratamiento de la insuficiencia cardiaca, es necesario tratar
de forma activa las condiciones comoérbidas en el esfuerzo por reducir la

mortalidad relacionada con la AF.

7. Anatomia de la auricula izquierda

La auricula izquierda es una de las cuatro camaras principales del corazén,
situada en el lado posterior izquierdo. Se conecta proximalmente con las venas
pulmonares, que devuelven sangre oxigenada de los pulmones y distalmente
con el ventriculo izquierdo, forma la mitad sistémica del corazén, que es
responsable de hacer circular la sangre oxigenada por todo el cuerpo.

La pared de la auricula izquierda es una estructura delgada con un grosor
heterogéneo, que va desde < 1 mm hasta > 5 mm, con una importante
variabilidad inter e intrapaciente. Esta variabilidad en el grosor de la pared es el
resultado de una serie compleja de fibras musculares tridimensionales
(36,72,73).

7.1. Grosor de la pared como determinante de la lesion

Un estudio prospectivo demostré que el aislamiento de las VP tras la primera
linea de ablacién circunferencial (el “primer paso”) estaba limitado por la
incapacidad de crear lesiones transmurales en ciertos sitios anatdmicos donde
se ha descrito que el grosor auricular es mayor en los corazones ex vivo
(36,73,74). El grosor de la pared auricular fue un predictor independiente de
reconexion (75), conduccién latente (76) y recurrencia de FA después de 12
meses de seguimiento (77) e incluso podria ser un predictor de transicion de

FA paroxistica a crbnica (78).

8. AngioTAC cardiaco

Las maquinas modernas de tomografia axial computarizada multidetector
(TAC) permiten una resolucion submilimétrica. De hecho, las mediciones del
grosor de la pared auricular por TAC se han validado de forma fiable en un

modelo porcino (79). Ya se han generado mapas de grosor de la pared
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auricular en 3D a partir de imagenes de angioTAC (TAC con contraste) (80),
aunque su integracién en un sistema de mapeo anatémico 3D para uso clinico

aun no se ha descrito.

9. Tratamiento de la fibrilacion auricular

El tratamiento de la fibrilacion auricular tiene como objetivo restablecer el ritmo
cardiaco normal o controlar la frecuencia cardiaca en funcion de cada paciente
y, ademas, prevenir el accidente cerebrovascular y aliviar los sintomas.

El estudio EAST-AFNET 4 fue un ensayo clinico aleatorizado controlado que
investigd la efectividad del control del ritmo temprano en pacientes con FA
recién diagnosticada. Incluy6 a 2400 pacientes diagnosticados dentro de un
ano de la inclusibn randomizados para recibir control del ritmo precoz o
atencién habitual. La atencion habitual consistié el control de la frecuencia
cardiaca. Los resultados del estudio mostraron que el control del ritmo precoz
se asocia con un menor riesgo de resultados cardiovasculares adversos.
Concretamente, los pacientes en el grupo de control del ritmo precoz tuvieron
un menor riesgo de accidente cerebrovascular (riesgo 29% menor),
insuficiencia cardiaca (riesgo 29% menor) y muerte (riesgo 22% menor) (81).

En consecuencia, el control del ritmo es preferible al control de la frecuencia.

El control de la frecuencia se reserva a un grupo seleccionado de pacientes
para los cuales restablecer el ritmo sinusal se considera inoperante porque la
remodelacion auricular se estima avanzada o bien por las comorbilidades del
paciente. En este grupo de pacientes existen dos estrategias para controlar la
frecuencia. La primera es el tratamiento farmacolégico que se realiza
principalmente con betabloqueantes o antagonistas de los canales del calcio no
dihidropiridinicos (diltiazem o verapamilo). La digoxina se emplea, aunque cada
vez menos, en combinacion con los anteriores en casos resistentes. La
segunda estrategia de control de la frecuencia es el implante de un dispositivo
de estimulacion cardiaca seguido de la ablacién por radiofrecuencia del nodo

auriculo-ventricular. Esta ultima opcidén es muy eficaz, pero tiene la desventaja
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de hacer que el paciente dependa del dispositivo en cuestiéon lo cual no esta

exento de complicaciones.

El control del ritmo, que tiene por objetivo reestablecer el ritmo sinusal, puede
obtenerse por varios medios: cardioversion eléctrica, medicamentos vy
tratamiento invasivo por catéter.

La cardioversion eléctrica se reserva a dos situaciones, la primera es la
inestabilidad hemodinamica por conduccion atrioventricular rapida por lo cual
se prioriza un control inmediato del ritmo cardiaco; la segunda es cuando
previa introduccién de un tratamiento farmacoldgico antiarritmico, se desea
reestablecer el ritmo sinusal bien sea para una farmacoterapia a mediano-largo
plazo o bien en espera de una intervencidn o incluso para evaluar la presencia
de sintomas que hubiesen pasado desapercibidos o que hubiesen sido

subestimados por el paciente.

La eficacia del tratamiento con farmacos antiarritmicos de primera linea es
limitada y hace que una proporcion sustancial de pacientes suspenda el
tratamiento debido a los efectos toxicos/indeseables de los mismos (82,83). Por
esta ineficacia o intolerancia de los farmacos antiarritmicos, la ablacién con
catéter ha demostrado ser superior a un tratamiento antiarritmico adicional para

prevenir la recurrencia de la FA (84,85).

9.1.Evidencia sobre el aislamiento de venas pulmonares

En los dltimos afios, varios ensayos clinicos han proporcionado evidencia
robusta de la superioridad de la ablacion con respecto a los medicamentos
antiarritmicos para mantener un ritmo sinusal (RS) duradero y revertir el riesgo
de complicaciones tromboembdlicas asociado con la FA (86). En particular, el
aislamiento circunferencial completo de las VP mediante ablacion por
radiofrecuencia es frecuentemente efectivo para curar a muchos pacientes
afectados por FA paroxistica. Sin embargo, el éxito de este procedimiento es
limitado en aquellos pacientes con una evolucibn mas larga en el tiempo que

ya estan en fase de FA persistente/permanente, probablemente debido a una
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remodelacion auricular mas extensa ya que pueden identificarse
desencadenantes de la arritmia fuera de las venas pulmonares en un niumero
significativo de estos pacientes remitidos para ablacién por catéter (40,87). Los
sitios mas frecuentes de desencadenantes auriculares fuera de las VP incluyen
la pared posterior de la auricula izquierda, la vena cava superior, el seno
coronario, el ligamento de Marshall y la regidon adyacente al anillo de la valvula
mitral. Ademas, los plexos ganglionares auriculares pueden desempefiar un
papel importante en la patogenia de la FA. Sin embargo, la evidencia que
apoya la ablacién de los focos desencadenantes fuera de las venas es escasa
e incluso contradictoria. Por esta razon, la presente tesis se centra en el

aislamiento exclusivo de las VP.

Existen varias técnicas para el aislamiento de las VP. Las mas frecuentes son
la radiofrecuencia (lesién térmica por calor punto a punto) y la crioablacion
(lesidn térmica por balon frio). Un metaanalisis reciente mostré que, aunque el
tiempo de procedimiento fue mas corto en el grupo de criobalén, la eficacia y la

seguridad fueron similares en ambos grupos (88).

9.2. Recidivas post aislamiento de las venas pulmonares

La conduccion latente y las reconexiones de las VP son responsables de las
recurrencias de FA/taquicardia auricular (TA) debido a lesiones de ablacion no
transmural incompletas que generan brechas en las lineas de ablacién (89-91).
La atenuacion del electrograma local, la temperatura de la punta del catéter y la
caida de la impedancia se han utilizado como indicadores de la formacién de
lesion tisular. Sin embargo, estos se correlacionan mal con la fuerza de
contacto y por lo tanto constituyen malos predictores del tamafio de la lesién
(92). Se ha demostrado que la potencia de radiofrecuencia (RF), la duraciéon de
la aplicacién de energia de RF, la impedancia de base y la fuerza de contacto

son determinantes de la formacion de lesiones (93-95).

Se han desarrollado formulas mas complejas para evaluar el efecto en tiempo

real de la RF y asi establecer los valores de umbral que deben alcanzarse para
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reducir las reconexiones y lograr un aislamiento de las VP permanente. A
saber, Integral Fuerza-Tiempo (FTI), que se calcula en gramos por segundo
(gs) y representa el area bajo la curva fuerza de contacto/tiempo (96,97); y el
indice de ablacién (IA), que es una férmula ponderada compleja que integra
FC, tiempo de RF y potencia de RF (98,99). Para minimizar la reconexién de
las VP, se han estudiado los valores de umbral de FTI y Al. En general, estos
valores deben ser mayores en el techo y la pared anterior en comparacioén con
la pared inferior y posterior, probablemente en relacion con un menor espesor
de la pared (98).

9.3.Indicaciones para el aislamiento de venas pulmonares

Para decidir la estrategia se tienen en cuenta los riesgos del procedimiento y
los principales factores de riesgo de recurrencia de la FA después del
procedimiento de comun acuerdo con el paciente.

El nivel de evidencia mas elevado para el aislamiento de VP se encuentra en
los pacientes jovenes con fibrilacion auricular paroxistica sintoméatica resistente
al tratamiento antiarritmico puesto que numerosos estudios han demostrado

una mejora significativa de los sintomas (100,101).

A continuacién, se situan los pacientes con insuficiencia cardiaca con fraccion
de eyeccion del ventriculo izquierdo (FEVI) disminuida. La FA y la insuficiencia
cardiaca se asocian frecuentemente mediante varios mecanismos como la
activacion neurohormonal y el remodelaje estructural. La incidencia de FA en
pacientes con insuficiencia cardiaca aumenta de forma paulatina con la
progresion de la disfuncion y con la edad. En el grupo de pacientes en que la
FA con respuesta ventricular taquicardica es la causa de la disfuncién
ventricular izquierda (conocido como taquimiocardiopatia), el pronéstico parece

ser mejor.
Varios registros, han demostrado consistentemente una reducciéon de la

mortalidad y del riesgo de accidente cerebrovascular isquémico en

comparacién con los medicamentos antiarritmicos(102,103). Igualmente, los
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datos de varios ensayos clinicos aleatorizados(104—106) y un metaanalisis de
estos ensayos(107) indican claramente que la ablacidén es superior al control de
frecuencia farmacolégico o basado en marcapasos y ablacion del nodo
atrioventricular en términos de mejora en la fraccion de eyeccion del ventriculo

izquierdo, capacidad de ejercicio y calidad de vida.

9.4.Complicaciones potenciales e implicacidén de la posicion esofagica.

El aislamiento de las VP se ha convertido en un procedimiento de rutina en
numerosos centros hospitalarios, esto ha permitido la disminucion de las
complicaciones de forma significativa puesto que se han implementado

diferentes estrategias para aumentar el nivel de seguridad.

Recientemente se public6 un metaanalisis de ensayos controlados
aleatorizados que evaluaron las complicaciones relacionadas con el
procedimiento de ablacion con catéter para la fibrilacion auricular (FA). El
estudio incluyé datos de 15701 pacientes que se sometieron a un primer
procedimiento de ablaciébn por FA usando radiofrecuencia o ablacién con
criobalén.

Los principales hallazgos del estudio fueron una tasa global de complicaciones
relacionadas con el procedimiento del 4,51 % (IC del 95 %: 3,76 %-5,32 %).
Las complicaciones vasculares fueron las mas frecuentes (1,31%). Otras
complicaciones frecuentes incluyeron derrame pericardico/taponamiento (0,78
%) y el accidente cerebrovascular/ataque isquémico transitorio (0,17 %). La
tasa de complicaciones relacionadas con el procedimiento fue menor en el
periodo de publicacion de 5 afos mas reciente (3,77 % frente a 5,31 %; P =
0,043).

No hubo diferencias significativas en la tasa de complicaciones segun el patron
de FA, la modalidad de ablacién o las estrategias de ablacion mas alla del

aislamiento de las VP (108).

Un tratamiento por aislamiento de VP implica inevitablemente, lesiones de

ablaciébn en la pared posterior de la auricula izquierda, que se relaciona
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estrechamente con el es6fago que es una estructura tubular de ancho variable
que discurre de arriba abajo del térax. Esta relacion anatémica depende
principalmente de la anatomia y posicién del arco abrtico y su influencia en la
posicion esofagica (109). La estrecha relacion entre el eséfago y la pared
auricular izquierda y las VP puede dar lugar a varias complicaciones durante la
intervencibn que van desde lesiones esofagicas asintomaticas hasta
perforacion con fistula atrio-esofagica (AEF), que puede ser letal. Ademas,
otras posibles complicaciones incluyen dafo a los plexos nerviosos peri-
esofagicos que pueden resultar en complicaciones gastrointestinales
posteriores a la ablacibn como gastroparesia, espasmo pilérico y reflujo
gastroesofagico (110). Para mejorar la seguridad, se debe evitar la lesion
térmica esofagica absteniéndose de aplicar radiofrecuencia en la pared
posterior de la auricula, adyacente al esofago.

El mecanismo exacto de la fistula atrio-esofagica no se conoce, pero la
precede una lesidén térmica. Las lesiones térmicas esofagicas asintomaticas
detectadas por endoscopia se encontraron en el 18% de los pacientes durante
la ablacibn en un analisis retrospectivo en el cual el Unico predictor
independiente de lesidbn fue un aumento de la temperatura esofagica por
encima de 40,5 °C (111). Algunos estudios han reportado lesiones hasta en el
47% de los pacientes después del aislamiento de VP (112,113). Por tanto,
consideramos la temperatura esofagica alta como un buen marcador del riesgo

de lesién térmica.

Se ha reportado informacion contradictoria referente a la interaccion atrio-
esofagica puesto que podria ser dinamica debido a la movilidad del eséfago.
Un estudio con imagenes cinefluoroscépicas del esb6fago obtenidas tras la
deglucion de bario mostré una relativa estabilidad de la posicién esofagica en
la reintervencidn realizada 7 + 2 meses después de una primoablacion (114).
En otro estudio realizado con resonancia magnética cardiaca (RMC) seriada en
50 pacientes, se observé un desplazamiento lateral de al menos 1 cm en el
32% de los pacientes con un intervalo de tiempo medio entre RMC de 90,2 +

100,5 dias (115). Starek y colegas también analizaron la posicién esofagica
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antes y después de la ablacion utilizando angiografia rotacional 3D para las VP
y visualizacion del es6fago mediante la administracion per oral de un agente de
contraste. Las posiciones del esbéfago se determinaron al inicio del
procedimiento y, en parte de los pacientes, también al final del procedimiento
con el mismo método. Se encontrd que la posicidn esofagica antes y después
del procedimiento era relativamente estable dentro del procedimiento de
ablacion y los cambios de posicidn significativos eran raros con una estabilidad
del es6fago en la mayoria de los pacientes (95%) (116). Sin embargo, se
desconoce si el movimiento esofagico es estimulado por la ingestién de bario y
si la anestesia general tiene alguna influencia sobre la motilidad esofagica. Una
observacion en tiempo real de la posicion esofagica es factible con
ecocardiografia intracardiaca, pero esta costosa opcidon no esta ampliamente

disponible en Europa.

37



Programa de Doctorado en Medicina Universitat de Barcelona, 2023

HIPOTESIS

La hipdtesis de este proyecto se basa en observaciones previas de analisis
post mortem que demuestran una gran variabilidad inter e intrapersonal en el
grosor de la pared auricular. Por otra parte, el avance tecnoldgico que permitié
una mejora en la calidad del TAC cardiaco permitiendo una resolucién espacial
inferior a 0,5 mm de manera que hipotéticamente permitiria la creacion de
mapas de grosor en 3D que se puedan integrar via un médulo especial al
sistema de navegacién 3D utilizado para la ablacion por radiofrecuencia de FA
y apreciar asi cual es el grosor de la pared en cualquier punto de la auricula
izquierda. Por otra parte, estudios previos el analisis offline de las reconexiones
de las venas pulmonares sugerian que estas se reconectan mas
frecuentemente en las zonas de mayor grosor. La justificacion de esta hipétesis
se sustenta en que las reconexiones post ablacién se relacionan con lesiones
no transmurales directamente en relacion con un grosor de la pared mas

importante.

A continuacién, se plantea la hipbétesis de que conocer el grosor de la pared en
cualquier punto de la auricula izquierda durante el procedimiento permite dos
cosas. Por una parte, una adaptacion de la energia administrada (calculada
mediante una formula compleja llamada Ablation Index) con el fin de crear una
lesién transmural mas eficiente permitiendo disminuir la energia administrada
en gran proporcion sin que esto represente un aumento en la tasa de
reconexiones y por ende en las recidivas. Por otra parte, de mejorar el perfil de
seguridad del procedimiento puesto que no se administran sobredosis de

energia en puntos donde el grosor es extremadamente delgado (< 1mm).

Dado que la evidencia respecto a la posicion esofagica es contradictoria. Se
plantea, ademas, la hipbtesis por una parte que es posible derivar la posicion
esofagica del angioCT cardiaco preoperatorio y por otra que la posicién
esofagica no se modifica de forma significativa entre diferentes procedimientos

en un mismo paciente. Con la hipétesis postulada de que el es6fago tiene una
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posicion de reposo, especialmente en pacientes operados bajo anestesia

general.

Finalmente, se plantea la hipétesis que adaptar las lineas de ablacion en la
pared posterior de la auricula izquierda durante el aislamiento de las VP de
acuerdo con la posicion esofagica derivada del angioTAC, gracias a una
herramienta desarrollada recientemente llamada huella esofagica para evitar
aumentos locales de temperatura esofagica causados por la aplicacion de
radiofrecuencia (RF) durante la ablacion de FA paroxistica, podria ayudar a
desarrollar estrategias de ablacidn mas seguras al evitar el calentamiento del
esOfago. Dichos aumentos de temperatura se miden gracias a una sonda de
temperatura esofagica y se han relacionado con lesiones esofagicas que a la
postre pueden resultar en complicaciones graves. De manera que una
intervencién que contribuya a disminuir el calentamiento esofagico se traducira

en una mejor seguridad del procedimiento.
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OBJETIVOS

Objetivos principales

e Determinar si el grosor de la pared de la auricula izquierda es mayor en
los segmentos de reconexion de PV observados durante las
intervenciones de rehacer, en comparacibn con los sitios no
reconectados.

e Determinar si adaptar el Ablation Index al espesor de la pared es
factible, eficaz y seguro.

e Determinar si el eséfago se encuentra ubicado en la misma posicion
anatdmica en diferentes momentos:

o Entre una primera ablacion de FA y la reablacién en pacientes
que presentan recurrencias.

o Entre el momento en que se realiza el angioCT previo al
procedimiento y el procedimiento de ablacién, como se observa
con el MODULO CARTOUNIVU™,

o Entre el inicio del procedimiento como se ve con el MODULO
CARTOUNIVU™ y el final como se ve en el mapa anatémico
rapido esofagico (FAM).

e Validar la utilidad de la impresion esofagica para evitar aumentos de
temperatura causados por la aplicaciéon de RF en la pared posterior de la

Al durante la ablacion de la fibrilacion auricular.

Objetivos secundarios

e Analizar otras variables que podrian estar relacionadas con las
reconexiones, como el espesor de pared normalizado, el espesor medio
de la pared y la variabilidad del espesor de la pared alrededor de un sitio
de ablacion determinado.

e Determinar cuales son los sitios mas comunes de reconexiones en las
VP, evaluados utilizando un modelo de segmentos de VP ya definido.

e Recopilar otros criterios de valoracién del procedimiento disponibles

o Tiempo de procedimiento
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o Tiempo de radiofrecuencia
o Complicaciones periprocedimiento

e Estimar la tasa de recurrencia con este novedoso enfoque.

