+\
INE

=

UNIVERSITATo:
BARCELONA

Analisi del substrat electrofisiologic
de 'auricula esquerra en pacients
amb fibril-lacié auricular mitjangant I’us
de la ressonancia magnetica cardiaca

Gala Caixal Vila

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

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

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




2 [UUNIVERSITATo:
i+ BARCELONA

Analisi del substrat electrofisiologic de I'auricula
esquerra en pacients amb fibril-lacio auricular
mitjancant I’us de la ressonancia magnetica

cardiaca

Memoria de tesi doctoral presentada per

Gala Caixal Vila

per optar al grau de doctora per la

Universitat de Barcelona

Dirigida per
Eduard Guasch Casany MD, PhD
Lluis Mont Girbau MD, PhD, FESC, FEHRA

Programa de Doctorat en Medicina i Recerca Translacional
Facultat de Medicina i Ciencies de la Salut
Universitat de Barcelona
Febrer 2024



AGRAIMENTS

Als meus directors de tesi. Al Dr. Lluis Mont per facilitar-me formar part de
I’'equip, per les seves idees brillants i per fer-me de guia en el cami. Al Dr. Eduard Guasch
per tot el seu suport en aquests anys, per les multiples correccions i per tots i cadascun

dels consells administrats.

Ala Unitat d’Arritmies de I’'Hospital Clinic. A tots els adjunts que m’han ensenyat
i a tots els fellows que m’han acompanyat. A infermeria, als que encara hi séni als que
ja han marxat. A la Neus, la Laly, i la Carol. Al Roger i a tots els bioenginyers que han

col-laborat.

A la resta de companys de I'Hospital Clinic, per ajudar-me en el cami i fer-ho

sempre tot més facil.

A la meva familia, als meus amics i al Narcis. Gracies per tant.



FINANCAMENT

El financament rebut per poder desenvolupar aquesta tesi ha estat el seglient:

Unitat d’Arritmies Hospital Clinic:

- Fondo de Investigacion Sanitaria (FIS) Instituto de Salud Carlos Ill, Ministerio de
Sanidad Espafia. P116/00435; P119/00443; P119/00573.

- Grant from the European Commission: CATCHME project, contract agreement
633196.

- Fundacié La Maraté de TV3, Catalunya, Espanya (N2 20152730)

Doctoranda Gala Caixal Vila:

- Premi “Emili Letang” Fi de Residéncia, Hospital Clinic. Convocatoria 2017.
- Beca Medtronic de la Societat Catalana de Cardiologia. Convocatoria 2017.
- Beca de investigacion Rio Hortega, Instituto Carlos Ill, Ministerio de Sanidad

Espafia. Convocatoria 2018 (CM18/00097).



iINDEX

INDEX cceeeiiiiiiiiiiiiuneteeiiiiiiiiissssteeiissssssssssseesesssssssssssssssssssssssssssssssessssssssssssssesssssssssssssnsnnses 7
INDEX DE FIGURES.......ccvceveteueruesseersessessessesessessessesessessssssnsssessessssssessessssssssssessensesesssnsenes 9
ABREVIATURES ......ccoociiiinnneiiiiiiiiisssnnessssisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssssssssss 10
ENUMERACIO DELS ARTICLES QUE COMPONEN LA TESI....cccouiruerrneenesnersneeneesnessnessennne 11
RESUM DE LA TESI....cciiiiiiiinneeniiiiniiinssnnneeesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsans 18
10075 11T ol of [ 23
Epidemiologia de la fibril-lacid auricular.........cceeveeoieer e, 24
Classificacio de la fibril-lacid auricular...........cooviiiiiiiiiii e 25
Fisiopatologia i etiologia de la fibril-lacid auricular ...........oeevvveveveiiiiiiiiiiiiii, 25
ot (o] C e L 4 ] o PP PPTSPOPPRPPPP 29
(T oTe (=] T a0 o Tol ] -1 SRR 30
FIDrOST QUIICUIAN ... ettt et e st e e e e e 31
Tractament de la fibril-lacid auricular ... 34
TractameENnt MEAIC....cooiuuii et e e e e esneeesanee s 34
Prevencid de complicacions emboliqueSs..........cevvvveeiiiiiiiiiiiiiiie, 36
ADIACIO CArdiata ....ceeeiiieii ittt e 38
Ressonancia magneética cardiaca i fibril-lacid auricular .........ccccceeevviiiiieeeeiceeee e, 47
Analisi del substrat QuIICUIAr ..........oiiiiiii e 47
Pronostic dels resultats postablacio ..., 49
Guia del procediment d’ablaciO...........cuvmeieiiiiiieeeee e 50
PEIrSPECLIVES FULUIES ...vvviiiiiiiiiieiieieeeeeeeeeeeeee et e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e eaenn 52
HIPOTESIS .....eeeueueueueueueseneneeeeestttt et ettt tsssssasssasssssssssssssasssnssensnesensnsnsnsnsnsssnsnsnsens 55
OBJECTIUS ...ceeiiiiiiiiiiinnnttttiiiisiisssnsseessssssssssssssssssssssssssssssssesssssssssssssssssssssssssssssssssnssssssss 58



MATERIALS, METODES | RESULTATS ....c.cocevtrurenrrresessessssesessesessssessssessssessssessssessssssssssses 61

SUBPROJECTE 1: Validacid de la ressonancia magneética cardiaca amb realg tarda de

gadolini en la deteccié de fibrosi auricular .........c.cccco 61
Y o i o] L= PP PP PPPTP 61
ATTICIE 2.t ettt ettt e e sttt e e e st e e s e bt e e e e e abeeeeesareee e 72
Y o i o] LT TP PP PPPTP 85

SUBPROJECTE 2: Relacié entre aorta i fibrosi auricular analitzada mitjancant la
ressonancia magnetica cardiaca amb realg tarda de gadolini.........ccccceeuvrnnnnnnninnnnnnns 116

F AN o Lol =T PR 116

SUBPROJECTE 3: Avaluacié de I'Gs de la ressonancia magneética cardiaca amb realg

tarda de gadolini en I'ablacié de fibril-lacid auricular ............ccoooveveeeiiiieeeiieeee. 127
Y o i ol [ T PO O ST PR TP PPTUPPP 127

Y o o] L= TSP RRPRPPPPP 136
DISCUSSIO.......cuiueueueueaeneeneeeeeeete ettt et eststsasasssasssasssssssssssasasasasasnsnesenenssensnsasnens 147
Caracteritzacié tissular de la fibril-lacid auricular.........ccccoeeciiinniiiiii e, 147
Relacié entre mapa electroanatomic i ressonancia magnética cardiaca................ 148
Factors determinants en la precisié de la ressonancia magnetica cardiaca........... 152
Distribucié regional de la fibrosi auricular ..........ccoeeeeeiiiiici e, 160
Factors implicats en la fibrosi regional ...........oooveveieviiiiiiiiiiiiiiie 162
Implicacions pronostiques de la fibrosi regional........ccccccccv e, 165
Ressonancia magnética cardiaca aplicada a I'ablacid de fibril-lacié auricular............ 166
Identificacio i ablacio d@ GaPS.......ccoe oo 167
Ablacié dirigida a la fibrosi auricular..........cccovveeeiiii e 168
IMPlicacions CliNIQUES .....cevieveieieeeeeeeeeeeeeeee e, 172
LIMITACIONS ittt 173
CONGCLUSIONS .....cunneniiiiiiiiiissnenetiisssssssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssss 176
BIBLIOGRAFIA ......cooiiiiiiiiiinnntieniiiniisiasseeesssssssssssssssssssssssssssssssssssssssssssssnsssssssssssssssnns 178



INDEX DE FIGURES

Figura 1. Electrocardiograma en fibril-lacié auricular.................ccccoevvevveeeeeceeeeeniiieaennnen, 23

Figura 2. Representacio esquematica de les diferents teories del manteniment de la
FIBril-1QCIO QUITCUIGE c.....ceveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee ettt e e e e e e e e e e e e e s 28

Figura 3. Factors de risc i condicions subjacents modificables en els pacients amb
1o 1410 (e Tol o 3o [V ol ] o | GO SR 29

Figura 4. Els 3 bucles de retroalimentacio positiva proposats en el remodelat auricular
en pacients amb fibril-IaCiO QUIICUIAN..............ccoeeeeeeeeeeeeeeeeeeeeeeeeeee et 31

Figura 5. Esquema il-lustratiu de I'alteracié de la continuitat dels miocits deguda a la

o] XY USRI 33
Figura 6. ESCAIQ CHAZ2DS2-VASC..........ccoeeeeeeeeeeeeeeeeeeeeeeee ettt ettt ettt ettt sttt st sassasanes 38
Figura 7. Mapa electroanatomic de l'auricula esqQUerra..................ccceevvvvveeeeeeeeeecviinnnnnn.. 42
Figura 8. Detalls del procediment d’ablacio de la fibril-lacid auricular ............................ 43
Figura 9. Analisi de la fibrosi auricular mitjancant ressonancia magnética cardiaca .....48

Figura 10. Vista postero-anterior de la reconstruccio tridimensional de I'auricula
esquerra a partir de la ressonancia magnética cardiaca.............ccoueeeeeeeeeeiivveneeeenesiinn, 151

Figura 11. Distribucio regional de la fibrosi en I'auricula esquerra segons Benito i
(oo ] 0 (o] oY o o [0 ] &3PPSO PPPPT R 161

Figura 12. Analisi de recurréncia d’arritmies auriculars en el sequiment postablacio en
YAV D) 0V | RS 170



ABREVIATURES

3D Tres dimensions

AE Auricula esquerra

ADes Aorta descendent

MEA Mapa electroanatomic

ECG Electrocardiograma

ECGi Imatge electrocardiografica
EGM Electrograma

FA Fibril-lacié auricular

FC Freqliencia cardiaca

HTA Hipertensio arterial

IR Ratio d’intensitat de la imatge
RMC Ressonancia magnética cardiaca
RMC-RTG Ressonancia magnética cardiaca amb realg tarda de gadolini
RF Radiofreqiiéncia

RS Ritme sinusal

RTG Realcg tarda de gadolini

VC Velocitat de conduccié

VP Vena pulmonar

VPIE Vena pulmonar inferior esquerra

10



ENUMERACIO DELS ARTICLES QUE COMPONEN LA TESI

Tesi en format de compendi de publicacions. La tesi consta d’1 objectiu general, 9

objectius especifics i de 6 articles dividits en 3 subprojectes.

11



SUBPROIJECTE 1

Validacié de la ressonancia magneética cardiaca amb realc tarda de gadolini en la

deteccio de fibrosi auricular

Article 1

Gala Caixal, Francisco Alarcon, Till F. Althoff, Marta Nufiez-Garcia, Eva Maria Benito,
Roger Borras, Rosario J. Perea, Susana Prat-Gonzdlez, Paz Garre, David Soto-lIglesias,
Clara Gunturiz, Jennifer Cozzari, Markus Linhart, Jose Maria Tolosana, Elena Arbelo, Ivo

Roca-Luque, Marta Sitges, Eduard Guasch i Lluis Mont.

Accuracy of left atrial fibrosis detection with cardiac magnetic resonance: correlation of

late gadolinium enhancement with endocardial voltage and conduction velocity.

Europace. 2021;23(3):380-388.

Contribucio: Primer autor

Factor d'impacte 2020: 5,214

Posicid al 2020:

- ISl Journal Citation Report: Q2 (40/142 Cardiac & Cardiovascular System)

- SClmago Journal Rang: Q1 (36/363 Cardiology & Cardiovascular Medicine)

12



SUBPROIJECTE 1

Validacié de la ressonancia magneética cardiaca amb realc tarda de gadolini en la

deteccio de fibrosi auricular

Article 2

Till Althoff, Paz Garre, Gala Caixal, Rosario Perea, Susanna Prat, Jose Maria Tolosana,

Eduard Guasch, Ivo Roca-Luque, Elena Arbelo, Marta Sitges, Josep Brugada, Lluis Mont.

Late gadolinium enhancement-MRI determines definite lesion formation most

accurately at 3 months post ablation compared to later time points.

Pacing and Clinical Electrophysiology. 2022;45(1):72-82.

Contribucio: Tercer autor

Factor d’'impacte 2021: 1,912

Posicid al 2021:

- ISl Journal Citation Report: Q4 (114/142 Cardiac & Cardiovascular System)

- SClmago Journal Rang: Q2 (142/363 Cardiology & Cardiovascular Medicine)

13



SUBPROIJECTE 1

Validacié de la ressonancia magneética cardiaca amb realc tarda de gadolini en la

deteccio de fibrosi auricular

Article 3

Gala Caixal, Paz Garre, Elisenda Ferré, Till F. Althoff, Eric Invers, Nidia Planellas, Roger
Borras, Susana Prat-Gonzdlez, Elena Arbelo, Ivo Roca-Luque, J. Maria Tolosana, Josep

Brugada, Marta Sitges, Eduard Guasch i Lluis Mont.

Evaluation of the left atrial substrate under conditions of functional electrophysiological
stress in patients with atrial fibrillation. Comparison between electroanatomic mapping

and late gadolinium-enhanced magnetic resonance imaging.

Contribucio: Primer autor

Factor d’'impacte: Article pendent de publicar.

14



SUBPROJECTE 2

Relacio entre aorta i fibrosi auricular analitzada mitjancant la ressonancia magneética

cardiaca amb realc tarda de gadolini

Article 4

Gala Caixal, Till F. Althoff, Paz Garre, Francisco Alarcon, Marta Nufiez-Garcia, Eva Maria
Benito, Roger Borras, Rosario J. Perea, Susana Prat-Gonzalez, Clara Gunturiz, Paula
Sanchez-Somonte, Dahyr Olivas, J. Maria Tolosana, Elena Arbelo, Ivo Roca-Luque, Josep

Brugada, Marta Sitges, Eduard Guasch i LIuis Mont.

Proximity to the descending aorta predicts regional fibrosis in the adjacent left atrial

wall: aetiopathogenic and prognostic implications.

Europace. 2021;23(10):1559-1567.

Contribucio: Primer autor

Factor d’'impacte 2020: 5,214

Posicio al 2020:

- ISl Journal Citation Report: Q2 (40/142 Cardiac & Cardiovascular System)

- SClmago Journal Rang: Q1 (36/363 Cardiology & Cardiovascular Medicine)

15



SUBPROIJECTE 3

Avaluacid de I'Us de la ressonancia magnetica cardiaca amb realc tarda de gadolini en

I'ablacio de fibril-lacié auricular

Article 5

Levio Quinto, Jennifer Cozzari, Eva Benito, Francisco Alarcén, Felipe Bisbal, Omar Trotta,
Gala Caixal, Rodolfo San Antonio, Paz Garre, Susana Prat-Gonzalez, Rosario Jesus Perea,
Jose Maria Tolosana, Antonio Berruezo, Elena Arbelo, Ivo Roca-Luque, Marta Sitges,

Josep Brugada, Eduard Guasch i Lluis Mont.

Magnetic resonance-guided re-ablation for atrial fibrillation is associated with a lower

recurrence rate: a case-control study.

Europace. 2020;22(12):1805-1811.

Contribucié: Coautor

Factor d’'impacte 2020: 5,214

Posicio al 2020:

- ISl Journal Citation Report: Q2 (40/142 Cardiac & Cardiovascular System)

- SClmago Journal Rang: Q1 (36/363 Cardiology & Cardiovascular Medicine)

16



SUBPROIJECTE 3

Avaluacid de I'Us de la ressonancia magneética cardiaca amb realc tarda de gadolini en

I'ablacio de fibril-lacié auricular

Article 6

Felipe Bisbal, Eva Benito, Albert Teis, Francisco Alarcon, Axel Sarries, Gala Caixal, Roger
Villuendas, Paz Garre, Nina Soto, Jennifer Cozzari, Eduard Guasch, Gladys Junca, Susana
Prat-Gonzalez, Rosario J. Perea, Victor Bazan, Jose Maria Tolosana, Elena Arbelo, Antoni

Bayes-Genis i Lluis Mont.

Magnetic Resonance imaging-quided fibrosis ablation for the treatment of atrial

fibrillation: the ALICIA trial.

Circulation Arrhythmia and Electrophysiology. 2020;13(11):e008707.

Contribucio: Coautor

Factor d’'impacte 2020: 6,568

Posicid al 2020:

- ISl Journal Citation Report: Q2 (24/142 Cardiac & Cardiovascular System)

- SClmago Journal Rang: Q1 (36/363 Cardiology & Cardiovascular Medicine)

17



RESUM DE LA TESI

Titol

Analisi del substrat electrofisiologic de I'auricula esquerra en pacients amb

fibril-lacié auricular mitjancant I’is de la ressonancia magneética cardiaca.

Introduccid

La fibrosi auricular esta considerada el segell distintiu del substrat arritmogénic
en el remodelat auricular dels pacients amb fibril-lacié auricular (FA) i la seva extensid
ha demostrat ser un predictor independent de recurréncies després de I’ablaci6.!?
L’aillament de les venes pulmonars (VP) és la pedra angular en el tractament d’ablacié
de la FA, sobretot en formes paroxistiques.>* No obstant, en FA persistent sovint hi ha
preséncia de substrat arritmogenic més enlla de les VP, fent que sigui necessari una
ablacié més extensa per evitar recurréncies posteriors.® En aquest context, I'analisi de

fibrosi auricular adquireix especial importancia.

Durant el propi procediment d’ablacid, el substrat arritmogénic auricular es pot
caracteritzar de manera invasiva mitjancant el mapa electroanatomic (MEA), la técnica
de referencia després de I'analisi histologica. Certes variables del MEA com la reduccid
de voltatge o la conduccié alentida sén considerades subrogats de la fibrosi auricular.®
D’altra banda, la ressonancia magneética cardiaca mitjancant la seqiliencia de realg tarda
de gadolini (RMC-RTG) és una técnica capac¢ de detectar fibrosi cardiaca de forma no
invasiva i s’ha proposat com una alternativa al MEA per a la deteccié del substrat

auricular arritmogénic. No obstant, la validacié d’aquesta técnica encara no ha
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demostrat resultats consistents i reproduibles.” SGn necessaris nous estudis que avaluin
I'4s de la RMC-RTG, aixi com les seves limitacions, en la deteccid del substrat
arritmogeénic en els pacients amb FA.
Hipotesi

La RMC-RTG es validara contra el MEA com a técnica per detectar fibrosi

auricular i potencial substrat arritmogeéenic en pacients amb FA.

Objectiu
Analitzar el rendiment de la RMC-RTG en I'analisi del substrat arritmogeéenic de

I'auricula esquerra (AE) en pacients amb FA.

Metodes

Com a metode general al llarg de I’estudi es va realitzar una RMC-RTG en pacients
amb FA derivats per a un procediment d’ablacié. Les imatges obtingudes de I’AE es van
processar per obtenir-ne un model en tres dimensions (3D) que estava codificat en un
codi de colors segons la quantitat de captacié de realg tarda de gadolini (RTG) i per tant,

teoricament, segons el grau de fibrosi del teixit.

En el primer subprojecte es va realitzar un MEA de I'AE, inicialment en ritme
sinusal (RS) i posteriorment durant estimulacié auricular decremental. Es va
correlacionar el voltatge i la velocitat de conduccié (VC), en una analisi punt per punt i
per regions auriculars, amb el model 3D de la RMC-RTG. Addicionalment, en alguns
pacients es van realitzar noves RMC-RTG als 3 mesos i més enlla dels 12 mesos després

de I'ablacié i es va repetir I'analisi.
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En el segon subprojecte, es va realitzar la segmentacié de I'aorta descendent
(ADes) abans del procediment d’ablacié i es va analitzar la distancia entre aquesta

estructura i la paret posterior de I’AE.

En el tercer subprojecte es van analitzar els resultats del procediment d’ablacié
de FA guiat per RMC-RTG versus la técnica convencional. Per una banda es va realitzar
un estudi observacional cas-control dirigit a la deteccié de gaps en pacients derivats a
reablacid i, per altra, un estudi randomitzat dirigit a la deteccié i ablacié de fibrosi

auricular nativa.

Principals resultats

Es va observar una correlacid inversament significativa, encara que d’intensitat
moderada, entre el MEA i la RMC-RTG, tant a nivell de voltatge com de VC. La correlacid
era menys intensa en auricules dilatades. A més, aquesta correlacié es reduia mesos

després de I’ablacié degut a la disminucié de la captacié de RTG amb el pas del temps.

L'estres electrofisiologic funcional secundari a estimulacié auricular decremental
va produir canvis dinamics progressius en el MEA. Aquests canvis van ser més marcats
en la zona catalogada segons la RMC-RTG com a fibrosi intersticial, pero la zona de
cicatriu densa va ser la que més va concordar amb el MEA. La concordanca de la

intensitat de RTG amb la VC va ser major que amb el voltatge.

La distribucié de la fibrosi auricular va resultar heterogénia i es localitzava
principalment a la zona posterior de I'AE a nivell de I'ostium de la vena pulmonar inferior

esquerra (VPIE). Aquesta extensid de fibrosi regional va correlacionar inversament amb
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la distancia a I’ADes i va demostrar ser un predictor de recurréncies després de I'ablacio,

a diferencia de la fibrosi auricular total.

En procediments de reablacié de FA, la RMC-RTG va demostrar facilitar la
localitzacié de discontinuitats en la linia d’ablacié (gaps) i reduir les recurréncies. No
obstant, I’ablacié guiada de fibrosi primaria no va reduir les recurréncies respecte a la

tecnica convencional.

Conclusions

La RMC-RTG presenta correlacié amb el MEA en la deteccié de substrat
arritmogenic en pacients amb FA, demostrant capacitat per detectar fibrosi auricular
establerta. La RMC-RTG és capag de visualitzar la distribucié de la fibrosi i la seva relacio
amb estructures anatomiques adjacents, detectar la preséncia de gaps i pronosticar el
resultat de I'ablacio; tot i aix0, presenta certes limitacions com la escassa precisié en
auricules dilatades o la menor deteccid de la fibrosi postablacié amb el pas del temps.
D’altra banda, la resolucié actual de la RMC-RTG sembla insuficient per detectar la
fibrosi auricular més incipient, la qual podria presentar el potencial arritmogénic més
marcat. Tot aixd podria comportar que I'ablacid dirigida a la fibrosi auricular mitjancat

la RMC-RTG no hagi demostrat encara els resultats esperats.
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INTRODUCCIO

La FA és una arritmia cardiaca que es caracteritza per una activacié auricular
desorganitzada i caotica que dona lloc a la pérdua de la capacitat de contraccid
d’ambdues auricules. Mitjancant I'electrocardiografia convencional es poden trobar
signes tipics com I’absencia d’ones P i la preséncia d’ones de fibril-lacid oscil-lants en
amplitud, morfologia i freqiiencia (ones f), que reflecteixen una freqiiencia auricular
major de 350 contraccions per minut, aixi com intervals R-R irregulars amb freqiiéncies

ventriculars generalment rapides (Figura 1).
ave :
J‘W‘Mﬂ«%ﬁw‘m‘ﬂm—*wwurﬂwwww

.{M—,w——frﬂL/M—JMFMJ{JMLJVJL}JMJWL‘%L

Figura 1. Electrocardiograma en fibril-lacié auricular. S’observa una activacié auricular cadtica
sense ones P, amb preséncia d’ones f i mostrant una activitat ventricular irregular. Imatge
original.

Les primeres referéncies historiques de la FA daten de fa més de 350 anys A.C.,
a l'época dels antics emperadors a la Xina, amb I'evidéncia de manuscrits que fan
referéncia a signes clinics de I'arritmia com la irregularitat caotica del pols arterial. Segles
després, va ser William Harvey qui en va fer la primera descripcié clinica 'lany 1628 a

Anglaterra, després d’iniciar-se el coneixement dels trastorns del ritme en animals. Des
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d’aleshores, s’han desenvolupat nombrosos avencos cientifics sobre el seu diagnostic,

la seva fisiopatologia i el seu tractament.?

Epidemiologia de la fibril-lacié auricular

La FA és l'arritmia sostinguda més freqlient en la practica clinica habitual,
representant un important problema de salut publica que s’associa a una elevada
mobilitat i mortalitat,>'° a més de derivar en un important increment de la necessitat

d’hospitalitzacié i dels costos sanitaris.!?

La major part dels estudis epidemiologics classics que analitzen la FA es van
portar a terme en poblacions nord-americanes. L’estudi Framingham, un dels treballs
epidemiologics més importants, observa que la prevalenca de FA en la segona meitat
del segle XX era del 0,4-1% en la poblacié general i augmentava fins al 8% en els majors
de 80 anys.'?> No obstant, la incidéncia i la prevalenca s’han anat incrementat amb el pas
dels anys. Diversos factors ho justifiquen. L'envelliment progressiu de la poblacid
comporta un augment de la prevalenca i la disponibilitat de millors eines diagnostiques
facilita majors taxes de deteccid, especialment en pacients asimptomatics. D’altra
banda, la FA es relaciona amb la preséncia de cardiopatia establerta i de factors de risc
cardiovascular, factors molt lligats a l'estil de vida actual (com ara l'obesitat, el
sedentarisme, la hipertensid, la diabetis mellitus o la sindrome d’apnees del son). En els
paisos desenvolupats on ambdds factors -envelliment i canvis de l'estil de vida-
convergeixen, es pot anticipar que la FA arribara a quotes epidémiques en els proxims
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Classificacié de la fibril-lacio auricular

El sistema de classificacié actualment més utilitzat, recomanat en les guies de
FA, és el basat en el patré temporal de I'arritmia.*** Els pacients poden tenir un primer
episodi de FA diagnosticat o, si ja s’Than documentat episodis anteriors, arritmia
recurrent. Els episodis poden ser paroxistics si acaben espontaniament o mitjangant
cardioversid, tan eléctrica com farmacologica, durant els 7 primers dies; o persistents,
si I'arritmia continua més enlla d’aquest periode. Quan I'arritmia dura més de 12 mesos
s’anomena de llarga durada i, en el cas que es desestimi revertir a RS, la FA rep el nom

de permanent.

La FA també és pot classificar segons la clinica acompanyant.* Es diu
asimptomatica o silent quan, bé sigui de forma casual o amb intencié de cribratge, es
realitza un electrocardiograma (ECG) de 12 derivacions o una tira de ritme en un pacient
sense simptomes que és diagnostic de FA. En el cas contrari, quan el pacient si presenta
simptomes, la FA s’anomena simptomatica. Dins d’aquest segon grup, els pacients
poden estar hemodinamicament estables i referir clinica de palpitacions, dispnea o
fatiga; o presentar signes d’inestabilitat en forma de sincope, hipotensid, insuficiéncia
cardiaca o edema agut de pulmd, isquemia cardiaca o fins i tot xoc cardiogenic. Sovint
les repercussions simptomatiques i hemodinamiques es relacionen amb la freqlieéncia

cardiaca, la duracid de I'episodi, i la coexisténcia d’una cardiopatia estructural de base.