¢ Identificar los determinantes de la reconexion aguda de PV.

e Evaluar la tasa de complicaciones con el método ablate By-LAW.

e Evaluar la aparicién de complicaciones gastrointestinales después de la
ablacién de la fibrilacion auricular.

e Establecer el papel de los factores anatdmicos como determinantes de
las complicaciones gastrointestinales.

e Establecer si existe una relacion lineal entre la distancia auriculo-
esofagica calculada por la impresion esoféagica derivada del angioTAC y
el aumento de la temperatura esofadgica medida por sonda
endoesofagica.

e Analizar la necesidad de modificacién de la linea de ablacién.

e Analizar la necesidad de modificacién de los parametros de ablacién con
el fin de evitar una elevacion de la temperatura esofagica.

e Desarrollar un nuevo enfoque multimodal para la monitorizacion

esofagica durante la ablacién de FA/AT.
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MATERIAL, METODOS Y RESULTADOS

Articulo 1

Grosor de la pared auricular izquierda de los sitios de reconexion de las
venas pulmonares durante los procedimientos de reablacion de fibrilacion
auricular

Este trabajo investigo la relacion entre el grosor de la pared auricular izquierda
y los sitios de reconexion las venas pulmonares durante procedimientos de
reablacion de fibrilacidbn auricular. El objetivo principal fue establecer si el
grosor puede desempenar un papel predictivo en la identificacion de posibles
sitios de reconexién. Los resultados indicaron que los sitios de reconexién de
las venas pulmonares durante los procedimientos frecuentemente se
correlacionaban con regiones de mayor espesor de la pared auricular, lo que
sugiere que estas regiones podrian no haber sido abordadas adecuadamente
durante la ablacién inicial. Esta idea enfatiza la importancia de considerar el
grosor de la pared auricular en la planificacién y ejecucién de procedimientos
de ablacion de FA para mejorar la probabilidad de una intervencion unica

exitosa y reducir la necesidad de repetir los procedimientos.
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Abstract

Background: Left atrial wall thickness (LAWT) has been related to pulmonary vein (PV)
reconnections after atrial fibrillation (AF) ablation. The aim was to integrate 3D-LAWT
maps in the navigation system and analyze the relationship with local reconnection
sites during AF-redo procedures.

Methods: Consecutive patients referred for AF-redo ablation were included. Proce-
dure was performed using a single catheter technique. LAWT maps obtained from
multidetector computerized tomography (MDCT) were imported into the navigation
system. LAWT of the circumferential PV line, the reconnected segment and the recon-
nected point, were analyzed.

Results: Sixty patients [44 (73%) male, age 61 + 10 years] were included. All recon-
nected veins were isolated using a single catheter technique with 55 min (IQR 47-67)
procedure time and 75 s (IQR 50-120) fluoroscopy time. Mean LAWT of the circum-
ferential PV line was 1.46 + 0.22 mm. The reconnected segment was thicker than the
rest of segments of the circumferential PV line (2.05 +0.86 vs. 1.47 +0.76,p < .001 for
the LPVs; 1.55 +0.57 vs. 1.27 +0.57, p < .001 for the RPVs). Mean reconnection point
wall thickness (WT) was at the 82nd percentile of the circumferential line in the LPVs
and at the 82nd percentile inthe RPVs.

Conclusion: A single catheter technique is feasible and efficient for AF-redo pro-
cedures. Integrating the 3D-LAWT map into the navigation system allows a direct
periprocedural estimation of the WT at any point of the LA. Reconnection points were
more frequently present in thicker segments of the PV line. The use of 3D-LAWT maps
canfacilitate reconnection point identification during AF-redo ablation.

KEYWORDS
atrial fibrillation, atrial wall thickness, catheter ablation, gap identification
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1 | INTRODUCTION

Circumferential pulmonary vein isolation (PVI) has become a mainstay
in the treatment of AF, particularly in symptomatic patients with parox-
ysmal AF intolerant or refractory to medical treatment.! Despite the
significant technical improvements occurred in the last decade, includ-
ing contact force sensing catheters and the use of ablation indexes,
creation of durable transmural lesions in the left atrium remains
a main challenge of PVI procedures. Post-ablation pulmonary vein
(PV) reconnections are responsible for atrial fibrillation/tachycardia
(AT) recurrences owing to incomplete non-transmural ablation
lesions that translate into gaps on ablation lines at different time
lapses.2~4

The left atrial wall is a thin structure with heterogeneous thickness,
ranging from <1 to >5 mm, with an important inter- and intrapatient
variability. This variability in LAWT is the result of a complex array of
three-dimensional muscular strands.® Isolation of PVs can be limited
by inability to create transmural lesions in areas with higher LAWT.® In
consequence, LAWT was described as an independent predictor of AF
recurrence and it might even be a predictor of transition from paroxys-
mal to chronic AF.”

The aim of the present study was to analyze the relationship
between reconnection gaps and local LAWT by integration of LAWT
maps into the navigation system during AF-redo procedures, as well as
to evaluate the feasibility of a single catheter approach in this setting.

2 | METHODS

2.1 | Patient sample

Consecutive patients referred for AF-redo ablation between Novem-
ber 2018 and December 2019 at a single center were included. It was
accepted that first ablation procedures could have been performed at
any center and with any technique. In all patients a multi-detector car-
diac tomography (MDCT) study was performed prior to the re-ablation
procedure. MDCT-derived maps with LAWT information were then
imported into the navigation system for aiding the procedure. The
minority of patients in whom all the PVs were isolated at the AF-redo
procedure were excluded from the analysis, since comparison of LAWT
in these cases was deemed not interpretable. No patient was excluded
because of poor image quality. The study complied with the Declara-
tion of Helsinki. The local ethics committee approved the study pro-
tocol and all included participants provided written informed consent
before the procedure.

2.2 | Pre-procedural MDCT and image processing

MDCT was performed with a dual source SOMATOM Definition Flash
128slice,scanner (Siemens Healthineers, Erlangen, Germany) or a Rev-
olution scanner (General Electric Healthcare). Images were acquired
during an inspiratory breath-hold using retrospective ECG-gating

technique with tube current modulation set between 50% and 100% of
the cardiac cycle. Angiographic images were acquired during the injec-
tion of a 100 mL bolus of lopromide 370 mg I/mL (Ultravist, Bayer His-
pania, Barcelona, Spain) at a rate of 3 mL/s. The administered radia-
tion dose with this method is 160 mGy x cm which accounts for 3 mSv
and ~27 mGy total dose. Data were transmitted to the workstation for
post-processing and reconstructed into axial images with slice thick-
ness of 0.625 mm.

<

2.3 | Image post-processing

MDCT images were analyzed with ADAS 3D software (ADAS3D Med-
ical, Barcelona, Spain) to obtain a 3D LAWT map by applying a 3-step
algorithm: (i) the endocardial layer was delineated by means of a semi-
automatic segmentation based on pixel intensity thresholds; (ii) the
epicardial layer was defined manually with a multi-slice approach on
the long-axis projection, with a mean of 20 + 7 epicardial delineations
per patient; (iii) Finally, wall thickness (WT) was automatically com-
puted at each point as the distance between each endocardial point
and its projection to the epicardial shell (Figure 1). These three steps
resultina 3D WT map that can be imported into CARTO navigation sys-
tem (Biosense Webster, Diamond Bar, CA, USA) by using the CARTO-
Merge tool. A color code was used to create a range of thicknesses
(red < 1 mm, yellow 1—2 mm, green 2—3 mm, blue 3—4 mm, and pur-
ple >4 mm). Intraand inter observer variability of the proposed method
were evaluated. For this purpose, three independent observers with
different levels of experience performed twice the WT segmentation
inarandom sample of 10 cases.

24 | Ablation procedures

The majority of the first procedures were performed by the same
operator, under conscious sedation, with a single catheter, contact
force-guided dragging technique and an energy between 30 and 40 W.
Esophageal temperature was not monitored. Energy setting, applica-
tion duration, and contact force of the first procedure were not avail-
able for analysis.

Redo interventions were performed on uninterrupted oral anti-
coagulation and under general anesthesia with a single catheter
technique using an 8F Mullins non-steerable transseptal introducer
sheath (Medtronic, Minneapolis, MN, USA) and a 3.5 mm irrigated
tip catheter (NaviStar ThermoCool, Biosense Webster, Diamond Bar,
CA, USA). Hemodynamic monitoring was done with a radial arte-
rial catheter. Peri-procedural anticoagulation was performed with a
first 1 mg/kg IV dose of unfractionated heparin immediately before
transseptal puncture and periodic activated clotting time sampling
was obtained every 30 min to guide further bolus dosing with a
target between 300 and 350 s. Transseptal puncture was obtained
with transesophageal echocardiogram guidance. After that, a fast-
anatomical map (FAM) of the entire left atrial anatomy and the
PVs was acquired with the ablation catheter. This FAM was then
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FIGURE 1 Segmentation pipeline of the 3D left atrial Wall thickness map. (A) Endocardial and epicardial layer delineation. (B) Endocardial and
epicardial shells after semi-automatic segmentationin the endocardium and manual segmentation with a multi-slice approach in the epicardium.
(C) Automatic computation of wall thickness as the distance between each endocardial point and its projection to the epicardial shell (color code:
red < 1 mm, yellow 1-2 mm, green 2—3 mm, blue 3—4 mm, and purple >4 mm). MDCT, multidetector computerized tomography [Color figure can

be viewed at wileyonlinelibrary.com]

integrated with the LAWT map within the spatial reference coor-
dinates of the CARTO system by means of the CARTO-Merge
module.

2.5 | Reconnection site identification

Analysis of the PV reconnections was done in sinus rhythm. For
patients with persistent AF, cardioversion was either scheduled days
before the procedure or performed at the beginning of the procedure,
once the patient was under general anesthesia. PV reconnection sites
were identified by analyzing electrograms on the EP recording sys-
tem (EP-TRACER, Schwarzer Cardiotek, Heilbronn, Germany), or on
the CARTO navigation system, recorded with the ablation catheter
according to a systematic, standardized local approach. A PV recon-
nection was defined as the presence of a PV potential, either a high
amplitude sharp electrogram (EGM) inside the vein or a low amplitude
fragmented EGM near the circumferential PV line that was identified
with the ablation catheter inside the vein and/or if capture of atrial
rhythm was achieved after programmed PV stimulation in any point
inside the circumferential PV line.2? The reconnection site was defined
as the point with the earliest PV electrogram (PV-EGM) along the cir-
cumferential PV line. For this purpose, the EP recording was synchro-
nized in a beat-to-beat manner, during stable sinus rhythm and a fixed
PR interval, with a caliper in the peak of the QRS in the surface ECG
marked as reference. The ablation catheter was sequentially placed
on each segment of the circumferential PV line and the earliest PV
potential with respect to the reference caliper is considered the recon-
nection site (Figure 2). If electrical activation inside the vein was still
observed after ablation of the first designated reconnection point, and
the local fusion between the atrial electrogram and the PV electrogram
was observed at different distant points, multiple reconnection points

were determined the process was repeated until all the reconnected
points were identified (Figure 3). Each one of these points was consid-
ered as areconnection and included in the analysis. RF was applied at
the reconnection sites until complete isolation of all PVs was achieved.
Ablation parameters were 35—-50W, 45°C., with ablation time adapted
to the WT with a standard pre-defined local protocol (Table 1). The pro-
cedural endpoint was PV disconnection, which was confirmed by entry
block with absence of PV potentials inside the vein with the ablation
catheter placed sequentially in each segment inside the circumferen-
tial PV line, and exit block by proving absence of conduction when pac-
ing (11 mA, 2 ms) from inside the circumferential PV line sequentially

at each segment.

2.6 | Wall thickness definitions and reconnection
site analysis

In the first ten cases, the operator was blinded to the LAWT, since
it was analyzed retrospectively. For the remaining cases the LAWT
information was available during the procedure. After the procedure,
LAWT maps were exported from CARTO for analysis into aMatlab cus-
tomized software. The circumferential PV lines were divided follow-
ing the 16-segment model (Figure 4). WT was calculated for the whole
circumferential PV line and for each segment individually. During the
ablation procedure, tags were generated on the 3D LAWT map for each
identified reconnection site, using standard CARTO tags. The LAWT
under the tag was considered the reconnection point WT. The segment
where the point was located was considered a reconnected segment.
Both, the reconnected point WT and the reconnected segment WT val-
ues were analyzed for each identified reconnection site. These values
were compared with the WT of the non-reconnected segments of the
circumferential PV line.
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FIGURE 2 Reconnectionsite identification with a single catheter technique. PV reconnection sites were identified as the point with the
earliest PV electrogram (PV-EGM) along the circumferential PV line. Top: Antero-superior view of the left atrium with activation map of the right
superior PV. Points 1-5 represent sites where local activation was annotated and the respective local electrogram is depicted on the right-hand
side. Bottom: Postero-superior view of the same case [Color figure can be viewed at wileyonlinelibrary.com)

TABLE 1 Protocol for ablation parameters adapted to left atrial wall thickness

LAWT Color code Ablation time (s) RF energy (Watts)

Ant Post Ant Post
<1mm Red 12 12 40 35
1-2mm Yellow 18 18 40 35
2-3mm Green 18 24 50 35
3-4mm Blue 30 24 50 35
>4 mm Purple 36 30 50 35

Abbreviations: LAWT, left atrial wall thickness: RF, radiofrequency.

2.7 | Follow-up an ECG and a 24-hour Holter monitoring. Recurrence was

defined as any documented AF/AT episode lasting more than
Patients were scheduled to be followed-up at the outpatient 30 s during this period or self-reported symptoms suggesting
clinic at 1, 3, 6, and 12 months. Each evaluation included recurrence.
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FIGURE 3 Example of a case with two pulmonary vein reconnections in the same vein pair. Low amplitude fragmented electrogram near the
circumferential PV line on the antero-superior (A) and antero-inferior (B) segments of the right PVs. These reconnections were subsequently
proved by capture of an atrial rhythm after pacing from the presumed reconnectionsite. The electrogram at the anterior carina (C) shows absence
of local signal [Color figure can be viewed at wileyonlinelibrary.com]

(A) LAWT reconnection measurements (B) Analysis

FIGURE 4 Wallthickness definitions and reconnection site analysis. (A) WT was calculated for the whole circumferential PV line; for each
segment individually; and for the reconnection point. (B) 16-segment model (AS, anterosuperior; AC, anterior carina; Al, anteroinferior; Inf:
inferior; Pl, posteroinferior; PC, posterior carina; PS, posterosuperior; PV, pulmonary vein; WT, wall thickness) [Color figure can be viewed at
wileyonlinelibrary.com]

2.8 | Statistical analysis Armonk, NY: IBM Corp.) and customized code for the Matlab statistics
toolbox (Matlab R2010a, The Mathworks, Inc., Natick, MA, USA).

All applicable statistical tests are two-sided and performed using a 5%

significance level. Continuous variables are presented as mean + stan-

dard deviation or median (range or interquartile range if data are 3 | RESULTS

skewed) if not normally distributed. To compare means of two vari-

ables the Student’s t test, Mann-Whitney U test, or ANOVA test were 3.1 | Patient population

used, as appropriate. Categorical variables were expressed as total

number (percentages) and compared between groups using Chi-square Baseline characteristics are summarized in Table 2. Sixty patients were

or Fisher's exact test. Statistical analysis was performed using IBM included. Mean age 61 + 10 years, 43 (72%) male. Median time since

SPSS Statistics for Macintosh, version 25.0 (IBM Corp. Released 2017; first ablation was 19.5 months (IQR 9-55). Mean number of previous
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TABLE 2 Baseline characteristics of the study population

Age, years
Male, (%)
Hypertension n (%)
Dyslipemia, n (%)
Diabetes, n (%)
LVEF (%)
LA diameter (mm)
BMI (kg/m?)
CHADS-VASc

0(%)

1(%)

2(%)

3(%)

4(%)

25(%)
Time since first ablation (months)
Type of AF at first ablation n (%)
« Paroxysmal
» Persistent
Type of Redo n (%)
« AT/atypical flutter
« Paroxysmal

« Persistent

Totaln=60
61+10
43(72)

29 (48)
14(23.3)
9(15)

58 +5.8
41+58
278 +8

12 (20)

7(11.7)

3(5)

11(18.3)

5(83)

0(0)

Median 19.4 (IQR 9-53)

38 (63)
12(37)

3(15)
44 (73)
9(15)

Abbreviations: AT, atrial tachycardia; LA, left atrium; LVEF, left ventricular ejection fraction.

ablations was 1.1 + 0.4. Total number of previous ablations was one
in 54 (90%) patients; two in five (8.3%) patients and three in 1 (1.7%)
patient. All previous ablations were performed with RF ablation except
for one case done with cryoablation. At first ablation, 38 out of 60
(63%) of patients presented with paroxysmal AF and 22 out of 60(37%)
with persistent AF. Three patients were excluded since all PVs were iso-
lated at the AF-redo procedure. No patient was excluded because of
impossibility to perform MDCT owing to severe kidney failure.

3.2 | Acute procedural characteristics

Median procedure time was 55 min (IQR 47—67). Merge time (FAM
acquisition + MDCT merging on CARTO) was 12 min (IQR 10-15).
Median fluoroscopy time was 1.25 min (IQR 0.8-2) with a Fluoroscopy
dose of 1.5 mGy/m? (IQR 0.8-3.2).

There was a total of 113 PV reconnections, accounting for a mean
of 1.89 + 0.37 reconnected veins per patient. After analyzing the cir-
cumferential PV line, a total of 316 reconnection sites were identified
with amean of 4 + 2 per patient. By applying radiofrequency (RF) in the
identified reconnection sites, all PVs were disconnected. Median RF
time was 5.8 min (IQR 2.5—8.2); 2.9 min (IQR 0.5—3.8) for the right PVs

and 1.9 min (IQR 1.6—4.95) for the left PVs. There was one procedure
related complication that consisted in an arterial pseudoaneurysm that
did not require surgical treatment.

3.3 | Atrial wall thickness measurements and
reconnection sites

Mean LAWT of the circumferential PV line was 146 + 0.22 mm.
The circumferential PV line was thicker in the LPVs as compared to
the right pulmonary vein (RPVs) (1.56 + 0.51 vs. 1.30 + 0.37 mm
p = .004, respectively). In the LPVs the antero-inferior, anterior carina
and antero-superior segments were the thicker; and the posterior-
carina was the thinnest. In the right PVs the thicker segmentswere the
antero-superior, anterior-carina and the roof; and the thinnest was the
inferior segment. Figure 5 shows the mean LAWT of each segment.
The reproducibility assessment showed an intra and inter observer
reproducibility of the endocardial layer (automatic segmentation) for
points closer than 1 mm of 99 +0.9% and 95 + 5%, respectively. Intra-
and interobserver reproducibility of the epicardial layer (manual seg-
mentation) for points closer than 1 mm was 82 + 10% and 78+ 7%,

respectively. This traduced on an overall mean intra-observer distance
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FIGURE 5 Wallthickness results at AF-redo procedure. The image depicts mean wall thickness of each PV segment and the reconnection rate
of each segment (left). The mean wall thickness of the reconnected point was at the 82nd percentile (black dot) of the total circumferential PV line
wall thickness at both sides (right) [Color figure can be viewed at wileyonlinelibrary.com]

between discordant points of 0.1 mm on the endocardium and 0.3 mm
on the epicardium and an inter-observer mean distance of 0.2 mm on
the endocardium and 0.6 mm on the epicardium.

In total, 113 PV reconnections were identified. Fifty six out of 60
(93%) patients presented reconnections in the RPVs and 57 out of 60
(95%) in the LPVs, p =.58. None of the 16 segments was spared from
reconnections.

The most frequent location for reconnections at both sides was the
anterior carina, which was reconnected on 65% of cases on the LPVs
(mean WT 2,05 + 0.86 mm) and 52% of cases on the RPVs (mean
WT of 1.55 + 0.57 mm). As compared with the rest of segments of
the circumferential PV line, the reconnected segment WT was higher
(2.05+0.86vs.1.47 +0.76,p <.001 for the LVPs; 1.55 +0.57 vs. 1.27 +
0.57,p <.001for the RPVs). The reconnected point WT was also thicker
as compared with the rest of the circumferential PV line [total 1.72 +
0.86vs. 146 +0.22,p =.02; LVPs 1.98 + 1.07 vs. 1.49 +0.76 p = .004;
RPVs 1.49 + 0.58 vs. 1.27 + 0.57 p = .03 s], as Figure 6 shows. Mean
reconnection point WT was at the 82nd percentile of the circumfer-
ential PV line WT in the LPVs and at the 82nd percentile in the RPVs.
Figure 5 shows the percentage of reconnection at each segment in the
16-segment model.