Fisiopatologia i etiologia de la fibril-lacié auricular
La fisiopatologia de la FA és enormement complexa i avui dia, a pesar dels

importants avencos en els darrers 20 anys, encara no existeix un coneixement complert
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de la seva base anatomica-funcional. De forma general, la FA es produeix a conseqliéncia
de la combinacié de factors desencadenants que actuen de forma aillada o conjunta
(efecte disparador) i un substrat arritmogenic (eléctric i/o estructural) que en condiciona

el manteniment.

Classicament s’han desenvolupat tres teories diferents que intenten explicar el
mecanisme electrofisiologic basic que sosté la FA: la del focus automatic, la dels
multiples circuits de reentrada i la del circuit Unic de reentrada (Figura 2). Aquestes
teories no son excloents entre si i poden coexistir simultaniament o en diferents
moments de I'evolucié en un mateix pacient.

a. Teoria del focus automatic: Segons aquesta teoria, la FA s’iniciaria, pero també

es mantindria, per un focus auricular que s’activa a molt alta freqiéncia,
localitzat generalment, pero no de forma exclusiva, a les VP o en les seves
proximitats. L’activaciéo a altes freqliencies no es podria conduir al teixit
circumdant, generalment amb un periode refractari més alt, generant uns fronts
d’activacié que es fraccionarien i es desorganitzarien, donant lloc a una
conduccio fibril-latoria. Les observacions de Haissaguerre i col-laboradors que
identificaven el desencadenant de la FA paroxistica com un focus d’activitat
auricular ectopica localitzat a les VP, i que ha resultat cabdal per a I'abordatge
modern de la FA, dona suport a la importancia d’aquest mecanisme en alguns
pacients.®

b. Teoria del circuit Unic de reentrada: aquest mecanisme proposat inicialment per

Arthur Winfree i posteriorment aplicat extensament a la FA per Jalifé i
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col-laboradors, suggereix I’existéncia d’una font unica i estable d’activitat
reentrant, el rotor mare, que actua com un focus d’estimulacié periodica del
teixit auricular circumdant amb diferents fronts d’ona que van en multiples
direccions i amb propietats eléctriques variables a través de tot el teixit
auricular.'’

c. Teoria dels multiples circuits de reentrada: Descrita per Moe i posteriorment

recolzada per Allesie, es basa en la preséncia de multiples fronts d’ona irregulars
amb propagacid aleatoria.'®° Cada front d’ona genera divisions independents i
es pot accelerar o desaccelerar segons la major o menor refractarietat del teixit.
La FA es mantindria, doncs, per multitud d’aquests front d’ona, formant circuits
de reentrada funcionals que xoquen entre si i s’extingeixen o es divideixen en
altres fronts d’ona, mantenint I'auricula en excitacié continua. Aquests circuits
son de naturalesa inestable, uns desapareixen i uns altres canvien de
configuracié, amb longituds de cicle variable, creant bloqueig funcional,
conduccid lenta i fragmentacié. La quantitat d’ones que el teixit és capag¢ de
sostenir dependra de la massa auricular, del periode refractari, de I'alentiment

de la conduccid i de les barreres anatomiques a les diferents regions auriculars.

No obstant aquestes teories, persisteixen la necessitat de dissenyar estrategies de
tractament innovadores dirigides a les bases que sostenen la FA, i la nocié ampliament
acceptada (i historicament justificada) que cal comprendre millor els mecanismes

subjacents de la mateixa. Encara que els conceptes basics de fisiopatologia d’aquesta
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arritmia es van comencar a identificar fa més de 100 anys, els treballs més recents han

glestionat algunes d’aquestes idees de llarga data.

A. B. C.

RA RA

Figura 2. Representacio esquematica de les diferents teories del manteniment de la fibril-lacio
auricular. A, Focus automatic. B, circuit unic de reentrada. C, multiples circuits de reentrada.
Imatge reproduida de Nattel i col-laboradors.*

El desenvolupament de la cartografia avancada i computacional i les tecniques
d’imatge aplicades han permeés obtenir més informacid rellevant sobre els mecanismes
de la FAigenerar noves hipotesis. Per exemple, el treball de Narayan i col-laboradors va
suggerir la preséncia d’un petit nimero de rotors, en certes posicions fixes, com a
principal mecanisme de manteniment de la FA en alguns pacients. Atesa la seva fase
estacionaria, aquests rotors es podrien suprimir mitjancant I’aplicacié focal de
radiofreqiiéncia (RF).?! Observacions de Haissaguerre i col-laboradors també apunten a
un possible paper d’aquests rotors, pero en aquest cas amb ubicacions temporalsiamb
tendéncia a agrupar-se al voltant de zones fibrotiques.?? Recentment, també s’ha
reconegut la dissociacié endocardica-epicardica en certes regions auriculars i el seu
possible paper en la preséncia de rotors transmurals tridimensionals i en la ruptura de
multiples ones dissociades, suggerint que I’arquitectura en tres dimensions de I’auricula

juga unimportant paper en el manteniment de la FA.23%4
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Factors de risc

El desenvolupament de la FA esdevé per la preséncia de diversos factors que

actuen sobre I'auricula i n’afavoreixen I'aparicié. Diverses malalties cardiovasculars i

factors de risc s’associen a una incidéncia incrementada d’aquesta arritmia.'®?>2¢ Alguns

d’aquests factors o condicions no poden ser modificades, com I'edat, el sexe, la raca o

la predisposicié genética; altres si poden ésser modificades o, almenys, controlables

amb la instauracié o optimitzacié del tractament (Figura 3).
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Chronic
obstructive
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kidney
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Figura 3. Factors de risc i condicions subjacents modificables en els pacients amb fibril-lacio

auricular. Imatge reproduida de Brandes i col-laboradors.?”

Gran part dels factors de risc que predisposen a la FA també sén factors de risc

per altres patologies cardiovasculars com la isquémia cardiaca, la malaltia valvular i la

insuficiéncia cardiaca, fet que podria tenir un efecte sinérgic en el risc de desenvolupar
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I’arritmia. La hipertensid arterial (HTA), I'obesitat o la sindrome d’apnees afavoreixen la
preséncia de FA, tant per la prevalenca com pel potencial del teixit auricular. Més enlla
de la seva implicacié en la fisiopatologia, el control d’aguests factors precocment podria

prevenir o fins i tot revertir el remodelat auricular i la progressié de I'arritmia.?®

Remodelat auricular

Els canvis estructurals, eléctrics i mecanics que promouen a les auricules els
factors de risc descrits a I'apartat anterior, pero també els que genera la FA per si
mateixa, reben el nom de remodelat auricular i constitueixen la base del que s’ha

anomenat miocardiopatia auricular.?®3°

Es important remarcar que el remodelat auricular generat per la FA perpetua la
propia arritmia. Tot i que ja es coneixia que la FA per si mateixa pot produir
modificacions en el teixit auricular, no va ser fins al 1995 que el grup d’Allesie ho va
relacionar amb el propi manteniment de I'arritmia. Popularitzant el ja classic “AF begets
AF” (“la FA genera FA”), van demostrar en un model capri que la FA es retro-alimentava
i condicionava el seu propi manteniment.3! Per demostrar-ho, van realitzar estimulacié
auricular mitjancant un marcapas que generava trens rapids de curta durada i provocava
respostes auriculars repetides semblants a la FA. Passades unes hores, les respostes
auriculars tendien a mantenir-se fins a tal punt que passada una setmana es podia
considerar FA persistent. Aquest fenomen s’explica pel remodelat que pateix el miocardi
auricular quan es troba estimulat a una freqliéncia molt elevada (Figura 4). Durant les
primeres hores es produeix un remodelat a nivell metabolic i eléctric, atesa la reduccid

no uniforme del potencial d’accié i del periode refractari dels miocits auriculars, aixi com
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un alentiment de la conduccid. Aixo facilita que aparegui un nombre més gran de fronts
d’ona d’excitacié simultaniament a I'auricula, dificultant el pas a RS. Si I'estimulacié a
alta freqiéncia es manté, es produeixen canvis de l'estructura cel-lular com la
degeneracidé mitocondrial o I’alteraci6 del reticle sarcoplasmatic, fenomen conegut com
a remodelat contractil. Si aixd es combina amb sobrecarrega de volum i pressions
auriculars elevades durant un temps llarg, apareixen canvis extracel-lulars per la mort
de la propia ceél-lula i la substitucid dels miocits per teixit fibros, I’anomenat remodelat
estructural.?* El remodelat estructural té com a principals components la fibrosi i la
dilatacié auricular, i representa un substrat suficient perqué la FA no es limiti amb el
temps i es torni més resistent al tractament.
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Figura 4. Els 3 bucles de retroalimentacio positiva proposats en el remodelat auricular en

Compl iamcc?
pacients amb fibril-lacié auricular. Imatge reproduida d’Allessie i col-laboradors. 3

Fibrosi auricular

La rellevancia de la fibrosi auricular en el mecanisme de la FA ha adquirit un gran
protagonisme en els darrers anys. Inicialment, el paper de la fibrosi es considerava

secundari, relacionat amb els estadis finals de I'arritmia pero sense repercussié en la
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mateixa. Fins i tot es va arribar a especular que la massa auricular critica es reduia en els
graus maxims de fibrosi, cosa que dificultava el manteniment de la FA i en facilitava
I’extincid. Tot i aix0, en els darrers 20 anys s’ha demostrat que la fibrosi miocardica és
un segell distintiu del substrat arritmogénic tant auricular com ventricular.3*3* A nivell
auricular, la formacidé de fibrosi miocardica és un dels principals factors que condueixen
al remodelat cardiac en pacients amb FA. S’ha demostrat una major acumulacié de
col-lagen en pacients amb FA aillada (sense cardiopatia ni factors de risc coneguts) que
en controls sans en RS* i s’ha demostrat per histologia que la preséncia de fibrosi
auricular esta més relacionada amb la preséncia i persisténcia de la FA que I'envelliment

en si mateix.3®

La fibrosi auricular comprén diversos processos individuals i multifactorials que
resulten a partir d’interaccions complexes entre mediadors neurohormonals i
cel-lulars.3”38 Els mecanismes que promouen la fibrosi cardiaca en la FA sén diversos i
inclouen el fibroblast cardiac i el mioblast, el factor de creixement transformant beta-1
(TGF-B1),%* les metal-loproteinases de la matriu extracel-lular i els inhibidors d’aquesta
que permeten la degradacié coordinada de proteines,*® I’envelliment i la inflamacid.**
En aquest context, els fibroblasts, que representen el 60% de les cél-lules del miocardi,
juguen un paper important en la formacié de la matriu extracel-lular.*? Els fibroblasts
sén essencialment cél-lules no excitables pero poden transferir corrents de forma
passiva (conduccio electrotonica) entre cardiomiocits mitjancant connexines. La perdua

de miocits tant per apoptosis com per necrosis s’observa en paral-lel amb l'inici de la
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fibrosi. La fibrosi reparativa substitueix miocits degenerats, i la fibrosi reactiva causa

expansio de I’espai intersticial tal i com es mostra en la Figura 5.4344
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Figura 5. Esquema il-lustratiu de I'alteracié de la continuitat dels miocits deguda a la fibrosi. A)
En el teixit normal, els miocits estan connectats eléctricament en una unio d’extrem a extrem
mitjangant unions gap. La fibrosi reactiva resulta en I'expansio de la matriu extracel-lular entre
feixos de miocits (B) i la fibrosi reparativa substitueix miocits degenerats (C). Ambdds patrons de
distribucio de col-lagen s’exageren durant el remodelat estructural. Imatge reproduida de
Burstein i col-laboradors.?’

El col-lagen produit patologicament difereix del que apareix al miocardi normal,
amb proporcions alterades dels diferents subtipus de col-lagen.3>*> Aquest col-lagen
dens i desorganitzat fabrica fibril-les que separen fisicament els miocits restants, creant
una barrera per a la propagacié d’impulsos.3>% Aquesta accid pot resultar en
heterogeneitat de la conduccid electrica, escurcament de potencials d’accio,
despolaritzacié de cardiomiocits en repos i induccié de despolaritzacié espontania en la
fase 4.% Dades in vitro han demostrat que la fibrosi auricular provoca en regions
localitzades un alentiment de la conduccié i, paral-lelament, un augment de la seva
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heterogeneitat, generant un substrat arritmogenic directament implicat en |'aparicid i
perpetuacid de mecanismes d’arritmia focal i de reentrada.>*3”*’ Dades recents
suggereixen que la fibrosi endomisial, i no la fibrosi intersticial total, és la que exerceix
una paper predominant en les alteracions eléctriques que condueixen al
desenvolupament de FA. Com a resultat de totes aquestes dades, entendre els
mecanismes subjacents de I'arritmia i realitzar intervencions que puguin prevenir la
fibrosi auricular s’ha postulat com a essencial per prevenir el remodelat auricular i la

persisténcia de I'arritmia.*®

Tractament de la fibril-lacié auricular

El tractament de la FA té dos objectius principals: evitar les complicacions
associades i aconseguir el control dels simptomes. Per aix0 es disposa de quatre
estratégies: la gestid i control dels factors de risc, el pas a RS i el seu manteniment, el

control de la freqiiéncia cardiaca (FC) i la profilaxis tromboembodlica.*

Tractament medic

La terapia farmacologica ha estat el pilar fonamental del tractament de la FA al
llarg de la historia, i cal adaptar-la a una de dues estrategies principals: el control del
ritme i/o el control de la freqliéncia ventricular. L’eleccio del farmac en cada estrategia
dependra dels simptomes i comorbiditats de cada pacient, aixi com dels possibles

efectes secundaris de cada farmac.*®

L’estrategia de control del ritme pretén restaurar i mantenir el RS, i sol implicar

una combinacié de tractaments més enlla del farmacologic, com la cardioversié eléctrica
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o l'ablacié cardiaca. Un dels farmacs més utilitzats en el control del ritme és
I’amiodarona, un farmac que ha demostrat ser el millor per mantenir el RS,°%°! encara
gue la seva lipofilia i el component en iode de la seva molécula el fan potencialment
toxic a nivell de tiroides, pulmé, fetge, cornia i sistema nervids periferic. S’estima que un
20% dels pacients tractats amb amiodarona tindran un efecte secundari en el primer
any de tractament i fins a un 50% després de tractaments més perllongats. La
dronedarona, el seu congenere no iodat, és també un potent bloquejador de multiples
canals ionics pero sense gran part dels efectes secundaris i amb una eficacia clarament
menor.>? Els antiarritmics del grup Ic dins de la classificacié de Vaughan Williams,
basicament la propafenona i la flecainida, tenen una menor toxicitat sistemica, pero
estan contraindicats en pacients amb cardiopatia estructural o trastorns de la conduccié
pel seu potencial proarritmogenic. La flecainida ha demostrat ser més efectiva que
I’amiodarona per fer el pas a RS.%3

El control de la freqliencia ventricular és una part important del maneig de la FA,
ja sigui com a estratégia per si mateixa o com a complement per aconseguir el control
del ritme. Sovint, el control de la freqiéncia ventricular és suficient per millorar els
simptomes i la qualitat de vida del pacients amb FA. No obstant, existeix poca evidéncia
sobre el tipus de tractament i el rang de freqilieéncies optimes. El control de la freqlieéncia
s’ha assolit amb éxit mitjancant multiples agents farmacologics com els beta-
bloquejadors, els bloquejadors de canals de calci i la digoxina. Alguns farmacs
antiarritmics utilitzats pel control del ritme també tenen propietats frenadores, com

I'amiodarona o la dronedarona, perd donada la seva eficacia limitada i el potencial risc
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d’efectes secundaris, en general aquests farmacs es reserven Unicament per mantenir

el RS.*

L'estudi PIAF va ser el primer estudi aleatoritzat que va demostrar que
I’estrategia de control de freqiiéncia era equivalent a la de control de ritme en el control
dels simptomes.>* Posteriorment el estudis RACE i AFFIRM van confirmar aquestes
troballes, i afegiren que ambdues estratégies eren equivalents en quant a morbiditat i
mortalitat.>>>® No obstant, les analisi adhoc i post hoc van demostrar que els efectes
secundaris del farmacs antiarritmics eren la causa més probable dels resultats adversos
en l'estrategia de control del ritme. Aixi doncs, el manteniment del RS podria millorar
els simptomes relacionats amb la FA i millorar la qualitat de vida del pacients respecte
al control de freqiliéncia, sobretot si es pogués aconseguir reduir els freqlients efectes
adversos dels farmacs.>” Aquesta hipotesi sembla confirmar-se amb els resultats recents
de l'estudi EAST-AFNET 4, que demostra que el control precog¢ del ritme respecte al
control de FC s’associa també amb una reduccid dels esdeveniments adversos

cardiovasculars.>®

Prevencidé de complicacions emboliques

La terapia anticoagulant és efectiva per reduir les embolies sistemiques i el risc
d’ictus en pacients amb FA i es considera una part imperativa de la terapia en pacients
amb risc trombotic elevat i sense contraindicacions per la mateixa. Els antagonistes de
la vitamina K, especialment I'acenocumarol i en menor mesura la warfarina al nostre
medi, han estat el farmacs anticoagulants més utilitzats en la FA al llarg de la historia,

amb marcada evidéncia del seu benefici sobre el risc de tromboembolismes quan els
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intervals de dosis es troben ben ajustats. No obstant, I'estret marge terapéutic d’aquests
farmacs i la seva variabilitat com a conseqiiéncia de multiples factors interns i externs,
requereix extraccions de sang regulars i freqients. Aixo, juntament amb el risc no
menyspreable de complicacions hemorragiques com el sagnat intracraneal, ha conduit
al desenvolupament dels anticoagulants orals d’accié directa. Aquests farmacs,
desenvolupats en els darrers 10-15 anys, inclouen inhibidors directes de la trombina,
com el dabigatran,®® i inhibidors del factor Xa, com el rivaroxaban,®® I'apixaban®® i
I’edoxaban.?? Els inhibidors del factor XI, amb un benefici tedric potencial per actuar
sobre la via intrinseca de la coagulacid, s’estan testant en assaigs clinics de fase Il i 111.53
Els anticoagulants d’accié directa han demostrat que, sense tenir la necessitat de
monitoritzacio rutinaria i ajustament de dosis, tenen una millor farmacocinetica i perfil
clinic que els antagonistes de la vitamina K, aconseguint no inferioritat en la prevencié
d’embolies sistémiques i ictus en els grans estudis pivotals.5* Finalment, en pacients amb
FA que tinguin contraindicacid per anticoagulacié a llarg termini, es pot considerar el

tancament de I'orelleta per a la prevencié d’esdeveniments cardioembolics.®®

Els metodes per estratificar el risc d’embolies sé6n una eina essencial per
determinar la indicacié de terapia anticoagulant de cada pacient. L’escala de puntuacié
CHA2DS2-VASc (Figura 6) és un metode simple d’estratificacié que utilitza una
combinacié de factors de risc préviament identificats. A mesura que augmenta la
puntuacio, també augmenta la taxa anual d’esdeveniments tromboembolics en pacients

amb FA no anticoagulats. Cal valorar la possibilitat d’anticoagulacié en pacients amb

37



un/dos (home/dona) punts a I'escala CHA2DS2-VASc i aquesta és necessaria a partir de

dos/tres punts (home/dona).

Risk factor

Congestive heart failure/LV dysfunction |

Hypertension I
Age =75 1
Diabetes mellitus 1
Stroke/TIA/thrombo-embolism 2
Vascular disease? |
Age 65-74 1
Sex category (i.e. female sex) |
Maximum score : 4
Patients (n=7319) Adjusted stroke
rate (%lyear)®

| 422 1.3%

1 1230 12%

3 1730 3.2%

4 1718 4.0%

5 1159 6.7%

6 679 9.8%

7 294 9.6%

8 82 6.7%

9 14 15.2%

Figura 6. Escala CHA2DS2-VASc. LV: Ventricle esquerra; TIA: atac isquémic transitori. Imatge
reproduida de les Guies de practica clinica de la Societat Europea de Cardiologia.®®

Ablacio cardiaca

L’any 1998 Haissaguerre i el seu equip de Bordeus van descriure la preséncia de
focus ectopics a les VP dels pacients amb FA, observacié que els va portar a practicar el
primer cas de tractament d’aquesta arritmia mitjancant I'ablacié dirigida.® Aixd va obrir
una nova porta al catéter endocardic en el maneig de la FA, i es va produir des de llavors
una gran revolucié en el tractament invasiu d’aquesta arritmia, convertint I'ablacié en
una técnica consolidada als laboratoris d’electrofisiologia de tot el mdn. Les guies de

practica clinica més actuals recomanen I'ablacié com a primera linia de tractament per
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a pacients amb FA paroxistica (classe lla, nivell d’evidéncia B) o FA persistent sense
factors de risc de recurrencia (classe llb, nivell d’evidéncia C). Aquests pacients tindran
una recomanacié de classe | en presencia de taquicardiomiopatia (nivell d’evidéncia B)

o de fracas o intolerancia a un farmac antiarritmic (nivell d’evidéncia A).*

L’estratégia inicial per a I’'ablacié amb cateter de la FA consistia en el mapeig i
ablacié dels focus originats dins de les VP. Al laboratori d’electrofisiologia s’administrava
adrenalina als pacients per a desencadenar la FA; el primer punt d’activacié es mapejava
dins de la VP i s’eliminava. No obstant, aquesta estratégia presentava nombroses
limitacions, com la incapacitat d’induir desencadenants fins en un ter¢ dels pacients, una
alta taxa de recurrencies i I'estenosi de la vena quan es requeria una ablacio distal dins
de la VP. Amb I'objectiu de superar aquestes limitacions, la técnica d’ablacié amb cateter
va evolucionar cap a I'aillament eléctric de les VP. Primer, Haissaguerre i col-laboradors
van descriure un nou enfocament amb la técnica anomenada ablacié segmentaria ostial
gue es basava en I'ablacié proximal en els punts de connexid auricula-vena, a nivell dels
ostiums venosos.? Mitjangant un catéter circunferencial decapolar es mapejaven els
potencials de les VP que mostraven activitat eléctrica i s’aplicava RF a les zones ostials
amb l'activitat eléctrica més precoc fins a eliminar o dissociar els potencials dins de les
VP. Posteriorment, Pappone i col-laboradors van proposar I’ablacié circunferencial
extraostial, un abordatge anatomic basat en I’ablacié envoltant les VP a nivell dels seus
antres.®’” El refinament d’aquesta técnica va ser secundari al desenvolupament i la
popularitzacié de la reconstruccié en 3D de l'auricula mitjangant sistemes de cartografia.

Aix0 va permetre localitzar i visualitzar els catéters en temps real de manera que es
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podien manipular dins de la reconstruccié de cada pacient, adaptant i individualitzant

les lesions d’ablacié segons la mida de I'auricula i I'anatomia de les VP.

El procediment d’aillament circunferencial de les VP ha estat acceptat a la
majoria de centres com a estandard per a pacients amb FA paroxistica, mostrant
resultats satisfactoris. Tot i aix0, la taxa de recurréncia i la necessitat de repetir
procediments sén encara excessius, sobretot en pacients amb les formes més
persistents de I'arritmia. La fibrosi, la dilatacid i altres canvis propis del remodelat
estructural es produeixen a l'auricula després d'anys de FA i tendeixen a fer que aquesta
es perpetui més facilment. A més, els batecs auriculars prematurs que s’originen fora de
les VP i poden iniciar FA sén més freqlents en pacients amb formes persistents de
I"arritmia i que ja presenten cert grau de remodelat. En els darrers anys la recerca s’ha
dirigit a buscar desencadenants localitzats més enlla de les VP, proposant multiples
abordatges complementaris com |'ablacié dels electrogrames (EGM) complexes o
fraccionats o la realitzacid de linies addicionals d’ablacié.®® Tanmateix, a dia d’avui els
resultats sén contradictoris i cap técnica ha demostrat de forma reproduible i robusta

ser superior o millorar I’efectivitat de I'aillament de les VP.%%7%

Metodologia utilitzada durant I'ablacié

Actualment la técnica més utilitzada en I'ablacié de FA és Iaillament
circunferencial de les VP, realitzant la lesié per fora de les venes a nivell del antre.
Existeixen diferents fonts d’energia per tal de crear aquestes lesions, sent la RF i la
crioablacié les més utilitzades en la practica clinica habitual. La RF utilitza la calor

generada per corrent alterna i és la més ampliament utilitzada; la crioablacié és una
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alternativa que acumula cada cop més evidéncia i que consisteix en la creacié de lesions
mitjancant la congelacié d’un balé que oclou la VP.”%>73 En els darrers anys hi ha un
interes creixent en I'Gs de I'electroporacid, una técnica no térmica consistent en corrent
continua que permet la destruccié tissular per mitja de polsos eléectrics curts i d’alt
voltatge.”* Altres sistemes, com I’ablacié mitjancant laser, no s’han popularitzat.
L’aillament electric de les VP requereix I'accés a I’AE per mitja de la puncié
transeptal amb agulla guiada per algun del metodes disponibles: fluoroscopia amb o
sense contrast, monitoritzacié de la pressio, técniques ecocardiografiques o navegacio
tridimensional. Posteriorment, en les ablacions per RF s’utilitza un sistema de navegacié
electroanatomic no fluoroscopic per a adquirir una reconstruccié 3D de 'auricula i les
VP. El MEA obtingut, generalment amb un catéter multielectrode, aporta informacid
detallada de la posicid, voltatge i activacid eléctrica de cada punt auricular (Figura 7).
Aquesta representacio virtual en 3D es pot fusionar amb altres técniques d’imatge com
la tomografia computeritzada o la ressonancia magneética cardiaca (RMC) per a
incrementar-ne la precisié i/o permetre la localitzacié de determinades estructures.
Després d’obtenir la reconstruccido electrica de I'AE es procedeix a realitzar el
procediment d’ablacid. Els catéters d’ablacié per RF que s’empren habitualment tenen
un sistema d’irrigacio, que permet evitar el sobreescalfament del teixit i aconseguir
lesions més profundes, i un sensor de contacte, que assegura una pressio adequada per
aconseguir lesions eficaces, alhora que evitar I'excés de pressié i minimitzar el risc de
perforar la paret auricular. L’ablacié consisteix en la confeccié de linies continues

constituides per punts contigus d’ablacié que engloben les VP esquerres i dretes, fins a
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assolir el bloqueig eléectric bidireccional (Figura 8). Per produir aquestes lesions,
I’electrode distal del cateter d’ablacié administra energia de RF a, segons el protocol

més amplament utilitzat, 30-45W de poténcia i un limit de 452C de temperatura.

Figura 7. Mapa electroanatomic de I'auricula esquerra. S’observa el mapa anatomic (esquerra),
el mapa de voltatge (centre) i el mapa d’activacié (dreta) en 3 projeccions: posteroanterior
(superior), dreta anterior obliqua (mig) i esquerra anterior obliqua (inferior). Imatge original.