34 | Follow-up

Twelve out of sixty (20%) patients presented a recurrence during a
mean follow-up of 7 + 3 months (Table S1). Recurrence was more fre-
quent in patients with persistent AF than in patients with paroxysmal
AF (41% vs. 8% recurrence rate respectively, p < .01). Patients pre-
senting a recurrence had a larger LA diameter (44 + 4 mm vs. 40 +
6 mm, p <.01), lower LVEF (55 + 10 vs. 59 + 3, p = .01) and presented
an underlying cardiomyopathy more frequently (two hypertrophic, one
ischemic, three hypertensive) [eight out of 48 (16%) patients in the

non-recurrence group vs. six out of 12 (50%) in the recurrence group,
p=.05].

4 | DISCUSSION

The present study is the first one reporting the feasibility of integrat-
ing the 3D LAWT maps into the navigation system, allowing for a direct
intraprocedural estimation of the WT at any point of the LA and there-
fore at the reconnected points. The study shows that the mean LAWT
at the identified reconnected points was thicker than the rest of the
circumferential PV line. The study also proves the feasibility and use-
fulness of a simplified method for performing the AF-redo procedure
using a single catheter technique that improves efficiency by obtain-
ingshort procedure and fluoroscopy times as compared with the litera-
ture standards. 12 The use of 3D LAWT maps can facilitate reconnec-
tion point identification during AF-redo ablation by permitting to focus
mapping in the thicker points and segments.

4.1 | Single catheter approach

The single catheter approach has already been described for PV isola-
tion at first ablation procedures,®10 showing that this method is cost-
saving, and non-inferior regarding AF recurrencesin the mid-term. The
present study reports on asingle catheter approach for performing AF-
redo procedures in which the ablation line must be mapped in each
and every case, with the implementation of a simplified approach for
identifying the electrical breakthrough based on timing of the local
PV electrogram without need of a further catheter for reference®
(Figure 2). This as opposed to first ablations where the high rate of
first pass isolation allows for avoidance of this step. The method is fea-
sible, as all reconnected veins could be isolated by applying RF in the
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reconnection sites identified with this approach. The procedure work-
flow simplification results in high efficiency with a median procedure
time under one hour and a very low fluoroscopy time and dose. More-
over, this approach had a very low complication rate (1.5%) probably
related to the use of a single catheter and a single vascular and transep-
tal access.

42 | MDCT 3D LAWT maps

Imaging techniques have led to better understanding of PV anatomy
and more efficient procedure planning.’® Even though many limita-
tions have been described on MDCT atrial wall thickness measurement
for previous generations of scanners, modern machines allow for sub-
millimetric resolution. In fact, CT atrial wall thickness measurements
have been reliably validated on a porcine model,** and 3D LAWT maps
have already been generated from contrast cardiac computed tomog-
raphy images.1> Having in mind that the spatial resolution of the MDCT
is 0.4 mm, we assume that the variability of the proposed method is
low and the expected clinical repercussion of this variability, is also pre-
sumably low. Although further evidence is needed to confirm this low
clinical impact of the variability. Of all the determinants of lesion cre-
ation, LAWT is one key element that has been evaluated in some retro-
spective analysis but has never been integrated on the navigation sys-
tem during the procedure. Importing the LAWT map derived from the

Reconnect point
Reconnect segment
E Non-reconnect segment

FIGURE 6 Wallthickness of the reconnected
point, the reconnected segment and the rest of the
circumferential PV line. p value for comparison
between the reconnected point and the rest of the line
[Color figure can be viewed at wileyonlinelibrary.com]

MDCT into the navigation system allows for real-time knowledge of
the atrial WT in contact with the catheter tip. This feature might be use-
ful in different settings, as for instance in adapting energy delivery to
avoid excessive application in thinned wall segments improving safety
or delivering more energy in thicker regions in order to obtain more
durable lesions!®; allowing to focus mapping at the thicker points look-
ing for reconnections in the ablation line during AF-redo procedures;
and personalizing sites of RF application when drawing ablation lines
to avoid thicker segments. Thus, this new imaging tool, opens the door
for future diagnostic and therapeutic strategies using the integration of
3D LAWT maps into the navigation system.

4.3 | LAWT and gap identification

The result of this pilot study confirms previous observations from
retrospective studies, on that atrial WT is a major determinant of
lesion transmurality and that PV reconnections occur more frequently
in thicker parts of the PV circumferential line. We have found that
the more frequently reconnected sites are those with thicker atrial
WT, in particular the right and left anterior carinas. In fact, previous
histological'” and imaging®® studies have shown that the left atrial
ridge is the thickest structure around the circumferential PV lines and
that it is also where reconnection sites were more frequently found in
this study. Nevertheless, despite an excellent spatial resolution which
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(A) Endocardial and epicardial layer delineation on MDCT. (B) 3D LAWT map categorized for thickness ranges

(color code: red < 1 mm, yellow 1—2 mm, green 2—3 mm, blue 3—4 mm, and purple >4 mm). (C) Single catheter technique for identification of the
reconnection site. (D) Comparison of LAWT measurements on both pairs of veins. LAWT, left atrial wall thickness; MDCT, multidetector
computerized tomography [Color figure can be viewed at wileyonlinelibrary.com]

is the main robustness of CT scan, the contrast resolution of this tech-
nique is lower than that of MR|, because the difference in x-ray attenu-
ation between different tissues is modest. In consequence, CT image
cannot distinguish myocardium from other tissues especially at the
very thin LA wall and therefore, it is important to bear in mind that a

thick LA wall does not necessarily mean a thick myocardial sleeve.

4.4 | Follow-up

A 20% recurrence rate after AF-redo ablation was observed during
follow-up and this is in line with previous observations.1? Recurrences
were more frequent in patients presenting known predictors of recur-
rence after a first ablation as larger atrial diameter'?; presence of a
previous structural heart disease?’; and persistent AF at first ablation
procedure.?! The recurrence rate in patients with paroxysmal AF was
as low as 8%, validating the long-term efficacy of asingle catheter abla-

tion technique for AF-redo procedures.

4.5 | Clinical implications

This study describes the clinical usefulness of MDCT derived 3D LAWT
maps to allow better identification of thicker atrial wall regions which is
where reconnections are more frequently located. Our results not only
stress the importance of atrial WT as a determinant of long-term lesion

transmurality but also set the stage for a wide use of 3D LAWT maps at
first AF ablation procedures to probably increase efficacy and safety
given the fact that adapting the ablation parameters to the local WT
is a long-time unmet need in the AF ablation field. Besides, the use of
3D LAWT maps could allow for a shortening of the procedure time and
RF delivery and fluoroscopy time since gap identification can in many
cases be aided by the map. However, further prospective studies are
needed tovalidate this hypothesis.

Furthermore, we adopted the single catheter approach for deter-
mining and ablating the reconnection site. The combination of these
methods results in a very efficient and less invasive procedure with
very good acute and mid-term outcomes. Once again, prospective stud-
ies are needed to compare the safety and efficacy of this approach with

regard the conventional multicatheter approach.

4.6 | Limitations

The main limitation of this study is the lack of a control group for com-
parison. Besides, procedure characteristics of the first ablation were
not available for analysis. Hence, an association between the lack of
stability, the applied power settings or the presence of gaps on the cir-
cumferential PV line and the distribution of reconnection sites can-
not be excluded, especially in some segments where it is difficult to
ensure good catheter stability during RF application, as the left ante-
rior carina. Furthermore, RF application at first ablation itself might
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directly affect LA wall thickness through scar involution and consec-
utive tissue remodeling. Another limitation is that the LAWT method
depends on contrast-enhanced MDCT acquisition, which is contraindi-
cated in patients with severe kidney failure, needs special prepara-
tion in patients with contrast medium allergy, and implies radiation
exposure. Nevertheless, fluoroscopic requirements for the presented
method are lower than what has been reported on multicenter inter-
national registries?? and what has been found on recent prospective
trials.2® Therefore, even though the need for aMDCT might imply addi-
tional radiation exposure, the overall radiation dose administered is
still reasonable. That said, evidence is lacking, and our results war-
rant further research. Also, multielectrode catheters were not used
to identify the reconnection sites. However, all PVs were successfully
isolated, and the mid-term recurrence rate was low using a single 4-
electrodes catheter. Finally, we modulated RF delivery at the redo pro-
cedure based on empiric parameters. Further studies are needed to
evaluate the optimal parameters of RF application according to the
LAWT.

5 | CONCLUSION

3D LAWT maps can be obtained from MDCT scan and be integrated
into the navigation system. It allows for a direct periprocedural esti-
mation of the WT at any point of the LA. Reconnection points are
more frequently present in the thicker segments of the circumferen-
tial PV line and usually are the thickest point of the segment. A single
catheter approach is feasible, efficient and safe during AF-redo proce-
dures, allowing to easily identify the reconnected segment with a low
recurrence rate at mid-term.
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Articulo 2

Ablacion personalizada de la fibrilacion auricular paroxistica adaptando el
indice de ablaciéon al grosor de la pared auricular izquierda: el estudio
unicéntrico 'Ablate ByLAW'

Este estudio piloto investigb un enfoque personalizado para la ablacion de
fibrilacién auricular paroxistica. Al adaptar el indice de ablacidén al grosor de la
pared de la auricula izquierda, se optimizd el procedimiento. Los hallazgos de
este estudio sugirieron que personalizar los parametros de ablacion basados
en variaciones anatomicas individuales, como el grosor de la pared de la
auricula izquierda, puede mejorar potencialmente la eficacia y seguridad del
procedimiento. Si bien los resultados son prometedores, la naturaleza piloto del
estudio indica la necesidad de realizar mas investigaciones a gran escala para

validar estos hallazgos y determinar sus implicaciones clinicas.
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Personalized paroxysmal atrial fibrillation

ablation by tailoring ablation index to the left
atrial wall thickness: the ‘Ablate by-LAW’
single-centre study—a pilot study

Cheryl Teres, David Soto-Iglesias, Diego Penela, Beatriz Jauregui, Augusto Ordonez,
Alfredo Chauca, Jose Miguel Carreno, Claudia Scherer, Rodolfo San Antonio,
Marina Huguet, Albert Roque @ , Carlos Ramirez, Guillermo Oller, Agusti Jornet,
Jordi Palet, David Santana, Alejandro Panaro, Giuliana Maldonado,

Gustavo de Leon, Gustavo Jiménez, Arturo Evangelista, Julio Carballo,

José-Tomas Ortiz-Pérez, and Antonio Berruezo ©® *

Heart Institute, Teknon Medical Center, C/Vilana, 12, 08022 Barcelona, Spain

Received 17 December 2020; editorial decision 21 July 2021

Aims To determine if adapting the ablation index (Al) to the left atrial wall thickness (LAWT), which is a determinant of
lesion transmurality, is feasible, effective, and safe during paroxysmal atrial fibrillation (PAF) ablation.

Methods Consecutive patients referred for PAF first ablation. Left atrial wall thickness three-dimensional maps were

and results obtained from multidetector computed tomography and integrated into the CARTO navigation system. Left atrial
wall thickness was categorized into 1 mm layers and Al was titrated to the LAWT. The ablation line was personal-
ized to avoid thicker regions. Primary endpoints were acute efficacy and safety, and freedom from atrial fibrillation
(AF) recurrences. Follow-up (FU) was scheduled at 1, 3, 6, and every 6 months thereafter. Ninety patients [60
(67%) male, age 58 £ 13 years] were included. Mean LAWT was 1.25 + 0.62 mm. Mean Al was 366 £ 26 on the right
pulmonary veins with a first-pass isolation in 84 (93%) patients and 380 £ 42 on the left pulmonary veins with first-
pass in 87 (97%). Procedure time was 59 min (49-66); radiofrequency (RF) time 14 min (12.5-16); and fluoroscopy
time 0.7 min (0.5-1.4). No major complication occurred. Eighty-four out of 90 (93.3%) patients were free of recur-
rence after a mean FU of 16 + 4 months.

Conclusion Personalized AF ablation, adapting the Al to LAWT allowed pulmonary vein isolation with low RF delivery, fluoros-
copy, and procedure time while obtaining a high rate of first-pass isolation, in this patient population. Freedom
from AF recurrences was as high as in more demanding ablation protocols. A multicentre trial is ongoing to evalu-
ate reproducibility of these results.

*Corresponding author. Tel: +34 932906251. E mail address: antonio.berruezo@gquironsalud.es
Published on behalf of the European Society of Cardiology. All rights reserved. © The Author(s) 2021. For permissions, please email: journals.permissions@oup.com.
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What’s new?

® The present study constitutes the first report about feasibility
of incorporating three-dimensional left atrial wall thickness
(LAWT) maps into the navigation system, allowing a direct
estimation of the wall thickness (WT) at any point of the left
atrium during the procedure.

® This tailoring of the delivered radiofrequency (RF) energy and
ablation line design depending on the WT during atrial
fibrillation (AF) ablations, can increase efficiency and safety.

® Personalized AF ablation with the Ablate-By-LAW protocol
using a single catheter technique and adapting the ablation
index to LAWT allowed decreasing RF delivery, fluoroscopy,
and procedure time while obtaining a high rate of first-pass
isolation.
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Introduction

Pulmonary vein isolation (PVI) has become widely available and is the
foundation for paroxysmal atrial fibrillation (PAF) treatment, espe-
cially in symptomatic patients resistant to medical treatment.” Post-
atrial fibrillation (AF) ablation pulmonary vein (PV) reconnection is
the main cause of AF recurrences>* and results after either insuffi-
cient radiofrequency (RF) delivery® or because of non-transmural or
non-contiguous lesions in the PV ablation line.>® In recent years,
advances have been made in the ablation technique with the intro-
duction of contact force catheters and the development of complex
weighed formulas as the ablation index (Al) that allows for a more ef-
ficient lesion creation and durable PV isolation.”

The left atrial (LA) wall is a thin structure with heterogeneous
thickness ranging from <1 mm to >5 mm.% Durability of PVI can be
limited by the inability to create transmural lesions in certain anatomi-
cal sites where left atrial wall thickness (LAWT) is higher.? In fact,
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Figure | Segmentation pipeline of the 3D left atrial wall thickness map. (A) Endocardial and epicardial layer delineation on the MDCT. (B)
Automatic computation of LAWT as the distance between each endocardial point and its projection to the epicardial shell (colour code: red <1 mm,
yellow 1-2 mm, green 2-3mm, blue 3—4 mm and purple >4 mm). (C) Image integration of the fast anatomical map with the LAWT using CARTO-
Merge. (D) Ablation parameters according to the LAWT. FAM, fast anatomical map; LAWT, left atrial wall thickness; MDCT, multidetector com-

puted tomography.

LAWT is an independent predictor of reconnection'® and AF recur-
rence after 12 months of follow-up (FU)."" The aforementioned vari-
ability in LAWT raises safety and efficacy concerns since underdosing
of Al hinders lesion transmurality and overdosing of Al leads to po-
tential complications.12 Multidetector computed tomography
(MDCT)-derived LAWT measurements have been reliably validated
ona porcine model " and three-dimensional (3D) LAWT maps have
already been generated from contrast-enhanced MDCT images."*
However, integration of LAWT information on a 3D electroanatomi-
cal mapping system for guiding first AF ablations has not been yet
described.

The aim of the present study is to describe feasibility, effectiveness,
and safety of adapting the Al to the LAWT in a consecutive popula-
tion of patients with PAF.

Methods

Patient sample

The present study reports the results of a prospective single-centre
proof-of-concept study. Consecutive patients, aged 18 years or older, re-
ferred to Teknon Medical Center (Barcelona, Spain) for first PAF ablation
were included. As per current guidelines, PAF was defined as AF that ter-
minates spontaneously or with intervention within 7 days of onset.” In all
patients,an MDCT study was performed prior to the ablation procedure.
Multidetector computed tomography-derived maps with LAWT infor-
mation were then imported into the navigation system for tailoring of the
delivered energy based on Al. Exclusion criteria were impossibility to per-
form a cardiac MDCT and contraindication to perform high-frequency
low-volume ventilation (HFLVV). The study complied with the
Declaration of Helsinki, and the local ethics committee approved the
study protocol. All participants included in the study provided informed
written consent.

Pre-procedural multidetector computed
tomography

A preprocedural MDCT was performed with a Revolution™ CT scanner
(General Electric Healthcare). The images were acquired during an inspi-
ratory breath-hold using retrospective electrocardiogram (ECG)-gating
technique with tube current modulation set between 50% and 100% of
the cardiac cycle. Angiographic images were acquired during the injection
of a 70mL bolus of lopromide 370mg I/mL (Ultravist, Bayer Hispania,
Barcelona, Spain) ata rate of 3 mL/s. Data were transmitted to the work-
station for post-processing and reconstructed into axial images with slice
thickness of 0.625 mm.

Image post-processing

Multidetector computed tomography images were analysed with ADAS
3D™ software (ADAS3D Medical, Barcelona, Spain) to obtain a 3D atrial
wall thickness map. To compute the atrial wall thickness, a three-step al-
gorithm was applied: the endocardial layer was delineated by means of a
semi-automatic segmentation based on pixel intensity thresholds. The
threshold was manually defined by the operator and the rest of the endo-
cardial segmentation was automatic; the epicardial layer was defined man-
ually by delineation of the epicardial aspectina mean of 20+ 7 layers with
automatic interpolation of the remaining epicardium followed by manual
adjustment of the automatically interpolated epicardial layer. Finally, the
wall thickness was automatically computed at each point as the distance
between each endoardial point and its projection to the epicardial shell
(Supplementary material online, Figure S1). These three steps result in a
3D wall thickness map that was then categorized into 1 mm ranges to fa-
cilitate operator’s choice of the applied Al (Figure 7). The overall dedi-
cated mean time to process the images by an experienced operator was
15+ 2min.

Data on reproducibility of the segmentation method has previously
been reported15 with an intra- and inter-observer reproducibility of the
endocardial layer (automatic segmentation) for points closer than 1 mm
of 99+09% and 95+5%, respectively. Intra- and inter-observer
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I-a) LAWT 3D map

[I-a) Esophagus segmentation

I-b) LAWT 3D map

Figure 2 (A) The ablation lines are designed through the thinner circumferential PV regions aiming to avoid thicker regions. Example (A-a) shows
the anterior aspect of the right pulmonary veins and example (A-b) the posterior aspect of both vein pairs. (B) Protocol for segmentation of the oe-
sophagus and fingerprint in the posterior left atrial epicardial wall. (B-a) Oesophagus posterior view. (B-b) The isodistance fingerprint uses a colour
scale to depict a range of distance between the oesophageal anterior wall and the left atrial posterior wall; red being the closest distance <1 mm, yel-
low 1-2 mm; green 2-3 mm; blue 34 mm; and purple >4 mm being the most distant. RF application in the vicinity of the oesophagus is performed as
far as possible from the red fingerprinted zone. LAWT, left atrial wall thickness; PV, pulmonary vein.

reproducibility of the epicardial layer (manual segmentation) for points
closer than 1 mm of 82+ 10% and 78 + 7%, respectively. This traduces on
an overall mean intra-observer distance between discordant points of
0.1mm on the endocardium and 0.5 mm on the epicardium and an inter-
observer mean distance of 0.3 mm on the endocardium and 0.7 mm on
the epicardium (Supplementary material online, Figure S2).

The rendered LAWT map was imported into CARTO navigation sys-
tem (Biosense Webster, Diamond Bar, CA, USA) by using the Carto
Merge tool. As Figure 1 shows, a colour code was used to depict a thick-
ness map (red <1 mm, yellow 1-2 mm, green 2-3 mm, blue 3—4 mm, and
purple >4 mm). Previously to the procedure, the ablation line was manu-
ally traced on CARTO to complete an RF circle around the PV ostia
(nephroid shape) on the 3D geometry. In case of a common ipsilateral
vein ostium, the line was drawn around the trunk. A carina line was man-
datory for the right pulmonary veins (RPVs), since there is anatomical'®
and electrophysiological evidence'” " for the presence of interconnec-
tions of the ipsilateral veins in up to two-thirds of the patients referred
for AF ablation.? In case of a right common ostium this requirement was
omitted. Ablation lines were designed through the thinner circumferen-
tial PV regions to avoid, as far as possible, thicker regions (Figure 2).
Besides, the LA ablation protocol in our institution includes segmentation
of the oesophagus. The distance between the LA posterior wall and the
oesophagus is computed at each epicardial point, allowing to create an
oesophageal print on top of the epicardial atrial layer. An isodistance

colour map (oesophageal fingerprint) is created with a colour scale to de-
pict a range of distances. This information is then used to personalize the
ablation line and avoid, as far as possible, RF application on the posterior
atrial wall region closest to the oesophagus (Figure 2).