L’aillament eléectric de les VP es confirma amb la reduccié de I'amplitud dels
potencials d’accié per sota 0,15 mV dins de I'area englobada, aixi com la comprovacid
de l'aillament eléctric bidireccional entre VP i AE. Aquest aillament es confirma amb
I’eliminacié o dissociacié dels potencials de VP préviament registrats (bloqueig

d’entrada) i absencia d’activacié auricular durant I'estimulacié des de dins de la VP
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(blogueig de sortida). L'éxit del procediment esta directament relacionat amb la

desconnexio eléctrica de les VP.®

Figura 8. Detalls del procediment d’ablacié de la fibril-lacié auricular. Detalls del mapeig
electroanatomic durant el procediment d’ablacio de la fibril-lacid auricular. A) Visualitzacio dels
catéters utilitzats durant el procediment. B) Mapa auricular de voltatge amb marcatge de les
linies d’ablacio. Visualitzacié posteroanterior (C) i anteroposterior (D) de I'ablacid finalitzada.
Imatge original.

Per a millorar els resultats en pacients amb FA persistent i en aquells amb
recurrencies tot i tenir les VP persistentment aillades, s’han proposat estrategies
d’ablacié que abordin el substrat arritmogénic de manera més extensa. Diversos autors
han obtingut bons resultats amb |'ablaci6 d’EGM fragmentats o complexes o la
realitzacid de linies d’ablacié auriculars addicionals, aixi com amb protocols per fases on
aquests procediments es practiquen de forma esglaonada.®®’®77 Altres autors han

apostat per estratégies basades en els mecanismes fisiopatologics de la FA mitjancant
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un mapeig auricular que incorpora analisi de fases, dinamica de conduccid i oscil-lacions
de freqiiencies de I’arritmia que permeten la identificacio de rotors electrics estables i
fonts focals. S’han realitzat multiples estudis dirigits a demostrar I’eficacia de la seva
modulacié de forma aillada o concomitant a I’aillament de les VP,”® perd a data d’avui
els resultats d’aquestes estrategies sén variables i amb poca reproductibilitat. No
obstant aixo, s’estan desenvolupant noves eines de mapeig i métodes computacionals
per al processament avancat de la senyal eléctrica durant FA.”? Un exemple d’aquests
nous elements és la imatge electrocardiografica (ECGi), una técnica per reconstruir de
manera no invasiva l'activitat eléctrica a la superficie del cor a partir d'enregistraments
de potencials de superficie corporal i informacié geometrica del tors i del cor. L'ECGi ha
demostrat valor cientific i clinic quan s'utilitza per caracteritzar i tractar tant arritmies
auriculars com ventriculars.®° Pel que fa a la FA, 'ECGi té avantatge sobre altres
tecnologies de mapeig per permetre una caracteritzacié global de I'activitat electrica en
cada batec auricular i de manera no invasiva, el que podria representar un significatiu
pas endavant cap a la comprensié dels patrons complexes de la FA i I'assoliment
potencial d’estratégies d’ablacié adaptades al pacient en un futur proper. Tanmateix,
atés que I'ECGi requereix molt de temps, suposa un cost economic afegit i l'ds de mapes
eléctrics per guiar I'ablacié de FA encara no esta del tot establert, el valor clinic de I'ECGi

en el tractament d’aquesta arritmia encara esta en fase d'avaluacid.®!

Resultats de I'ablacié amb catéter
El balang¢ risc-benefici de I’ablaci6 amb catéter respecte al tractament

farmacologic en el maneig de la FA ha estat un tema controvertit des de fa més de 20
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anys.?? Les primeres dades indicaven que I'ablacié podia ser més eficac a nivell de
simptomes, sobretot en FA paroxistica. Posteriorment, I'Us de I'ablacié s’ha estes a
pacients més complexes amb formes més persistents de I'arritmia.®® Els estudis més
recents indiquen que l'ablaciéd podria tenir un benefici afegit inclis a nivell de

complicacions com l'ictus i la mortalitat total.®*

En aquest context, les indicacions per a realitzar ablacié en pacients amb FA han
anat augmentant, fent que el numero de procediments realitzats hagi crescut
exponencialment en la darrera década. No obstant, I'éxit de I'ablacié depén en gran part
de les caracteristiques cliniques de cada individu.®> Aixi doncs, la seleccié adequada dels
pacients podria evitar procediments innecessaris quan la probabilitat de mantenir el RS
a llarg termini sigui baixa, realitzant I'ablaciéd Unicament en aquells candidats que

verdaderament se’n beneficiin.

L’exit a llarg termini de I'ablacié amb cateter de la FA se situa entre el 50 i el 80%
segons les series, pero l'estimacid real és dificil degut a la inconsisténcia en les
definicions de procediment exitdés o de recurréncia, i als diferents meétodes de
seguiment, tan en la seva duracié com en la intensitat del monitoritzatge. En general, es
defineix una recurréncia com la preséencia d’arritmia auricular, simptomatica o no, que
dura almenys 30 segons.® Perd aquesta és una definicid arbitraria, desenvolupada amb
proposits de recerca, i s’ha d’entendre en un context clinic més ampli que sovint no
encaixa en un binomi recurréncia si/no, fracas/éxit de la técnica. Per exemple, el pas de
FA persistent i preséncia de taquicardiomiopatia a FA paroxistica i recuperacié completa

de la funcié ventricular té un clar benefici clinic i, no obstant, es catalogaria de
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recurréncia. Estudis aleatoritzats demostren que la caiguda de la carrega de FA, sense
arribar a suprimir-se completament, permet recuperar la funcié sistolica.®” Aixi doncs,
I’éxit clinic de I'ablacié s’ha d’entendre en relacié a diferents objectius com (1) la
presencia d’arritmia després d’'un o més procediments d’ablacid i la seva carrega, (2) el
ritme aconseguit amb i sense farmacs després de I‘ablacid, i (3) la presencia o milloria
dels problemes associats a la FA com la disfuncié ventricular, 'empitjorament de la

gualitat de vida i la simptomatologia associada.

Complicacions

Les complicacions secundaries a I'ablacié amb cateter de la FA han anat reduint-
se progressivament en paral-lel a les millories tecniques i de seguretat en els
procediments, aixi com conseqliencia de I'assoliment de la corba d’aprenentatge. Els
treballs més recents estimen en I’actualitat un risc inferior al 4%, amb un 2% de
complicacions greus.®8 Aquestes complicacions poden aparéixer en el mateix
procediment o fins a una setmana després, emfatitzant la importancia del seu

reconeixement precog.*

Les complicacions més freqglients sén les relacionades amb |'accés vascular:
hematomes, fistules arteriovenoses i pseudoaneurismes. En menys d’1% dels casos pot
apareixer un vessament pericardic que de vegades requereix la realitzacid de
pericardiocentesis i, en ocasions molt excepcionals, una intervencié quirdrgica urgent.
Menys sovint es poden produir embolies, estenosis de VP, lesions del nervi frénic o
danys a I'esofag. Aquestes ultimes sén extremadament rares pero presenten una

elevada mortalitat.*
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Ressonancia magnética cardiaca i fibril-lacié auricular

Des dels seus inicis als anys 80, la RMC ha estat una técnica en expansioé degut a
una millora progressiva a nivell de la maquinaria i de les seqiiéncies d’adquisicié, que
actualment possibiliten la caracteritzacié anatomica i funcional del miocardi d’una
manera rapida i detallada.®® El desenvolupament de les imatges basades en la retencié
del contrast de gadolini ha permeés diferenciar el teixit normal del malalt basant-se en el

seu temps de rentat i el fenomen anomenat RTG.

Donada la capacitat teodrica de la RMC-RTG per a identificar el substrat
arritmogeénic, i el potencial que comporta la seva aplicabilitat a I’electrofisiologia
moderna, en els darrers anys s’han dirigit els esforcos a desenvolupar i testar la seva
utilitzacidé en el tractament de pacients amb arritmies cardiaques. En relacio a la FA,
molts estudis suggereixen que el seu origen és secundari a miopatia auricular. En
aquests context, la RMC és una eina prometedora que, a diferéncia de la tomografia o
I’ecocardiografia, permet caracteritzar la estructura i la funcié miocardica en una sola
técnica, obtenint a més informacié histologica amb les técniques de mapeigen T1, T2 i

la seqiiéncia de RTG.*®

Analisi del substrat auricular

La FA s’associa a canvis eléctrics, mecanics i estructurals a nivell del teixit
auricular, els quals contribueixen al seu propi manteniment. La fibrosi miocardica és un
dels segells distintius d’aquest remodelat i, en models experimentals, ja s’"ha demostrat
gue contribueix al substrat arritmogénic ajudant a I’aparicié i el manteniment de la

FA3
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El gadolini és un material paramagnetic que s’acumula a I’espai extracel-lular per
la seva incapacitat de creuar les membranes cel-lulars. El miocardi fibrotic presenta un
volum extracel-lular més gran i, per tant, acumula una quantitat més elevada de gadolini
que es tradueix en una major intensitat en la RMC-RTG que la que presenta el teixit sa.
A mesura que la resolucid i les seqliencies de RMC s’han anat perfeccionant, la deteccié
i quantificacié de la fibrosi auricular s’ha fet més precisa i s’han desenvolupat softwares
especifics per al seu analisi (Figura 9).°1 A més, els canvis fibrotics visualitzats per RMC-
RTG han estat correlacionats amb el teixit histologic en petits estudis i s'ha examinat la

seva relacié amb les anormalitats eléctriques de I'endocardi auricular.®?

DE-MRI-LA-DE

mssuE
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ADAS 3D

Figura 9. Analisi de la fibrosi auricular mitjangant ressonancia magnetica cardiaca. Analisi de la
fibrosi amb el software ADAs®, que segmenta I'auricula esquerra en la ressonancia magnetica
obtenint-ne una imatge en tres dimensions. Posteriorment es projecta sobre aquesta un codi de
colors segons la intensitat del real¢ tarda de gadolini que s’estandarditza individualment per a
cada pacient (vermell = cicatriu densa, groc = fibrosi intersticial, blau = teixit sa). Imatge original.

El substrat arritmogenic auricular es pot caracteritzar durant el procediment
d'ablacié mitjancant el MEA d'alta densitat, identificant arees de baix voltatge o zones
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de conduccié alentida. Estudis experimentals suggereixen que aquests parametres
s’alteren com a conseqiéncia de la fibrosi miocardica i s’ha emfatitzat la seva
importancia en I"avaluacié del substrat arritmogénic.°>°* D’una banda, s’ha demostrat
gue I'analisi d’aquestes arees té utilitat en la prediccid de recurréencies de FA després de
I’ablacié amb catéter® i, de I’altra, sembla que la seva ablacié dirigida més enlla de les
VP podria augmentar I'eficacia del procediment.®®°” No obstant, aquests parametres
només es poden avaluar de forma invasiva, motiu pel qual s'ha proposat a la
caracteritzacié auricular mitjancant la RMC-RTG com una atractiva eina alternativa per
visualitzar la fibrosi auricular de forma no invasiva. Diversos estudis han intentat validar
la RMC-RTG contra el MEA,®® tant amb el voltatge®*~°! com amb la VC,%2 mostrant
resultats variables i contradictoris. Aixd sembla principalment degut a la utilitzacié de
técniques d’analisi operador-dependent i a la falta d’estandarditzacié de les seqliéncies
d’adquisicié i de la técnica de segmentacié entre les diferents institucions, fet que posa
en perill la robustesa dels resultats i I’aplicabilitat de la RMC en la personalitzacié dels

procediments d’ablacié.

Pronostic dels resultats postablacid

La caracteritzacié del substrat auricular mitjancant RMC-RTG s’ha utilitzat en
diversos estudis per a definir el pronodstic després de I’ablacié de FA.%%193 'extensié de
RTG a I’'AE ha estat classificada per Marrouche i col-laboradors en quatre estadis: 1
(fibrosi en <10% de la paret auricular), 2 (210% a <20%), 3 (220% a <30%) i 4 (=230%),
demostrant associacié directa i gradual entre la fibrosi auricular i la recurréncia

postablacié de FA (a partir del 15% en pacients en estadi 1 fins al 51% en I'estadi 4). La
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fibrosi auricular analitzada per RMC-RTG resultava ser I’Gnic predictor independent de
recurréncia després de I'ablacié, augmentant el risc un 6% per cada 1% addicional de
fibrosi auricular.!

A més de I'analisi de RTG, la RMC permet avaluar la morfologia i la funcié
auricular. El strain o analisi de |la fase de buidament passiu s’ha utilitzat amb exit per
estratificar el risc de recurrencia després de I'ablacid, relacionant pitjor funcié a major
risc de recurréncia.l®*1% També s’ha caracteritzat la forma de I'auricula i el patré de
dilatacié auricular mitjancant un index anomenat esfericitat. Diferents estudis han
demostrat un augment de les recurréncies en pacients que presentaven un index
d’esfericitat més alt, és a dir, en aquells pacients on I’AE era més semblant a un esfera

perfecta.106:107

Guia del procediment d’ablacio

La capacitat teorica de la RMC-RTG per a caracteritzar el substrat arritmogeénic
s’ha postulat com una eina potencial per a guiar els procediments d’ablacié cardiaca i
dirigir-los a I'origen de I'arritmia. En pacients amb FA persistent, el remodelat auricular
i els canvis fibrotics sén el substrat principal pel seu manteniment, possiblement fins i
tot per sobre de les VP. Aix0 explicaria per que els pacients amb FA de llarga durada
tenen un major remodelat i percentatge de fibrosi auricular i per qué en aquests
pacients I'ablacié enfocada uUnicament a l'aillament de VP mostra sovint resultats
suboptims. Dirigir ’ablacié a les zones fibrotiques més enlla de les VP podria ajudar a
eliminar el potencial substrat arritmogeénici els desencadenants necessaris per ainiciar

i mantenir la FA.
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La deteccié de zones de baix voltatge en el MEA s’ha fet servir per guiar la
modificacié de substrat dirigida a la fibrosi auricular en els procediments d’ablacié de
FA. Aquestes zones sén més freqlients en pacients amb formes persistents de I’arritmia
i la seva ablacié dirigida, quan s’afegeix a I'aillament de les VP, pot reduir les recurréncies
postprocediment.?®°7:1%8 No obstant, el mapa de voltatge com a marcador subrogat per
a la identificacié de fibrosi requereix un procediment invasiu i, per tant, no pot ser
utilitzat per a la planificacié del procediment. A més, el voltatge requereix encara ser
estandarditzat, doncs la seva mesura depén de factors com el ritme cardiac, el contacte
del catéter amb el teixit, la mida dels eléctrodes i la separacié entre ells. En aquest
context, no hi ha un consens clar entre els diferents grups d’investigacié en els llindars

de voltatge a utilitzar per definir les zones de fibrosi.'®®

La RMC-RTG, per la seva naturalesa no invasiva i capacitat de detectar,
quantificar i localitzar el miocardi fibrotic, podria permetre superar algunes de les
limitacions de la caracteritzacié de substrat mitjancant el MEA. En I'ablacié de FA,
diversos estudis han intentat demostrar que pot ser una eina util per guiar procediments
de reablacid.!® Gran part de les recurréncies després d’un primer procediment
s’associen a linies d’ablacié incompletes al voltant de les VP (anomenades gaps) que
podrien correspondre a arees reconnectades o bloqueig de conduccié transitori.}!! En
models animals, la RMC-RTG ha demostrat ser util en la deteccié d’aquests gaps com a
guia en procediments de reablacié.''?> No obstant, el potencial d’aquesta técnica en
humans ha mostrat resultats contradictoris. Spragg i col-laboradors van demostrar una

concordanca entre la fibrosi visualitzada per RMC-RTG i les zones de baix voltatge, pero
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aquesta fibrosi no proporcionava una informacid acurada sobre els llocs de
reconnexid.’® Contrariament, Bisbal i col-laboradors van observar que la RMC-RTG podia
guiar de forma exitosa els procediments de reablacié mitjancant la identificacié del
gaps, el que reduia temps global i d’aplicacié de RF.}** A més, la longitud del gap
respecte la longitud total de la linia d’ablacié (longitud relativa del gap), ha demostrat
ser un marcador de recurréncia quan s’analitza en la RMC-RTG realitzada 3 mesos
després del procediment.’** En el cas de primers procediments, I'ablacié de substrat
anatomicament guiada per RMC-RTG podria reduir el temps de procediment, aixi com

augmentar la seva precisié i reduir les recurréncies.!'®

Perspectives futures

En el darrers anys, la introduccio de la tecnologia de RMC oberta i els progressos
en les técniques d’imatge han obert la porta a l'intervencionisme guiat per RMC en
temps real. La creixent complexitat dels procediments electrofisiologics requereix cada
cop més un millor detall anatomic i visualitzacié del posicionament del cateters. La RMC
en temps real combina els avantatges d’una caracteritzacié excel-lent dels teixits tous
en un veritable model anatomic i funcional en 3D amb la possibilitat de visualitzar les
lesions i gaps en viu, sense necessitat de radiacié. Les potencials avantatges de I'Us
d’aquesta tecnologia sén evidents: menys radiacid pel pacient i el professional, la
caracteritzacid tissular Optima en 3D i la possibilitat d’analitzar la resposta téermica dels
teixits en temps real, permeten una excel-lent analisi diagnostica i terapéutica. La RMC
en temps real presenta una tecnologia d’imatge particular i atractiva per guiar els

procediments d’ablacié amb catéter, sobretot en arritmies complexes com la FA on la
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caracteritzacio tissular és extremadament rellevant. A dia d’avui, la majoria d’estudis
sobre RMC en temps real aplicada a I’electrofisiologia han estat realitzats en models
animals.?'517 Aixd no obstant, existeix una evidéncia creixent de la seva aplicacié en

humans.118,119

D’altra banda, el tractament de la imatge cardiovascular canviara
substancialment en la propera década. Aixd és degut a la revolucié dels recents
desenvolupaments en maquinaria computacional que han permés I'expansié del deep
learning, una part de la intelligéncia artificial capa¢ d’extreure funcions
automaticament i aprendre de forma autonoma a partir del reconeixement de
patrons.'?® La segmentaciéo manual de les auricules a partir d'imatges médiques és un
procés que requereix molt de temps, molta ma d’obra i és propensa a errors, motiu pel
qual els investigadors han intentat desenvolupar i millorar enfocaments més moderns i
algoritmes automatitzats.'?! L'aplicacié de la intel-ligéncia artificial a la segmentacié
auricular i a I'analisi de la RMN-RTG proporciona una solucié precisa alternativa als
metodes tradicionals i es creu que esdevindra de gran importancia en els propers

anys.12?

En resum, la RMC és una versatil i extraordinaria técnica no invasiva que
proporciona una informacié excel-lent sobre I'estructura i la funcié auricular, presentant
la capacitat potencial de revolucionar la definicié del substrat auricular i I'enfocament

terapeutic dirigit en I’ablacié de FA.
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HIPOTESIS

Hipotesi general

La ressonancia magnetica cardiaca amb real¢ tarda de gadolini permetra

analitzar el substrat arritmogénic auricular i guiar I'abordatge terapeutic en pacients

amb fibril-lacié auricular.

Hipotesis especifiques

SUBPROJECTE 1: Validacié de la ressonancia magneética cardiaca amb realc tarda de

gadolini en la deteccio de fibrosi auricular

1. Lafibrosiauricular és un signe distintiu del substrat electrofisiologic en la fibril-lacid
auricular i la ressonancia magnética cardiaca amb real¢ tarda de gadolini té
potencial per detectar-la de forma no invasiva. La comparacié de la ressonancia
amb el mapa electroanatomic, actual técnica de referéncia per analitzar el substrat
arritmogeénic, permetra validar i conéixer les limitacions d’aquesta técnica en la

deteccio de fibrosi i remodelat auricular.

SUBPROJECTE 2: Relacié entre aorta i fibrosi auricular analitzada mitjancant la

ressonancia magnetica cardiaca amb realc tarda de gadolini

2. Lafibrosi enl'auricula esquerra es desenvolupa principalment a la zona de la paret
posterior que envolta la vena pulmonar inferior esquerra, secundariament a un

possible trauma constant de I’aorta adjacent. L'extensid de fibrosi detectada en
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aquesta area mitjancant la ressonancia magneética cardiaca amb real¢ tarda de
gadolini es correlacionara amb la distancia de I'auricula a I’'aorta i amb el pronostic

de la fibril-lacié auricular després de I'ablacio.

SUBPROJECTE 3: Avaluacid de I'Gs de la ressonancia magneética cardiaca amb realc tarda

de gadolini en I’ablacid de fibril-lacié auricular

3. Donada la implicacié de la fibrosi auricular en la fisiopatologia i el pronostic de la
fibril-lacié auricular, I'ablacié guiada mitjancant la ressonancia magneética cardiaca
amb real¢ tarda de gadolini reduira el nombre de recurréncies en el seguiment a

llarg termini, tant en primers procediments com en procediments de reablacié.
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Objectiu general

Estudiar el rendiment de la ressonancia magneética cardiaca amb real¢ tarda de
gadolini en I'avaluacid i tractament del substrat arritmogénic de I'auricula esquerra en

pacients amb fibril-lacié auricular.

Objectius especifics

SUBPROJECTE 1: Validacié de la ressonancia magnetica cardiaca amb realc tarda de

gadolini en la deteccio de fibrosi auricular

2. Validar la ressonancia magneética cardiaca amb realg¢ tarda de gadolini en la
deteccié de fibrosi auricular mitjancant la comparaci6 amb el mapa

electroanatdomic, realitzant una analisi punt per punt i per regions auriculars.

3. Identificar els factors que influeixen en la precisié de la ressonancia magnetica

cardiaca amb realg¢ tarda de gadolini en la deteccié de fibrosi auricular.

4. Avaluar la fiabilitat de la ressonancia magneética cardiaca en la deteccié de fibrosi

auricular al llarg del seguiment posterior a I’ablacié de fibril-lacié auricular.

5. Analitzar els canvis dinamics del mapa electroanatomic mitjancant estres
electrofisioldogic funcional secundari a estimulacié auricular decremental i
comparar-ho amb la ressonancia magnetica cardiaca amb real¢ tarda de

gadolini.
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SUBPROJECTE 2: Relacié entre aorta i fibrosi auricular analitzada mitjancant la

ressonancia magneética cardiaca amb realc tarda de gadolini

5.

Analitzar la relacié entre la distancia des de 'aorta descendent a I'auricula
esquerra i la preséncia de fibrosi auricular detectada per ressonancia magnetica
cardiaca amb real¢ tarda de gadolini en la zona de superposicié d’ambdues

estructures anatomiques.

Determinar si I'increment de fibrosi auricular a la regié adjacent a l'aorta

descendent és un artefacte de la ressonancia magneética cardiaca.

Determinar la repercussié d’aquesta fibrosi regional en la taxa de recurréncies

després de I'ablacié de fibril-lacié auricular.

SUBPROJECTE 3: Avaluacio de I’Us de la ressonancia magnetica cardiaca amb realc tarda

de gadolini en I’ablacid de fibril-lacié auricular

Analitzar si la localitzacié i ablaciéo de gaps anatomics guiada per ressonancia
magnetica cardiaca amb real¢ tarda de gadolini redueix el percentatge de
recurrencies respecte a la técnica convencional en els procediments de

reablacio.

Avaluar si l'ablacié de fibrosi auricular primaria guiada per ressonancia
magnética cardiaca amb realg tarda de gadolini, afegida a la ablacié convencional
de les venes pulmonars, redueix el percentatge de recurréncies respecte a la

tecnica convencional.
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MATERIALS, METODES | RESULTATS

SUBPROIJECTE 1: Validacié de la ressonancia magneética cardiaca amb realg tarda de

gadolini en la deteccid de fibrosi auricular.

Article 1
Accuracy of left atrial fibrosis detection with cardiac magnetic resonance: correlation of

late gadolinium enhancement with endocardial voltage and conduction velocity.

Resum

La fibrosi auricular és un segell distintiu en la FA i la seva caracteritzacié podria
ser util per millorar els resultats actuals de I’ablacié. Sembla que la RMC-RTG detecta les
zones de fibrosi, pero la seva precisié continua sent controvertida. L’objectiu d’aquest
estudi era correlacionar la RMC-RTG amb el MEA, el sistema de referéncia per
caracteritzar el substrat arritmogénic en abséencia d’histologia, per poder validar la

técnica i definir-ne les limitacions.

Es va realitzar una RMC-RTG en 16 pacients abans d’un primer procediment
d’ablacié de FA. La intensitat de senyal de cada punt de I’AE es va normalitzar per la
intensitat de la sang de cada pacient per tal d’obtenir un valor normalitzat anomenat
index d’intensitat de la imatge -image intensity ratio, (IIR)- amb el que es podia classificar
la senyal de cada punt en teixit sa (/IR < 1,20), fibrosi intersticial (= 1,20 /IR < 1,32) o
cicatriu densa (/IR = 1,32). El voltatge i la VC de cada punt del MEA durant RS es van

projectar en la RMC-RTG amb una correlacié punt per punt semiautomatica.
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Es va obtenir una reduccid progressiva, tan del voltatge com de la VC, a mesura
gue augmentava la intensitat del RTG, mostrant una correlacié inversa significativa del
/IR amb el voltatge (r =-0,39; P <0,001) i amb la VC (r = -0,25; p < 0,001). A més, es va
observar que en pacients amb auricules més dilatades (245cm de diametre
anteroposterior) la capacitat predictiva de la RMC-RTG sobre la VC era més feble (r = -

0,40 + 0,09 vs —0,20 £ 0,13; p = 0,02).

Com a conclusions, les zones amb més RTG van demostrar un voltatge més baix
i una conduccidé més lenta en RS, mostrant correlacié entre el MEA i la RMC-RTG en una
analisi punt per punt. El rendiment de la RMC-RTG en la deteccié de substrat

arritmogeénic va ser menor en pacients amb auricules dilatades.
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Aims Myocardial fibrosis is a hallmark of atrial fibrillation (AF) and its characterization could be used to guide ablation
procedures. Late gadolinium enhanced-rnagnetic resonance imaging (LGE-MRI) detects areas of atrial fibrosis.
However, its accuracy remains controversial. We aimed to analyse the accuracy of LGE-MRI to identify left atrial
(LA) arrhythmogenic substrate by analysing voltage and conduction velocity at the areas of LGE.

Methods and late gadolinium enhanced-magnetic resonance imaging was performed before ablation in 16 patients. Atrial wall in-
results tensity was normalized to blood pool and classified as healthy, interstitial fibrosis, and dense scar tissue depending
of the resulting image intensity ratio. Bipolar voltage and local conduction velocity were measured in LA with high-
density electroanatomic maps recorded in sinus rhythm and subsequently projected into the LGE-MRI. A semi-
automatic, point-by-point correlation was made between LGE-MRI and electroanatomical mapping. Mean bipolar
voltage and local velocity progressively decreased from healthy to interstitial fibrosis to scar. There was a significant
negative correlation between LGE with voltage (r = -0.39, P< 0.001) and conduction velocity (r = -0.25,
P < 0.001). In patients showing dilated atria (LA diameter c45 mm) the conduction velocity predictive capacity of

LGE-MRI was weaker (r = -0.40 £0.09 vs. -0.20£ 0.13, P= 0.02).