Catheter ablation
Catheter ablation was performed by four operators (A.B,, BJ., C.T., and
D.P.), under general anaesthesia with HFLVV. Oral anticoagulation was
uninterrupted and peri-procedural anticoagulation was performed to
achieve an activated clotting time >300's. All procedures were performed
with a single venous femoral access, which is the usual local protocol
Transseptal puncture was guided by transoesophageal echocardiography.
After that, a fast-anatomical map (FAM) of the entire LA anatomy and the
PVs was acquired with the ablation catheter and merged with the LAWT
map within the spatial reference coordinates of the CARTO system.
Pulmonary vein isolation was performed point-by-point, using a non-
steerable sheath and a Thermocool SmartTouch 3.5-mm irrigated tip
contact force-sensing RF ablation catheter (Biosense Webster, Inc
Diamond Bar, CA, USA). Maximal interlesion distance was 6 mm. VisiTag
settings were catheter position stability minimum time 3's, maximum
range 3 mm; force over-time 25%, minimum force 3g; lesion tag size:
3 mm. The irrigation flow rate was set to 2 mL/min during mapping and
26 mL/min during ablation. Table 1 resumes the Al targets by local LAWT
on the thickness colour map: thickness <1mm (red): 300; 1-2mm
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(yellow): 350; 2-3 mm (green): 400; 3—4mm (blue): 450; and >4 mm
(purple): 500. To reach these Al values, the power output was set at
35W for the posterior wall. For the anterior wall, power was set at
40 W for LAWT between <1 and 2 mm; and at 50 W wherever LAWT
was >3 mm (green, blue, and purple on the thickness map). If the targeted
Al value was not reached, another lesion reaching the target was applied.
Figure 3 shows examples of tailored Al applications.

Acute PVl was confirmed after first pass with the standard local single
catheter method demonstrating entry block with the absence of PV
potentials inside the vein with the ablation catheter placed sequentially in
each segment inside the circumferential PV line, and exit block by proving
absence of conduction to the left atrium when pacing from inside the cir-
cumferential PV line, at each segment sequentially.'>*"?? Additional abla-
tion was performed at connected sites until PVl was achieved. At the end
of the procedure, a third expert not participating in the case should guar-
antee that there were no remaining gaps in the PVI lines; no ablation
points with a lower than expected Al to LAWT target; and that the right
carina line was performed. After that, the procedure was finished. There
was no prespecified waiting time after PVI and adenosine challenge was
not performed to detect underlying dormant PV conduction in any of the
cases. Documented procedure time is the skin-to-skin time.

Table I Protocol for ablation parameters adapted to
left atrial wall thickness

LAWT Colour Ablation index RF energy (W)

code Anterior Posterior Anterior Posterior

<1mm Red 300 300 40 35

12mm Yellow 350 350 40 35

2 3mm Green 400 400 50 35

3 4mm Blue 450 450 50 35

>4mm Purple 500 500 50 35

LAWT, left atrial wall thickness; RF, radiofrequency.

Wall thickness analysis

After the procedure, LAWT maps were exported from CARTO for
analysis into a Matlab customized software. The circumferential PV lines
were divided following the 16-segment model (Figure 4). Left atrial wall
thickness was calculated for the whole LA; the circumferential PV line;
the anterior and posterior walls, and each individual segment, respec-
tively. The anterior wall was defined as the PV line continuity formed by
the roof, anterosuperior (AS), anterior carina (AC), and anteroinferior
segments (Al). The posterior wall was defined as the PV line continuity
formed by the posterosuperior (PS), posterior carina (PC), posteroinfe-
rior (P1), and inferior (Inf) segments.

Follow-up

Patients were scheduled for FU at the outpatient clinicat 1, 3, 6, and ev-
ery 6 months thereafter, or in case of symptoms. Each evaluation included
an ECG and a 24-h Holter monitoring. Recurrences were considered as
any documented arrhythmia (i.e. AF, atrial flutter, and atrial tachycardia)
lasting longer than 30s off anti-arrhythmic medication or symptoms sug-
gesting clear recurrence as identified by the patient (symptoms that had
been associated to a documented arrhythmia episode before the ablation
procedure). All antiarrhythmic drugs (AADs) were stopped at ablation
unless non-sustained AT/frequent atrial ectopic beats during in-hospital
ECG monitoring. In that case, AAD were stopped at the end of the blank-
ing period (3 months of FU).

Statistical analysis

All applicable statistical tests are two-sided and performed using a 5% sig-
nificance level. Continuous variables are presented as mean + standard
deviation or median [range or interquartile range (IQR) if data are
skewed] if not normally distributed. To compare means of two variables
the Student’s t-test, Mann—Whitney U test, or analysis of variance test
were used, as appropriate. Categorical variables were expressed as total
number (percentages) and compared between groups using Chi-square
test. Statistical analysis was performed using IBM SPSS Statistics for
Macintosh, version 25.0 (IBM Corp. Released 2017; Armonk, NY, USA:
IBM Corp.) and customized code for the Matlab statistics toolbox

300350400450500

Figure 3 Left atrial wall thickness maps with different examples of tailored Al. Wall thickness maps with colour code and ablation index applied to

each thickness range. Al, ablation index; LAWT, left atrial wall thickness.
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Figure 4 Ladybug plots of the pulmonary veins with left atrial wall thickness profile values for all the segments and histogram of left atrial wall thick-
ness comparison between segments (top). Mean ablation index for each segment (bottom). AC, anterior carina; Al, anteroinferior; AS, anterosupe-
rior; Inf, inferior; PC, posterior carina; P, posteroinferior; PS, posterosuperior; PV, pulmonary vein; WT, wall thickness.

(Matlab R2010a, The Mathworks, Inc., Natick, MA, USA). A Kaplan—
Meier survival analysis was performed for the analysis of survival free
from atrial arrhythmia.

Results

Patient population

Ninety consecutive patients referred for a first PAF ablation were in-
cluded from April 2019 to April 2020. Baseline clinical characteristics
are summarized in Table 2. Resembling previously described PAF ab-
lation populations,” mean age was 58 + 13years with 60 (67%) men
with a relatively low comorbidity rate. Mean LA diameter was
38+ 8mm and mean left ventricular ejection fraction was 61+ 15%.
Fifteen out of 90 (16%) of the patients presented an underlying car-
diomyopathy: six patients with hypertensive cardiomyopathy, four
ischaemic cardiomyopathy, two tachycardiomyopathy, one valvular
disease, one cor triatriatum, and one non-ischaemic dilated cardiomy-
opathy. Three patients were excluded because of impossibility to
perform HFLVV (one had chronic obstructive pulmonary disease,

one had severe heart failure, and one because an anaesthetist not
familiar with the workflow was assigned to the lab); one patient was
excluded because impossibility to obtain cardiac computed tomogra-

phy (CT) scan.

Acute procedural characteristics

Procedural characteristics are summarized in Table 3. Ventilation rate
was 50 ventilations per minute (IQR 45-60) with a tidal volume of
250 mL (220-280). Median total procedure skin-to-skin time was
59min (IQR 49-67), including a merge time (FAM acquisition +
MDCT merging on CARTO) of 12 min (IQR 11-14) and a transseptal
time of 2 min (IQR 1-3). The number of RF points was 28 + 8 for the
left PVs and 3117 for the right PVs with a mean RF time of
6.5 = 2min on the left PVs and 8.3 + 2 min on the right PVs (Figure 5).
First pass PVl was obtained in 84 out of 90 (93%) of the RPVs and 87
(97%) of the left pulmonary veins (LPVs). On the RPVs absence of
first pass PVl was observed in six patients and was attributable to the
presence of epicardial connections in four of them. Of the two
remaining patients, one had Al underdosing on the right inferior PV
because of oesophageal position in the close vicinity of the Pl
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Table2 Baseline characteristics of the study Table 3 Acute procedural results
population
Procedure time (skin-to-skin) (min) 59 (49-66)
Total (n = 90)
Radiofrequency time (min) 14 (125 16)
Age (years) 58+13 Fluoroscopy time (min) 0.75 (05 1.4)
Male 60 (67) Fluoroscopy dose area product (mGy/m?) 1(05 1.9)
Arterial hypertension 24 (27) Right pulmonary veins
Dyslipidaemia 10 (11) Perimeter (mm) 114 +10
Diabetes 5(6) RF time (min) 83+2
BMI (kg/m?) 274 Total VisiTags 37
LVEF 61+£15 Mean VisiTag time (s) 144 +33
LA diameter (mm) 38+8 Mean anterior Al 376 £26
CHADS-VASc Mean posterior Al 355+21
0 30(33) First pass isolation 84 (93%)
1 27 (30) Mean anterior wall WT (mm) 128 £0.41
2 17(19) Mean posterior wall WT (mm) 0.99+0.30
3 13 (14) Left pulmonary veins
4 303) Perimeter (mm) 101 £12
Underlying heart disease RF time (min) 6517
None 76 (85) Total VisiTags 28+8
Ischaemic 303) Mean VisiTag time (s) 1444 £3.32
Hypertrophic (M Mean anterior Al 403 +41
Valvular 1(1) Mean posterior Al 346 £28
Hypertensive 6(7) First pass isolation 87 (97%)
Other 303 Mean anterior wall WT (mm) 192+0.72
Values are presented as n (%). Mean posterior wall WT (mm) 0.95 +0.34

BMI, body mass index; LA, left atrium; LVEF, left ventricular ejection fraction.

segment and the other patient had a failed first-pass isolation on the
AC segment, in spite of correct Al dosing according to binarized
LAWT map. On the LPVs absence of first pass PVl was observed in
three patients because of epicardial connections in all of them (Sup
plementary material online, Table S7). Acute reconnection was ob-
served in 1 out of 90 patients (1%) for the right superior pulmonary
vein and 1 out of 90 patients (1%) for the right inferior pulmonary
vein. No acute reconnections were observed in the LPVs. At the end
of the procedure, PVl was obtained in all cases. No case was ex-
cluded because of third expert disapproval of the lesion set.

Ablation index was modified due to the oesophageal position in
30/90 (30%) patients. The mean number of ablation points affected
by the oesophageal position was 4 + 2. Even though Al was decreased
owing to oesophageal position, 29/30 patients (97%) presented first
pass isolation. Only in one case an additional RF application was nec-
essary to obtain PVI.

No major complication occurred. There was a non-complicated
haematoma owing to bleeding from a secondary branch of the super-
ficial femoral artery without the need for surgical treatment or blood
transfusion. No other procedure-related complications were
documented.

Left atrial wall thickness and ablation

index measurements
Mean LAWT was 1.2 + 0.6 mm for the whole LA and 1.2+ 0.4mm
for the circumferential PV line. The circumferential PV line was

Values are presented as mean + standard deviation, median (interquartile range),

orn (%).
Al, ablation index; RF, radiofrequency.

thicker in the LPVs as compared to the RPVs (1.4+£0.6 mm vs.
1.1£ 0.1 mm, P <0.001). The anterior segments (Roof, AS, AC, and
Al) were significantly thicker than the posterior ones (PS, PC, Pl, and
inf) (1.2£0.3mm vs. 0.9+ 0.3mm, P<0.001). However, substantial
variability was observed on the LAWT within each of these areas
(posterior/anterior) with a LAWT range of 0.3—4.5mm on the ante-
rior wall and 0.3-2.3 mm on the posteriorwall

Figure 4 shows the mean wall thickness of each segment. In the
LPVs, AC and AS segments were the thicker (2.2+ 0.6 and 2.1+ 0.6,
respectively); and the PS was the thinnest (0.7 + 0.3). In the RPVs the
thicker segments were the AS and AC (1.3+04 and 1.3+ 04, re-
spectively); and the PS segment was the thinnest (0.8+0.2). The
mean applied Al was 385 + 36 for the anterior and 350+ 25 for the
posterior wall; and the mean Al by vein pair was 366 +26 on the
RPVs and 380+ 42 on the LPVs. There was a significant correlation
between LAWT and the applied Al (P <0.001).

Follow-up

In-hospital stay was 24 h for all patients except for the one presenting
a femoral haematoma who stayed for 72h because of the need for
imaging control Arrhythmia recurrences have been observed in 6
out of 90 (6.6%) patients during a mean FU of 16 + 4 months. Four
patients presented clinical episodes of palpitations that required
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Figure 5 Graphic representation of acute procedural data. Violin plots representing procedure time (top left); fluoroscopy time (top right); right
pulmonary veins radiofrequency application time; and left pulmonary veins radiofrequency application time. LPVs, left pulmonary veins; RF, radiofre-

quency; RPVs, right pulmonary veins.

medical care with documented AF on the ECG. In the two remaining
patients, recurrence diagnosis was made based on self-reported epi-
sodes of palpitations but without documentation of AF on ECG or
Holter monitoring. Only eight (9%) patients were on AAD:s at dis-
charge, due to presence of non-sustained AT/frequent atrial ectopic
beats during in-hospital ECG monitoring. This treatment was
stopped at the 3-month FU, except for one patient who was still on
AAD at 6 months FU because of patient choice and presented with a
recurrence at 8 months. Figure 6 shows the Kaplan—-Meier curve for
AF recurrence.

Discussion

This is the first study that describes the feasibility of integrating the
LAWT maps into the navigation system in patients undergoing a first
PVI procedure. Ablation index was tailored to LAWT information, a
major determinant of lesion transmurality. This personalized ap-
proach adapted RF delivery by increasing Al in the thicker segments
of the PV line and avoiding unnecessary high amounts of RF energy
delivery in the thinnest ones, which could negatively impact

procedure safety. Moreover, this study describes a single catheter ap-
proach that simplifies the ablation setting. This comprehensive ap-
proach results in a short procedure (skin-to-skin), fluoroscopy, and
RF times while providing efficacy outcomes that could be comparable
to those of more demanding ablation protocols,”? although this hy-
pothesis needs to be proven in further trials.

Personalized radiofrequency delivery by
tailoring ablation index to the left atrial
wall thickness

Three-dimensional LAWT maps have previously been obtained™
but the present study reports a prospective application of this tool
that allows for real-time evaluation of the LAWT at any location
within the LA. Previous studies with MDCT have also reported that
the posterior wall is significantly thinner than the anterior wall """
Having this anatomical concept in mind, current Al-guided PVI proto-
cols target a lower Al value (in general 400) at the posterior wall near
the oesophagus. Nevertheless, not all centres use oesophageal posi-
tion or temperature monitoring as a standard of care. The results of
the present study, in line with these previous observations, found
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Figure 6 Survival plot for freedom of atrial fibrillation/atrial tachy-
cardia after paroxysmal atrial fibrillation ablation with By-LAW
protocol.

that the posterior wall is significantly thinner than the anterior wall.
However, different ranges of wall thickness were observed regardless
of the anterior/posterior aspect, with a LAWT ranging from 0.3 to
24 mm in the posterior wall and from 04 to 4.5mm in the anterior
wall. These data suggest that the strategy of dichotomizing into ante-
rior/posterior for RF delivery is an oversimplification that does not
take in consideration the complex anatomical reality of the LA.

Moreover, the proposed approach results in a very high rate of
first past isolation despite delivering a low amount of RF. Recently,
Taghii et al. described an ablation protocol (CLOSE) respecting strict
criteria for lesion depth and contiguity using predefined Al cut-offs of
400 at posterior wall and 550 at anterior wall. This strategy resulted
in a high rate of acute PV isolation with a low recurrence rate. The
results of the present study are comparable in terms of acute and du-
rable PV isolation. However, RF requirements to achieve these
results are significantly lower by adapting Al to LAWT. In the present
study mean Al values in the posterior and anterior wall were
350 +£25 and 385 + 36, respectively, compared with the mean Al of
456 (449—469) used in the close study. Mean RF time was 8.3+ 2 and
6.5+ 2 min (for right and left PV respectively) compared with 16 + 4
and 18 + 6 min in the CLOSE study. The low values of RF needed to
isolate the PVs are probably due to the efficiency of the proposed
methods (applying more RF only in the thicker segments and saving
RF application in the thinner part of the circumferential line), but also
to the preprocedural design of the PV ablation line aiming to avoid
the thicker regions wherever possible. The value of LAWT is to de-
liver the proper amount of energy at any given point without doing it
randomly. Importantly, MDCT has long been used in our group (as in
many centres) before every AF catheter ablation to characterize PV
anatomy, as has been the Carto Merge module. Therefore, the
LAWT method only adds in many cases one step, which is Dicom im-
age segmentation. At the present time, this represents image proc-
essing of 15+2min by an experienced operator. Moreover, the
process is still being optimized and with the use of artificial intelli-
gence will be even faster once it is made available.

Safety of the Ablate by-LAW protocol
The present study reports a low complication rate by adapting Al to
the LAWT. In the ablate by-LAW protocol, RF power was higher
than usually reported with other Al protocols, reaching 50 W in
thicker regions of the anterior wall and right carina line, without rais-
ing any safety issue in this patient population. Apart from a femoral
haematoma treated conservatively, no other complication was ob-
served, namely no steam pop or cardiac tamponade. In terms of po-
tential safety increase, the value of LAWT is to deliver the proper
amount of energy at any given point without doing it randomly.
Circumferential PVl unavoidably implies RF application on the pos-
terior wall where the distance from the atrial epicardium to the oe-
sophagus can be less than 1mm. This article describes the
oesophageal fingerprint, a new tool for avoiding RF application in
these areas of the posterior wall where the distance between the epi-
cardial surface of the LA and the oesophagus is very low. Using this
tool, circumferential PV lines were drawn in a personalized fashion
previously to the procedure to improve safety of the applications in
the posterior wall.

Single catheter venous access

The single catheter approach was previously described in first AF
ablations by Pambrun et al..2" demonstrating that antral exit block val-
idated with a CF-sensing ablation catheter successfully predicts PVI.
When first pass PVl was not achieved, the electrical breakthrough
could be identified based on timing of the local PV electrogram with-
out the need of a further catheter for reference.?? The present study
reports on a single catheter approach in the ablate by-LAW setting.
The method is feasible and efficient, as reflected in the low recur-
rence rate observed during the FU. Thus, the procedure workflow
simplification results in high efficiency with a median procedure time
under 1 h (skin-to-skin) and a very low fluoroscopy time and dose.
Moreover, this approach had a very low complication rate (only one
vascular complication) probably also in relation with the use of a sin-
gle vascular access.

Limitations

This is a feasibility and hypothesis generating study. The main limita-
tion is the lack of a control group for comparison. Consequently, we
cannot demonstrate a superiority of the presented method as com-
pared to an Al-guided PVI group. Also important, it was performed at
a single centre. Besides, included patients were relatively healthy
(CHA,DS,-VASc-Score = 0 in 33% of patients, mean LA diameter
38 £8 mm). Thus, this cohort might not represent the ‘typical’ all-
comer population undergoing catheter ablation and extrapolation of
reported results could be limited since in clinical practice, patients
usually are older, have a higher cardiovascular burden, and have a
more complex arrhythmogenic substrate. A multicentre study is on-
going to overcome some of these limitations. Besides, Al targets for
each LAWT range were based on empiric parameters. Further re-
search is needed to evaluate the optimal parameters of Al application
according to the LAWT. We are reporting only a mean FU of
16 £4 months. In consequence, the benefits are indicated by this ob-
servational study and not proven and longer-term results of the pro-
posed approach remain still unknown. In addition, given the spatial
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resolution of the CT scan of 0.4mm with a 3.5 mm catheter tip, it
could be that the chosen roadmap for personalizing PVI differs be-
cause of inaccuracy of the integration. Also, asymptomatic arrhythmia
episodes may have been missed due to the relatively low intensity of
the ECG/Holter monitoring-based FU. Finally, oesophageal tempera-
ture was not systematically measured during ablation. Thus, we can-
not evaluate the impact that modifying the circumferential PV line
based on the oesophageal fingerprint has on oesophageal tempera-
ture; a randomized trial is underway (the AWESOME trial) to evalu-
ate this issue.

Conclusion

Personalized AF ablation with the Ablate-By-LAW protocol using a
single catheter technique and adapting the Al to LAWT is feasible, ef-
fective, and safe while obtaining a high rate of first-pass isolation in
this patient population. Freedom from AF recurrences observed with
the presented method may be as high as in more demanding ablation
protocols. Nevertheless, this was an observational study and further
randomized trials are needed to prove this hypothesis.