Conclusions Areas with higher LGE show lower voltage and slower conduction in sinus rhythm. The enhancement intensity cor-
relates with bipolar voltage and conduction velocity in a point-by-point analysis. The performance of LGE-MRI in
assessing local velocity might be reduced in patients with dilated atria (LA diameter c45).

Keywords Atrial fibrillation « Late gadolinium enhancement < Leftatrium < Atrial fibrosis « High-density electroanatomic
map ¢ Bipolar voltage « Conduction velocity
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What's new?

» Areas of fibrosis detected by late gadoUnium enhanced-mag-
netic resonance imaging (LGE-MRI) using a detailed. system-
atic. operator-independent analysis. correlates with
arrhythmogenic substrate detected through bipolar voltage
andconduction velocity.

» The perfonnance of LGE-MRI to predict local conduction ve-
locity seemsto be lower in patients with dilated leftatria.

Introduction

In recent years, catheter ablation has become an effective therapy for
atrial fibrillation (AF). Pulmonary vein isolation (PI/1) is the corner-
stone of ablation procedures, especially in paroxysmal AF. In persis-
tent AF. however. mechanisms sustaining prolonged arrhythmic
events commonly include further complex atrial substrates and trig-
gers beyond the pulmonary veins, eventually resulting in unsatisfac-
tory outcomes of PVI when performed alone. In this regard.
precUnical and clinical work has established that atrial fibrosis is the
main contributor to the arrhythmogenic substrate maintaining AF in
these patients.!

The atrial arrhythmogenic substrate may be characterized dur-
ing ablation procedures through high-density mapping, by the
identification of low-voltage areas (LVAs) or areas of a de-
creased conduction velocity (CV).2.3 Experimental research sug-
gests that CV in the left atrium (LA) is also altered as a
consequence of myocardial fibrosis.’' Rolf and collaborators em-
phasized the importance of LVAS in the e11aluation of the ar-
rhythmic :sub:strate,5 and subsequent work showed that LVAs
may predice AF recurrences after catheter ablation.® Therefore,
despite contlicting evidence, it is conceivable that the ablation of
LVAs increases the effectiveness of ablation procedures solely
targeting pvi. However, these parameters can only be assessed
during invasive procedures. Non-in11asive tools have been devel-
oped in recent years to characterize the arrhythmogenic sub-
strate. Electrocardiographic irnaging has been used to identify
potential AF dri11ers with hitherto little success in clinical prac-
tice. Characterization of the LA by late gadolinium-enhanced
magnetic resonance imaging (LGE-MRI) has been proposed as an
attractive non-invasive too! to visualize atrial fibrosis.7 Previous
119 and ¢V with
LGE-MRI data, but the use of operator-dependent and rough

studies hal1e correlated intra<avitary voltage

techniques jeopardize the robustness of results and the applica-
bility of LGE-MRI to fine-tuning and personaUzing ablation
procedures.

In chis study, we aimed to evaluate the accuracy of LGE-MRJ at a
point-by-point le11el to assess the native atrial arrhythmogenic sub-
strate andstudy whether this accuracy depends on LA size. For these
purposes. we conducted a point-to-point correlation between
high-density electroanatomic maps (EAM) focusing on both bipolar
voltage and local CV, and LGE-MRI, and took advantage of a semi-
autornatic, systematic. reproducible. and largely operator-
independentfusion method.

Methods

Patient selection

Slixteen patients who underwent their first AFablation in our centre from
january 2018 to January 2019 were included. Only patients without con-
traindication for MRI who presented optimalquality in theLGEsequence
and who werein sinusrhythm (SR) at the beginning of the procedure and
throughout the acquisition of EAM were included. Further exclusion cri-
teria are listed in Table 1. Patient characteristics including age. gender.
comorbidities.andtype of AF wererecorded. Written informed consent
was obtained; the research protocol was reviewed and approved by the
localresearch ethics committee (reference HCB/2017/0509).

Magnetic resonance imaging

If the patient was in AF before the MRI, electrical cardioversion was per-
formedunder deep sedation. Magnetic resonance imaging acquisition was
performed <2 weeks before the ablation using a 3-Tesla scanner
(Magnetom Trio, Siernens Healthcare, Erlangenm Germany) and a 32-
channel cardiac coil. An intra-venous bolus of 0.2 mmol/kg gadobutrol
(Gadovist, BayerSchering, Berlin. Germany) was administered 20min be-
fore the acquisition. A free-breathing three-dimensional (3D) navigator
and ECG-gated inversion recovery gradient-echo sequence wereapplied

in axial projection. The voxel size acquired was 1.25x 1.25 x 2.5mm°.
Other typical sequence parameters were 2.3 ms repetition time, 1.4ms
echo time, 11° ilip angle,460Hz/pixelbandwidth, and280-380ms inver-
sion time (TI). A Tl scout seQuence was used to nullify myocardial signa!
and determine optimal! TI. Complete LA coverage was typically obtained
with40-50silces.

Late gadoUnium-enhanced magnetic

resonance imaging post-processing

Toe LA was segmented in the LGE-MRI using ADAS-Ap!9image post-
processing software (Galgo medica! SL, Barcelona, Spain). The mid-
myocardial (50% thickness) layer was manually drawn on each axial plane
and was automatically adjusted by the software to build a 3D shell. The
pulmonary vein at the ostia and themitral valve wereremoved for analy-
sisoffibrosis. Thesigna! intensity wasnormalized to the LAbloodpoolin-
tensity as described previously.'? Toe image intensity ratio (IIR) was
calculated as the ratio between the signal intenslty of each pixel and the
mean blood poolintensity in every patient. EachlIR value was projected
onto the mid-myocardial 3D shell and colour-coded as healthy (IIR <
1.20). interstitial fibrosis (1.20 IIR < 1.32). or dense scar (IR 1.32).
accordingto thresholdsproposed byBenito etal.”® (Rgure /C).

Electrophysiologicalmapping

Trans-oesophageal echocardiography was performed in ali patients

<24 h befare ablation to rule out the presence of an intra-atrial throm-
bus. Toe ablation and EAM ac9uisition protocol were performed as de-
scribed previously.'*Three-dimensional (3D) position coordinates were
recorded with CARTO 3 (Biosense Webster, Diamond Bar, CA. USA)
and a 20-pole circular mapping catheter (LassoNav, Biosense Webster).
Peak-to-peak voltages were collected from the 10 dipoles and a high-
density bipolar voltage map was created. Left atrial voltage andactivation
mapswere constructed duringSR before ablation. Endocardial contact of
the mapping catheter was ensured with CARTO 3D catheter stability
algorithms and an interna! point filter to limit data acquisition to 7 mm
from the anatomic shell to reduce mapping in the blood pool(Figure /A
andB).
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Accuracy oi left atrial flbrosis detection with CMR

Analysis of conduction velocity

Subsequently, an activation map of the LA was created for each patient
to calculate the localactivation time (LA T) and CV. Electrical signals were
processed and rendered in 3D to displaythe LAT at each pointand inves-
tigate electrical activation pattems. Ali points were manually reviewed.
those recordedduring ectopic beats were excluded. anda stable SR elec-
trogram was set asreference. A maprepresenting the time difference be-
tween the stable reference and the activation wavefront was
constructed. The LA was parameterized using a common reference sys-
tem following a previously described method.' The CV between two ad-
jacent points was calrulated as the geodesic distance divided by the LAT
difference and was expressed in mm/ms.Offline analyses wereconducted
with Python.

Late gadolinium-enhanced magnetic
resonance imaging and electroanatomic

maps correlation
A reconstructed surface mesh of the LA and EAM data were extracted
from the CARTO mapping system. CARTO points were fir.;t projected

Table I Inclusion and exclusion criteria

Inclusion criteria Exclusion criteria

« Undergoing first AFablation « Previous LA ab\ation
« Optima! MRI-LGE sequence + LV dysfunction (LVEF::;45%) or
« CARTOmapping system severe valvulopathy

« SRat thebeginning of the » Contraindication for MRI

ablation procedure * Glomerular filtration <30
»  SRduring aliablation mUmin
procedure < Claustrophobia
* Age"._18years « Gadolinium allergy

* MetaUic devices
¢ Pregnancy
« Informed consent not provided

AF ,atrfalfibrillation; LA, le acrfum;LV, leftventride; LVEF. left ventride eiectlon
fraction; MRI. magnetic resonance imag1ng: SR.sinus rhythm.

onto the surface meshof the EAM by closest point approximat.ion. Then,
both the LGE-MRI and CARTO surface meshes were standardized by
semi-automatically clipping off pulmonary veins, the LA appendage, and
the mitral valve. Both standardized meshes were affine and non-rigidly
registered to an LA template mesh. With both meshes in the template
space.CARTO points were projected from theEAMsurfacemesh to the
LGE-MRI mesh. enabling point-by-point correlations. An overview of the
corre\ation method described is depicted in Figure 2.5

Statistical analysis

Continuous variables are expressed as mean % standard deviation (SD)
and range. Categorical variables are shown as the total number (percent-
age). We used unpaired tetests to compare means between groups. The
correlation between two quantitative variables was assessed with
Pearson's correlation coefficient The association between atrial EAM
and IR was fitted in a generalized linear mixed modelwith random inter-
cept due repeated measures per patient and, given that homoscedasticity
assumption was clearly not accomplished, log-transformed data were
used. A two-sided type | error of 5% was used for all tests. Ali analyses
were performed using R v3,6.1 (R Project for Statistical Computing;
Vienna.Austria).

Results

Patient characteristics

Betvveen January 2018 and January 2019, 88 patients underwent a
first AF ablation procedure. In 44 patients, another system than
CARTO high-density rnapping with a multi-polar mapping catheter
wasapplied. Twenty-six patients were excluded because theydid not
undergo MRI or their quality was insufficient One patient with car-
diomyopathy and another with no possibility of maintaining SR
throughout the LA mapping were also excluded. Finally, a cohort of
16 patientswho met the inclusion crite,ia wasprospectively included.
Table 2 shows their clinical and cardiac irnaging characteristics. The
mean age was 63 7 years, AF was par-oxysmal in 13 patients (76%).
and the average mean time since diagnosis was 21+ 19months
(range: 2-96months).

010mV BI 060mV =223 -
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Figure | Representative maps obtained for correlation analyses. Posteroanterior view of the left atrium. (A) Local voltage map. The zones with
voltage >0.S mV are shown in purple and the red zone denotes voltage <0.1mV. Green, yellow, and blue represent intermediate voltages. (B) Local

activation map.Fromgreen to pink. early to lateactivation. (C) Gadolinium enhancement intensity in MRI.The healthy tissue (IIR< 1.20) area isrepre-
sented in dark blue, scar (IR ?:_1.32) is shown red andintermediate colours (blue to red) denote inter ;titial florosis (1.20?:.1IR < 1.32). [IR,imageinten-

sity ratio;MRI, magnetic resonance imaging.
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Figure | Characteristic multi-modal workflow for each patient Scheme of multi-modal data analy:;is. LA anatomy and tissue type in the LA wall are
excracted from LGE-MRI data. A reconscructed EAM is obtained from CARTO points. Spacial correspondence of CARTO peines and LGE-MRI-de-
rived LA shape Is obtained usinga reglstratlon-basedapproach. EAM, eleccroanatomical map;LA.left atrium: LGE-MRI, late gadolinium enhanced car-

diac magnetic resonance. Reproduced from Ref.'®

Tablé 2 Baseline patient characteristics

Characteristic Value
Age (years) 63+ 7
Sex (mate) 5 (29%)
Body mass index 28+4
Atria! fibrillation pattem

Paroxysmal 13 (77%)

Persistent 3 (23%)
AFduration (months) 21+19
Arterial hypertension 8 (50%)
Obstructive sleep apnoea 3(18%)
Diabetes mellitus 5 (29%)
LVEF (%) 58+6
LAAP diameter (mm) 43+4
LAvolume (ml) 111£24

Dataarepresentedasmean + SDor N (%).
AF, atrial fibrnlation: AP, a.nteroposterior: LA. left atrium: LVEF, loft ventricular

ejection fraction.

Bipolar voltage and image intensity ratio

Bipolar electrograms were obtained at 4055 sites in the 16 patients,
with anaverage of 253+ 139 pointsper patient andamean density of
mapping points/LA surface of 2.25 points/cmZA The mean overall

voltage was 1.46 £0.23mV. These electrograms were subsequently
proiected into che LGE-MRI shell as me1tioned previously. Most
electrograms fell into MRI-areas classified as healthy (3549 points,
88%), with 369 (9.1%) electrograms in interstitial fibrosis areas, and
137 (3.4%) in the dense scar. The voltage significantly differed
arnongst these areas (Figure 3A). The mean electrogram voltage in
LGE-MRI areas classified as healthy was 1.59 + D.05mV, being lower
in interstitial fiorosis areas (0.79 £ 0.07mV,P < 0.001 vs. healthy). The
lowest vottage (P= 0.002) was observed in electrograms localized at
scar areas, with ameanof 0.44 £ 0.1mV.

Conduction velocity and image intensity
ratio

The mean local CV in the LA of all patients was 0.96* 0.23 mm/ms.
In the 3549 points classified as healthy, the mean local CV was
1.04 £0.06mm/ms, being significantly lower in interstitial fibrosis
areas (0.72+0.07mm/ms, P<0.001). The slowest local CV was
found in the scar region (0.62+0.08mmims), although it did not
reach statistical significance when compared with interstitial fibrosis
(P=0.13). Figure 3B shows the distribution of the local CV among the
threeregionsofthe LGE-MRI.

Correlation between voltage, conduction

velocity, and image intensity ratio
Voltage and CV at ali 4055 points in the EAM were correlated

with tlle LGE-MRI on a point-by-point basis. The overall
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correlation is depicted in Figure 4 with the data of each patient each patient are shown in Figvre SA. ranging from -0.16 to
shown in Figure 5. Data for both the voltage and the CV were -0.71.

non-normally distributed. and their log-transformation was used
for correlation analyses. Toe log-transformed bipolar voltage
showed a negative correlation with local IIR (r = -0.39. P< 0.001:

Similarly. a negative correlation was also found between local CV
and IR (Figures 4B and 5B: r = -0.25. P<0.001). A negative correla-
tion between CV and IIR was found for ali patients, with correlation

Figures 4A and 5A). Correlation plots between voltage and IIR for coefficients ranging from-0.06 to -0.56 (Figure 5B).
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Impact of left atrium size in correlation andthe MRI demonstrated a mean LA volume of 111+ 24 ml (range: "ot

75-146).There wasno significant correlation between the size of the
LA and the mean volrage or CV of each patient (P= 0.SO and
The LA size was measured in ali patients. Echocardiography srowed P=0.32, respectively). We subsequently aralysed >M"lether LA size
a mean anteroposterior (AP) diameter of 43+ 4mm (range: 37-52) had an impact on the accuracy of LGE-MRI to predict both bipolar
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volt.age and CV. We found that LGE-MRI yielded a worse capacity to
predict CV as the atrium dilates (significant inverse correlation be-
tween the local CV-IIRwith LAsize, r = -0.54, P<0.03 for AP diam-
eter; r = -0.34, P< 0.02 for LA volume, Figure 6A). Indeed, the
intensity of the association was lower in patients with a dilated atrium
(AP diameter 45mm, mean r = -0.20+0.13 vs. --0.40+0.09, di-
lated vs. non-dilated, P=0.01, Figure 6B). Results remained similar
when atrial size was indexed by body surface anea (BSA) (r =-0.52,
P =0.037). The intensity of this association wasalso lower in patients
with non-dilated indexed atrium (AP diameter/BSA <24 mm/m?,
mean r = -0.19%0.09 vs. -0.39+0.13, not dilated vs. dilated,
P=0.004). Conversely, the accuracy of LGE-MRI to pnedict voltage
did not change over a range of atJial size (r= -0.15, P= 0.57 for AP
diameter; r= -0.03, P = 0.92 for LA volume and r= -0.08, P=0.77
for BSA-indexed LA), and there were no significant differences be-
tween dilated and non-dilated atria (-0.39+0.20 vs. --0.34+ 0.14,
P=0.56).

Discussion

Toe rnain findings of the study were that (i) in a point-by-point analy-
sis, more intense LGE correlates with lower bipolar volt.age and
slower local CV and(ii) left atJialdilation seems to decrease the accu-
racyof LGE-MRI to prediet LA local CV.

Widespread use oflate gadolinium-
enhanced magnetic resonance imaging

warrants accuracy validation
It has been proposed that atrial fibrosisunderlies low voltage areas in
the EAM, substantiating the use of voltage mapping to characterize

the arrhythmogenic substrate in AF patients.? Magnetic resonance

imaging is an evolving technique capable of detecting atrial fibrosis,
but its reliability is still disputed. Definitive validation would require
the collection of histological samples as the gold standard, but the
feasibility of such analyses is limited. Therefore, efforts have focused
on comparing LGE-MRI data with surrogate fibrosis parameters such
asintra-cavitary voltage and CV maps. Recent studies havecompared
voltage and LGE intensity by averaging data over relatively large atJial
su,face areas’ or standard deviations ranges,® or by comparing fi-
brotic and non-fibrotic patches.'® Nevertheless, the advent of MRI-
guided ablation procedures requires accurate identification of the
small fibrotic patches to be t.argeted. Therefore, while previous stud-
ies have shown that LGE-MRI yields an estimate of atrial fibrosis over
large areas, theseappear insufficient to validate LGE-MRI to guide ab-
lation. Demonstration of accuracy ata much more detailed level (i.e.
point-by-point) is warranted.

Detailed mapping shows an inverse
correlation between bipolar voltage and
late gadolinium-enhanced magnetic

resonance imaging

Whether LGE-MRI precisely defines fibrotic patches remains un-
known.Harrison and coltaborators found a weakpoint-by-point cor-
relation between non-standardized atrial intensity in LGE-MRI and
endocardial voltage in patients undergoing re-do procedures’® but
unfortunately. first cases were not included, and accuracy in predict-
ing CV was not addressed. Our resultsshow a significant correlation
between voltage and the normaliized IIR in detailed, point-by-point
correlation analysis of patients undergoing a first ablation. To reduce
variabiUty, we tookadvantage of a systernatic, operator-independent
semi-automatic method, thereby reducing variability associated with

. . . . 3
operacional factors. Moreover, in contrast to previous studies, -1
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we used non-rigid {U5ion techniques, thereby yielding moreaccurate
analysis.

Although an association between IIR, voltage, and O/ has been
demonstrated, it is of moderate intensity, as shown between log-
transformed voltage and IIR. T echnical artefacts and inter-individual
variability may partially account for decreased precision, but relevant
mismatches between techniques should be considered. It has re-
cently been reported that bipolar voltage during SR can vary regard-
ing the atrial rhythm, the frequency, and the direction of activation
waves and might not accurately predict the underlying arrhythmo-
genic substrate.'’Far-field potentials may conceal small local electro-
grarns, therefore atrial fibrosis might remain undetected. Late
gadolinium enhanced-magnetic resonance imaging might be a more
sensiti\1/8e technique than SR bipolar voltage to characterize atrial fi-
brosis. Alternatively, it is plausible that interstitial fibrosis at early
stages might remain undetected with current MRI sequences.?

Late gadolinium-enhanced magnetic
resonance imaging predicts conduction

velocity in the left atrium

Although endocardial voltage hasbeen the mo ,extensively used pa-
rameter to assess arrhythmogenic remodelling, other parameters
have also been tested. Amongst these, CV is particularly attractive
because of its comribution to Af pathophysiology." However, few
studies have addressed the relationship between LGE-MRI and 0/.
Fukumoto etal."" foundalower CVinthose atrial areas with a higher
LGE-MRI-detected fibrosis burden. We show that a higher IIR in the
LA myocardium correlates with alower local CV in a detailed, point-
by-point correlation. The slowest CV was localized in the scar area,
although it was not significantly different from the CV at interstitial fi-
brosis areas, likely dueto the low number of dense scar points in our
coho,t of patients without previous ablations. Indeed, post-ablation
studies suggest that LGE-MRI is a useful tool to predict conduction
block lines andpost-ablation gaps.'®

Left atrium size impacts late gadolinium-
enhanced magnetic resonance imaging

accuracy

Left atrial structural remodelling triggers andperpetuates AF, and AF
perpetuation induces further structural remodelling. 1n our study, we
found that the accuracy of LGE-MRI to predict CV decreases with
atrial dilation, suggesting a better performance in small, less remod-
elled atria. Indeed, in dilated atria (AP diameter ~ 45mm), the ability
of LGE-MRI to predict CV is rather low (r generatly <-0.2).
Conversely, this atrial size-dependent effect was not observed for
voltage prediction. The reasons for this finding remain undear. leis
possible that in more remodelled atria (larger, higher fibrosis
burden), electrical conduction becomes increasingly anisotropic. This
zigzag conduction ata microscopic level might not be properly cap-
tured in EAM or may be uncovered only under rapid activation or
stimulation. Overal these findings could explain the low perfor-
mance of LGE-MRI in previous studies that mostly included patients
with dilated LA. It is ofnote,however,that our resultsshould be con-

finnedin subsequent, larger studies.

Clinical implications

Previous work demonstrated that dense scar identified in LGE-MRI
provides a reliable de nition of conduction block lines in patients
who have already undergone AF ablation, thereby substantiating its
usein re--do procedures.20 However,the accuracy in detectingnative
firotic patches is stillunclear. Our results support that MRIcan pro-
vide a reliable estimate of the presence of interstitial fibrotic patches
of variable sizes. Whether ablation or homogenization of patches
identified in LGE-MRI truly targets arrhythmogenic mechanisms and
improves ablation outcomes is currently being tested in randomized
clinical trials (ALICIA -NCT02698631- and DECAAF 11 -
NCT02529319-). Nonetheless. atrial dilation might significantly im-
pact accuracy and should be considered as a potential factor modify-
ing efficacy.

Limitations

While our results ares1atistically significantand constitute conclusive
and dinically relevant findings. the small sample size has to be ac-
knowledged as a limiting factor. Moreover, the inclusion criteria and
the specific MRI quality demands of the study imply a certain selec-
tion; thus, our findings may not be readily applicable to the general
population. We have chosen local voltage and CV as a reference to
validate LGE-MRI.Both. localvoltage and CV in SRhave beenused as
surrogates of fibrosis, but they do not necessarily represent an
arrhytl,mogenic substrate per se. However, while it would be intrigu-
ing to correlate gadolinium enhancement with functional surrogates
of arrythmogeneicity, this would have been beyond the scope of this
study. Finally, although most processes were operator-independent,
segmentation stillneeded to be manual;of note. however, highinter-
operator reproducibility was demonstrated.?"

Conclusions

Toe LGE-MRI showed an inverse association with the electroana-
tomical mapping in SR, demonstrating the ability of LGE-MRI to delin-
eate the arrhythmogenic substrate of the LA and its possible utiUty in
AF ablation. However. LA dilation could reduce the perfolTTlance of
MRI in this task, being unable to accurately predict the anrhythmo-
genic substrate in more remodelled acria.
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SUBPROIJECTE 1: Validacié de la ressonancia magneética cardiaca amb realg tarda de

gadolini en la deteccid de fibrosi auricular.

Article 2
Late gadolinium enhancement-MRI determines definite lesion formation most

accurately at 3 months post ablation compared to later time points

Resum

Tant el desenvolupament a llarg termini de les lesions d'ablacié com la capacitat
de la RMC-RTG per detectar-les de forma tardana no han estat analitzats. L’objectiu
d’aquest estudi és avaluar la deteccid de les lesions de RF realitzades durant I'ablacioé de
FA al llarg del seguiment postprocediment, mitjancant la RMC-RTG i la seva correlacié

amb el MEA.

Es van analitzar retrospectivament 22 pacients que tenien una RMC-RTG als 3
mesos després de I’ablacié de FA i una segona RMC-RTG més enlla dels 12 mesos. En 18

pacients es va realitzar un procediment de reablacié.

Es va observar que al cap de 3 mesos les linies d’ablacié completaven el 91,7% +
7,0% de les circumferencies de les VP, pero només el 62,8% + 25,0% en una mitjana de
28 mesos després de |'ablacié (p < 0,0001). El MEA realitzat en els procediments de
reablacié va demostrar lesions duradores més consistents amb les troballes de la RMC
als 3 mesos. La correlacié del MEA amb la RMC-RTG va resultar forta als 3 mesos (k .74;

p < 0,0001), pero feble als 28 mesos després de I'ablacio (k .29; p < 0,0001).

72



Com a conclusié, la RMC-RTG realitzada després de I'ablacié de FA pot ser una
guia acurada per guiar futurs procediments en cas de recurréncia, pero sembla que la
seva capacitat de detectar lesions postablacié es redueix amb el pas del temps. Aixo
podria justificar la realitzacié d’'una RMC-RTG als 3 mesos postprocediment per si hi ha

recurrencies posteriors.
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Abstract

Aims: Neither the long-term development of ablation lesions nor the capability of
late gadolinium enhancement (LGE)-MRI to detect ablation-induced fibrosis at late
stages of scar formation have been defined. We sought to assess the development of
atrial ablation lesions over time using LGE-MRI and invasive electroanatomical map-
ping(EAM).

Methods and Results: Ablation lesions and total atrial fibrosis were assessed in serial
LGE-MRI scans 3 months and >12 months post pulmonary vein (PV) isolation. High-
density EAM performed in subsequent repeat ablation procedures served as a ref-
erence. Serial LGE-MRI of 22 patients were analyzed retrospectively. The PV encir-
cling ablation lines displayed an average LGE, indicative of ablation-induced fibrosis,
of 91.7%= 7.0%of the circumference at 3 months,but only 62.8%+ 25.0% ata median
of 28 months post ablation (p < 0.0001). EAM performed in 18 patients undergoing a
subsequent repeat procedure revealed that the consistent decrease in LGE over time
was owed to a reduced detectability of ablation-induced fibrosisby LGE-MRI at time-
points > 12 months post ablation. Accordingly, the agreement with EAM regarding
detection of ablation-induced fibrosis and functional gapswasgoodfor the LGE-MRI at
3 months (K.74; p <.0001), but onlyweak for the LGE-MRI at 28 months post-ablation
(1c.29; p <.0001).

Conclusion: While non-invasive lesion assessment with LGE-MRI 3 months post abla-
tion provides accurate guidance for future redo-procedures., detectability of atrial

ablation lesions appears to decrease over time. Thus, it should be considered to per-

Abbreviatioos: AF. atrial fibrillallon: EAM, electroanatomical mapping: LAleft atrium: LGE-MRI. lategadolinium enhancement cardiac MRI;PV,pulmonaryvein (s}
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form LGE-MRI 3 months post-ablation rather than at later time-points > 12 months

post ablation, like forexample, prior to aplanned redo-ablation procedure.

KEYWOROS

ablationlesions,atrial fibrillation. atrial fibrosis.cardiac MRI,lategadolinium enhancement

1 INTRODUCTION

Late gadolinium enhancement cardiac MRI (LGE-MRI) is increasingly
used to detect atrial fibrosis in the context of atrial fibrillation (AF).!
Atrial fibrosis is considered a hallmark of arrhythmogenic atrial tis-
sue structural remodeling, and the extent of atrial fibrosis as deter-
mined by LGE-MRI has been established as independent predictor of
AF recurrence after catheter ablation treatment.? While pulmonary
veinisolationis still thecornerstone of AFablation,approaches target-
ing LGE-MRI-detectedatrial fibrosis arecurrently beinginvestigatedin
the large randomized multicenter DECAAF ll-trial (NCT02529319).2
Of note,by exploiting theslow washout kinetics of gadolinium in extra-
cellular space.LGE-MRI is not only capable of determining preexisting
atrial fibrotic tissue, but also to detect ablation-induced scarring.?’-6
Moreover, several groups havereported localization of functional gaps
in ablation lesions withhigh accuracy, even thoughdata in this respect
is somewhat conflicting.®.4,”.a Of note, time points for LGE-MRIperfor-
mancewere highly variablein those studies.

Against this background, several approaches of LGE-MRI-guided
ablation in repeat procedures have been reported for atrial fibrillation
or atrial tachycardia.3-5-9-10 However, development of cardiac fibrosis
has been shown to be a dynamic process characterized by sustained
remodeling, andlittle is known about the ability of LGE-MRI to detect
fibrotic tissue at late stages of scar formation andremodeling. Recent
longitudinal LGE-MRI studies on ventricular post myocardial infarc-
tion scar are suggesting a long-term regression of fibrotic tissue over
time.'1.2 However, unlike short-term observations in the acule set-
ting, validation of these long-term data byhistology or electroanatom-
icalvoltage mapping(EAM) ismissing. Here we report on our observa-
tion of adecrease in LGE-MRI-detectableablation-inducedatrialfibro-
sisovertime, aswell asits validation by EAM.

2 METHODS

This was an observational. retrospective analysis of a prospective
patientregistryconducted at the ArrhythmiaSection of HospitalClinic,
University of Barcelona. Written informed consent wasobtained from
each patient andthe protocol was reviewed and approved by the local
research ethics committee. The study included consecutive patients
over the age of 18 who had serial LGE-MRI tor fibrosis quantification
performed following AF ablation between December 2012 and June
2020. Selected were ali cases with an LGE-MRI sean 3 months post
ablation (3 months follow-up) andan additional LGE-MRI sean at least
12 months following the first LGE-MRI (late follow-up).In the majority

of patients, the late follow-up LGE-MRI was performed in preparation
of arepeat ablation, and the high density EAM acquired during those
procedures were used asa reference to validate the LGE-MRI studies
with respect to fibrosis detection and prediction of functional gaps In
the ablation lesions.

21 LGE-MRI image acquisition

LGE-MRI studies were performed in sinus rhythm, using two differ-
ent 3-Tesla scanners (Magnetom Trio-Tim,Siemens Healthcare, Erlan-
gen, Germany and GE Signa Architect, Chicago, lllinois, USA) and 32-
channel phase array cardiovascular coils with electrocardiographic
triggering. If AF was present before LGE-MRI, electrical cardiover-
sion was pertormed. The acquisition protocol has been described
previously.®.'® Briefly, 3D-delayed gadolinium enhancement images
were acquired 20 min after an intravenous bolus of 0.2 mmol/kg ot

gadobutrol (Gadovist, Bayer Hispania). A free-breathing 30 navigator
and electrocardiographically gated inversion recovery gradient-echo
sequence was applied in axial orientation. The acquired voxel size was

1.25x 1.25 x 2.5 mm. Other typical sequence parameters were as fol-
lows:repetition ~ time2.3ms,echo  time1.4ms.flipangle11°,bandwidth
460 Hz/pixel and inversion time (TI) 280-380 ms. A Tl scout sequence
wasusedin order to determinetheoptimalTlthatnullifies the left ven-
tricular myocardial signal.

2.2 LGE-MRI post-processing and fibrosis
quantification

Post-processing of the LGE-MRI data was performed by two expe-
rienced observers, blinded to the LGE-MRI time point and the data
from electroanatomical mapping, using the ADAS 3D software (ADAS
3D, Barcelona, Spain). The atrial wall was manually traced on each
axial-plane slice and automatically adjusted to build a 3D shell. An
imageintensity ratio(lIR) was calculated as the ratio between the sig-
na! intensity of each voxel and the mean signal intensity of the blood
pool in every patient. Each IIR value was color-ceded and projected
onto the 3D shell of the atrium to create an Il R map. Previously vali-
dated thresholdswere applied to discriminate normal from fibrotictis-
sue (image intensity ratio, IR > 1.2 and1.32 forborder zone fibro-
sis;11R > 1.32 for dense fibrosis/scar).’* Extent of fibrosis was quan-
tified with pulmonary veins, left atrial appendage, and mitral valve
excluded.
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23 Qualitative assessment of regional fibrosis
distribution

Regional distribution of fibrosis was analyzed in the 30 LA shell using
12 segments dividing the atrium into anatomically meaningful regions
that have been defined by our group previously.!> Presence of fibrosis
was considered when more than 2.5% of the corresponding segment

wasinvolved.*

2.4 Qualitative assessment of ablation-
induced fibrosis and gaps

For the purpose of qualitative ablation lesion assessment and analysis
of gaps, the ablationlineencirclingipsilateral pulmonaryvein antra was
divided intoeight segmentsaccordingto the 2 x 8-segment modelpre-
viously described.®."” A gap was defined asa discontinuation> 3 mm
in the LGE projecting onto the ablation line.*

25 Electroanatomical mapping

In most patients the late follow-up LGE-MRI was performed in prepa-
ration of a repeat ablation procedure. In those patients' electrophysi-
ological studies and highdensity EAMacquired duringthe subsequent
repeat ablation procedure wasused as a reference for validation. EAM
was performed with theCARTO 3 system(Biosense Webster Ine.) and
multipolar mapping catheters (LassoNav or Pentaray, both Biosense
Webster Inc.).Only in two patients the Rhythmia HD mapping system
was used with the Orion multipolar mapping catheter (Boston Scien-
tificInc.).

EAM and individual local electrograms were analyzed by an experi-
enced electrophysiologist blindedto the LGE-MRI data.Regional fibro-
siswas determined based on bipolar voltage maps including review of
criticallocalelectrograms applying athresholdof <0.5 mV.Withregard
to functional gaps in ablation lesions, bipolar voltage maps and activa-
tionmaps wereanalyzed and ali local electrograms in the PV as well as
theostial region reviewed. Functional gaps werelocalized based on all

available information.

2.6 Statistical analysis

Analysis was performed using SPSS 24.0 software (SPSS Inc., Chicago,
IL). Continuous variables are presented as mean = SO or median
(interquartilerange),unless otherwise specified. The Wilcoxon signed-
rank testwasused to compare two relatedsamples.Inter-rater reliabil-
ity of LGE-MRI at the different time pointsin terms of agreement with
EAM was assessed by calculating the Cohen's kappa coefficient (1<). A
p-value< .05 was considered significant.

3 RESULTS
3.1 Patient population

Patient and procedural characteristics are summarized in Tables 1
and2. Of 24 patients fulfilling theinclusion criteria of two consecutive
LGE-MRI follow-up scans after first-time PVI, two had to be excluded
for suboptimal sean quality.The first post-ablation LGE-MRI (3-month
follow-up) was performed at a median of 99 days following ablation.
The second post-ablation LGE-MRI (late follow-up) was obtained at
a median of 28 months following ablation. In 18 of the 22 patients
repeat AF ablation was performed subsequent to the late follow-up
MRI(median: 1.5days alter the MRI)withtheintraproceduralEAMand
review of individual local electrograms serving as a reference method
to validate the LGE-MRI data withrespect to detection of fibrotic tis-
sueandfunctionalgaps.

3.2 Development of LGE-MRI-detected fibrosis
over time

We found a consistent decrease in the late gadolinium enhancement
over time - bothregarding theassessment of totalatrial fibrosisas well
as ablation-induced librosis (Figure 1). Three months post ablation.
late gadolinium enhancement indicative of fibrotic tissue, accounted
for 27.2% * 13.2% of the total LA surface area, but only for 15.4% *

11.0%at the late follow-up seanata medianof 28 months post ablation
(p < .001).Thedecreasein lategadolinium enhancement over time was
also evident if analysis wasrestrictedonlyto areaswithimageintensity
ratiosthataimto definedensescar(lIR> 1.32:17.5% + 10.8%Vvs.8.4%

+8.0%,p <.001).

Regarding the assessment of ablation-induced fibrosis, the
observed phenomenon was even more pronounced. Three months
post ablation, the PV-encircling ablation lines displayed an average
lategadolinium enhancement suggestive offibrotic lesions of 91.7% +
7.0% of the circumference, as opposed to 62.8% + 25.0% of the abla-
tionlinecircumference ata median follow-up of 28 months (p < .001).
This decrease in late gadolinium enhancement was equally found for
the ablation lines encircling the left (94.4%+ 6.1%vs.68.7% + 19.8%
ofthecircumference;p < .001) andright PVs(89.0%+ 11.4%vs.54.2%
+ 29.0% of the circumference;p < .001). The visible trend towards
more incomplete late gadolinium enhancement coverage of ablation
lines encircling the right PVsversus thoseencirclingthe left PVs, which
appeared even more pronounced at the late follow-up timepoint, was
statistically not significant.

3.3 Regional distribution of fibrosis and
validation by EAM

LGE-MRI-predicted distribution of fibrosis and its validation by
EAM is summarized in Figure 2. In 18 out 22 patients with a repeat
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TABLE 1  Patientcharacteristics
Parameter n=22
Age(y) $6.6+7.5
Femalegender 5(23)
CHA,D5,-VAScscore 1.2+0.8
Paroxysmal AF 9(41)
Persistent AF 12(55)
Longstandingp"rsistent AF 1(5)
LVEF(%) 56.0+5.0
Leftatrial volumeindex (ml/m? 39.6+8.8
Coronary artery disease 3(14]
Systemic hypertension 9(45)
Dyslipedemia 7(32]
Diabetes 1(5)

Allvalues aren,(%) or meanz standard deviation.

TABLE 2 Indexablation characteristics
Parameter n=22
Pulmonaryvein isolation(PVI) 22(100)
Additional ablationlines® 3(14)
Radiofrequencyablation 20(91)
Cryoballoonablation 2(9)

Allvalues aren,(%) or meanz standard deviation.

2Two patients were treated with PVI plus posterior box ablation. one patient was treated with PVI plus roof line, anterior mitral isthmus line, and CFAE

ablation.

ablation procedure subsequent to (median: 1.5 days after) the late
follow-up LGE-MRI, high density EAM was used as a reference for
qualitative validation of regional fibrosis distribution (median number
of mapping points: 2566). The agreement of both, the 3 months
LGE-MRI and the late follow-up LGE-MRI (median of 28 months
post-ablation), with EAM (median of 1.5 days after the late follow-up
LGE-MRI) was tested using the presence or absence of low-voltage
areas as a surrogate for fibrosis in the predefined LA segments.
Atrial fibrosis was defined as an image intensity ratio (IIR) of >1.2
(LGE-MRI) and a bipolar voltage <0.5 mV (EAM), respectively. While
the 3 months LGE-MRI showed good agreement with later EAM
(kappa = .78; p < .0001; sensitivity: 94.9%; specificity: 89.7%). the
agreement of the late follow-up LGE-MRI with subsequent EAM
was only weak (kappa = .34; p < .0001; sensitivity: 67.9%, speci-
ficity: 91.8%). Thus, when using the same thresholds, LGE-MRI at
3 months post-ablation detected and localized atrial fibrosis more
accurately than ata median of 28 months post-ablation. As expected.
application of lower thresholds improved sensitivity regarding the
detection of fibrosis. However, this was at the cost of a decreased
specificity, resultingin a worse overall agreement with electroanatom-
ical mapping (see Table 3). Representative examples are presented in
Figure 3.

In most of the LAsegments (94.8%) that displayed late gadolinium
enhancement at 3 months, but not al a median of 28 monthspostabla-
tion in individual patients, subsequent EAM demonstrated low volt-
age areas indicative of fibrosis and consistent withthe LGE-MRI at 3
months. These data suggest that LGE-MRI at 28 months had failed to
detect atrialfibrosis andthus yielded false-negative results.

34 Prediction of functional gaps and validation
by EAM

In the 18 cases,where arepeat ablation includingEAM was performed
subsequent to the late follow-up sean, activation and voltage maps as
wellas review of individual localelectrogramswereusedasa reference
to validate the ability of each of the post-ablation LGE-MRI scans to
predict functional gaps and PV reconnection (median number of map-
pingpoints: 2566). While the 3 months LGE-MRI showed good agree-
mentwith EAM ata median of 28 months post ablationregardingthe

prediction of functional gaps (kappa:.74;p < .0001:sensitivity: 91.3%:

specificity: 89.7%). the agreement of the LGE-MRI at 28 months (a
medianof 1.5 daysprior to EAM) wasonlyweak (kappa:.29; p < .0001;
sensitivity: 93.5%;specificity: 46.7%) (Figure 4). Of note, there was no
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FIGURE 1 (A)Studydesign. Analysis of LGE-MRIata median of 3 monthsand 28 months post ablation, respectively (n=22),and validation
withsubsequentinvasive EAM servingas areference (atamedianof 1.5 daysafter thelate follow-up LGE-MRI:n = 18).(B)Individual development
of LGE-MRI-detected fibrosis over time.Quantificationof total left atrialfibrosis (left) andablationinduced fibrosis(right) determined by
LGE-MRIata median of 3 monthsand 28 monthspostablation, respectively. Eachcolor represents anindividual patient [Color figurecanbe
viewedat wileyonlinelibrary.com]

TABLE 3 Detection of atrialfibrosisdependingon timepoint andthreshold
3-Month LGE-MRI Latefollow-up LGEMRI(median28 months)
<1.20(standard <1.10(reduced <1.05(reduced
IR threshold <1.20 (standard threshold) threshold) threshold) threshold)
Agreement (1<) TIs .34" .26" 16’
Sensitivity (%) 94.9 67.9 794 84.8
Specificity (%) 89.7 91.8 55.6 33.3

Predictive value of LGE-MRI regardingthedetectionof regional fibrosis isshown for thedifferent time-pointsand different IIR thresholdsapplied.Indicated
is the kappa-agreementof LGE-MRI withelectroanatomical mappingregarding theregional presence or absenceof atrial fibrosis.Further thesensitivity and
specificity of LGE-MRI to detect atrial fibrosis is specified. Far ali analyses electroanatomicalmappingusing low voltage (<0.5 mV) asa surrogate for atrial
fibrosisservedasareference.lIR,Imagelntensity Ratio;"-kappa value(measure of agreement).

"n<.05;

"p<.0001.

clear trend regarding the distribution of agreement according to dis-
tinctpulmonary velnsegments.

The decrease of LGE coverage of the ablation lines over time was
also reflected by an increase in the median number of segments
with LGE gaps per patient from 4 (3 months) to 10 (28 months).

This observation per se would be suggestive of non-durable ablation
lesions. However, in 94.6% of the pulmonary vein segments where
the late follow-up LGE-MRI at a median of 28 months indicated a
newly appeared gap, while the 3 months LGE-MRI in the same patient
displayed continuous LGE,the subsequent repeatprocedure withinva-
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Predictiva value of LGE-MRI at 3 months
PA AP
1 2 8 10
K=o kK=1.00" K=- K=.
sens. 100% sens.100% sens. 87% sens. 100%
spec. - spec.100% spec. spec.-
3 4
Keo k=1,00. 7 12
sens.100% sens. 100% k=060 &
spec. - spec. 100% sens.85% sens. 100%
spec. 100% spec. -
5 6 9 1
K= 0,84+ k=0.53' k=1.00',. K=0.73"
sens. 91% sens.82% Overall agreement sens.100% sens. 88%
spec. 100% spec.75% K = 0.78 (good) spec. 100% spec. 86%
p <0.0001
Sensitivity: 94.9 %
Specificity. 89.7%
Predictive value of LGE-MRI ata median of 28 months
PA AP
1 2 8 10
K= K=0.25 Ke- K=-
sens.100% sens. 71% sens, 64% sens. 60%
spec. - spec.100% spec. - spec. -
3 4
— K =043 7 12
sens.100% sens. 100% K =0.42, K=
spec. - spec. 79% sens.67% sens. 82%
spec. 100% spec. -
5 6 9 1
K =059 k=0.15 K=0.56' K =0.61*
sens. 73% sens.46% Overall agreement sens.78% sens. 63%
spec. 100% spec. 75% K= 0.34 (weak) spec. 100% spec. 100%
p < 0.0001
Sensitivity: 67.9 %
Specificity. 91.8%

FIGURE 2 Validation of LGE-MRI-detected regional fibrosis by EAM.Agreement of regional distributionof lategadolinium enhancement with
low voltage areas in EAM(3 months LGE-MRI, upper panel; 28 monthsLGE-MRI. lower panel).PA.posteroanterior viewof leftatrium; AP,
anteroposteriorview; K, kappa value(measure of agreement); -p <.05... P<.01....P<.001;sens.. sensitivity:spec., specificity; -.no statistics were
computed becauseali patients displayed fibrosisin thissegment[Color figurecanbe viewed at wileyonlinelibrary.com)

sive EAM demonstrated durable lesions consistent with the 3 months
LGE-MRI.Theseresults suggest that the late follow-up LGE-MRI ata
median of 28 months postablation hadfailed to fully detect ablation-
induced fibrosis in those PV segments. Thus, when using the same
thresholds, LGE-MRI at 3 months post-ablation predicted functional
gapsmore accurately than ata median of 28 months post-ablation. Of
note, decreasing the signal intensity threshold for fibrosis detection
(IIR) did not enhance the capability of the late follow-up LGE-MRI
to reliably detect ablation-induced atrial fibrosis (Table 4). While

application of lower thresholds improved specificity regarding the
detection of functional gaps, this was at the cost of a decreased sen-
sitivity, resulting in a worse overall agreement withelectroanatomical
mapping. Representativeexamples arepresentedin Figure 3.

In that respect it isalso noteworthy that LGE-MRI displayed a very
high negative predictive value in terms of exclusion of functional gaps
(3 months: 98%, 28 months: 97%),whereasits positivepredictivevalue
was somewhat lower (71% at 3 months and 31% ata median of 28
monthsfollowingablation).
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FIGURE 3 Representativecases. Comparison of bipolar voltagemaps with LGE-MRI at the two different time points and withdistinct
thresholds, respectively, in fiverepresentativecases (eachrow represents one patient)

4 DISCUSSION sis. In theory, a decrease in LGE-MRI-detectable atrial fibrotic tissue

as observed in this study may also reflect regression of fibrosis and
4.1 Main finding non-durable ablation lesions, respectively. However.validationby EAM

preved the observed decrease to be owed to a reduced detectabil-
In thisanalysis of serial post-ablation LGE-MRI scansusingEAM at the ity of ablation-induced atrial fibrosis by LGE-MRI at a median of 28
time of repeat-ablation as a reference, we found that over time LGE- months following the index ablation. Owed to the reduced sensitivity
MRl losessorneof its capability to detect ablation-induced atrial fibro- in the detection of fibrosis. the agreement of LGE-MRI 28 months post
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Voltage map at repeat procedure Early post-ablation LGE-MRI late follow-up LGE-MRI
(medtan 28 months post-ablation) (median 3 months postablation) (median 28 months post ablation)

IR <1.32/<1,20 IR <1,32/<1.20 1IR<1,15J<1.10 IIR <1,101<1.05
standardthreshold standard Ihreshold) reducedlhred'dd) reduced threshold)

IIR<1.32/<1,20 1IR<1.32/<1.20 1IR<1,t5/<1,10 IIR<U0/<1.05
{standard threshold) standardUlIre5holcl) (reducedlhreshold) (<oduced Ulreshc>d)

IR <1.32/<1.20 IR <1.32/ <120 IIR<115/ <1.10 IR <1.10/ <1.05
(standard thfeshold) (Slandarn mreshold) (roducedl!Yesliold), (reduced 1

IR <1.32/<1.20 IR <1.32/ <1.20 IIR<1.15/<1.10 1IR<1.10/<1.05
(standard thrashald) [ i hal (roduoedlhroohold) ("9duced Ihteshold)

IR <1.32/<1.20 1IR<1.32/<120 1IR<1.15/<110 IIR <1.10/<1.05
standard threshold) standard thresholcl (reducect1hreshold roduced thre11hold

FIGURE 4 Validation of LGE-MRI-detected gapsby EAM. Agreement of LGE-MRI-detected gaps withfunctional gaps detected by invasive
EAM (3 months LGE-M Rl,upper panel: 28 months LGE-MRI, lower panel). x, kappa value(measure of agreement);sp <.05,.. P< .01,... P<.001;
sens.,sensitivity; spec.,specificity [Color figurecanbe viewed at wileyonlinelibrary.com]

TABLE 4 Detectionof functional gapsdepending on time pointandthreshold

3-Month LGE-MRI Late follow-upLGE MRI (median 28 months)
IR threshold <1.20 (standard threshold)  <1.20 (standard threshold) <1.10(reduced threshold) <1.05 (reduced threshold)
Agreement (.¢) _74 .29 10(n.s.) .03(n.s.)
Sensitivity (%) 91.3 93.5 58.7 32.6
Specificity(%) 89.7 46.7 52.2 63.1

Predictive valueof LGE-MRI regarding !he detection of functional gaps is shown for the different time-points and different lIRthresholds applied. Indicated
is the kappa-agreement of light electroanatomical mappingregarding presence or absence of gapsin corresponding PV segments.Further thesensitivity and
specificity of LGE-MRI to detectfunctional gapsis specified withelectroanatomical mappingservingasareference.

Abbreviation: IIR,imageintensity ratio; 1<, kappa value(measure of agreement): n.s.. statistically not signiticant.

"p <.0001.
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ablation withsubsequent EAM(median: 1.5 days after the late follow-
up LGE-MRI) regarding regional distribution of fibrosis and detection
of functional gaps was only weak. In contrast, the 3 months LGE-MRI
displayed good agreement with EAM at later repeat procedures. Of
note, these findings may explain why several groups that performed
LGE-MRI at very late time points. immediately prior to repeat abla-
tionprocedures. found the method to be inaccurate in the detection of
gaps_1.e

While thenegative predictive value of LGE-MRI regarding exclusion
of functional gapswas very high (97%) at three months post ablation,
the positivepredictive value wassomewhat lower (73%).Thisisin line
with previous reports and may reflect the fact that not all anatom-
ical discontinuitles of an ablation lesion constitute functional gaps.?
For example, where anatomical gaps co-localize with non-conducting
atrial tissue or sites of dormant conduction, no electrical reconnection
will bedetected by EAM. Moreover, it has to be considered that even
small-electrode catheters may havea limited sensitivity to detect low-
amplitude PV signals.

4.2 Previous reports onregression of LGE-MRI
detectable fibrosis

While an early decrease of LGE in the acute setting (up to 2
months post injury) has been well explained by interstitial edema
and inflammation that typically resolve within 4 weeks as demon-
strated histologically,'8-19 this reasoning is not applicable to long-term
regression of LGE beyond 3 months post injury asencountered in our
study.Of note,such long-term regressionof LGE-MRI-detectedfibrosis
has been previously reported for post-myocardialinfarction scar.’1.12
However, it has not been taken into account, that these observations
might as wellbe owed to differences in detectability of fibrosis at dis-
tinct stages of scar formation. Unlike for early regression in the acute
setting (up to 2 months), therehas been no validation of the LGE-MRI
data by a reference method in any of the studies, thus the underly-
ing reasons remain obscure. A recent study has also reported on long-
term regression of ablation-induced atrial fibrosis asdetected by LGE-
MRI.20 However. again, LGE-MRI data was not validated by a refer-
ence method, and thus, the decrease of LGE-MRI-detected ablation-
induced fibrosis over time was interpreted as non-durable ablation
lesions. It was evenspeculated that the observed regression of LGE-
MRI-detected ablation lesions over a period of 2 to 3 years would
account for late AF recurrences.20 Thus, the study presented here is
the first one to indicate that It is not the ablation-induced atrial fibra-
sis that diminishes over time, but the capability of LGE-MRI to detect
it. Whether the phenomenon we observed in ablation-induced atrial
fibrosis, may similarly apply for the regression of native atrial fibrosis
remains to be elucidated. While we found a decrease in the detectabil-
ity of total atrial fibrosis (i.e., native and ablation-induced) over time,
we cannot dissect whether this was merely driven by the failure to
detect chronic ablation lesions, as all patients had been previously
ablated.

4.3 Sustained cardiac scar remodeling following
catheter ablation

The pathology of acute and short-term atrial radiofrequency abla-
tioninjury is well established in animal models and patients.?'-?? Over
the first 2 months, the response to ablation injury is characterized
by coagulation necrosis, hemorrhage, neovascularization, hyperemia
and interstitial edema as well as inflammatory cell infiltration. More-
over, proliferating myofibroblasts constantly generate fibrogenic sig-
nals that perpetuate tissue repair and promete collagen deposition,
resulting in replacement of myocardium withfibrous scar tissue. While
long-termhistological data on atrial fibrosisandablation-induced scar-
ring beyond 2 months post-injury are lacking, it has been shown that
scar formation andremodeling in response to myocardial infarction is
a dynamic and chronically sustained process that continues over years
after theinitialinjury.

4.4 Potential explanations for reduced
detectability of fibrosis

Sustained scar remodeling implicates constant changes that affect
cellular composition, extracellular space, water content and vas-
cularization, as well as small-vessel permeability and patency and
intravascular pressure. These changes in turn, are likely to alter
tissue-inherent magnetic properties and wash-in/wash-out kinetics
of gadolinium.?* Against this background, there are severa! possible
explanations for the loss of detectability offibrosis over timereported
here.

One possible explanation couldbe a combination of scar involution
and partial volume effects. The latter refers to individual voxels that
are fully covered by scar tissue in the initial sean. but only partially
covered by scar in the late follow-up sean, and are thus not appreci-
ated asscar.Partialvolumeeffects areparticularly relevant in the thin-
walled atrium, where the transmural thickness may not even exceed
the widthof a single voxel, and post-ablation scar involution and thin-
ningof the tissue will obviously contribute to this effect.2° Moreover,
altered wash-in/wash-out kinetics may impede delivery and accumu-
lation of gadolinium and thus the detection of scar tissue. In particu-
lar, the hyperemic state of the scar tissue that can be observed in the
first months after ablation and that facilitates distribution of contrast
agents like gadolinium, is likely to have diminished over the median
follow-up time of 28 months. Finally, the extracellular volume frac-
tionofchronic cardiac scartissue hasbeenshown to be reduced com-
pared to the acute state. which may also contribute to the reduction
in late gadolinium enhancement.?5 However, we can only speculate
which aspect may account for the decreasing detectability of fibrosis
and what is the relative contribution of the distinct remodeling pro-
cesses.