Supplementary material

Supplementary material is available at Europace online.
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Articulo 3

"Relacion entre la pared auricular posterior y el eséfago: posicion
esofagica durante la ablacion de la fibrilaciéon auricular"

Este estudio busc6 comprender la relacidn anatémica entre la pared auricular
posterior y el es6fago durante los procedimientos de ablacion de FA. Esta
relacion es fundamental debido al riesgo de lesion esofagica durante la
ablacion de la FA. Los hallazgos resaltaron la variabilidad en la posicion del
eso6fago en relacion con la pared auricular posterior entre diferentes individuos.
Sin embargo, se observd que la posicion esofagica en cada paciente es poco
variable. El conocimiento de la posicidn esofagica es crucial para mejorar la
seguridad del procedimiento de ablacion de FA. Al comprender la posicién
exacta del esb6fago en relacion con la pared auricular, pueden realizarse
adaptaciones a las técnicas de ablacién para minimizar el dafo potencial al
esOfago. Los conocimientos de este estudio subrayan la importancia de los
enfoques individualizados y las evaluaciones de imagenes disponibles durante

los procedimientos de ablacion de FA.
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esophagus: Esophageal position during atrial

fibrillation ablation
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BACKGROUND Atrial fibrillation ablation implies a risk of esopha-
geal thermalinjury. Esophageal position can be analyzed with imag-
ing techniques, but evidence for esophageal mobility is
inconsistent.

OBJECTIVES The purpose of this study was to analyze esophageal
position stability from one procedure to another and during a single
procedure.

METHODS Esophageal position was compared in 2 patient groups.
First, preprocedural multidetector computerized tomography
(MDCT) of first pulmonary vein isolation and redo intervention
(redo group) was segmented with ADAS 3D™ to compare the stabil-
ity of the atrioesophageal isodistance prints. Second, 3 imaging
modalities were compared for the same procedure (multimodality
group): (1) preprocedural MDCT; (2) intraprocedural fluoroscopy ob-
tained with the transesophageal echocardiographic probe in place
with CARTOUNIVU™; and (3) esophageal fast anatomic map
(FAM) at the end of the procedure. Esophageal position correlation
between different imaging techniques was computed in MATLAB us-
ing semiautomatic segmentation analysis.

RESULTS Thirty-five redo patients were analyzed and showed a
mean atrioesophageal distance of 1.2 = 0.6 mm and a correlation
between first and redo procedure esophageal fingerprint of 91% =+
5%. Only 3 patients (8%) had a clearly different position. The
multi-imaging group was composed of 100 patients. Esophageal
position correlation between MDCT and CARTOUNIVU was 82% =+
10%; between MDCT and esophageal FAM was 80% =+ 12%; and be-
tween esophageal FAM and CARTOUNIVU was 83% * 15%.

CONCLUSION There is high stability of esophageal position be-
tween procedures and from the beginning to the end of a procedure.
Further research is undergoing to test the clinical utility of the
esophageal fingerprinted isodistance map to the posterior atrial
wall.

KEYWORDS Atrial fibrillation; Atrial wall thickness; Atrioesopha-
geal fistula; Catheter ablation; Esophageal position

(Heart Rhythm 0% 2022;3:252-260) © 2022 Published by Elsevier
Inc. on behalf of Heart Rhythm Society. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).

Introduction

Pulmonary vein isolation (PVI) can now be considered first-
line rhythm control therapy for patients with symptomatic
paroxysmal atrial fibrillation (AF) episodes or persistent
AF without major risk factors for AF recurrence as an alter-
native to antiarrhythmic drugs.' A PVI approach implies un-
avoidable ablation lesions on the posterior atrial wall. The left
atrial (LA) wall is a thin structure with heterogeneous thick-
ness (range <1 mm to >5 mm), with important inter- and

Address reprint requests and correspondence: Dr Antonio Berruezo,
Heart Institute, Teknon Medical Center, C/ Vilana, 12, 08022 Barcelona,
Spain. E-mail address: antonio.berruezo @ quironsalud.es.

2666-5018/© 2022 Published by Elsevier Inc. on behalf of Heart Rhythm Society. This is an open

intrapatient variability.” The esophagus is closely related to
the LA posterior wall. This anatomic relationship depends
mainly on aortic arch anatomy and location and its influence
on esophageal position.” Due to the proximity between these
structures, posterior wall ablation may result in several com-
plications, ranging from asymptomatic esophageal lesions to
perforation with atrioesophageal fistula (AEF), which might
be lethal.” Other possible complications include damage to
periesophageal nervous plexi, which can result in postabla-
tion gastrointestinal complications such as gastroparesis, py-
loric spasm, and gastroesophageal reflux.” Therefore, a
widespread practice is to routinely modify energy delivery
settings when ablating on the posterior wall. In addition,

https://doi.org/10.1016/j.hr00.2022.02.007

access article under the CC BY-NC-ND license (htip://creativecommons.org/licenses/by-nc-nd/4.0/).
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m There is high stability of the atrioesophageal relation-
ship between procedures even 6 months apart and of
the esophageal position from the beginning to the end
of an atrial fibrillation ablation procedure.

m The multidetector computerized tomography (MDCT)-
derived esophageal fingerprinted isodistance map is a
new way of depicting the complex relationship between
the esophagus and the left atrial posterior wall.

m The fingerprinted map allows for better understanding
of the atrioesophageal relationship, which is funda-
mental for improving procedural safety.

several techniques, such as endoesophageal temperature
monitoring probes, have been developed to lower the risk
of complications, although randomized data argue against
the usefulness of this method to prevent esophageal thermal
lesions” and even point to a potential harm.’

Contemporary imaging techniques allow for esophageal
position identification, potentially offering new methods to
prevent esophageal thermal injury. Nevertheless, it has
been reported that atrioesophageal interaction could be dy-
namic due to esophageal mobility, with diverging evidence
available to date.

The aims of the present study were (1) to analyze the sta-
bility of esophageal position inside the mediastinum, hypoth-
esizing that it does not differ significantly on multidetector
computerized tomography (MDCT) from one procedure to
another; and (2) to evaluate the correlation in esophageal po-
sition with multimodality imaging performed before, during,
and after a single LA ablation procedure. This information
could help develop safer ablation strategies by avoiding abla-
tion at the sites closest to the esophagus.

Methods

Patient sample

Two patient populations were analyzed: (1) a group of
consecutive patients referred for AF redo ablation procedure
from November 2018 to November 2019 for whom the
esophageal position on MDCT was compared between the
first ablation and the redo procedure (Group 1: MDCT);
and (2) a group of consecutive patients referred for any AF
ablation procedure from March 2020 to November 2020 in
whom the esophageal position was obtained by 3 different
imaging methods (MDCT, CARTOUNIVU™ module [Bio-
sense Webster, Diamond Bar, CA], and esophageal fast
anatomic map [FAM]) and compared between one another
(Group 2: Multimodality). Figure 1 shows the study design.
Age <18 years, pregnancy, presence of concomitant investi-
gation treatments, patient’s refusal to participate in the study,
unavailability of preprocedural MDCT, and contraindication
or inability to obtain esophageal FAM were exclusion

criteria. Patient populations were different for both groups.
The study complied with the Declaration of Helsinki, and
the study protocol was approved by the local ethics commit-
tee. All participants included in the study provided written
informed consent.

Preprocedural MDCT and image processing

In all patients, an MDCT study was performed before the
procedure. MDCT was performed using a dual-source
SOMATOM™ Definition Flash 128-slice scanner (Siemens
Healthineers, Erlangen, Germany) or a Revolution™ scan-
ner (General Electric Healthcare, Milwaukee, WI). Images
were acquired during an inspiratory breathhold using retro-
spective electrocardiography-gating technique with tube cur-
rent modulation set between 50% and 100% of the cardiac
cycle. Angiographic images were acquired during injection
of a 100-mL bolus of iopromide 370 mg I/mL (Ultravist,
Bayer Hispania, Barcelona, Spain) at a rate of 3 mL/s.
Data were transmitted to the workstation for postprocessing
and reconstructed into axial images with slice thickness of
0.625 mm.

MDCT image postprocessing

MDCT digital imaging and communications in medicine
(DICOM) images were analyzed using ADAS 3D™ software
(ADAS3D Medical, Barcelona, Spain) to segment the esoph-
ageal anatomy and the atrioesophageal fingerprinted isodis-
tance map. The endocardial and epicardial LA wall layers
were segmented according to a previously described
method.® The esophageal surface layer was defined by
manual delineation into 7 * 3 slices, followed by an interpo-
lation in the missing slices. Then, esophageal position and the
distance between the esophagus and the epicardial LA poste-
rior wall and pulmonary veins (PVs) were automatically
measured and projected onto the endocardial shell as a
color-coded isodistance fingerprinted map, in which red de-
picts the closest area with an atrioesophageal distance <1
mm, yellow 1.1-2 mm, green 2.1-3 mm, blue 3.1-4 mm,
and purple >4 mm. Figure 2 shows the pipeline of the seg-
mentation method resulting in a 3-dimensional (3D) map of
the atrioesophageal relationship, which can be projected to
the atrial endocardial mesh and imported into the CARTO
navigation system (Biosense Webster, Diamond Bar, CA).
The esophageal trajectory as related to the atrial posterior
wall was classified into 5 categories (left, central, right,
left-central, and right-central).

Esophageal visualization with CARTOUNIVU image
integration module

At the beginning of the procedure, the fluoroscopic image is
centered within the coordinates of the CARTO navigation
system by means of a reference ring located underneath the
table at the lower part of the chest/upper abdomen. Then,
fluoroscopic images with the transesophageal echocardio-
graphic (TEE) probe positioned in the esophagus are
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Group 1: MDCT
Esophageal fingerprint at Esophageal fingerprint at
1st ablation REDO ablation
Figure 1  Study group design. Top: Group 1 redo: Comparison of atrioesophageal relationship as seen by the esophageal isodistance fingerprinted map, be-

tween preprocedural MDCT at first and redo ablations. Bottom: Group 2 multimodality: Comparison of 3 different imaging methods for the same procedure. Left:
Anteroposterior fluoroscopic view with superposed esophageal anatomy segmented from the MDCT and atrial anatomy in glass mode. Center: Anteroposterior
fluoroscopic view with the transesophageal echocardiographic probe inserted in the esophagus. Right: Anteroposterior fluoroscopic view with superposed esoph-
ageal fast anatomic map (ESO-FAM) obtained with the ablation catheter. MDCT = multidetector computerized tomography.

recorded in anteroposterior, right anterior oblique 30°, and
left anterior oblique 30° fluoroscopic projections. For image
acquisition, the TEE operator was asked to advance the probe
in a neutral position to a location further than the fluoroscopic
position of the LA. The CARTOUNIVU module provides
transfer of fixed fluoroscopic images or cine loops to the
CARTO3 system, allowing for real-time visualization of
intracardiac catheters in the 3D mapping environment on a
background of stored fluoroscopic images (Figure 3, section
1). Every capture automatically enters the original and its
180° invert orientation (as a mirror image for a virtual biplane
view). Once the fluoroscopic images were acquired, the TEE
probe was removed as soon as possible and at the latest
before radiofrequency (RF) application.

Catheter ablation
Catheter ablation was performed by the By-LAW method,”
with patients under general anesthesia with high-frequency,

low-volume ventilation. Oral anticoagulation was uninter-
rupted, and periprocedural anticoagulation was performed
to achieve an activated clotting time >300 seconds. All
procedures were performed with a single venous femoral ac-
cess and a near-zero fluoroscopy protocol,'” which is the
usual local protocol except for atypical atrial flutters
requiring a reference catheter (right atrial quadripolar; St
Jude Medical, Inc., St. Paul, MN). Transseptal puncture
was guided by TEE. Then, FAM of the entire LA anatomy
and the PVs was acquired with the ablation catheter to inte-
grate it with the LA wall thickness map within the spatial
reference coordinates of the CARTO system.

Acute PVI was confirmed after first pass with the standard
local single catheter method demonstrating entry block with
the absence of PV potentials inside the vein with the ablation
catheter placed sequentially in each segment inside the
circumferential PV line, and exit block by proving absence
of conduction when pacing from inside the circumferential
PV line, at each segment sequentially.®
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1) MDCT segmentation

Figure 2

3) Fingerprint computation

Segmentation pipeline of the fingerprinted atrioesophageal isodistance map. 1: Raw MDCT DICOM images were imported into ADAS 3D for seg-

mentation. 2: Complete 3-dimensional (3D) reconstruction of the esophageal and atrial anatomy was obtained. 3: The atrioesophageal fingerprinted isodistance
map was projected onto the atrial endocardial surface (atrioesophageal distance: red <1 mm; yellow 1-2 mm; green 2.1-3 mm; blue 3.1-4 mm; purple >4.1 mm).

MDCT = multidetector computerized tomography.

Esophageal FAM acquisition

Esophageal geometry was acquired at the end of the procedure
with the ablation catheter (ThermoCool SmartTouch or Navis-
tar ThermoCool, Biosense Webster). The operator introduced
the catheter into the esophagus with the aid of the anesthetist.
The catheter was set to a neutral curve position and gently
advanced into the esophagus as far as the lower margin of
the LA as seen in the CARTO matrix. Esophageal anatomy
was reconstructed by slightly curving the catheter tip with
rotational movements (Figure 3, section 1).

Statistical analysis and esophageal position
comparison

All applicable statistical tests are 2-sided and performed us-
ing a 5% significance level. Continuous variables are given
as mean = SD or median (range or interquartile range
[IQR] if data were skewed) if not normally distributed. To
compare means of 2 variables, the Student ¢ test, Mann-
Whitney U test, or analysis of variance was used, as appro-
priate. Categorical variables are given as total number (per-
centage) and were compared between groups using the x*
or Fisher exact test. Statistical analysis was performed using
IBM SPSS Statistics for Macintosh, Version 25.0 (Released
2017, IBM Corp., Armonk, NY) and customized code for the
MATLAB statistics toolbox (MATLAB R2010a, The Math-
Works, Inc., Natick, MA). For group 1 (redo), spatial corre-
lation between the 2 MDCT-derived esophageal isodistance
fingerprinted maps was calculated using MATLAB. The
esophageal fingerprint was calculated over the LA anatomy
of the first procedure. Both esophageal fingerprinted isodis-
tance maps were projected over the same LA anatomy for
computing the correlation value. Correlation was calculated

between the whole fingerprinted surfaces (Figure 4). For
group 2 (multimodality), image correlation between fluoros-
copy, FAM, and MDCT was computed in MATLAB using
semiautomatic segmentation analysis. Each image technique
was either imported and merged (CT) or acquired (UNIVU
and FAM) within the spatial reference coordinates of the
CARTO system (Figure 3, section 3). After the procedure,
the CARTO reference matrix was exported to MATLAB,
and the positions as observed by the 3 methods were
compared to one another with specifically developed code.
A correlation between each pair was obtained in the coronal
plane (anteroposterior view). This correlation was expressed
as a percentage. Global image correlation was computed as
the mean correlation between methods. In addition, the
mean distance between the 3 modalities was computed.

Results

Patient population

Baseline characteristics of the 2 groups are summarized in
Table 1. The MDCT group was composed of 39 patients:
mean age 61 *= 10 years; 26 (67%) male; mean left ventric-
ular ejection fraction 59% = 6%; mean LA diameter 44 =
4 mm; mean body mass index 29 * 6 kg/mz; and median
time since first ablation (and therefore between MDCT acqui-
sitions) 6 months (IQR 3-9).

Group 2 was composed of 100 patients: mean age 61 = 10
years; 17 (65%) male; mean left ventricular ejection fraction
56% * 7%; mean LA diameter 39 = 6 mm; and mean body
mass index 27 = 5 kg/m”. No patient was excluded because
of inability to perform CT; 1 patient was excluded from group
2 because of an esophageal diverticulum that contraindicated
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Figure 3  Esophageal position acquisition methods. 1: Left: Three-dimensional MDCT-derived esophageal anatomy with color-coded atrioesophageal dis-

tance gradient (red <lmm; yellow 1-2 mm; green 2.1-3 mm; blue 3.1-4 mm; purple >4.1 mm). Center: UNIVU anteroposterior acquisition with the trans-
esophageal echocardiographic probe in place. Right: Esophageal fast anatomic map (FAM) obtained with the ablation catheter. 2: Image integration into the
navigator. Merging of the atrial FAM with the MDCT-derived left atrial wall thickness map using the CARTOMERGE module. 3: Mean image correlation be-

tween methods. MDCT = multidetector computerized tomography.

esophageal FAM. MDCT was performed within 48 hours
preceding the intervention. Image segmentation included
not only the esophageal anatomy and the atrioesophageal
fingerprint but also LA wall thickness information.” Time
for UNIVU acquisition was 1.5 = 1 minutes and for esoph-
ageal FAM acquisition was 3 £ 1.5 minutes.

Atrioesophageal distance and position
measurements in the MDCT group

Mean atrioesophageal distance was 1.2 = 0.6 mm. Total fin-
gerprinted area (up to 4-mm distance) was 13.2 * 5.2 cm?
before first ablation and 13.5 + 5.0 cm? before the redo pro-
cedure. The closest fingerprinted area (red <1-mm distance
to the LA epicardial wall) was 8.1 + 2.3 cm? before the first
ablation and 8.3 * 2.5 cm? before the redo procedure
(P = .34). The esophageal transversal width at the level of
the PVs was 27.2 = 4.3 mm before first ablation and 27.4
* 4.4 mm before the redo procedure (P = .37). The esoph-
ageal position as related to the atrial posterior wall was left

for 20 patients (56%); central for 6 patients (18%); right for
3 patients (9%); left-central for 4 patients (11%); and right-
central for 2 patients(3%). There was a 91% = 5% correlation
on the esophageal fingerprint position between the first
procedure and the redo procedure MDCT. In 3 cases (8%),
the position was clearly different, with a correlation of only
40% = 22% (Figure 4).

Atrioesophageal distance and position
measurements on the multimodality group
Procedural time was 55 (IQR 50-61) minutes. Mean atrioe-
sophageal fingerprinted distance was 1.3 = 0.5 mm.
Esophageal position as related to the atrial posterior wall
was left for 55 patients(55%), central for 23 patients(23%),
right for 9 patients (9%), left-central for 8 patients (8%),
and right-central for 5 patients (5%). The correlation between
MDCT and CARTOUNIVU was 82% = 10%; between
MDCT and esophageal FAM was 80% * 12%; and between
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Figure 4

edure 3) Esophageal correlation

Group 1 (MDCT) results of esophageal fingerprinted isodistance map correlation. Top: Case with low correlation. Note the esophageal fingerprint

contour in blue for the first ablation and in red for the redo procedure. Bottom: Case with high correlation of esophageal fingerprint between first and redo pro-
cedures (95% image correlation). MDCT = multidetector computerized tomography.

esophageal FAM and CARTOUNIVU 83% = 15%. The re-
sults are shown in Figure 5.

There was an important discordance between periproce-
dural esophageal position in 8 patients (8%), with mean
MDCT to CARTOUNIVU correlation of 52% * 8%.

Discussion

Main findings

The main findings of the present study are as follows (1) The
esophageal fingerprint is a novel 3D method of depicting the
relationship between the esophagus and the LA posterior wall
derived from the MDCT. (2) There is high temporal stability
of the esophageal position between procedures separated by
several months. (3) Multiple imaging techniques are avail-
able periprocedurally and can be used to evaluate esophageal
position. (4) These imaging techniques show high stability of
the esophageal position during the procedure in patients un-
der general anesthesia.

Esophageal fingerprint

The esophageal fingerprinted isodistance map is a new way
of depicting the complex relationship between the esophagus
and the LA posterior wall. This anatomic information is ob-
tained from the MDCT, which provides submillimetric
spatial resolution resulting in high precision. It offers 3D in-
formation and allows for accurate representation of the at-
rioesophageal contact surface, not only in the sagittal and
coronal planes but also in the axial plane. Given that the im-
age is projected in a 2-dimensional manner on the LA endo-
cardial mesh, the isodistance map provides information

regarding the proximity between both structures. The
observed interindividual variability of the atrioesophageal
relationship and of the esophageal trajectory within the medi-
astinum endorses the need to develop easy-to-implement
strategies that enable use of this information during catheter
ablation on the posterior LA wall, particularly as different en-
ergy delivery ablation protocols are put into practice.