Novel imagingtechniques mayhavethe potenti al to overcomesorne
of the above-mention shortcomings in the future. While T1 mapping
can directly quantify Tl relaxation times on the scale of individual
voxels of interest, Rho T1 sequences detect distinct tissue properties
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compared to conventional Tl or T2 weighted sequences. Both may
allow for more accurate tissue characterization with the potential to
better discriminate ablation lesions from surrounding tissue, even in
thecase of diffuse fibrosis ar inhomogenous scarringin the thin-walled
atrium. Finally, if an impeded gadolinium wash-in accounted for the
reduced capability to detect chronic stages of lesion formation, exten-
sian of the delay between contrast administrationand image acquisi-
tioncould beconsidered to allow more time far gadolinium to enter the
lesions.

4.5  Clinical implications

Our data has important clinical implications. The ability of LGE-MRI
to localize atrial fibrosis and functional gaps in the ablation lines,
as well as the feasibility of LGE-MRI-guided (re) ablation have been
demonstrated by several groups.®-5-2-'% Moreover, LGE-MRI has the
potential to non-invasively confirm durable pulmonary vein isolation
to avold unnecessary redo procedures. Finally, approaches targeting
native atrial fibrosis far the treatment of AF have been investigated,
althoughlarge randomized trials have failed to prove benefituntilnow.
The data presented here indicates that the detectability of atrial
fibrosis may be dependent on the timing of the LGE-MRI study. This
could be particularly demonstrated far post-ablation scarring which
was accurately detected 3 months post-ablation but only withweak
accuracy ata median of 28 months post-ablation. Thegood agreement
of LGE-MRI 3 months post ablation with EAM at later repeat abla-
tionprocedures(median: 28 monthspostindexablation)indicates that,
while the tissue composition may be subject to sustained remodeling,
theextent and localization of ablation-induced fibrosis remains rather
constant over time. In light of our data and with respect to the emerg-
ing LGE-MRI-guided ablation approaches, both for atrial and ventric-
ular arrhythmias, possible changes in detectability of ablation-induced
fibrosisasa function of scarremodeling over time, shouldbe taken into
account.

4.6 Limitations

Dueto the inclusioncriteriarequiring two post ablationLGE-MRI scans
anda planned repeat procedure, theresulting sample sizeof thisstudy
is rather small. However, given the marked effect size and consistency
of our observation. the results are still valid. The retrospective nature
of our study clearly accounts far further limitations, including variable
time points of the late follow-up LGE-MRI. A prospective trial with
serial LGE-MRI scans at predefined time points anda predefined val-
idationprotocol is underway, but willbeof long duration as validation
of LGE-MRI must be performed duringrepeat ablationprocedures that
will only become necessary in thesubset of included patients that suf
fer AF recurrence. Finally, the reference method of invasive electro-
physiology and electroanatomical mapping. albeit without alternative
currently,hasits ownlimitations.Onenehand,low voltageis onlyasur-
rogateand does not necessarily imply fibrosis, and on the other hand,

fixed voltage thresholds used to define fibrosis, do not take the con-
siderable inter- and intraindividual variability into account. Moreover,
as outlined above, the sensitivity for intracardiac andPV electrograms
hascertain limits and relies on electrode size, spacing and orientation
relative to the propagation wave front.

5 CONCLUSIONS

To our knowledge, this study is the first to show that LGE-MRI loses
sorne of its capability to detect ablation-induced atrial fibrosis over
time. The good agreement of LGE-MRI 3 months post ablation with
EAM at a later repeat ablation procedure suggests that extent and
localization of ablation-induced fibrosis remains rather constant over
time. While LGE-MRI 3 months post ablation detected ablationlesions
with high accuracy, the predictive value of LGE-MRI ata medianof 28
months post ablationwasonly weak.These changes in detectability of
ablation-induced atrialfibrosis over time should be considered, partic
ularly in view of the emerging LGE-MRI-guided therapeutic strategies
and ablation approaches. Thus,in arder to best assess ablationlesions,
LGE-MRI should be performed at 3 months post-ablation rather than
at later timepoints> 12 monthspost ablation likefor example,prior to

aplannedrepeatablationprocedure.
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SUBPROIJECTE 1: Validacié de la ressonancia magneética cardiaca amb realg tarda de

gadolini en la deteccid de fibrosi auricular.

Article 3
Evaluation of the left atrial substrate under conditions of functional
electrophysiological stress in patients with atrial fibrillation. Comparison between

electroanatomic mapping and late gadolinium-enhanced magnetic resonance imaging.

Resum

La delimitacid del substrat auricular arritmogenic és un aspecte clau en |'ablacié
de FA, pero la caracteritzacio precisa del mateix encara esta per definir. Tot i que en els
darrers anys s'ha desenvolupat la RMC-RTG com a eina per analitzar la fibrosi auricular,
encara no s'ha demostrat una millora dels resultats en el procediment d'ablacié. Aquest
estudi pretén desemmascarar potencial substrat arritmogenic analitzant la correlacid
entre RMC-RTG i MEA en condicions d’estres funcional mitjancant I'estimulacié auricular

decremental.

Es va realitzar una RMC-RTG en 11 pacients abans de I'ablacié de FA i es va post-
processar com s’ha comentat préviament, classificant el teixit en sa (/IR < 1,20), fibrosi
intersticial (1,20 2 /IR < 1,32) o cicatriu densa (//R = 1,32). Durant el procediment
d’ablacié es va mapejar I’AE en RS i durant un protocol d’estimulacié auricular
decremental mitjancant un tren de 2 batecs a 470ms i un extrasistole (52) amb interval

d’acoblament decreixent. El protocol es va realitzar des de 2 catéeters posicionats en

85



diferents localitzacions auriculars. Els MEA obtinguts es van comparar amb la RMC-RTG

en una analisi punt per punt i per regions.

Amb la reduccié progressiva de l'interval d'acoblament durant I'estimulacié, el
voltatge del EGM va disminuir i la seva longitud va augmentar gradualment. Els canvis
més marcats es van observar a la zona catalogada per RMC-RTG com a fibrosi intersticial.
D’altra banda, I'area de cicatriu densa va mostrar més congruéencia amb el MEA que les
arees amb menys intensitat de RTG. Aquesta area va mostrar la major longitud d’EGM,
tanten RS (p < 0,001) com estimulant a 350ms (p = 0,005), 300ms (p =0,001) i 250ms (p
=0,003). Amb el voltatge, les diferéncies només van resultar significatives estimulant a
250ms (p = 0,001). En I'analisi punt per punt, el RTG va correlacionar amb el voltatge (p
= 0,033) i amb la longitud (p = 0,030) del EGM en RS, perdo només amb aquest ultim

durant el protocol d’estimulacio (p < 0,001).

Com a conclusio, I'estres electrofisiologic funcional de I'AE desemmascara canvis
dinamics en I'activacié eléctrica intracardiaca i la fibrosi intersticial, definida per RMC-
RTG, sembla critica en aquest procés. D'altra banda, la cicatriu densa mostra major
congruencia amb el MEA. Sembla que la longitud del EGM correlaciona millor que el

voltatge amb la intensitat del RTG.

86



Evaluation of the left atrial substrate under conditions of functional
electrophysiological stress in patients with atrial fibrillation. Comparison
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Abstract

Aims: Delineation of the arrhythmogenic substrate is key for atrial fibrillation (AF)
catheter ablation, however, its exact characterization is not yet clearly defined.
Myocardial fibrosis seems to be a distinctive characteristic of this substrate and in recent
years its analysis using late gadolinium-enhanced magnetic resonance imaging (LGE-
MRI) has been developed. In this study we aim to unmask the potential arrhythmogenic
atrial substrate in patients with AF by means of the electroanatomic mapping (EAM)

with decrementa! atrial pacing and its correlation with LGE-MRI.

Methods: Befare AF ablation, LGE-MRI was performed in 11 patients. Atrial wall
intensity was normalised by blood pool (image intensity ratio, [IIR]) and classified as

healthy tissue {lIR < 1.20), interstitial fibrosis (1.20 IIR < 1.32), or dense scar (IIR 1.32).

Duringthe ablation procedure, an EAM of the leftatrium was initially performed in sinus



rhythm (SR). Subsequently, an atrial pacing protocol was performed, with two catheters
placed in different locations, which consisted of a 2-beat drive train at 470ms anda short
coupled extrastimulus (S2) with a decreasing coupling interval. A new EAM was
performed at each interval. A regional and point-by-point correlation was obtained

between LGE-MRI and EAM.

Results: With the progressive reduction of the coupling interval during pacing, the
voltage of the electrogram (EGM) decreased and its length gradually increased, these
changes being most marked in the area classified as interstitial fibrosis according to LGE-
MRI. However, the dense scar area showed a greater relationship with the EAM than
areas with less fibrosis. This area showed the longest EGM length, both in SR (p < 0.001)
and during pacing at 350ms (p = 0.005), 300ms (p = 0.001) and 250ms (p = 0.003). With
voltage, the differences were only significant with pacing at 250ms (p = 0.001). The
intensity of the LGE correlated in the point-by-point analysis with the voltage (p = 0.033)
and the length of the EGM (p = 0.030) in SR, but only with the latter during the entire

pacing protocol (p < 0.001).

Conclusions: Functional electrophysiological stress of the LA shows dynamic changes in
intracardiac electrical activation, and interstitial fibrosis defined according to LGE-MRI
seems to be critica! in this. On the other hand, dense scar agree better with EAM than
areas with a lower degree of fibrosis. The relationship between LGE-MRI and EAM is

higher with the length of the EGM than with its voltage.

Key words: Atrial fibrillation; Atrial fibrosis; Cardiac magnetic resonance; Conduction

velocity; Late gadolinium enhancement; Left atrium; Voltage.



Introduction

Catheter ablation of atrial fibrillation (AF) is currently one of the most performed
electrophysiological procedures. In paroxysmal AF, ablation is usually an effective
therapy based on eliminating the triggering factors by isolating the pulmonary veins
(PV). However, in persistent AF, the mechanisms underlying prolonged arrhythmic
events often involve more complex and disparate atrial substrates, ultimately leading to
unsatisfactory outcomes with this technique. Given that a non-negligible percentage of
AF ablations currently performed are notas successful as expected, there is an urgent

need to identify a specific electrophysiological substrate beyond PVs.!

High-density electroanatomic mapping (EAM), which analyses both voltage and
activation in the left atrium (LA), is the gold standard far substrate analysis in AF.
However, there is still a lack of infarmation on which cardiac rhythm is best and most
reliable to perform it. Sorne authors have shown that mapping during AF is more
sensitive and allows defining a substrate that can only be elucidated under conditions
of myocardial functional electrophysiological stress.? Furthermore, a slowing of
conduction andan increase in areas of conduction block have been observed after short-

coupled pacing cycles compared to baseline activation.?

On the other hand, late gadolinium-enhanced magnetic resonance imaging (LGE-
MRI} is a non-invasive technique that could be used to evaluate the LA with the aim of
improving the localization and definition of the electrophysiological substrate,
increasing the success rate of ablation procedures. Sorne studies have already

demonstrated the correlation between LGE-MRI and EAM, both befare and after



ablation.#* However, the specific arrhythmogenic substrate of AF has not yet been fully
characterized and ablation guided by it has not yet shown the desired results.®® This
may be dueto alack of spatial resolution of both EAM and LGE-MRI, which could prevent
visualization of the most early microscopic substrate that may be critica! for the
maintenance of the arrhythmia, or simply because it is still unknown exactly which

target is most relevant to eradicate AF.

The objective of this study is to analyse the LA substrate using EAM and LGE-MRI
in its basal form and under conditions of functional electrophysiological stress using a

decremental! atrial pacing protocol.

Methods

Patient selection

A cohort of patients undergoing a first AF ablation procedure was prospectively
recruited in a single-centre study (Arrhythmia Unit, Hospital Clinic) from September
2020 to June 2021. Only patients without contraindication to perform a magnetic
resonance imaging (MRI) and who presented optima! quality in the late gadolinium
phase were selected. Inclusion and exclusion criteria are listed in Table |. Written
consent was obtained and the research protocol was reviewed and approved by the

local research ethics committee (HCB/2019/0881).

Magnetic resonance imaging

If the patient was in AF before performing the MRI, prior electrical cardioversion

was performed under deep sedation. Image acquisition was carried out less than two
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weeks befare ablation using a 3-Tesla scanner (Magnetom Trio, Siemens Healthcare,
Erlangenm Germany) anda 32-channel cardiac coil. An intravenous bolus of 0.2mmol/kg
gadobutrol (Gadovist, Bayer Schering, Berlin, Germany) was administered 20 minutes
befare acquisition. A free-breathing three-dimensional {3D) navigator and an
electrocardiogram-gated inversion recovery gradient-echo sequence were applied in
axial projection. The acquired voxel size was 1.25 x 1.25 x 2.5mm. Other typical sequence
parameters were a repetition time of 2.3ms, an echo time of 1.4ms, a rotation angle of
11° a bandwidth of 460 Hz/pixel and an inversion time from 280 to 380ms. Complete

LA coverage was typically obtained with 40-50 slices.

LGE-MRI post-processing

The LA was segmented on LGE-MRI using ADAS-AF® image post-processing
software (Galgo medica! SL, Barcelona, Spain). The mid-myocardial !layer (50% thickness)
was manually drawn in each axial plane and automatically adjusted by the software to
construct a 3D shell. The mitral valve and PVs at the ostia were removed to analyse
fibrosis. The signa! intensity was normalized to the intensity of the LA blood pool. The
image intensity ratio {IIR) was calculated as the ratio between the signa! intensity of each
pixel and the mean blood intensity in each patient. Each IIR value was projected onto
the 3D shell and color-coded as healthy tissue (IIR < 1.20), interstitial fibrosis (1.20 1IR

<1.32), or dense scar (IR  1.32), according to thresholds proposed by Benito et al.7

Left atrium electroanatomic mapping

All patients underwent a transoesophageal echocardiogram less than 24 hours

befare ablation to rule out the presence of an intra-atrial thrombus. Intracardiac
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position coordinates were recorded with CARTO 3 (Biosense Webster, Diamond Bar, CA)
anda PentaRay duodecapolar mapping catheter (Biosense Webster, Diamond Bar, CA).
The peak-to-peak voltages of ali 10 dipoles were collected and a high-density bipolar
voltage map was created. Befare ablation, voltage and activation maps of the LA during
sinus rhythm (SR) were constructed. Endocardial contact of the mapping catheter was
ensured with CARTO 30 catheter stability algorithms and an interna! point filter to limit

data acquisition to 7 mm from the anatomic shell to reduce blood pool mapping.

Decrementa! atrial pacing protocol

After completing initial mapping in SR, new maps of the LA were performed
during decrementa! atrial pacing performed alternately from a 4mm tip ablation
catheter placed at the level of the left atrial appendage (LAA) and a decapolar catheter
placed at the level of the distal coronary sinus (CSd). The pacing protocol consisted of a
2-beat drive train at 470ms and a short-coupled extrastimulus (52) with decreasing
coupling interval (SOms) from 350 to 200 or effective refractory period. Maintaining the
PentaRay mapping catheter in the same atrial location, the pacing protocol was
performed from both catheters consecutively to obtain 2 maps of the same area. The
process was repeated several times, positioning the PentaRay in different areas to cover
the entire surface of the LA. During the pacing protocol, the voltage and duration of the

electrogram (EGM) were analysed at each coupling interval.

Correlation between LGE-MRI and EAM

All points of the surface mesh reconstructed from the LA and EAM data were

extracted from the CARTO mapping system. The EAM points were projected onto the
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LGE-MRI mesh with manual reference points that allowed the geolocation of both
structures and their anatomical correlation. All EAM points, both in SR and during
pacing, were correlated with the LGE-MRI with a point-by-point analysis anda regional

comparison.

Statistical analysis.

Continuous variables are presented as meant SD and compared with a t-test or
one-way ANOVA test. Categorical variables are summarized as number of cases and
percentages. To analyze the correlation between the area of fibrosis and other
covariates, Pearson's R was used. The association between EAM and IIR was fitted in a
generalized linear mixed model with random intercept dueto repeated measures. For
all tests, a bilateral type | error of 5% was defined. All analyses were performed using R

v3.6.1 (R Project for Statistical Computing; Vienna, Austria).

Results

Patient characteristics

Eleven patients undergoing their first AF ablation procedure at our centre were
prospectively enrolled. The mean age was 64 + 7 years and the mean body mass index
was 29 + 3. Hypertension and obstructive sleep apnea were present in 30% and 5% of
patients, respectively, and their mean left ventricular ejection fraction was 56 + 5%. AF
showed paroxysmal characteristics in 60% of patients and the mean time since diagnosis
was 43 + 38 months. The mean diameter and planimetry of the LA were 44 + 6mm and

32+ 6mm?, respectively. All patients hadan EHRA and NYHA classification score of 2.



Voltage analysis

A total of 553 points were analysed with a mean of 50.27 + 25.02 points per
patient. During the decrementa! pacing protocol, the extraestimuli coupled at 200ms
did not capture at any time, neither with the catheter located in the CSd nor with the
one located in the LAA. The extrastimuli coupled at 250ms captured only in sorne
patients, being able to measure a total of 185 EGMs. The remaining EGMs were

measured by capturing up to a coupling interval of 300ms.

The mean voltage in SR was 1.86 = 1.56 mV and showed a progressive reduction
as the coupling interval shortened during the atrial pacing protocol. In the analysis by
area, followingthe 12-area LA model used in previous studies,? all areas showed a similar
decreasing trend. The average voltage obtained in each coupling interval, as well as the
voltage difference between two consecutive decreasing couplings (expressed as 6V), at

the level of the LA globally and for each of its 12 areas, is shown in Table 2.

No significant differences were observed in the voltage or 6V when analysing the
EAM performed using the 2 different pacing catheters (LAA and CSd). This was analysed

globally and for each of the 12 areas, obtaining similar results (Table 3).

Atrial conduction delay analysis

The mean EGM length measured during SR was 41.36 £ 12.70ms. Length was
inversely correlated with voltage in a point-by-point analysis, showing more length at
lower voltage (r = 0.22, p = 0.001). During the pacing protocol, EGM length increased as
extrastimulus coupling decreased. The average lengths analysed during mappingin each

coupling cycle, as well as the average differences in length between two consecutive
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coupled extrastimuli (expressed as ole), are shown in Table 2, both at the global level

of the LA and far each of its 12 areas.

The EGM length was compared between the maps pacing from LAA or CSd,
finding significant differences in SR and during the different couplings, with the
exception of the shortest extrastimulus at 250 ms (p = 0.952). However, when the
analysis was carried out by area, no reproducible differences were observed. This is

shown in more detail in Table 3.

Correlation between voltage and LGE-MRI

The mean IIR was 1.15 £ 1.02. The |IR showed a significant but very weak inverse
point-by-point correlation with voltage in SR (r = -0.09, p = 0.033). However, the
correlation analysis between IIR and voltage duringthe decrementa! pacing protocol did

not show any significance, neither with the absolute voltage nor with the 6V values.

Voltage differences between the three fibrosis groups according to LGE (lIR <
1.20, lIR;:: 1.20 and < 1.32 and IIR;:: 1.32} were almost significant in SR (p = 0.068) and
significant throughout the pacing protocol. The dense scar area (group 3) always showed
the lowest voltage; however, a clear reduction in the interstitial fibrosis (group 2)
compared to healthy tissue (group 1} was not observed as expected. Therefore, the
same analysis was performed comparing the data between only 2 groups, dense scar
(group 3) versus the rest of the LA (groups 1 and 2 together}. With this analysis,
significant differences were only observed during the coupling interval at 250ms (p =

0.001). These data are comprehensively shown in Table 4 and Figure I.



The t:N between two consecutive decrementa! couplings were notably higher in
the interstitial fibrosis area compared to the healthy tissue and the dense scar. The
differences in £:N between interstitial fibrosis and the rest of the atrium were significant
in LW300 (p=0.006) but not in 6V250ms (p=0.349). These data are further explained in

Table 4 and Figure 2.

Correlation between conduction delay and LGE-MRI

A significant positive correlation was observed in the point-by-point correlation
analysis between the IIR and the length of the EGM, with the latter being longer at
greater intensity of the LGE, both in SR and at throughout the pacing protocol. The
intensity of the correlation was very weak in both SR (r = 0.09, p =0.030) and the longest
couplings at 350 ms (r =0.15, p < 0.001) and 300 ms (r =0.16, p <0.001) but increased

slightly in the shortest coupling at 250 ms (r = 0.26, p < 0.001).

The EGM length between the different fibrosis groups according to LGE(healthy
tissue, interstitial fibrosis and dense scar) showed significant differences in SR (p < 0.001)
and during all coupling intervals throughout the pacing protocol. The dense scar area
presented the longest EGM; however, the interstitial fibrosis area did not consistently
show more length than the healthy tissue. In this case, unlike voltage, when performing
the analysis only between the dense scar (group 3) and the rest of the atrium (groups 1
and 2), significant differences were observed both during SR and in all coupling intervals.

This is shown extensively in Figure 1 and Table 4.

The dle between successive pacing couplings was clearly higher in the interstitial
fibrosis area, as observed with voltage. The differences between this region and the rest
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of the LA showed significance in llle 300ms (p = 0.042} but not in llle 250ms (p = 0.175}.

This is set out in Figure 2.

Discussion

To the best of our knowledge, this is the first study to analyse atrial substrate
under decrementa! pacing using EAM and LGE-MRI. The main findings of our study are
that (1} as atrial functional electrophysiological stress increases, dynamic changes in the
EAM are observed, showing an elongation of the EGM and a reduction in its voltage; (2}
these changes are most pronounced in the area classified by LGE-MRI as interstitial
fibrosis; {3) there is a relationship between LGE-MRI and EAM, being more evident with
the area corresponding to dense scar; and (4) this agreement is more notable with

conduction velocity (CV) than with voltage.

Definition of the arrhythmogenic substrate by EGM analysis

Intracardiac EGMs recorded with catheters are the sum of the activation pattern
of ali muscle fibers below the electrode and their morphology is used to understand the
dynamics of rhythm disorders. Low-voltage zones, fractionation, and slow conduction
have been considered markers of diseased tissue that allow perpetuation of the

arrhythmia.®

Low endocardial bipolar voltage is a commonly used surrogate marker far the
presence of atrial fibrosis and a potential target in AF ablation. However, it can be
affected by different artifacts, such as catheter orientation, electrode size and spacing,
far-field effects, and noise from different hardware components. Furthermore, it has
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been reported that voltage can vary depending on atrial rhythm, frequency, and
direction of activation waves, hence, SR voltage exclusively might not accurately predict

the underlying arrhythmogenic substrate.'?

On the other hand, structural remodelling affects conduction, especially in the
transverse direction, and the refractory period, which may result in slowing of
conduction and favour arrhythmogenic activity. In this context, the depolarization
wavefront often has to follow a zig-zag propagation pattern that is reflected as
fractionation in the EGM signal.’" Fractionation is defined as an increase in EGM
deflections, therefore, an increase in its complexity and duration, with the length of the

EGM being a possible surrogate for CV.?

Reliability of EAM analysis

Occasionally a voltage drop or conduction slowdown may be caused by shock
waves or other factors that interfere with its evaluation. It has also been suggested that
EGM fragmentation in sinus and paced rhythms often results from collision waves,
meaning that many fractionated EGMs are functional in nature and are not associated
with fixed structural abnormalities.® In practice, it has been demonstrated how having
two pacing catheters placed in different positions produce significantly different EAM
values at the same site, which could call into question the real meaning of findings such

as low voltage or slow CV.13

1n this study, two catheters were used to pace from different atri al locations, one
endocardial in the LAA and another epicardial in the CSd. In the analysis by atrial areas,
no consistent significant differences were observed between the two paced maps,
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neither in SR nor during the entire pacing protocol. Despite not having point-by-point
data, these results provide sufficient certainty of the veracity of the study values,

showing reproducible results despite 2 different wavefronts.

Functional electrophysiological stress for substrate characterization

Different studies have shown discrepancies in the voltage threshold between
healthy and pathological tissue when mapping during different cardiac rhythms.'* Atrial
voltage in AF appears to be lower than in SR. This could be explained in arrhythmias with
shorter cycles, where a substantial amount of tissue may not depolarize because it is
still refractory, or the underlying tissue may depolarize not simultaneously and in
opposite direction, resulting in a lower bipolar voltage.' However, sorne authors have
explained a certain voltage correlation between different rhythm maps and others have

proposed regional thresholds that minimize discrepancies.6."”

Furthermore, sorne data have shown that the abnormal substrate is dynamic and
critically dependent on the pacing cycle length or wavefront direction, highlighting
potential limitations of using static voltage maps to characterize the atrial substrate.’ A
functional nature of the fragmentation and slow conduction zones has also been
previously demonstrated, both during atrial pacing and in AF rhythm, and it seems that
the presence of this dynamic substrate could identify relevant regions for the initiation
and maintenance of the arrhythmia.®.'® Dynamic changes that manifest only during
electrophysiological functional stress highlight the inherent limitations of the static

approach to identifying and ablating the atrial substrate.
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Our study confirms the existence of a dynamic substrate and also shows how it
is progressively modified as myocardial stress increases by gradually reducing the pacing
coupling interval. However, the real clinical significance of this dynamic substrate and
its relationship with fibrosis is unknown, requiring histological correlation or techniques

such as LGE-MRI to better understand it.

Correlation between EAM and LGE-MRI

Previous studies have shown an association between LGE-MRI and EAM in the
analysis of the atrial substrate, both with voltage, CV, and EGM fragmentation, although
the degree of point-by-point correlation between both techniques has not been very
high.#.'® Additionally, different authors have shown disparate results, which is why the

accuracy and applicability of MRI to define the atrial substrate has been questioned.

However, sorne experienced groups have reported high interobserver
agreement when data analysis is performed by expert operators,?® and the few existing
data on the relationship between LGE-MRI and histology have shown a high degree of
correlation, especially at level of dense scar.2' 22 Along these lines, our study evidences
how the dense scar area presents the best relationship with the EAM, showing lower
voltage and more conduction delay, both in SR and throughout the pacing protocol.
However, between healthy tissue and interstitial fibrosis, no clear pattern of

modification of EAM parameters was observed.

Previous data have suggested that atrial fibrosis on MRI is associated with slow
conduction and fractionation even in the absence of voltage abnormalities, being
conduction a better parameter than voltage for detecting arrhythmogenic tissue.?® In
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our study, point-by-point correlation analysis between LGE-MRI and EAM showed
greater agreement with the length of the EGM than with its voltage, both basally and
under conditions of functional stress. Furthermore, when analysing the differences
between the different areas of fibrosis, significant differences with voltage were only
achieved when atrial functional stress was maximum. These results may suggest that
the length of the EGM, and theoretically the CV, may have a greater impact than the
voltage in the analysis of the pathological substrate, especially in the most initial one.
Furthermore, they may indicate that the most realistic arrhythmogenic substrate may
appear when pacing is faster and closer tissue refractoriness, probably in line with the

fact that mapping during arrhythmia could be more realistic than in SR.

The role of interstitial fibrosis in cardiac arrhythmogenesis

Although several studies have shown that the amount of collagen correlates with
the incidence of arrhythmia, the texture of fibrosis also plays a role. In the ventricle,
patchy fibrosis is the most vulnerable to ventricular arrythmia and, interestingly,
compact fibrosis is the least. It is the combination of fibrosis and healthier myocardium,
the mixture of electrically passive and active tissue, that determines the arrhythmogenic

substrate.

The relationship between AF and the configuration of the underlying fibrosis is
still unclear, since it can present a spectrum of textures that result in different
arrhythmogenic profiles. Compact fibrosis comprises regions of collagen that appear to
be visualized by LGE-MRI and that electrophysiologically correspond to low-voltage

areas with fixed conduction block. On the other hand, non-compact forms of fibrosis
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such as interstitial include more diffuse textures, at the limit of the resolution margins
of current MRI sequences and are more associated with functional arrhythmogenic
vulnerability. These areas are susceptible to arrhythmogenic activity, remaining inactive
in a passive state such as the SR and manifesting dynamic changes in the form of
fragmentation, low voltage and slowing of conduction under conditions of functional
stress. It has also been observed that AF phenotypes with the larger area of vulnerable
dynamic substrate were both long-standing paroxysmal and early persistent, with a
more fixed substrate, less sensitive to rate changes, in the most persistent forms.'3 This
suggests the presence of a critica! period in the natural history of the arrhythmogenic

substrate when there is only slight remodelling.

Our analysis showed how interstitial fibrosis presented a more dynamic
substrate than healthy tissue and dense scar. This regian presented the most
pronounced changes in the EAM during the pacing protocol, underscoring the
importance of interstitial fibrosis and initial remodelling in arrhythmogenesis. On the
other hand, although the relationship between dense scar on MRl and EAM seems clear
in our study and confirms previous results, with interstitial fibrosis this relationship was
not so evident. It is unknown to what extent the resolution of the MRI allows us to
appreciate this most initial remodelling, and its underdetection is a possible explanation

for the results obtained so far in MRI-guided AF ablation.>-°

Clinical implications

One of the most current research objectives in AF ablation is the analysis of the

specific arrhythmogenic atrial substrate, since the success of the procedure largely
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depends on its precise identification and interpretation. It seems that current
techniques allow to see the most developed pathological substrate, with already
established fibrosis; however, a more initial substrate could go unnoticed as healthy
tissue. Previous studies using MRI-guided fibrosis ablation did not show the expected
results and this could be because the target was the dense scar rather than more
incipient fibrosis, perhaps the true arrhythmogenic substrate.? Assessment of atrial
tissue under conditions of functional stress, as well as improving the resolution of MRI,
could play a role in the early detection of this arrhythmogenic substrate. This hypothesis
could be the basis for new studies and the future of substrate ablation in patients with

AF.

Limitations

This study has sorne limitations. First, although EAM is considered the best
surrogate far LA fibrosis in clinical practice, histopathology is the gold standard;
therefore, any study that does not use this as a reference may induce bias. Second,
although the results are statistically significant and constitute conclusive and clinically
relevant findings, the small sample size must be recognized as the most important

limiting factor of the study.

Conclusions

Functional electrophysiological stress of the LA could unmask an arrhythmogenic
substrate that is not detectable under basal conditions. Interstitial fibrosis, classified

according to LGE, appears to be critica! in these dynamic changes. On the other hand,
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dense scar correlates better with EAM, although its clinical impact may be less.
Furthermore, CV agrees better than voltage with LGE-MRI, both basally and under

functional stress conditions.
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Tables

Table 1. Inclusion and exclusion criteria

Inclusion criteria

Exclusion criteria

» Undergoing first AF ablation

Optimal LGE-MRI sequence

SR at the beginning of the ablation

procedure

SR during the entire pacing protocol

* Age 18years

AF induction during pacing protocol
LV dysfunction (LVEF S45%) or severe
valve disease
Contraindication for LGE-MRI
- Glomerular filtration <30mL/min
- Claustrophobia
- Gadolinium allergy

- Metallic devices

AF, atrial fibrillation; LA, left atrium; LGE-MRI, late gadolinium-enhanced magnetic

resonance imaging; LV, left ventricle; LVEF, left ventricle ejection fraction; SR, sinus rhythm.
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Table 2. Analysis of the electroanatomic mapping variables in sinus rhythm and during the decrementa! atrial pacing protocol. Results of the left

atrium overall and for each ofthe 12areas.

VRS V 350 V300 AV300 V250 AV250 LeSR Le 350 Le300 Ale 300 Le 250 Ale 250
LA | 1.86+1.56 1.49+1.33 1.17+0.98 -0.35+0.82 0.98+0.86 -0.29+0.74 41.36+£12.70 40.96+11.86 43.72+11.71 2.58+7.83 45.87+11.88 3.53+7.89
1 1.65+1.24 1.29+1.15 1.19£1.09 -0.13+0.77 0.69+0.54 -0.61+1.10 42.68+12.01 43.92+11.99 45.54+11.12 1.95+7.40 53.05+13.77 7.05+11.11
2 2.36+2.01 1.64+1.40 1.33+1.01 -0.32+0.73 0.83+0.61 -0.13+0.31 43.65+11.89 41.86+12.01 45.19+10.66 2.25+6.95 47.32+12.80 3.05+3.73
3 2.16+2.38 1.37+1.24 1.10+£0.94 -0.34+0.66 1.08+0.94 -0.28+0.55 42.95+14.46 41.19+14.67 43.46+13.32 0.484+8.96 42.10+8.32 0.80+10.44
4 1.88+1.34 1.43+1.09 1.15+0.85 -0.34+0.51 1.07+0.88 -0.18+0.46 39.57+13.18 39.80+12.78 42.77+11.76 2.77+8.63 40.90+7.43 1.24+3.67
5 2.30+1.59 2.42+1.79 1.58£1.25 -0.83+1.47 1.43+0.94 -0.43+£0.43 | 40.11£11.90 35.29+8.07 39.57+8.58 4.28+5.03 46.20+7.52 3.80+5.33
6 2.40+1.84 1.45+1.36 1.17+0.88 -0.43+0.74 1.07+1.17 -0.07+0.65 37.91+9.49 41.09+14.75 46.25+£19.60 5.16+13.59 48.42+7.26 5.16£8.20
7 1.57+1.24 1.42+0.94 1.10+0.80 -0.32+0.41 1.29+0.54 -0.18+0.44 35.02+7.19 35.95+8.32 38.54+8.35 2.58+4.52 38.88+11.15 2.12+2.69
8 1.20+1.01 1.37+1.18 1.08+1.00 -0.29+0.75 1.00£1.02 -0.13+£0.71 42.37+18.27 39.84+7.87 42.34+8.55 2.50+£5.97 45.46+13.72 4.53+9.34
9 1.91+£1.67 1.60+1.78 1.17£1.18 -0.42+1.09 1.09£1.05 -0.19+0.34 41.07£12.84 40.96+9.36 46.30+10.56 5.33+6.17 46.83+11.33 1.50+1.76
10 1.38+1.09 1.74+1.70 1.22+1.05 -0.52+0.89 0.90+1.17 -0.27+0.87 38.65+8.25 40.15+7.61 41.65+7.84 1.50£3.79 40.62+9.28 0.84+5.03
1 1.55+1.43 1.21+1.32 0.80+0.64 -0.40+0.98 0.47+0.07 -0.29+0.31 46.92+13.39 45.08+13.57 48.18+12.43 3.10+10.41 60.00+18.19 | 10.00£13.07
12 2.29+1.26 1.37+0.76 1.13+0.81 -0.25+0.36 1.12+0.91 -0.11+0.94 43.85+11.70 42.70+10.77 43.70+12.22 1.00+5.56 49.25+9.62 2.9242 .81

Data are presented as meant SO. EGM, electrogram; LA, left atrium; Le,EGM length; Llle, EGM length difference between consecutive extrastimuli; V,EGM voltage;

LIV, EGM voltage difference between consecutive extrastimuli.




Table 3. Differences between electroanatomic mapping obtained with pacing from the

left atrial appendage and from the distal coronary sinus. Results at the global level of the

left atrium and for each of its 12 areas.

Area [V CSd pacing | LAA pacing | P Le | CSdpacing LAApacing P
LA SR 1.97+1.71 1.76+1.45 0.076 | SR 41.25+13.33 41.46+12.05 0.004
350 1.45+1.30 1.54+1.36 0.655 | 350 | 39.90+11.89 42.05+11.76 0.001
300 | 1.16+0.97 1.18+0.99 0.321 | 300 42.73+11.56 44.6511.80 0.007
250 | 0.95+0.76 1.03+0.98 0.471 | 250 46.93+12.86 43.86+10.12 0.952
1 SR 1.67+1.45 1.64+0.99 0.884 | SR 41.52+11.47 43.86+12.54 0.325
350 1.17+1.02 1.42+1.27 0.274 | 350 | 43.15+12.02 44.71£12.02 0.514
300 1.25+1.24 1.15+0.95 0.658 | 300 | 45.58+11.07 45.51+11.27 0.975
250 | 0.79+0.63 0.53+0.28 0.077 | 250 | 55.96+13.70 48.20+12.90 0.082
2 SR 2.21+1.81 2.53+2.24 0.569 | SR 44.78+13.70 42.28+9.60 0.468
350 1.35+0.87 1.98+1.79 0.129 | 350 42.70+14.41 40.92+9.03 0.594
300 1.20+0.81 1.44+1.18 0422 | 300 | 46.35+11.86 44.08+9.49 0.475
250 1.04+0.63 0.54+0.49 0.063 | 250 46.36+13.51 48.63+12.53 0.712
3 SR 2.73+2.77 1.51£1.69 0.054 | SR 40.97+12.31 45.15+16.48 0.288
350 1.37+1.07 1.37+1.44 0.985 | 350 35.40+9.30 47.63+16.89 0.001
300 1.10+0.69 1.11+£1.12 0.966 | 300 39.57+7.07 46.78+16.36 0.045
250 | 0.89+0.61 1.51+1.43 0.346 | 250 42.07+9.29 42.17+6.24 0.979
4 SR 2.02+1.45 1.71%1.20 0.308 | SR 39.46+13.82 39.69+12.58 0.942
350 1.57+1.28 1.27+0.81 0.234 | 350 | 40.05£12.65 39.51+13.11 0.858
300 1.23+0.98 1.05+0.64 0.359 | 300 | 42.78<11.09 42.77+12.67 0.999
250 1.25+1.07 0.81+0.39 0.181 | 250 40.72+8.49 41.17+5.79 0.866
5 SR 2.36+1.59 2.21+1.64 0.781 | SR 38.70+12.01 42.00+11.90 0.425
350 2.80+2.04 1.91£1.30 0.126 | 350 34.80+9.06 35.93+5.67 0.666
300 1.94+1.32 1.11+1.01 0.042 | 300 37.55+9.23 42.27+7.05 0.096
250 1.26+0.89 2.09+1.06 0.452 | 250 4.38+5.83 1.5042.12 0.455
6 SR 2.21+1.68 2.59+2.04 0.571 | SR 36.44+10.00 39.39+9.04 0.391
350 1.36+1.34 1.55+1.42 0.691 | 350 35.50+10.54 46.69+16.48 0.031
300 | 0.89+0.82 1.54+0.86 0.057 | 300 43.75+22.35 48.75+16.76 0.480




250 0.57+0.37 2.66+0.97 0.017 250 39.63+£8.72 36.00+£2.16 0.442
7 SR 1.58+1.44 1.55+0.96 0.952 SR 35.87+8.49 33.9445.11 0.375
350 1.28+0.78 1.61x1.11 0.296 350 34.96+8.84 37.22+5.74 0.384
300 0.99+0.64 1.24+0,96 0.361 300 37.04+9.21 40.44+6.88 0.184
250 1.30+0.58 1.24 0.919 250 39.43+11.92 35.00 0.740
8 SR 1.05+0.88 1.37£1.05 0.362 SR 57.90+£29.87 38.83+6.24 0.001
350 1.24%1.13 1.42+1.21 0.672 350 41.50+10.50 39.25+6.84 0.540
300 0.84+0.71 1.17+£1.08 0.371 300 43.60+10.48 2.64+6.55 0.647
250 0.59+0.60 1.66+1.27 0.063 250 50.38+15.61 37.60+£3.57 0.058
9 SR 1.06+0.88 1.37£1.05 0.851 SR 57.904£29.87 36.83+6.25 0.235
350 1.24%1.13 1.42+1.21 0.149 350 43.60+10.48 39.25+6.84 0.360
300 0.83+0.70 1.17£1.08 0.370 300 43.60+10.48 41.89+7.92 0.619
250 0.59+0.60 1.66+1.27 0.790 250 50.38+15.61 37.60+£3.57 0.129
10 SR 1.60£1.22 1.24+1.52 0.377 SR 36.15+6.15 40.19+9.10 0.169
350 1.81£1.83 1.70+1.66 0.866 350 33.27+6.08 41.95+8.08 0.062
300 1.31+£1.03 1.16+1.08 0.689 300 40.08+4.19 42.62+9.40 0.367
250 - 0.89+1.16 - 25 - 40.62+9.08 -
1 SR 1.64+1.64 1.40£1.05 0.578 SR 43.71£10.77 52.07+£15.82 0.057
350 1.25+1.65 1.13+0.98 0.771 350 47.00+15.42 42.00+9.63 0.221
300 0.80+0.66 0.78+0.63 0.978 300 46.71+£11.69 50.53+13.61 0.376
250 0.49 0.47+0.91 0.861 250 61.00 49.50+0.71 0.053
12 SR 2.17+1.20 2.46+1.38 0.640 SR 43.50+12.61 44.38+11.01 0.872
350 1.25+0.52 1.57+£1.04 0.441 350 38.58+6.57 48.88+13.22 0.071
300 0.94+0.51 1.39£1.12 0.323 300 39.42+7.97 50.13+£15.05 0.096
250 0.81+0.55 1.44£1.13 0.256 250 44.33+7.71 54.17+9.28 0.075

Data are presented as meant SD. EGM, electrogram; LAA, left atrial appendage; Le, EGM length;

ole, EGM length difference between consecutive extrastimuli; CSd, distal coronary sinus; V, EGM

voltage; 6V, EGM voltage difference between consecutive extrastimuli.
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Table 4. Comparison between electroanatomic mapping variables and late gadolinium-enhanced magnetic resonance imaging.

LA R P Group 1 Group 2 Group 1+2 Group 3 P (difference P (difference

mV(V) (correlation | (correlation (IR <1.20) (IR:=:1.20and (IIR< 1.32) (IR :=: 1.32) between fibrosis | between fibrosis

ms(Le) ViLe - lIR) ViLe- lIR) <1.32 groups1,2and3) | groups1+2vs3)
VSR 1.86+1.56 -0.09 0.033 1.89+1.58 2.33+1.85 1.92+1.60 1.56+1.52 0.068 0.052
V350 1.49+1.33 -0.02 0.411 1.40+1.32 2.14%1.51 1.52+1.34 1.34+1.27 0.030 0.264
V300 1.17+0.98 -0.24 0.581 1.16+0.95 1.42+0.98 1.17+0.95 1.15£1.17 0.001 0.853
11V300 0.35+0.82 -0.01 0.844 0.35+0.75 -0.80£1.19 -0.37+0.79 -0.22+0.96 0.011 0.149
V250 0.98+0.86 -0.13 0.070 1.04+0.89 1.29+0.90 1.06+0.89 0.59+0.46 0.015 0.001
1IV250 0.29+0.74 -0.14 0.052 0.24+0.64 -0.420.48 -0.264+0.63 -0.39+1.02 0.757 0.346
LeSR 41.36£12.70 0.09 0.030 40.33+11.82 38.28+11.25 40.22+11.79 47.78+15.56 <0.001 <0.001
Le350 | 40.96+11.87 0.15 <0.001 40.21+11.09 41.00+14.46 40.25+11.27 | 44.99+14.18 0.003 0.D0S
Le300 | 43.72+11.71 0.16 <0.001 42.85+11.16 43.88+12.80 4291+11.24 | 48.31+13.27 0.001 0.001
1ILe300 2.58+7.83 -0.02 0.965 2.44+7.78 4.67+4.73 2.56+7.66 2.70+8.80 0.397 0.885
Le 250 45.34+11.48 0.26 <0.001 44.07+11.40 50.82+12.21 44.54+11.55 51.53£12..08 0.016 0.003
llle 250 | 3.53+7.89 0.22 0.003 2.76+7.25 5.73+5.90 2.97+7.19 436+7.47 0.268 0.336

Results of the analysis of the electroanatomic mapping (voltage and length of the EGM) according to the degree of fibrosis categorized by late gadolinium
enhancement and the point-by-point correlation between both techniques. Group 1: healthy tissue, group 2: interstitial fibrosis, group 3: dense scar. Data
are presented as mean+ SO. EGM, electrogram; |IR, image intensity ratio; LA, left atrium; Le, EGM length; llle, EGM length difference between consecutive

extrastimuli; V, EGM voltage; IV, EGM voltage difference between consecutive extrastimuli.
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Figure I. Analysis of the EAM variables according to the distribution of fibrosis using LGE-MRI.
The figure shows the differences in voltage and length of the EGM between the dense scar area
(2) and the rest of the left atrium (1). EGM, electrogram; L, EGM length; SR, sinus rhythm; V,
EGM voltage.
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Figure 2. Analysis of changes in EAM variables during consecutive decrementa! coupling
extrastimuli and their relationship with the distribution of fibrosis according to LGE-MRI. The
area classified as interstitial fibrosis shows the most marked changes in the EAM, both in EGM
voltage and length. EGM, electrogram; L, EGM length; V, EGM voltage.
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SUBPROJECTE 2: Relacié entre aorta i fibrosi auricular analitzada mitjangant la

ressonancia magnetica cardiaca amb realg tarda de gadolini.

Article 4
Proximity to the descending aorta predicts Regional Fibrosis in the adjacent left atrial

wall: aetiopathogenic and prognostic implications.

Resum

La fibrosi auricular esta present en pacients amb FA i es pot visualitzar mitjancant
la RMC-RTG. Estudis previs han demostrat que la fibrosi de I’AE no es distribueix
aleatoriament, sind que és més freqiient en I'area de paret posterior adjacent a I’ADes.
L'objectiu d’aquest estudi és analitzar la relacié entre la fibrosi regional i la distancia a

I’ADes, aixi com les implicacions pronostiques d’aquesta fibrosi.

Es va realitzar una RMC-RTG en 108 pacients abans de I'ablacié de FA per
analitzar I'extensiod de fibrosi en I’AE i la distancia entre aquesta i I’ADes. Es va realitzar
un MEA d'alta densitat en un subgrup de 16 pacients per excloure la possibilitat d'un
artefacte de la RMC-RTG. Les recurrencies després de I'ablacié es van analitzar a un any

de seguiment.

L’extensid de fibrosi auricular en la regié adjacent a I’ADes va correlacionar
inversament amb la distancia entre AE i aorta (r = -0,34; p < 0,001). Aquesta area va
mostrar la major intensitat de RTG (//R 1,14 £ 0,15 vs 0,99 + 0,16; p < 0,001), el voltatge
més baix (1,07 £0,86 vs 1,54 + 1,07mV; p < 0,001) i la VC més lenta (0,65 + 0,06 vs 0,96

+ 0,57 mm/ms; p < 0,001). En el seguiment, I’extensié de fibrosi adjacent a I’ADes va
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predir la recurrencia després de I’ablacié (hazard ratio (HR) 1,02 1IC 95% 1,01-1,03; p =

0,01), a diferencia de la fibrosi auricular total (HR = 1,01; IC 95% 0,97-1,06; p = 0,54).

Com a conclusid, la fibrosi auricular es localitza predominantment a la zona
adjacent a I'’ADes i aquesta augmenta quan es redueix la distancia entre les dues
estructures. La correlacio punt per punt de la RMC-RTG amb el MEA confirma I'extensid
de fibrosi i descarta un artefacte de la propia imatge. Finalment, aquesta fibrosi regional

demostra tenir més impacte en el pronostic de I’ablacié que la fibrosi auricular total.
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Proximity to the descending aorta predicts
regional fibrosis in the adjacent left atrial wall:
aetiopathogenic and prognostic implications
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Aims Left atrial (LA) fibrosis is present in patients with atrial fibrillation (AF) and can be visuaUzed by magnetic resonance
imaging with late gadolinium enhancement (LGE-MRI). Previous studies have shown that LA fibrosis is not ran-
domly distributed. being more frequent in the area adjacent to the descending aorta (DAo). Toe objective of thls
study is to analyse the relaaonship between flbrosls in the atrial area adjacent to the DAo and the distance to it, as
well as the prognostic implications of this fibrosis.

Methods Magnetic resonance imaging with late gadolinium enhancement wasobtained in 108 patients before AF ablation to

andresults analyse the extent of LA fibrosis and the distance DAo-to-LA. A high-density electroanatomic map was perfomied
In a subgroup of 16 patients to exdude the posslbility of an MRI artifact. Recurrences after ablation were analysed
at 1 year of follow-up. Toe extent of atrial fibrosis in the area adjacent to the DAo was inversely correlated with
the distance DAo-to-LA (r = -0.34. P<0.001). This area had the greatest intensity of LGE (image intensity ratio
(IR) 1.14£0.15 vs. 0.9940.16; P<0.001) and also the lowest voltage (1.07+0.86 vs. 154+1.07mY; P<0.001)
and conduction velocity (0.65 £ 0.06 vs. 0.96 + 0.57 mm/ms; P<0.001). Toe extent of this regional flbrosis predicted
recurrence after AF ablation [hazard ratio (HR) 1.02. 95% CI 1.01-1.03: P=0.01). however total fibrosis did not
(HR=1.01. 95% CI 0.97-1.06. P= 0.54).

Concluslons Atrial fibrosis was predominantly located in the area adjacent to the DAo, and increased with the proximity be-
tween the two structures. Furthem,ore, this regional fibrosis better predicted recurrence after AF ablation than to-
tal atrial fibrosis.

Keywords Atrialfibrillation « Leftatrium ¢ Magnetic resonance imaging * Atrial fibrosis * Catheter
ablation « Descending aorta
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G. Caixal et al.

What's new?

» Atrial fibrosis is more extensive in the area adjacent to the
descending aorta and its extent is inversely correlated with the
distance between these two anatomical structures.

* Toe extent of atrial fibrosis in the area adjacent to the
descending aorta appears to be a better predictor of
recurrence of atrial fibrillation after ablation than the full

extent of atrial fibrosis.

Introduction

Left atrial (LA)fibrosis isa hallmark of atrial cardiomyopathy and facil-
itates atrial fibrillation (AF) maintenance.1-2 Toe extent of LA fibrosis
also has been established as an independent predictor of AF recur-
rence after treatment with catheter ablation.® Pulmonary vein isola-
tion remains the comerstone of AF ablation, but novel approaches
targeting atrial fibrosis visualized by magnetic resonance imaging with
late gadolinium enhancement (LGE-MRJ) are the focus of current re-
search, such as the ALICIA* or the DECAAF 11 (NCT02529319) tri-
als. Thereby, the characterization of LA flbrosis becomes utmost
therapeutic and prognostic importance.

Our previous work hasshown that LAflbrosis is not randomly dis-
tributed.® but develops predominantly in the posterior LA wa\l and
appears to be particular!y prominent in the area surrounding the left
inferior pulmonajy vein. This region is typically located in the direct
vicinity of the descending aorta (DAO).

We therefore hypothesized that repeated trauma of the DAo
against the LA wall and subsequent profibrotic mechanotransduction
would be on the basis of atrial fibrosis around left inferior pulmonary
vein. If this holds true, the distance from the aorta to the LA wall
would correlate with the amount offibrosis. In order to address the
potential role of the DAoin the regional development offibrosis, our
aim here was to investigate me anatomical relationship between
DAo and LA fibrosis, to analyse the underlying arrhythmogenic sub-

strate aswell as to analyse its prognostic implications.

Methods

Patient selection

A cohort of 108 consecutive patients undergoing their first AF ablation
procedure were prospectively recruited. A subgroup of 16 patients, who
underwent a high-density electroanatomical mapping (EAM), were used
to assess localvoltage and conduction velocities (CVs).A general descrip-
tion of these patients has been recently published ® Exclusion criteria
were age <lI8years. previous AF ablation ar contraindication for MRI
(claustrophobia, advanced kidney diseasewith glomerular filtration rate <
30mUKg/min, contrast allergy, obesity precluding scanning, implanted
cardiac devices). and low quality MRI. Ali patients completed 1 yearof fol-
low-up afterablation. Any episode of atrial arrhythmia lasting at least 30 s
and oq:urring after the 90-day blanking period was classified as a recur-
rence.Written informed consent was obrained from each patient and the
protocol was reviewed and approved by the local research ethics com-
mittee (HCB/2019/0944).The data thatsupport the find ings of this study

are availablefromthe con-esponding authors, LM. and E.G.. upen reason-
able request.

Magnetic resonance imaging image
acquisition

Ali LGE-MRIstudies were petformed in sinus rhythm using a 3 T scanner
(Magnetom Trio-Tim, Siemens Healthcare, Erfangen, Germany) and 32-
channel phase array cardiovascular coil with electrocardiographic trigger-
ing. If AF was present befare LGE-MRI, electrical cardioversion was per-
farmed to restare sinus rhythm. The acquisition protocol has been
described previously.7Briel\y, an intra-venous bolus of0.2 mmol/kggado-
butrol (Gadovist, Bayer Hispania, S.L) was administrated 20 min befare
acquisition. A free--breathing 3D navigator and electrocardiographically
gated inversion recovery gradient-echo sequence wasapplied in the axial
orientation. Voxel sizewas1.25 x 1.25 x 2.5mm. Othertypical sequence
parameters were: repetition time 2.3ms, ed10 time 1.4ms, flip angle 11°,
bandwidth 460 Hz/pixel, and inversion time (TI) 280-380 ms. A TIscout
sequence was used to nulUfythe myocardial signaland determine optima(
TI. A fat saturation preparation pulse was used to reduce fat signal.

Complete LAcoverage was obtained with 40-50slices.