Stability of esophageal position between
procedures

High stability of the esophageal position was observed
between procedures that were 6 (IQR 3 =+ 9) months apart.
No position shift was observed in 91% of patients,
and only subtle changes were observed between the 2
interventions. This 3D observation not only confirms earlier
reports on the stability of the esophagus within the medias-
tinum having a so-called “lying position”"" but also the rela-
tive stability of the atrioesophageal relationship as analyzed
by the esophageal fingerprint. This was further confirmed
by the closest fingerprinted esophageal area (distance to LA
posterior wall <1 mm), as no significant change was
observed in the contact surface. In fact, the mediastinum be-
ing filled with multiple anatomic structures within the
thoracic cage provides space for passage, but important
mobility within it seems unlikely in the absence of deglutition
or mechanical forces.

Stability of esophageal position during the same
procedure

Conflicting evidence on the stability of esophageal position
during a procedure has been reported. Piorkowski et al'?
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Table 1  Baseline characteristics of the study populations
Group 2:
Group 1*: MDCT Multimodality
(n = 39) (n = 100)
Age (y) 60 + 10 61 + 11
Male 26 (67) 64 (64)
Hypertension 23 (60) 39 (39)
Dyslipidemia 10 (26) 17 (17)
Diabetes 2 (5) 6 (6)
LVEF 59 £ 6 56 £ 7
LA diameter (mm) 4b4 * 4 39+6
BMI (kg/m?) 20+ 6 27 + 4
CHADS-VASc score
0 9 (23) 30 (30)
1 16 (41) 23 (23)
2 5 (13) 23 (23)
3 8 (20) 18 (18)
4 1(3) 3(3)
5 — 2 (2)
6 — 1(1)
Time between MDCT Median 6 (IQR N/A
examinations (mo) 3-9)
Ablation type
First ablation 0 78 (78)
Redo ablation 39 (100) 22 (22)
AF type
Paroxysmal 25 (64) 69 (69)
Persistent 12 (31) 26 (26)
Longstanding persistent 0 (0) 1(1)
Atrial tachycardia/flutter 2 (5) 4 (4)

Values are given as mean = SD or n (%) unless otherwise indicated.
BMI = body mass index; IQR = interquartile range; LA = left atrium;
LVEF = left ventricular ejection fraction; MDCT = multidetector computed
tomography; N/A = not applicable.
*For group 1, characteristics at redo.

showed the concordance of esophageal position between the
preprocedural MDCT and the electroanatomic map. Sherzer
et al'? found stability of esophageal position relative to the
spine by means of an ablation catheter in the esophagus dur-
ing the whole procedure in patients under general anesthesia.
Another study found that esophageal position was relatively
stable before and after ablation using 3D rotational angiog-
raphy for the PVs and visualization of the esophagus via
peroral administration of a contrast agent.'* However,
whether esophageal movement is stimulated by the swallow-
ing of barium and whether general anesthesia has any influ-
ence on esophageal motility with a postulated hypothesis
that the esophagus has a resting position are unknown.
Real-time observation of the esophageal position is feasible
with intracardiac echocardiography, but this costly option
is not widely available.

We have also come to understand that the esophagus is a
wide structure (mean width 28.1 = 4.1 mm). This explains
why previous publications described a discordant position
between esophageal FAM and MDCT-derived esophageal
position as observed by means of a gastric tube placed on 2
consecutive occasions,'” as the positioning of a tube within

the esophageal width is random and can differ greatly in
the coronal plane.

The present study found good stability of esophageal po-
sition between pre- and periprocedural multimodality
imaging. In only 8 of 100 patients (8%) was a discordance
between at least 2 of the imaging techniques observed.
One patient was not sufficiently sedated and coughed on
the tube during the procedure. Another patient had a superior
vena cava circumferential ablation that motivated local stim-
ulation to check for phrenic nerve anatomy, which presum-
ably could have modified the esophageal position through
diaphragmatic contraction (Figure 5). In 1 patient, the trans-
esophageal probe was inadvertently left in place during the
ablation procedure. Finally, one patient had an electrical car-
dioversion during the procedure. Overall, 16 patients (16%)
were cardioverted, and in only 1 case did the position differ.
There was no apparent cause for discordance in the 5
remaining cases.

Clinical implications

This study describes MDCT-derived 3D isodistance maps to
allow Dbetter understanding of the atrioesophageal
relationship, which is fundamental for improving procedural
safety. Our results emphasize the importance of multimodal-
ity imaging to integrate the complexity of the anatomic rela-
tionships and allow safer energy delivery without
compromising the efficacy of ablation lesions in the LA pos-
terior wall. The esophageal fingerprinted isodistance map im-
age is a novel tool that could be used to modulate energy
delivery and modify the course of RF ablation lines, cryobal-
loon placement, and laser application with the aim of
improving safety. However, this application is merely hypo-
thetical, and further prospective studies are underway to
prove this utility (AWESOME-AF randomized trial;
ClinicalTrials.gov Identifier: NCT04394923).

Study limitations

The main limitation of this study is the lack of a control group
for comparison (eg, patients under conscious sedation). The
study was observational and was not designed to allow for
sufficient power to find predictors of significant esophageal
position modification between 2 procedures or during the
same procedure. In the multimodality group, a limitation is
the intrinsic discordances between these techniques. The
most accurate is CT because it delineates the actual anatomy
as acquired (mean esophageal width 27.2 * 4.3 mm). The
other techniques are approximative, and all have limitations.
The esophageal image rendered by UNIVU with the TEE
probe in place is unavoidably thinner because it relies on
the probe width (15 mm). For the esophageal FAM, a limita-
tion is that esophageal anatomy can be deformed if significant
force is applied to the catheter. Thus, it would have been
more accurate to compare esophageal position before, dur-
ing, and after the procedure using the same technique (eg,
esophageal FAM), yet this was not plausible in the clinical
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1) UNIVU 2) M
M
Figure 5  Group 2 (multimodality ) results. Top: High image correlation. Bottom: Low image correlation). 1: Anteroposterior UNIVU acquisition with trans-

esophageal echocardiographic probe in place. 2: Correlation between MDCT and CARTOUNIVU. 3: Correlation between MDCT and esophageal FAM. 4: Cor-
relation between MDCT and esophageal FAM. FAM = fast anatomic mapping; MDCT = multidetector computerized tomography.

setting of the present study. Nevertheless, the presented re-
sults challenge the common belief that the esophagus un-
dergoes significant movement. As a matter of fact, such
movements are infrequent and subtle. Furthermore, these re-
sults might not be extrapolated to patients undergoing abla-
tion under conscious sedation (as opposed to general
anesthesia) or with more time-consuming ablation protocols,
as the median procedural time was under 1 hour. Moreover,
MDCT data of the index procedure were not available for
redo patients in the multimodality group. Ultimately, the
question of esophageal position needs to be evaluated by a
constant intraoperative monitoring technique such as intra-
cardiac echocardiography (ICE). However, the technique is
not widespread, and data regarding real-time esophageal po-
sition with ICE are not yet available. Research is underway to
test the clinical utility of the esophageal fingerprinted isodis-
tance map in the modulation of RF delivery and design of PV
ablation lines (AWESOME-AF; ClinicalTrials.gov Identi-
fier: NCT04394923).

Conclusion

There is high stability of esophageal position between pro-
cedures and from the beginning to the end of an AF ablation
procedure. The 3D fingerprinted isodistance atrioesophageal
map can be obtained from MDCT scan and integrated into the
navigation system. It allows for direct periprocedural
estimation of the distance between the esophagus and the
LA posterior wall.
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Articulo 4

"Relacion entre la pared auricular posterior y el eséfago: posicion
esofagica y medicion de temperatura durante la ablaciéon de la fibrilacién
auricular (AWESOME-AF)"

Este estudio clinico controlado aleatorizado tuvo como objetivo principal
determinar si la adaptacion de la linea de ablacidon en la pared posterior
proxima al eséfago podria influir en el aumento de la temperatura detectada por
una sonda posicionada en el eséfago. Los hallazgos del estudio subrayaron la
utiidad de una nueva herramienta derivada del angioTAC para conocer la
posicion esofagica (esophageal fingerprint) permitiendo una identificacion
confiable de la posicion esofagica y su uso para el despliegue de la linea PVI
dié como resultado aumentos de temperatura esofagicos menos frecuentes en
comparaciéon con el enfoque estandar. Los conocimientos del ensayo
AWESOME-AF resaltan la necesidad de enfoques individualizados para la
ablacion de la FA basados en las relaciones anatoémicas uUnicas de cada
paciente y muestra que el desarrollo de nuevas herramientas derivadas de

imagenes podria, en ultima instancia, mejorar la seguridad del paciente.
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Abstract

Background Pulmonary vein isolation (PVI) implies unavoidable ablation lesions to the left atrial posterior wall, which
is closely related to the esophagus, leading to several potential complications. This study evaluates the usefulness of the
esophageal fingerprint in avoiding temperature rises during paroxysmal atrial fibrillation (PAF) ablation.

Methods Isodistance maps of the atrio-esophageal relationship (esophageal fingerprint) were derived from the preprocedural
computerized tomography. Patients were randomized (1:1) into two groups: (1) PRINT group, the PVI line was modified
according to the esophageal fingerprint; (2) CONTROL group, standard PVI with operator blinded to the fingerprint. The
primary endpoint was temperature rise detected by intraluminal esophageal temperature probe monitoring. Ablation settings
were as specified on the Ablate BY-LAW study protocol.

Results Sixty consecutive patients referred for paroxysmal AF ablation were randomized (42 (70%) men, mean age
60+ 11 years). Temperature rise (> 39.1 °C) occurred in 5 (16%) patients in the PRINT group vs. 17 (56%) in the CONTROL
group (p<0.01). Three AF recurrences were documented at a mean follow-up of 12+ 3 months (one (3%) in the PRINT
group and 2 (6.6%) in the CONTROL group, p=0.4).

Conclusion The esophageal fingerprint allows for a reliable identification of the esophageal position and its use for PVI line
deployment results in less frequent esophageal temperature rises when compared to the standard approach. Further studies
are needed to evaluate the impact of PVI line modification to avoid esophageal heating on long-term outcomes. The develop-
ment of new imaging-derived tools could ultimately improve patient safety (NCT04394923).

Keywords Atrial fibrillation - Esophageal position - Atrioesophageal fistula - Atrial wall thickness - Catheter ablation

Abbreviations LAWT Left atrial wall thickness

AAD Antiarrhythmic drugs LET Luminal esophageal temperature

AEF Atrio-esophageal fistula MDCT Multidetector computerized tomography
AF Atrial fibrillation PAF Paroxysmal atrial fibrillation

FAM  Fast anatomical map PVI Pulmonary vein isolation

LA Left atrium RF Radiofrequency

TOE Transesophageal echocardiography
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in unavoidable ablation lesions to the posterior atrial wall,
leading to several potential complications ranging from
asymptomatic esophageal lesions to perforation with atrio-
esophageal fistula (AEF), which can be lethal [5, 6].

Currently, luminal esophageal temperature (LET)
monitoring via an endoluminal probe is a standard of care
in many centers and esophageal temperature rise above
40.5 °C is an independent predictor of esophageal lesions
[5]. There are various probe models differing in material,
number of thermal sensors, and measurement method.
Although several studies have tried to elucidate the utility
of LET in reducing esophageal thermal injury, equivocal
results have been obtained until now [7-10]. Other strate-
gies to avoid thermal esophageal injuries have been formu-
lated such as refraining from RF application adjacent to the
esophagus by modifying the ablation lines [11], underdos-
ing RF or lowering the contact force [12], modifying the
esophageal position [13], or cooling [14] it with various
devices. Nevertheless, a multimodal strategy integrating
esophageal visualization with non-invasive imaging tech-
niques and simultaneous temperature monitoring is lacking
in routine contemporary practice.

The aim of the present study is to evaluate the impact of
adapting PVI ablation lines on the posterior wall accord-
ing to the esophageal position as depicted with a recently
developed tool called the esophageal fingerprint [15, 16]
(Fig. 1) to avoid local esophageal temperature rises caused
by radiofrequency (RF) application during paroxysmal AF
ablation. This tool could help develop safer ablation strate-
gies by avoiding esophageal heating.

2 Methods
2.1 Study design and patient population

This study was a single-center, prospective, randomized
trial. Figure 2 depicts the study design. Consecutive patients
referred for paroxysmal AF ablation were included from June
2020 to March 2021. Age < 18 years, pregnancy, presence
of concomitant investigation treatments, patient’s refusal
to participate in the study, unavailability of preprocedural
MDCT, and any esophageal anatomical variation (diverticu-
lum, achalasia, hiatus hernia, etc.) were exclusion criteria.
Patients were randomized at the beginning of the procedure
into two groups on a 1:1 basis. As shown in Fig. 3, the inter-
vention “PRINT” group had a modified PVI line based on
the esophageal fingerprint aiming to avoid RF delivery to
the LA posterior wall closest to the esophagus, whenever
possible. The CONTROL group underwent standard PVI,
and the operator was blinded to the fingerprint. The study
was registered on ClinicalTrials.gov (NCT04394923) and
complied with the Declaration of Helsinki, and the local eth-
ics committee approved the study protocol. All participants
included in the study provided written informed consent.

2.2 Pre-procedural multi-detector cardiac
tomography and image processing

A MDCT study was performed prior to the procedure.
MDCT dicom images were analyzed with ADAS 3D™
software (ADAS3D Medical, Barcelona, Spain) to

Fig.1 A Endocardial antero-posterior view of the esophageal finger-
print. The distance between the LA posterior wall and the esophagus
is computed at each epicardial point, allowing to create an esopha-
geal print on top of the endocardial atrial layer. An isodistance color
map (esophageal fingerprint) is created with a color scale to depict a
range of distances. Red color depicts the closest area with an atrio-
esophageal distance < 1 mm, yellow 1.1-2 mm, green 2.1-3 mm, blue
3.1-4 mm, and purple >4 mm. B Ablation line tailoring method on
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a posterior view of the endocardial shell. Patients were randomized
on a 1:1 basis in two groups. The intervention “PRINT” group had
a modified PVI line based on the esophageal fingerprint aiming to
avoid RF application on the LA posterior wall closest to the esopha-
gus (red area), whenever possible. The CONTROL group underwent
standard PVI, the line was designed as for standard PVI, and the
operator was blinded to the fingerprint; PVI, pulmonary vein isolation
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Fig.2 Study design; CT
computerized tomography, PAF
paroxysmal atrial fibrillation,
PVI pulmonary vein isolation

Patients referred for
PAF ablation

Excluded

1 No CT scan
1 Esophageal diverticulum

1:1 Randomization

PRINT arm =30

Personalized PVI line

1) Print group (line maodification)

Fig.3 Ablation index modification on the posterior wall. For the
PRINT group, in cases where ablation through the red area was una-
voidable, the delivered Al was lowered to 300 regardless of the local
wall thickness. In the CONTROL group, the Al was modified if there

segment the esophageal anatomy and the atrio-esophageal
fingerprinted isodistance map as shown in Fig. 1A, where
red color depicts the closest area with an atrio-esophageal
distance < 1 mm, yellow 1.1-2 mm, green 2.1-3 mm, blue
3.1-4 mm, and purple >4 mm. Figure 1 shows the result
of the segmentation method resulting in a 3D map of the
atrio-esophageal relationship that can be projected to
the atrial endocardial mesh and imported into CARTO
navigation system (Biosense Webster, Diamond Bar, CA,
USA). A detailed description of the methods has already
been reported [16].

2) Print group (Al modification)

CONTROLarm =30

Blinded PVI line

3) Control group

were temperature rises. In this example, see how after unblinding the
esophageal fingerprint the esophagus is underlying the lesion where
Al target was lowered to 300; Al, ablation index

2.3 Complementary esophageal imaging
modalities

Two complementary imaging modalities could be used at
operators’ discretion. The esophageal geometry could be
acquired with the ablation catheter (Thermocool Smart-
Touch or Navistar Thermocool, Biosense-Webster, Dia-
mond Bar, CA) by means of an EAM following a previously
described method [16]; however, as this acquisition is per-
formed at the end of procedure, it was not used to guide PVI
ablation. In addition, LET and TEE probe position could be
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registered with CARTOUNIVU™ image integration mod-
ule in AP, RAO 30°, and LAO 30° fluoroscopic projections
allowing for real time visualization of intracardiac catheters
in the 3D mapping environment on a background of stored
fluoroscopic images, as shown in Fig. 4.

2.4 Catheter ablation

Catheter ablation was performed with the previously
described ablate By-LAW method [15], with a single cath-
eter strategy under general anesthesia with high-frequency
low-volume ventilation. Oral anticoagulation was uninter-
rupted and intra-procedural anticoagulation was performed
to achieve an activated clotting time > 300 s. All procedures
were performed with a single venous femoral access, a sin-
gle transeptal puncture guided by a transesophageal echocar-
diography, and a near-zero fluoroscopy protocol [17] which
is the usual local protocol. After that, a fast anatomical map
(FAM) of the entire left atrial anatomy and the pulmonary
veins was acquired with the ablation catheter and merged
within the spatial reference coordinates of the CARTO sys-
tem with the MDCT-derived 3D map, consisting of a left
atrial wall thickness (LAWT) map and the atrioesophageal
isodistance map.

Fig.4 Available imaging
modalities to evaluate esopha-
geal position. (1) Esophageal
FAM; (2) MDCT segmentation
(esophagus in transparency)
with the fingerprinted esopha-
geal position; (3) UNIVU
acquisition of the esophageal
temperature monitoring probe;
(4) overlap of esophageal FAM
and UNIVU showing the limita-
tion of temperature probes with
a random position within the
esophagus; (5) matching posi-
tion of the esophagus between
FAM and MDCT; FAM fast
anatomical map, MDCT
multidetector computerized
tomography

1) FAM
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2.5 Pulmonary vein ablation lines
regarding esophageal fingerprint

Before randomization, an investigator, blinded to the
esophageal position, drew the standard PVI ablation lines
around both pairs of veins. As shown in Fig. 1B, after
randomization on the intervention or “PRINT” group, the
previously drawn ablation line was modified depending
on the esophageal fingerprint position and redrawn as
distant as possible from the red area of the fingerprint, to
avoid RF application where the atrio-esophageal distance
is the shortest (< 1 mm). Whenever possible, the line
elapsed at the closest over the blue (further) iso distance
zone. If the line was modified, the maximal distance and
the area between the original blinded line and the modi-
fied line were documented. As described in the Ablate
by-Law method, ablation parameters were adapted to the
LAWT (see Table 1 Complementary material). In cases
where ablation through the red area was unavoidable,
the delivered Al was lowered to 300 regardless of the
local wall thickness (Fig. 3). Whenever the temperature
rose above 39°C, ablation was immediately stopped, and a
second ablation point was later delivered with a reduced
target Al of 300. If the temperature rose before reaching
an Al of 300, a second application was later attempted

2) MDCT

3) UNIVU
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Table 1 Baseline Ch.aracter istics Overall n=60 Print n=30 Control n=30 p value
of the study population
Age,y 6011 60+11 60+12 ns
Male 42 (70) 21 (70) 21 (70) ns
Arterial hypertension 24 (40) 9 (30) 15 (50) ns
Dyslipemia 15 (25) 5(16) 10 (33) ns
Diabetes 4(7) 3 (10) 1(3) ns
BMI (kg/m?) 27+4 25+4 27+4 ns
LVEF 58+5 58+4 58+5 ns
LA diameter (mm) 36+5 35+4 36+5 ns
CHADS-VASc
0 19 (31) 10 (34) 10 (34) ns
1 19 (31) 10 (34) 8 (27) ns
2 10 (17) 4(13) 6 (20) ns
3 7(12) 3 (10) 4 (13) ns
4 305 13 2(6) ns
5 1(2) 1(3) 0 ns
6 1(2) 1(3) 0 ns
Underlying heart disease
None 51 (88) 26 (87) 25 (84) ns
Ischemic 23 1) 1(3) ns
Valvular 1(2) 1(3) 0 ns
Hypertensive 6(7) 2(7) 4(13) ns

Values are presented as n (%)

BMI body mass index, LA left atrium, LVEF left ventricular ejection fraction

to reach the target. For the CONTROL group, the abla-
tion line was not modified from the original blinded one
drawn before randomization. If the temperature rose
above 39°C, ablation was immediately stopped, and target
Al was also reduced to a minimum of 300. Besides, after
a temperature rise, the operator was allowed to perform
a skipping technique to avoid application of consecutive
lesions in close anatomical proximity at the posterior
segments to prevent local “heat stacking.” Acute PVI was
confirmed after first pass with the standard local single
catheter method, at each segment sequentially [18].

2.6 Luminal esophageal temperature monitoring

A multi-thermocouple temperature probe (SensiTherm, St.
Jude Medical, Inc., St. Paul, MN, USA) was advanced via
transnasal or transoral access into the esophagus once the
patient was under general anesthesia. Before performing
ablation on the posterior wall, the temperature probe was
advanced under fluoroscopic guidance until the thermo-
couple sensors completely covered the pulmonary veins in
the cranio-caudal direction. Esophageal temperature rises

above 39 °C were documented in a categorical manner for
each case and as a location tag on the navigation system.

2.7 Esophageal fingerprinted isodistance map
and posterior wall Al analysis

At the end of the procedure, the esophageal position was
unblinded for the CONTROL group and the CARTO ref-
erence matrix was exported for analysis into a Matlab
customized software. The circumferential PVI lines were
divided in anterior and posterior walls. Mean atrio-esoph-
ageal distance, total fingerprinted area, and closest finger-
printed area (atrio-esophageal distance < 1 mm) were cal-
culated. Ablation settings were analyzed in both groups,
documenting the need for Al modification as related to the
esophageal position in the PRINT group or depending on
temperature increase on the CONTROL group.

2.8 Follow-up
Patients were scheduled for follow-up (FU) at the out-

patient clinic at 1, 3, and 6 months post-op and every
6 months thereafter, or in case of symptoms. Each
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evaluation included an ECG and a 24-h Holter moni-
toring. Recurrences were considered as any documented
arrhythmia (i.e., AF, atrial flutter, and atrial tachycardia)
lasting longer than 30 s off anti-arrhythmic medication
or symptoms suggesting clear recurrence as identified
by the patient (symptoms that had been correlated with
a documented arrhythmia episode before the ablation
procedure).

2.9 Statistical analysis

All applicable statistical tests are 2-sided and performed
using a 5% significance level. Continuous variables are
presented as mean + standard deviation or median (range
or interquartile range if data are skewed) if not normally
distributed. To compare means of two variables, the
Student’s ¢ test, Mann—Whitney U test, or Anova test
were used, as appropriate. Categorical variables were
expressed as total number (percentages) and compared
between groups using Chi-square or Fisher’s exact test.
Statistical analysis was performed using IB SPSS Sta-
tistics for Macintosh, version 25.0 (IBM Corp. Released
2017; Armonk, NY), analysis or customized code for
the Matlab statistics toolbox (Matlab R2010a, The Math-
works, Inc., Natick, MA, USA).

3 Results
3.1 Patient population

Sixty-two patients referred for a first PAF ablation
were screened. One patient was excluded because CT
scan quality did not comply with the minimal quality
requirements for accurate segmentation; one patient
was excluded because of a Zenker diverticulum. Sixty
patients underwent randomization. Baseline char-
acteristics are summarized in Table 1. Mean age was
60 + 11 years, 42 (70%) were male, the mean LVEF was
58 +5%, the mean LA diameter was 36 £ 5 mm, and the
mean BMI was 27 + 4 kg/m>.

3.2 MDCT derived LAWT, atrio-esophageal distance,
and position measurements

MDCT acquisition was performed shortly before abla-
tion (mean time 18 + 10 h). Mean LAWT at the posterior
wall was 1.1 +0.5 for the PRINT group and 1.2 +0.6 for
the CONTROL group (p=0.91), and for the anterior wall,
it was 2.3 +0.8 for the PRINT group and 2.4 +0.9 for the
CONTROL group (p=0.85).

@ Springer

Mean atrio-esophageal distance was 1.4+ 0.7 mm, and
total fingerprinted area (up to 4 mm atrio-esophageal dis-
tance) was 12.3 +4.8 cm?. The closest fingerprinted area
(red < 1 mm distance to the left atrial epicardial wall)
was 7.8 +2.1 cm?. The esophageal position as related to
the atrial posterior wall was left for 26 (43%) patients;
central for 18 (30%) patients; right for 2 (3%) patients;
left-central for 10 (17%) patients; right-central for 1 (2%)
patient; and left-central-right for 3 patients (5%).

3.3 Esophageal temperature measurement
and probe position

Overall, 22 out of 60 (37%) patients presented the primary
endpoint (esophageal temperature rise > 39 °C). As shown
in Fig. 5, a temperature rise occurred in 5 (17%) patients
in the PRINT group vs. 17 (57%) in the CONTROL group
(»p<0.01).

3.4 Procedural characteristics

Acute procedural characteristics are described in Table 2.
Procedure time (skin-to-skin) was 50 min (IQR 42-56),
including a merge time (FAM acquisition + MDCT merg-
ing on CARTO) of 12 min (IQR 10-13) and a transseptal
time of 2 min (IQR 1-3). The number of RF points was
28 + 8 for the left PVs and 29 + 5 for the right PVs with
a mean RF time of 6.5+ 1.7 min for the left PVs and
7.3 + 1.4 min for the right PVs. On the RPVs, first pass
PVI was obtained in 29 (96%) patients on the PRINT
group and 27 (90%) patients in the CONTROL group
(p=0.3). On the LPVs, first pass PVI was obtained in 26
(87%) patients in the PRINT group and 28 (93%) patients
on the CONTROL group (p =0.4). No acute reconnec-
tions were observed. At the end of the procedure, PVI
was obtained in all cases. Ventilation rate was 45 venti-
lations per minute (IQR 45-50) with a tidal volume of
250 ml (250-280). No major complication occurred. Two
femoral access-related complications were documented
(one arteriovenous fistula, one pseudoaneurism); none
required surgical treatment.

3.5 Posterior wall ablation as related to esophageal
position

Mean AI at the posterior wall was 345 + 27 for the
PRINT group and 352 + 24 for the CONTROL group
(p=0.89), and for the anterior wall, it was 379 + 40 for
the PRINT group and 370 + 32 for the CONTROL group
(»p=0.88).
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Fig.5 Temperature rise results
22 out of 60 (37%) patients 30 Print
presented the primary end-
point (esophageal tempera- Control
ture >39°C), 5 (17%) patients
on the PRINT group vs. 17
(57%) on the CONTROL group p<0.01
(»p<0.01)
20
Q
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Table2 Acute procedural Overall Print Control p value
results n=60 n=30 n=30
Procedure time (min) 50 (42-56) 48 (40-54) 51 (44-58) ns
Radiofrequency time (min) 13.8 (12-15) 13.3(11.2-15) 14 (13-15) ns
Fluoroscopy time (min) 0.6 (0.2-1) 0.5 (0.2-1) 0.8 (0.2-1.1) ns
Fluoroscopy dose area product 0.8 (0.3-1.5) 0.7 (0.3-1.3) 1.1 (0.2-1.6) ns
(mGy/m?)
Right pulmonary veins 73+1.4 71+14 7.6+1.5 ns
RF time (min) 29+5 28+5 29+5
Total Visitags 56 (93%) 29 (96%) 27 (90%)
First pass isolation
Left pulmonary veins 6.5+1.7 6.1+1.6 69+1.7 ns
RF time (min) 28+38 25+5 27+6
Total Visitags 54 (90%) 26 (87%) 28 (93%)

First pass isolation

Values are presented as mean =+ standard deviation, median (interquartile range), or n (%)

Al ablation index, RF radiofrequency

The Al was modified in 5 patients; 3 (10%) patients in
the PRINT group due to the esophageal position, since
ablation over the closest isodistance area (red) was una-
voidable (Fig. 3); and 2 (6.6%) patients in the CONTROL
group, since there were temperature rises. Out of these
five patients, first-pass isolation was not achieved in
2 patients (40%), one patient in each group. The mean
number of ablation points affected by the esophageal
position was 2 + 1 per patient. For the PRINT group,

after PVI line tailoring on the posterior wall, the mean
area between the standard line and the modified line was
0.5+ 0.6 cm?, and the mean maximum distance between
both lines was 2 + 2.4 mm.

3.6 Follow-up

In-hospital stay was 24 h for all patients except for the
two patients with vascular complications. Arrhythmia
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recurrences were observed in 2 (6.6%) patients in the
PRINT group and in 1 (3%) in the CONTROL group
during a mean FU of 12 + 3 months. All three patients
presented clinical episodes of palpitations that required
medical care with documented AF on the ECG. There
were no significant differences in AF recurrence between
groups (p=0.4). Figure 6 shows the Kaplan—Meier curve
for AF recurrence. There were no long-term esophageal
complications or AE fistulas.

4 Discussion
4.1 Main findings

This study describes the clinical utility of integrating the
esophageal fingerprinted isodistance map into the CARTO
navigation system during AF ablation. This innovative
method of depicting the complex relationship between
the esophagus and the left atrial posterior wall allows for
a personalized approach by adapting the PVI line to the
esophageal position. It results in a significant decrease in
esophageal heating during RF delivery to the left atrial
posterior wall, without an impact on acute outcomes or
rates of AF recurrence at 1-year follow-up in this rand-
omized study of patients referred for PAF ablation.
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4.2 Esophageal fingerprint

The esophageal fingerprint offers a reliable representation
of the three-dimensional atrio-esophageal relationship. This
MDCT-derived tool is simple, non-invasive, and comprehen-
sible, offering the operator valuable information on the prox-
imity between both structures on the anteroposterior plane,
which is otherwise unavailable, as opposed to previously
described techniques for avoiding esophageal heating, such
as soluble contrast swallowing [19], mechanical deviation
of the esophagus [13, 20], or even esophageal cooling [14],
which need further esophageal instrumentation.

4.3 Personalized RF delivery by tailoring
the posterior aspect of the PVl lines
to the esophageal fingerprint

Reliability of the esophageal fingerprint has already been
validated in a preceding publication that ratified the sta-
bility of the esophageal position during AF ablations in
patients under general anesthesia [16]. The association
between temperature rises and esophageal thermal injury
has been established in several studies [5, 10]. In addi-
tion, robust randomized evidence shows that esophageal
thermal injury occurs more often in patients in whom the
posterior atrial wall lesion set overlaps the esophagus with

83



Programa de Doctorado en Medicina

Journal of Interventional Cardiac Electrophysiology (2022) 65:651-661

Universitat de Barcelona, 2023

659

a greater risk of esophageal injury when overlap occurs
[19]. The presented randomized trial demonstrates the
superiority of tailoring the posterior atrial wall PVI lines
to the esophageal fingerprint, as compared to a standard
approach, with regard to avoiding esophageal tempera-
ture rises. This may potentially reduce both the incidence
and the severity of thermal injury and improve procedure
safety. In fact, a slight modification in the line location led
to significant results in terms of temperature rise reduc-
tion, since the mean distance change between the blinded
and the modified lines for the intervention group was only
2+2.4 mm. In cases where ablation in the closest area
(red zone) was unavoidable to attain PVI, the target Al
was lowered to 300, thus leading to a significantly lower
amount of temperature rises on the PRINT group. Further-
more, a very high rate of first past isolation was observed
despite delivering a lower Al

4.4 Esophageal temperature monitoring probe

There is conflicting evidence regarding whether the use of
LET probes can help decrease the probability of developing
esophageal lesions. The presented evidence confirms that,
at least with the LET probe used in this study (SensiTherm,
St. Jude Medical, Inc., St. Paul, MN, USA), the detection of
esophageal heating is related to the proximity between RF
delivery and the esophagus (as measured with the esopha-
geal fingerprint), and even in the absence of the esophageal
fingerprint, it allowed for a strategy that targeted avoid-
ing heat stacking on the posterior wall in the CONTROL
group. Nevertheless, co-registration of the esophageal FAM
provided relevant insight on the limitations of the esopha-
geal temperature probe and on why sometimes there is no
temperature rise even though RF is applied in the red area
(closest location to the esophagus). In fact, placement of
the probe is completely random as related to the esophageal
width, and as shown by this study and illustrated in Fig. 4,
an esophagus overlapping the pulmonary veins can be wide
enough to harbor the probe in a completely opposite margin.
As a result, this creates an inaccurate sense of security. In
fact, other authors have already postulated the limitation of
a method that depends on probe position [21] which is why
prior knowledge of esophageal contact surface, as provided
by the fingerprint, is fundamental. Moreover, some stud-
ies have postulated that LET probe could even cause harm
by acting as an antenna thus promoting bipolar ablation
between RF catheter and probe [22, 23].

4.5 Implications of ablation line modification
The personalized posterior wall lesion set tailors the abla-

tion line trajectory to the esophageal fingerprint and the Al
settings to the left atrial wall thickness as described by the

Ablate by-LAW protocol. Although it is widespread prac-
tice to limit the radiofrequency (RF) settings when ablating
the posterior LA wall during AF ablation to avoid thermal
injury to the esophagus, it is not clear whether these changes
influence outcomes. Modification of the line trajectory is
further a matter of concern since it can mean isolating less
venous tissue; in the present study of PAF patients, this non-
excluded area was as low as 0.5+ 0.6 cm?. Although person-
alization of ablation lines has already been reported [11, 24],
reports on clinical outcomes of this modification are sparce
with only one small (probably underpowered) randomized
trial showing a neutral effect [19]. The present study reports
similar results with no difference between groups in terms
of recurrences at 1-year follow-up. Nevertheless, this pilot
study was not powered to detect such differences and further
studies are needed to clarify this aspect in a broader popula-
tion of AF patients with special concern for patients with
persistent AF, where ablation is usually performed including
the complete PV antrum.

4.6 Limitations

First, this randomized pilot study shows that the esopha-
geal fingerprint is useful in avoiding esophageal tempera-
ture rises. By no means does it prove a lower risk of AEF
but, since this fatal outcome is rather rare; a trial with such
an efficacy endpoint might not be feasible since it would
require a considerably larger population. Furthermore, an
esophagogastroduodenoscopy was not performed after the
procedure in search for esophageal thermal lesions. Nev-
ertheless, despite limitations of esophageal temperature
monitoring, esophageal temperature rises predict esophageal
thermal injury, and the presented workflow is expected to
reduce the incidence and severity of thermal injury, suggest-
ing a capacity to minimize the risk of AEF. However, the
ablation settings were those of the by-law method with an
energy delivery that is substantially lower than that of other
protocols and these results should be further evaluated in
the context of other ablation methods/settings. Nevertheless,
efficacy of lowering the Al delivered to the posterior wall
was analyzed in patients who underwent periprocedural LA
intracardiac echocardiography (ICE) with a first-pass rate
comparable to more demanding protocols 2. Additionally,
this work showed the feasibility of evaluating periprocedural
esophageal position with ICE showing a stability of the
esophageal position as compared to preprocedural contrast
esophagography saved in Carto UNIVU™.,

Second, nonthermal ablation technologies are an expand-
ing field which has shown sparing of the esophagus, thus
potentially solving this long-standing challenge. Neverthe-
less, thermal approaches are still the most widely used, and
the presented findings remain of relevance to many centers
worldwide. Finally, previous studies have shown that in rare
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cases, there can be a significant shift in esophageal position
from one CT scan to another ' or intraprocedurally (4-8%
of cases). Having this in mind, caution should be used not to
create a false sense of safety.

5 Conclusion

The esophageal fingerprint allows for a reliable identification
of the esophageal 3D position. Personalized AF ablation by
adapting the posterior aspect of the PVI lines is superior to
the standard approach with regard to avoiding esophageal
temperature rises. Further studies are needed to evaluate the
impact of PVI line modification to avoid esophageal heating
on AF recurrences with special concern for patients with
persistent AF, where broader ablation is usually performed.
The development of new imaging-derived tools could ulti-
mately improve patient safety.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10840-022-01302-0.
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DISCUSION

1.

Hallazgos principales

Este trabajo de investigacion se centra en el desarrollo de nuevas
herramientas derivadas de estudios de imagen con la intenciébn de
personalizar las ablaciones con catéter de fibrilacion auricular. Los principales
hallazgos de este trabajo de investigacién se pueden resumir en:

e Importar el mapa de grosor (LAWT) al sistema de navegaciéon 3D es
posible y proporciona informacion en tiempo real sobre el LAWT en
cualquier punto de la auricula izquierda.

e EILAWT medio en los puntos de reconexion identificados es mas grueso
que el LAWT del resto de la linea de aislamiento de VP en pacientes
sometidos a reintervenciones.

e La viabilidad y utilidad de un método simplificado para realizar el
procedimiento de reablacibn de FA utilizando una técnica de catéter
unico que mejora la eficiencia al obtener tiempos de procedimiento y
fluoroscopia mas cortos en comparacion con los estandares de la
literatura.

e La viabilidad, eficacia y seguridad de un novedoso protocolo que adapta
el indice de ablacidén al espesor de la pared local, lo que resulta en un
procedimiento, de fluoroscopia y de RF corto al tiempo que proporciona
resultados de eficacia que podrian ser comparables a los de Protocolos
de ablacion més exigentes.

e La creacion de la huella digital esofagica, un innovador método 3D para
representar la relacion entre el eséfago y la pared posterior de la Al
derivado del TAC.

e Existe una alta estabilidad temporal de la posicion esofagica entre
procedimientos separados por varios meses.

e Multiples técnicas de imagen disponibles periprocedimiento permiten
evaluar la posicion esofagica mostrando una alta estabilidad de la

posicion esofagica en pacientes bajo anestesia general.
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e La integracidén del mapa de isodistancia o huella dactilare esofagica en el
sistema de navegacion durante la ablacibn de FA para un enfoque
personalizado adaptando la linea de aislamiento de las VP a la posicion
esofagica. Lo que resultdé en una disminucion significativa del
calentamiento esofagico durante la administracion de RF a la pared
posterior de la auricula izquierda, sin impacto en los resultados agudos o

las tasas de recurrencia de FA al afio de seguimiento.

2. Innovacion de los mapas 3D de espesor de la pared de la auricula
izquierda.

El TAC moderno ha marcado el comienzo de una era de imagenes de alta
definicibn. Con su resolucion submilimétrica, como lo demuestran las
validaciones en modelos porcinos, favorece la creaciéon de mapas LAWT 3D
precisos. Estas imagenes tan detalladas son fundamentales para que la
electrofisiologia avance en la medicina de precision, permitiendo un tratamiento
personalizado. Y si bien el tiempo inicial de procesamiento de imagenes de 15
+ 2 minutos podia parecer largo, ya hemos observado un avance gracias a un
mddulo de inteligencia artificial que permite un proceso de segmentacion mas
rapido de los mapas 3D LAWT.

Hay un caracter pionero en la investigacion presentada en este trabajo que
muestra la plausibilidad de integrar por primera vez mapas 3D LAWT en los
sistemas de navegacion existentes. Aunque ya se habian desarrollado mapas
3D LAWT, nuestro estudio los reposiciona, no como meros estudios
preparatorios o para andlisis fuera de linea, sino como herramientas de
evaluacion en tiempo real, que generan una imagen en de la auricula izquierda
durante el procedimiento. Esta integracion tiene como objetivo perfeccionar la
precisidn del procedimiento y equipa a los médicos con una capacidad para
medir el espesor de la pared en cualquier punto de la auricula izquierda
durante el procedimiento (Figura 3). Esta técnica enriquece el ambito de la
ablacion de la FA al fusionar los principios de la imagen y la modulacién de
energia, ofreciendo un enfoque matizado y personalizado para el tratamiento
de la FA.
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Figura 3. Procedimiento de segmentacion del mapa de grosor 3D a partir de las imagenes
DICOM del angioTAC cardiaco. Se segmentan una malla endocardica y otra epicardica y se
computa el grosor en cada punto de la malla creando asi un mapa con grosor continuo que se
categoriza en cpas de 1 mm de diferencia (Rojo <1 mm, Amarillo 1,1-2 mm, Verde 2,1-3 mm,

Azul 3,1-4 mm, Magenta > 4 mm).

3. Reconexiones de venas pulmonares y su implicacién en la recurrencia
de FA post aislamiento.
La sostenibilidad del impacto terapéutico del aislamiento de venas pulmonares
se ve socavada por las reconexiones que se traducen en recurrencias
arritmicas. Después del aislamiento de las VP, se reestablecen de vias
eléctricas o reconexiones entre estas y la auricula izquierda. Estas
reconexiones, probablemente atribuibles a la recuperacion de tejidos
previamente desconectados o a un aislamiento inicial incompleto, se
manifiestan como "espacios" eléctricos y sirven como conductos para los
desencadenantes de la FA. Miultiples estudios han demostrado
consistentemente que las reconexiones de las VP son una causa predominante
para la recurrencia de FA después de su aislamiento. La esencia misma de la
intervencién (aislar eléctricamente los desencadenantes de la FA de las venas
pulmonares) queda anulada por estas reconexiones, restableciendo asi el
medio arritmogénico. La compleja anatomia del sistema venoso pulmonar, con
variaciones del grosor inter e intrapaciente puede plantear desafios para
garantizar una linea de aislamiento perfecta alrededor de las VP. Esta

diversidad anatbmica a menudo se traduce en areas de suministro inadecuado
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de energia durante el procedimiento inicial, lo que predispone a las
reconexiones. La integracion del mapa LAWT 3D permite la observacion de

estos matices anatoémicos (Figura 4).

‘ f //14’5 R

—

Figura 4. Comparacion entre el mapa de grosor auricular de dos pacientes que ilustra la

diferencia interpacientes del grosor y el potencial de personalizacion de las intervenciones.

Nuestro primer estudio resaltd que los puntos reconectados o brechas
eléctricas se correlacionan de manera muy soOlida con un grosor
significativamente mayor del tejido auricular izquierdo en comparacién con el
resto de la linea de ablacion circunferencial de las VP. Investigaciones previas
ya habian descrito esta observacion mediante analisis fuera de linea del grosor
auricular por TAC. Sin embargo, en operaciones de reablacién de fibrilacién
auricular, es clinicamente crucial que hayamos podido corroborar este hallazgo
perprocedimiento. Este trabajo de investigacibn demostré que el mapa de
grosor auricular tiene la capacidad de resaltar los sitios de reconexion de las
venas pulmonares, lo cual constituye una ventaja Unica dada la evaluacién en
tiempo real que puede ayudar a mejorar la precision de las intervenciones,
arrojando luz sobre areas potencialmente vulnerables a reconexiones vy
resaltando la importancia de una formacién de lesiones transmural durante los
procedimientos iniciales.

El presente trabajo también esclarece una técnica simplificada de catéter Unico,
que implica una reduccidén del tiempo de procedimiento y de fluoroscopia en

comparacién con referentes establecidos. Histéricamente empleada para el
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aislamiento de VP por primera vez, la técnica de catéter Unico emerge como un
arsenal rentable. Con métricas de recurrencia de FA comparables, tiempos de
procedimiento mas cortos, exposicibn minimizada a la fluoroscopia y una
incidencia de complicaciones encomiablemente baja, este enfoque denota un
cambio transformador en la estrategia de ablacién de FA. Estas mejoras en los
procedimientos no sélo garantizan la seguridad del paciente, sino que también

economizan recursos sanitarios (figura 5).

Figura 5. Ejemplo de acceso vascular con catéter

Unico.

4. El espesor de la pared de la auricula izquierda entre otros
determinantes de la transmuralidad de la lesién y el avance hacia
terapias personalizadas mediante la adaptacion del indice de ablacion.

Corroborando hallazgos anteriores ex vivo y de TAC, nuestra investigacion

subraya la naturaleza mas delgada de la pared posterior de la auricula

izquierda en comparacion con su contraparte anterior. Pero lo que distingue a

nuestra publicacion es la atencién a la variabilidad intrarregional, que aboga

por una estrategia de administracion de RF mas personalizada, que trascienda
la clasificacidbn binaria anteroposterior, que es una simplificacidbn excesiva

(Figura 6).
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La llegada de sistemas avanzados de mapeo y navegacion, junto con la
innovacion en la tecnologia de los catéteres, ha marcado el comienzo de una
mayor precisidn en los procedimientos de aislamiento de VP. Sin embargo,
incluso con herramientas de ultima generacion, el espectro de las reconexiones
persiste. Esto subraya los desafios inherentes a lograr lesiones perennes que
lleven a un aislamiento duradero.

La ablacion por RF emplea corriente alterna (normalmente en el rango de 500
kHz) para generar calentamiento resistivo en los tejidos cardiacos. La
conversion de energia eléctrica en energia térmica en la interfaz tejido-
electrodo provoca un aumento de la temperatura del tejido y la consiguiente
muerte celular.

La profundidad y el tamano de las lesiones de RF dependen de varios
determinantes: (1) Potencia: una potencia de RF mas alta generalmente da
como resultado lesiones mas grandes y profundas. Sin embargo, una potencia
excesiva puede provocar un calentamiento rapido y carbonizacién de la
superficie, impidiendo una penetracion mas profunda en el tejido; (2) Duracion:
la aplicacidén prolongada de RF aumenta la profundidad de la lesién, pero con
rendimientos decrecientes con el tiempo debido a los mecanismos de
enfriamiento pasivo y la desecacidon del tejido; (3) Impedancia del tejido: una
impedancia mas baja facilita un mayor flujo de corriente y, por tanto, un mejor
calentamiento. La caida de la impedancia es un marcador de la creacién de

lesién, pero este pardmetro aumenta a medida que el tejido se seca, lo que
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indica una eficacia reducida del suministro de energia; (4) Fuerza de contacto:
la fuerza ejercida por la punta del catéter sobre el tejido cardiaco influye en el
tamano de la lesidbn. Un contacto adecuado garantiza una transferencia de
energia eficaz, mientras que una fuerza excesiva puede provocar compresion
del tejido, lesiones subdptimas o incluso perforaciébn. De manera similar, el
contacto uniforme entre el electrodo y el tejido garantiza un calentamiento
uniforme, mientras que la inclinacion del catéter o el contacto desigual pueden
provocar lesiones asimétricas; (5) El flujo sanguineo participa al enfriamiento.
Las areas con alto flujo sanguineo pueden disipar el calor mas rapidamente, lo
que provoca lesiones mas pequenas o menos profundas. Por el contrario, la
reduccion del flujo sanguineo (como puede ocurrir con flujo bajo o durante
aplicaciones de alta potencia) puede aumentar el tamano de la lesion, pero
aumentar el riesgo de formacion de carbonilla; (6) Tamafio y disefio del
electrodo: los electrodos mas grandes distribuyen la corriente sobre una
superficie mas amplia, lo que a menudo resulta en lesiones mas anchas y
menos profundas. Por el contrario, los electrodos mas pequenos pueden crear
lesiones mas profundas, pero mas estrechas. Los catéteres de ablacién de FA
modernos vienen equipados con puntas irrigadas para evitar el
sobrecalentamiento y permitir aplicaciones de RF mas prolongadas.

El desafio fundamental en la ablacidn por RF radica en optimizar estos
parametros para garantizar la transmuralidad de la lesidén sin dafiar estructuras
adyacentes como el es6fago en las ablaciones de la auricula izquierda o el
nervio frénico durante las ablaciones del lado derecho, especialmente en areas
donde la pared auricular es delgada. De la misma manera, para las
primoablaciones, el grosor auricular constituye una métrica cardinal en la
creacidbn de lesiones. Sin embargo, este parametro nunca habia sido
considerado como lo hemos introducido de forma totalmente personalizada en
nuestro método. Recientemente, se han desarrollado indices de ablacién que
fusionan parametros de ablacion para estandarizar la creacién de lesiones. En
nuestro caso la formula utilizada es el indice de ablacion (IA) que es una
formula compleja que considera voltaje, tiempo y fuerza de contacto entre el

catéter y el tejido. La heterogeneidad del grosor auricular en diferentes
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regiones, especialmente entre las paredes anterior y posterior, tiene

implicaciones para la administracibn de energia de RF. Garantizar la
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transmuralidad en regiones mas gruesas podria requerir aplicaciones de RF
prolongadas o de alta potencia en comparacion con areas mas delgadas
(Figura 7).

Figura 7. Ejemplo de la adaptacion del indice de ablacién al grosor de la pared auricular (en la

escala de colores se aprecian las categorias de grosor aplicadas a cada color y debajo el

indice de ablacién aplicado en el protocolo personalizado.

La fusion de mapas LAWT con sistemas de navegaciéon en tiempo real brinda a
los médicos datos dinamicos, lo que garantiza un despliegue 6ptimo de energia
durante los procedimientos, maximizando asi las tasas de seguridad y éxito.
Tradicionalmente, el indice de ablacion (Al) permanecia estatico y soélo
cambiaba con respecto a la cara anterior/posterior. Con la novedosa idea de
utilizar el grosor para adaptar el Al, abogamos por un enfoque dinamico.
Reconociendo la importancia del grosor en la transmuralidad de las lesiones,
nuestro método modula la administracibn de radiofrecuencia (RF),
intensificandola en zonas mas gruesas y moderandola en las mas delgadas.

Esta adaptabilidad promete un énfasis equilibrado en la eficacia terapéutica y la
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seguridad del procedimiento. El enfoque personalizado de combinar Al con
LAWT cultiva un modelo de aplicacion de RF eficiente. Imitando resultados
similares al protocolo del estudio CLOSE, nuestro método reduce los requisitos
de RF (Tabla 2).

Procedure characteristics

CLOSE (N=130)

ABLATE BY LAW (N=86)

PV isolation, n(%) 130 (100) 86 (100)
General anesthesia, n(%) |72 (55) 86 (100)
HFLTV, n(%) 71 (82.6)
Procedure time (min) 155 + 28 60 (IQR 51.2-69.5)
Fluoroscopy time (min) 16.7 + 7.1 0.95 (IQR 0.5-1.5)

Fluoroscopy dose 11.314 + 8.687 2.3+4A1
(mGy/cm?)
Right veins

* RFtags 29+5 30.2+55

* RFtime 16 +4 8.2+22

» First pass isolation | 130 (100%) 82 (95.3%)
Left veins

* RF tags 27 +£5 27+6.5

* RFtime 18+6 7+1.8

» First pass isolation | 126 (97%) 80 (93%)

0%

0%

Complication rate, %

Tabla 2. Comparacién de los resultados del método By-Law con el estudio CLOSE que valido

el indice de ablacién para la primoablacion de FA paroxistica.

Atribuimos esta eficiencia a la adaptacion de RF y a estrategias proactivas para
navegar por la pared auricular personalizando la linea de ablacién a través de
las regiones mas delgadas de la auricula izquierda (Figura 8). Esto da como
resultado menos requisitos de ablacion y un menor riesgo de reconexion.
Nuestro estudio también pone énfasis en la seguridad, informando
complicaciones minimas incluso cuando las potencias de RF se amplificaron
hasta 50 W en regiones mas gruesas, con una notable ausencia de
complicaciones graves como estallidos de vapor o taponamiento cardiaco.

Esto prepara el escenario para avances potencialmente innovadores en el
tratamiento de las arritmias y, a medida que el campo contintua evolucionando,
mayores mejoras en nuestra comprension de estas interacciones biofisicas sin
duda mejoraran los resultados de los procedimientos y la seguridad del

paciente.
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Figura 8. Ejemplo de personalizacion de la linea de ablacién que discurre por las zonas mas

delgadas de la circunferencia de las venas pulmonares.

5. Importancia de la estabilidad de la posicion esofagica y la
monitorizacion de la temperatura durante la ablaciéon de la FA
Este trabajo de investigacion también profundiza en la yuxtaposicidon anatomica
del esb6fago a la pared posterior de la auricula izquierda que lo hace
susceptible a la lesiébn térmica durante la ablacién de la FA. De ahi la
importancia de comprender esta relacion anatbmica para cualquier
procedimiento en el que se realicen aplicaciones de RF en la pared posterior
de la auricula izquierda. Los estudios AWESOME introducen un concepto
innovador, la huella esofagica. Este mapa de isodistancia (Figura 9) genera
una imagen visual de la distancia entre la pared posterior de la auricula
izquierda y el es6fago que puede integrarse en el sistema de navegacion para
modular los sitios y parametros de ablacion y, en ultima instancia, desmitifica
este enigma anatdbmico que constituye un desafio de consideracion durante la

ablacion con catéter en términos de seguridad.
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Figura 9. Ejemplo de huella esofagica. Mapa de isodistancias entre el es6fago y la pared
posterior de la auricula izquierda. Rojo <1 mm, Amarillo 1,1-2 mm, Verde 2,1-3 mm, Azul 3,1-4

mm, Magenta > 4 mm).

Estudios anteriores han mostrado resultados contradictorios sobre la
estabilidad de la posicidn esofagica durante la ablacion. Nuestra investigacion
subraya la estabilidad temporal de la posicion esoféagica. El 92% de los casos
que analizamos demostr6 una posicidbn esofagica estable en todas las
modalidades de imagen antes, durante y después del procedimiento (se
analiz6 la posicion esofagica con la huella esofagica en la primo y la reablacion
asi como durante el mismo procedimiento con el CT, el médulo CARTOUNIVU
gue co-registra la fluoroscopia con el sistema de navegacion en 3D y por ultimo
un mapa anatomico 3D de el es6fago adquirido con el catéter de ablacion al
final del procedimiento). El 8% residual presentd variaciones, atribuidas a
diversas causas, desde eventos como tos hasta una cardioversién eléctrica
durante la ablacion. Sorprendentemente, esta estabilidad persevera a lo largo
de intervalos prolongados, incluso entre procedimientos secuenciales
separados por varios meses (Figura 10). Esta previsibilidad aumenta la
precision y la confianza de la huella esofagica. Sin embargo, estos resultados

sOlo son aplicables a casos realizados bajo anestesia general.
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Figura 10 A) Comparacion de la posicién esofagica en la TAC en la primera ablacion
(estructura en gris) respecto a la reablacion (en color), B) TAC vs. CARTOUNIVU™ con sonda
ETE ubicada en el es6fago, C) CARTOUNIVU™ Vs Mapa electroanatomico, D) Imagen
superpuesta del es6fago observado con las tres técnicas diferentes: 2D CARTOUNIVU™
(flecha blanca), 3D MDCT (flecha negra) y 3D FAM (flecha verde).

La monitorizacion de la temperatura esofagica actia como proteccion y
proporciona  retroalimentacibn en tiempo real para prevenir el
sobrecalentamiento del es6fago y posibles complicaciones posteriores, como la
fistula auriculo-esofagica. El beneficio clinico directo de la monitorizacion de la
temperatura esofagica es la prevencion de lesiones esofagicas. La deteccion
temprana del aumento de temperatura esofagica permite una pronta
intervencidon, generalmente lo que se hace es abstenerse de realizar la
ablacion en un sitio donde ha habido un aumento de temperatura hasta que se
enfrie, mitigando asi el riesgo de complicaciones. Otra posibilidad es que, una
vez que se observa la susceptibilidad a un aumento de temperatura en una
zona determinada de la auricula, el operador realice las lesiones de una
manera alternativa entre diferentes sitios de la linea para evitar el aumento

general de la temperatura. Si bien el control de la temperatura es invaluable, no
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es infalible. La colocacidén de la sonda, especialmente en relacion con el sitio
de ablacion, puede afectar la precision. Con un ancho medio de 28,1 + 4,1 mm,
el es6fago no es sOlo un tubo delgado. Tal amplitud puede generar
variabilidades en su posicién percibida, dependiendo de la ubicacion de la

sonda durante la toma de imagenes (Figura 11).

& .
Figura 11 Ejemplo de un eséfago ancho (en verde) que se sitla posteriormente a las venas
derechas e izquierdas mientras que al observar la sonda de temperatura el operador puede

concluir que el es6fago se sitta Unicamente detras de las VP izquierdas.

Ademas, es posible que los gradientes de temperatura dentro de la pared
esofagica no siempre sean uniformes, lo que lleva a posibles subestimaciones
del riesgo de lesion. La monitorizacion de la temperatura esofagica es s6lo una
faceta de los mecanismos de seguridad en la ablacion de la FA. Debe
integrarse con otras estrategias, incluidas las imagenes para delimitar la

posicion del eséfago, el poder de ablacion y la modulacion de la duracién.

6. Personalizacion de la linea PVI en la vecindad esofagica.

Nuestro estudio aclara el papel clave de incorporar de la huella esofagica en el
sistema de navegacién CARTO. Esta integracion permite una modificacion de
la linea aislamiento de las VP centrada en el paciente segun la posicion del
esOfago. La alteracion de las trayectorias de ablacidn podria reducir
inadvertidamente el aislamiento del tejido venoso. En nuestro estudio, esta
exclusiéon fue insignificante. En particular, nuestro ensayo aleatorizado mostr6
una disminucidén notable el aumento de la temperatura esofagica durante las

aplicaciones de RF en la pared posterior de la auricula izquierda, sin poner en
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peligro los resultados inmediatos o las recurrencias de FA después de un

seguimiento de 1 afo (Figura 12).

!
l’ Blinded ablation line

Personalized ablation line *‘4
/
/

Figura 12. Ejemplo de huella esofagica y de como se modifica la linea de ablacion posterior en

el grupo intervencién con el fin de limitar la ablacion en zonas muy cercanas al es6fago.

En resumen, la naturaleza compleja de las ablaciones de FA, las
especificidades anatémicas y las posibles complicaciones requieren soluciones
innovadoras para mejorar la seguridad y eficacia del procedimiento. Mas alla de
las ventajas procesales inmediatas, la fusion de mapas 3D LAWT con sistemas
de navegacion marca el comienzo de un horizonte repleto de nuevas vias de
diagnoéstico y terapéuticas. Esta tesis abre nuevos corredores en el tratamiento
de la FA, con la integracion de mapas LAWT y la modulacién de RF que

prometen intervenciones terapéuticas mas personalizadas y seguras.
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CONCLUSION

Este trabajo ha contribuido a enriquecer el conocimiento actual
sobre la ablacion de la fibrilacidbn auricular al proporcionar una
mayor comprension sobre la importancia del grosor de la pared de
la auricula izquierda como determinante de la creacion de lesiones
y proporcionar nuevas herramientas que pueden mejorar la

eficiencia y seguridad del procedimiento.

En resumen, hemos demostrado que:

1. Los mapas 3D de grosor de la auricula izquierda pueden
obtenerse a partir de imagenes del CT cardiaco e integrarse en
el sistema de navegacion. Permiten una estimacion peri-
procedimiento directa del grosor de la pared en cualquier punto
de la auricula izquierda. Los puntos de reconexién estan
presentes con mayor frecuencia en los segmentos mas gruesos
de la linea de aislamiento circunferencial y generalmente son el
punto mas grueso del segmento. Un abordaje con un solo
catéter es factible, eficiente y seguro durante los procedimientos
de reablacién, lo que permite identificar facilmente el segmento

reconectado con una baja tasa de recurrencia a medio plazo.

2. La ablacién personalizada de la FA con el protocolo Ablate-By-
LAW utilizando una técnica de catéter Unico y adaptando el
indice de ablacién al grosor de la pared auricular es factible,
eficaz y segura, al mismo tiempo que se obtiene una alta tasa de

aislamiento de primer paso en esta poblacién de pacientes. La
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tasa de recurrencias de FA observada con el método presentado
es equivalente a protocolos de ablacion mas exigentes. Sin
embargo, este fue un estudio observacional y se necesitan mas

ensayos aleatorios para probar esta hipoétesis.

3. Existe una alta estabilidad de la posicion esofagica entre
procedimientos y desde el principio hasta el final de un
procedimiento de ablacion de FA. El mapa de isodistancia con
huella esofagica en 3D se puede obtener mediante a partir de
las imagenes del TAC e integrar en el sistema de navegacion.
Permite la estimacion periprocedimiento directa de la distancia

entre el es6fago y la pared posterior de la auricula izquierda.

4. La huella esofagica permite una identificacion fiable de la
posicion 3D del eséfago. La ablacidon personalizada de la
fibrilacion auricular (FA) mediante la adaptacion del aspecto
posterior de las lineas de aislamiento de las venas pulmonares
es superior al enfoque estandar en lo que respecta a evitar
aumentos de temperatura esofagica. Se necesitan mas estudios
para evaluar el impacto de la modificacion de la linea de
aislamiento con el fin de evitar el calentamiento esofagico en las
recurrencias de FA, con especial preocupacidén en pacientes con
FA persistente, donde generalmente se debe realizar una
ablacion mas amplia.

5. El desarrollo de nuevas herramientas derivadas de imagenes
puede, en ultima instancia, mejorar la eficiencia del

procedimiento y la seguridad del paciente.
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