Magnetic resonance imaging with late

gadolinium enhancement post-processing
Assessment of left atrial fibrosis

Post-processingof the LGE-MRIdatawas performed using the ADAS 3D
software (ADAS 3D, Barcelona. Spain). Toe mid-myocardial layer of the
LA wall was manually traced on each axial-plane slice and automatically
adjusted to build a 3D shell. Pulmonary veins, mitral valve. and LA ap-
pendage were removed far fibrosis analysis. Toe image intensity ratio
(11R) was calculated as the ratio between the signal intensity of each voxel
and the mean signal intensity of the blood pool in every patient.”-® Each
IIR value was colour-coded and projected onto the 3Dshell of the atrium
to cre.rte an IIR map. Previously validated thresholds were applied to dis-
criminate fibrotic and normal tissue (IR 1.20 and<1.32 far borderzone
fibrosis: IIR:;::1.32for dense fibrosis/scar).”

Regional distribution of fibrosis and spatial relation to the

descendingaorta

TheLAand the aorta were segmented from the LGE-MRIdatasets using
the ADAS-3D software (Figure 1). Toe regional distribution of fibrosis
was analysed in the 3D LA shell. To investigate me possible association
between DAo and regional distribution of fibrosis, an atrial segment
called 'area adjacent to the Dao' wasdefined.This segmentwas delirnited
by the rectilinear parallel projection of the DAo anta the posterior wall

of the LA and was loc.rted predorninantly around the ostium of the left

inferior pulmonary vein. Toe upper and lower limits of the rectangle

were those ofthe posterior wall. Paraview 3.0 software, an open-source
multi-platform data analysis and visualization application, was used to de-
termine this exact area in each patient (Figure 2A-C).Once the area was
defined. the amount of total fibrosis it conlained was calculated (ITR
1.20).

In on:ler to determine the distance from the LA to the DAo,the area
previously defined was marked with six pointsalongits outline. one point
on each of the four comers and one pointdividingthe lateral boundaries
ofthe projected area in two line-segments of equal length (Figure 20).
Thedistance between the two structures was measured using Paraview
software, which allows measuring the shortest distance between two
pointsin a 3D space. Toe average distance frorn these six points to the

aorta was calculated in each patientand used far subsequentanalyses.
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Association between left atrial fibrosis and proximity to the aorta

Figure 1 Segmentation of the structures of interest. Structures of interest (LA and descending aorta) are segmented in each axial section of late

gadolinium enhancement magnetic resonance imaging (LGE-MRI) until obtaining a three-dimensionalanatomical model. In the case of the atrium, a

colour cede is projected according to the image illtcnsity ratio (IIR <1.20.healthy-blue: IIR ¢'..1.20-<132, interstitial fibrosis-white; IIR c'. 1.32, dense

scar-red).

Ablation procedure

All procedures were performed using radiofrequency energy and a 3D
navigation system (CARTO 3: Biosence-Webster/NAVX; Abbott medi-
ca!). Point-by-point ablation was carried out with an open-irrigated tip
catheter with contact force sensing (Thermocool Smart-Touch:
Biosense-Webster/TactiCath SE: Abbott Medica!) targeting the vein-
atrial junction at the ostia!level. A retrospective analysisfound thatthe fi-
brosis located below the aorta was not included within the ablated areas.
The carina between the ipsilateral pulmonary veins and other ablation
targets,such as the roofline or posterior box.were performed at the dis-
cretion ofthe operator. Power was set to a maximum of 40W and re-
duced to 30W at the posterior wall The goal of each raciofrequency
application was to obtain a minimum accepted value with an ablation in-
dex (Al)450-350 ora lesion size index (LST) 4.5-5.5. The presence of bi-
directional conduction blockwas confirmed at the end ofthe procedure.

Electroanatomical mapping

In the 16 patients in whom the EAM was analysed, voltage and activation
maps ofthe LA were acquired insinus rhythm usinga multipolar mapping
catheter (LassoNav, Biosense Webster,!ne.). Details of the methodology
have been previously reported.® In brief. maps were obtained using the
CARTO 3 System (Biosense Webster). If necessary, sinus rhythm was re-
stored prior to EAM by electrical cardioversion. Endocardial contact of
the mapping catheter was confirmed through catheter stabitity algorithms
andan interna! point fiiter to limit data acquisition to 7 mm from the ana-
tomicshell to avoid mapping in the blood pool.

All points were manually reviewed byan experienced electrophysiolo-
gist blinded to the LGE-MRIdata. Regionalfibrosis was determined based
on bipolar voltage mapsincluding review of critica!local electrograms ap-
plying a threshold of <O.SmVto discriminate fibrotic from healthy tissue.
Local CYswerecalculated based on local activation times acquired in the

activation map.® More precisely, electrical signals including their position
co-ordinates were processedand rendered in 3D to display the local acti-
vation time at each point of the LA shell. Points recorded during ectopic
beats were excluded and a stable sinus rhythm electrogram was set as
reference. Toe LAwas parameterized usinga common reference system,
following a previously described method.”'" The local CV between two
adjacent points was defined as the geodesic distance divided by the local
activation time difference expressed in mm/ms, as described previously.

In order to perform an accurate point-by-point correlation of the
EAM with the LGE-MRI, we projected the EAM pcints on a standardized
template of the LA. The EAM data and a surface mesh of the LA were
extracted from the CARTO mapping system. Both surface meshes (LGE-
MRI- and CARTO-based) werestandardized bysemi-automatical cUpping
of pulmonary veins, LA appendage, and mitral valve, followed by affine
and non-rigid registration to a LA template mesh." With both meshes in
the template space, CARTO points were projected from the EAM regis-
tered surface mesh to the LGE-MRI-related mesh, obtaining a point-by-
point correlation. Finally, a regional analysis of the points was carried out,
differentiating those in the area adjacent to the DAo from those in the
rest of the LA. Offline analyses were conducted with Python (Python
Software Foundation).

Follow-up

FoUow-up visits werescheduled 3, 6, and 12 months afte.r ablation and in-
cluded a 12-lead ECG and 24-h Holter recording performed the week
before the visit Patients were encouraged to obtain adcitional ECGs if
they presented with symptoms suggestive of recurrence.

Statistical analysis
Continuous variables are presented as mean = standard deviation (SO)

and compared with a t-test/Mann-Whitney test or one-way ANOYN
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Figure 2 Methodology for measuring thedistance between left atrium and aorta Paraview program enabled precise determination of the area de-

fined by the parallel projection ofthe descending aorta (DAo) onto the posterior wattof the left atrium (LA). In addition. it was used to measure the
distance between the two structures. (A) Posterior view of the LA with the area that overlaps the DAo.(8) Parallel projection of the DAo onto the
LA wall viewed from a superior and a posterior plane. (Q Delimitation of the upper and lower boundaries of the posterior wall (D) The resulting
area afterdefiningthe ma ns (i.e.the areaadjacentto the DAo)wasmarked with six points (black dots) alongitscontour.

Kruskal-Wa!Us test, as appropriate.Categorical variables are summarized
as the number of cases and percentages. To analyse the correlation be-
tween fibrosis area and other covariates, we used Pearson's R for para-
metric variables and Spearman rho for non-parametric ones. Survival
analysis was conducted with a Kaplan-Meier estimation and a Cox
Regression. A two-sided type I error of 5% was defined for ali tests. Ali
analyses were performed using R v3.6.1 (R Project for Statistical
Computing; Vienna,Austria).

Results

Patient characteristics
Between June 2017 andJanuary 2019, a total of 131 first AF ablations

were performed. Twenty-three patients wereexcluded from analysis

dueto missing or low-quality LGE-MRIdata, leaving a cohort of 108
patients. A subgroup of 16 patients had a high-density EAM per-
formed as part of a previous MRI validation study.® Table 1 summa-
rizes clinical and anatomical characteristics of the patients.

Association between distance to the

aorta and regional fibrosis

Toe areaadjacent tothe DAoconstituted 12.1 £1.3% ofthe total ex-
tension of the LA In line with previous evidence,5 this area showed
the most extensive fibrosis by LGE-MRIanalysis.Toe area adjacent to
the DAo hada mean fibrosis extension 0f25.1 £12.8% and only 10
patients (9.3%) showed no fibrosis at ali. Toe percentage of total fi.
brosis in the LA (including the area adjacent to the DAo) was
8.247.7%.
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Association between leftatrial fibrosis and proximity to the aorta

The mean distance from the DAo to the posterior LA wall was
6.9+ 3.3mm. Toe extent of fibrosisin the area adjacent to the DAo
was inversely correlated with the distance to the DAo (rho=-0.40,
P<0.001; Figure 3), whereas overal( LA fibrosis was not (r--0.11.
P=0.24).

Correlation between magnetic
resonance imaging and

electroanatomical maps

In order to exclude a false positive detection of fibrosis due to the
proximity oftheaorta,ahigh-density EAMwasperformed andcorre-
lated point-by-point withthe LGE-MRI in 16 of the patients.

Table | Baseline patient characteristics
Variables Fullcohort
Age (years) 59.8+10.1
Sex (mate) 70 (65%)
Body mass index 28.7+6.3
Typeof AF (persistent) 56 (52%)
AF duration (months} 12+4.6
Previous ECV 66 (61%)
Hypertension 51(47%)
Obstructivesleep apnoea 9(8%)
Diabetes mellitus 14 (13%)
CHAsDS$:1YASC2 score 1.3+1.2
LVEF(%) 57+8
LA AP diameter (mm) 42+6
LA area (cm?) 30.1+ 6.9

Data arepresentedasmean + SO or N (%).
AF, atrial fllrill,Itioo; Ao, ,aorta; AP, anteroposterior, ECV, electrical c.ardiover-
slon; LA left atrlum: LVEF. teftvéntrictar ejection fraction.

1000 w mm oo
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The point correlation assessment of regional fibrosis based on
LGE-MRI signa! intensities showed a mean IIR per patiem of
1.08+021. Toe area adjacent to the DAo contained the most in-
tense LGE, showing a significantly higher 11Rcompared with the other
regions (1.14 £ 0.15 vs. 0.99+0.16, P < 0.0001). This region also
turned out to be the area with thehighest percentage of points with
an IIR within the dense scar range (14.8 + 6.5% vs. 4.5+ 3.4%,
P<0.01).

In the EAM analysis, the mean voltage per patient was
1.35 + 1.12mV and the mean O/ was 0.91+0.53 mm/ms. The re-
gional distribution of IIR, vottage, and CV between the area adjacent
to the DAo and the rest of the LA is presented in Figure 4. The volt-
age of the points in the area adjacent to the DAo was significantly
lower compared with the rest of the LA (1.07+ 0.86 vs.
1.54 + 1.07mV;P<0.001) and showedan inverse point-by-pointcor-
relation with the IR(r = -0.41,P<0.001). This area also hada signif1-
cantly slower CV (0.65+0.06vs.0.96+0.57 mm/ms;P< 0.001), with
aninverse correlation between CV and IR (r= -0.21, P<0.001).

Other predictors of fibrosis

Patients with hypertension revealed a shorter mean DAo-LA dis-
tance (6.2+ 2.0 vs. 7.5+ 3.9mm, P = 0.03) and a trend towards a
more extensive fibrosis in the areaadjacentto the DAo (22.33 + 3.40
vs. 28.09+ 4.19 cm2, P= 0.1), compared with non-hypertensive
patients. No other patients characteristics were associated with the
distance between LA andaorta (Table 2).

Predictors of atrial fibrillation

recurrence

A total of 37 patients (34%) presented with atleast one documented
recurrence in the first year of follow-up after AF ablation. These
patients had more fibrosis in the area adjacent to the DAo than did
patients without recurrence (36.88 £ 5.63% vs. 18.89 £ 2.55%,
P=0.01). Fibrosisin the area adjacent to the DAo, but not total LA
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Figure 3 Correlation between fibrosis and the distance to the aorta. The extension of fibrosis in the area of the leftatrium adjacentto the
descending aorta wasinverselycorrelatedwiththedisrancebetween thetwo structures. Thered lineshows thecubic regression line.
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Figur 4 Re onal compa.rison of image intensity ratio (lIR),volt-
age, and conduction velocity between the area adjacent to the
descendingaorta andthe rest ofthe leftatrit.m. The upper box plot
repn::;ents librosis (1IR),the middleone tl1e voltage,andthe bottcm
one tl,e conduction velocity. The area adjacent to the descending
aorta showed a higher IIR. with a lower voltage and conduction
velodty.Note: Figure Replacement RequestedNote: Fig..jre
Replacement Req.jested.

furosis,was significanrly associated withAFrecurrence.withahazard
ratio (HR) of 1.02 (95% CI, 1.01-1.03, P =0.01) far each percentunit
increase of fibrosis. No other dinical or demographic variablewasas-
sociated withAFrecurrences in this series(Table 3).

A fibrosis cut-off point 37% inthearea adjacent to the aorta pre-
dicted recurrences of AF with a specifkity of 9(1'/4 and a sensitivity of
45% (area under the curve (AUC) 0.6S; Cl 95% 0.53--0.76; P=0.01).
The AF-free survival curves of both high and low fibrosis burder1
groups are shown in Figure SA; differences were highly significant
(P< 0.0001).In patients with ftbrosis37% inthe areaadjacent to the
DAo (n=24). the relative risk for recurrence was 3.54 (95% CI
1.84-6.79, P<0.001) compared with those <37%,

Toe DAo-LA distance yielded agoodpredictive capacity on the fi-
brosis burden in the atrial area adjacent to the DAo (ROC curve
plotted in Supplemeotary material onhne, Rgure Sl). Nene of the
patients with a DAo-LA distance ::Bmm showed 37% fibrosis ar
morein theareaadjacent to the DAo (specifidty 100%). Fibrosis was

Table2 Analysis of potentialrisk factors for DAo
distance

DAo distanee(mm P
Sex 0.89
Malc 6.95+3.16
female 6.86:t 3.48
Hypertension 0.03
Yes 6.21+2.03
No 7.54+ 397
Type of AF 0.45
Paroxysmal 627%2.69
Persistent 7.51%£3.63
OSA 0.51
Yes 8.14+5.76
No 6.81+2.96
Diabetes mellitus 0.07
Yes 8.29+2.89
No 6.71+£3.27
Age 0.06 0.56
LVEF (%) -0.11 0.27
LAAP dlameter (mm) -0.19 0.06
LA area (cm2) -0.06 0.53
LA volume (cm3} -0.10 0.71
LA sphericity -0.77 0.42
Body massindex 0.07 0.45
DAo diameter (mm) -0.31 0.11

Data are p=ntedas mean+ SO.
AF, atrio! Obrillntion: AP, anteropo,terior; DAo,descending aorta: LA left atrium:
LVEF, lefi:ventride ejection fraction; OSA. obstructive sleep apnoea.

significantly lower when the distance between atrium and aorta was
>8 mm (30.60% * 3.39%vs.9.71%+ 1.74%: P< 0.0001, FigureSB).

Discussion

Main ftndings of our study arethat 0) fibrosis in the LA posterior waU
gathers N close vicinity of the descending thoracic aorta; (i) the ex-
tent offibrosis isgreater in those patientsin whomthe DAo iscloser
to the LA,; (iii) the amount of LGE-MRI detected fibrosis in the area
adjacentto the DAo correlates with decreased bipolar voltage and
0/: and (iv) atrialfibrosisin the areaagacentto the DAo yields abet-
ter AFrecurrence prediction afterablation thantotal atrialfbrosis.

While previous work had already pointed that LA fibrosisgenerally
localizes around the left inferior pulmonary vein in the posterior
wall,5-12 our study further delimits an area definecl by the rectilinear
parallel projection of the DAo on the posterior wall of the LA. Toe
e.xtentoffibrosis inthls region negatively correlated wi1lhthe distance
to the aorta,whichsuggests a causal relationship.

The aortic wall shows hyperenhancement in LGE-MRI, raising the
suspicion of a technical artefact in the LA wall as a result of the prox-
imity of the aortic wall. Therefore, we conducted additional analyses
to test whether LA hyperenhancement in che vicinity oi the DAo
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Table 3 Univariate analysisof AF recurrences
predictors

Univariate HR (95% Cl) P
Age 1.00(0.97-1.03) 0.96
Sex (mate) 0.98 (0.50-1.92) 0.95
Body mass index 0.96 (0.88-1.06) 041
Type of AF (persistent) 1.11 (0.54-2.28) 0.77
Hypertension 0.68 (0.33-1.38) 0.29
Obstructive sleep apnoea 1.68 (0.38-7.55) 0.50
LYEF(%) 0.99 (0.95-1.03) 0.65
LA AP diameter (mm} 1.08 (0.96-1.22) 0.22
LA area (sz) 0.90 (0.97-1.07) 0.24
LA-DAo distance (mm) 0.92 (0.82-1.04) 0.17
Flbrosis (DAo area, sz} 1.09 (1.01-1.16) 0.02
Flbrosis (DAo area, %) 1.02 (1.01-1.03) 0.01
Total LA fibrosis (sz) 1.01 (0.98-1.04) 0.48
Total LA fibrosis (%) 1.01 (0.97-1.06) 054

AP, anteropoSterior; BSA. body surlace area; DAo, de.scer>ding aorta: LA left
ai:riLm; LVEF, leftsentricular ejection fractiol\

truly represents an arrhythmogenic substrate. The extent of fibrosis
detected by LGE-MRI in the LA area adjacentto the aortanegatively
correlated with local voltage and CVs in high..<fensity EAM.
Furthermore, the extent offibrosis in thisarea,but not totalLA fibro-
sis, predicted recurrences after AF ablation during follow-up. These
results support thatLGE areas in the LA wallindicate truegadolinium
depositandapotential arrhythmogenicsubstrate.

Profibrotic and arrhythmogenic

mechanotransduction of the aorta

The LA locates in the mediastinum in close contact to severa! other
anatomical structures. However, the influence or surrounding struc-
tures in the LA structure and function, as wellas in AF pathology, has
been seldom studied. In patients with AF, contact of the atrial wall
with vertebrae has been related with areas of low voltage, slow CV.
and atrial ectopy.13 In case reports, prominent vertebral osteophytes
associate with profound anatomical deformations, and their ablation
successfully pnevents fromAF recurrence. 14

Our data show that the closer the DAo is to the LA, the deeper
arrhythmogenic the substrate is found in the posterior LA wall.
Because the intra-cavitary pressure in the DAo is remarkably higher
than in the LA,we suggest that a repetitive impact and stretch occurs
in the LA as a consequence of successive distension-compression
DAo cycles.

Chronic atrial wall stretch has been demonstrated to directly acti-
vate fibroblasts in the myocardium, induce collagen synthesis and
promete electrical conduction disturbances,'” at least partially due
to activation of stretch-sensitive transient receptor potential (TRP)
channels in fibroblasts.® It is plausible that chronic, repetitive trauma
superimposed by the DAo intoadjacent aneasof the LA couldinduce
localatrialfibrosis in the affected areas.17 If thisholds true, an epicar-
dium-to-erdocardium fibrosis gradient would be expected.
Unfortunately,the MRI resolution was insufficientto evaluate fibrosis
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F Igure S Relationship between fibrosis andrecurrence in 1-year
follow-up after atrial fibrillation ablation. (A) Sur,ival analysis of lo-
calized librosis in the area aqacent to the descending aorta accord-
ing to the cut-0ff point of 37%. (8) Distribution of fibrosis in the
area adjacent to the aorta according to the cut-off point of the
distance to the aorta (8mm). It is obser,ed that no patient has
>37%fibrosis above 8 mm.

across atrial wall thickness, but data in animalmodels suggest that, in
most cases, fibrosis occursin the epicardial side of the atrialwall“‘-19

Hypertension, atrialfibrillation, and the
left atrial-aorta relationship

Hypertension is a major cause of AF in the community. A chronically
elevated intra-cavitary pressure and associated autonomic and neu-
rohormonal abnormalities trigger a complex pathological remodel-
linginvolving LA enlargement, fibrosis, and conduction heterogeneity
that eventually leads to an increased risk of AF 1n our study we
foundthathypertension was the only predictor of a shorter DAo-to-
LA distance and patients withhypertension had a higher. yet not sig-
nificant, burden of LA fibrosis in the area adjacent to the DAo. Toe
reason for a sorther DAo-to-LA distance in patients with hyperten-
sion remains unknown. It is likely that the well-demonstrated aortic
rootdilation in hypertensive patients alsoinvolvesthe thoracic DAo,
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but further data are needed for confirmation and uncovering its mag-
nrtude. Altogether. these data suggest that hypertension could pro-
mete AF not only through intra-atrial haemodynamic overload but

also through extrinsic, repetitive direct trauma on the a-trial wall

Clinical implications

Beyond noticeable pathophysiological Insights, our results may have
prognostic and therapeutic implications. First, identification of a short
DAo-to-LA distance in hypertensive patients without pre-existing AF
could flagthose individuals ata high risk of AF. Our results might be
also ofinterest to refinethe AF recurrence prediction. Fibrosis in the
whole LA has been claimed to predict AF recurrence after catheter
ablation.’”! Our data suggest that the extent of localized fibrosis In
the area adjacent to the aorta maygather mostof this prognostic pre-
dictive power. However, in contras! to the DECMFandother stud-
ies,’»* only regional fibrosis adjacent to the DAo, but not total LA
fbrosis, predicted AF recurrence in our study. Difierences between
studies might be due to relacively healthy atria in our patients, show-
inga low fibrosis burden.

Its potential pathophysiological involvement and prognostic impli-
cations make of atrial fibrosis in the area adjacent to the DAoan at-
tractive therapeutic target. Recent efforts have targeted the LGE-
MRI-detected fibrotic substrate. A recent randorrized trial failed to
show a benefn of LGE-MRI-guided approach to ablate fibrotic
patches,e although this included an heterogeneous cohort with most
patients having a low burden or no fbrosis at all. Large intemational
studies are currently ongoing(DECMF I tria!). It is tempting to spec-
ulate that,dueto itspotencial arrhythmogenicity,fibrotic patdhes un-
der the aorta may be particularlyarrhythmogenicand thuscould be a
prioritized target. but confirmation in prospective studies and trials is

warranted.

Limitations

Our results cannotconclude causality between an atrialfibrotic patdh
and chronic repetitive trauma from the aorta. In this regard, the dis-
tanceto the aorta might only be a surrogate fer underlying patholo-
gies, such as LA dilation or hypertension, themselves promoting LA
fbrosis and AF. However. the specifc location of the fibnosis in the
area adjacent to the DAo,in contrastto a diffuse pattem, suggests a
local actionon the LA.Experimental orfollow-up studiesare needed.
Moreover, the tissue content of the LA-DAo spacecould not be ana-
lysed with the MR scquences we obtained. Rnally, although the pro-
posed threshold oi fibrosis in the vidnity of the DAo yielded pretty
high specificity to predice recurrences, sensitivity was rather low.
Whether the 370/0-threshold can be used in the daily clinical practice
needs to be addressed in larger, multicentric studies.

Conclusion

The proximity of the DAo to the LA increased the extent offibrosis
in lts adjacent area of the posterior atrlalwall. Furthermore. unli<e to-
tal fibrosis of the LA, this regional fibrosis independently predicted re-

currence after AFablation.
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SUBPROJECTE 3: Avaluacio de I'is de la ressonancia magnética cardiaca amb realg

tarda de gadolini en I'ablacio de fibril-lacié auricular.

Article 5
Magnetic resonance-guided re-ablation for atrial fibrillation is associated with a lower

recurrence rate: a case—control study.

Resum

La RMC-RTG ha demostrat que pot caracteritzar la fibrosi auricular de forma no
invasiva. A més, permet visualitzar la cicatriu auricular secundaria a I'ablacié, aixi com
els seus defectes de continuitat. No obstant, si aquests gaps anatomics visualitzats per
RMC-RTG representen veritables gaps eléctrics que puguin guiar el procediment de
reablacid, esta pendent de demostrar. L’objectiu d’aquest estudi es avaluar si I’ablacié
de gaps guiada per RMC-RTG redueix les recurréencies de l'arritmia després del

procediment.

Es va realitzar un estudi cas-control amb 35 pacients consecutius sotmesos a un
procediment de reablacié de VP guiat per RMC-RTG i 35 pacients en els quals el
procediment es va realitzar de forma convencional mitjancant I'analisi de gaps eléctrics.
Es van registrar les caracteristiques procedimentals i es va realitzar el seu seguiment al
llarg de 24 mesos. L'objectiu principal era I'abséncia de recurréncia de FA, taquicardia

auricular o flutter atipic.

La durada dels procediments guiats per RMC-RTG va ser més curta en

comparacié del grup convencional (161 * 52 vs. 195 + 72 min, respectivament; p =
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0,049), sense diferéncies significatives en els temps de fluoroscopia i RF. Als dos anys de
seguiment, el grup guiat per RMC-RTG va presentar menys recurrencies que el grup

d’ablacié convencional (70% vs. 39%, respectivament; p = 0,007).

En conclusid, la caracteritzacié del substrat auricular proporcionada per RMC-
RTG facilita la identificacié de gaps electro-anatomics en la reablacié de FA, ajudant a

reduir el temps de procediment i el nombre de recurréncies posteriors.
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Aims Our aim was to analyse whether using delayed enhancement cardiac magnetic resonance imaging
(DE-CMR) to localize veno-atrial gaps in atrial fibrillation (AF) redo ablation procedures improves outcomes during
follow-up.

Methods We conducted a case-control study with 35 consecutive patients undergoing a DE-CMR-guided Repeat-pulmo-

and results nary vein isolation (Re-PVI) procedure. Those with more extensive ablations (e.g. roof lines. box) were ex-

cluded. Patients were matched fer age. sex. AF pattem. and left atrial dimension with 35 patients who had
undergone a conventional Re-PVI procedure guided with a three dimensional (30)-navigation system.
Procedural characteristics were recorded, and patients were followed for 24 months in a specialized outpatient
clinic. The primary endpoint was freedom from recurrent AF. atrial tachycardia, or flutter. The duration of
CMR-guided procedures was shorter compared to the conventional group (161 +52 vs. 195 £ 72min. respec-
tively. P =0.049), with no significant differences in fluoroscopy or total radiofrequency time. At the 2-year
follow-up, more patients in the DE-CMR-guided group remained free from recurrences compared with the
conventional group (70% vs. 39%, respectively, P =0.007). In univariate Cox-regression analyses, AF pattern
[persistent AF, hazard ratio (HR) 2.66 (1.27-5.46), P=0.006] and the use of DE-CMR [HR 0.36 (0.17-0.79),
P =0.009] predicted recurrences during follow-up; both factors remained independent predictors in multivari-
ate analyses.

Conclusion The substrate characterization provided by DE-CMR facilitates the identification of anatomical veno-atrial gaps and
associates with shorter procedures and better clinical outcomes in repeated AF ablation procedures.

Keywords Atrial fibrillation « Delayed enhancement cardiac magnetic resonance-guided atrial fibrillation ablation « Atrial
fibrosis ¢ Pulmonary vein reconnection
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What's new?

» Delayed enhancement cardiac magnetic resonance imaging
(DE-CMR)-guided procedures are feasible and shorten the to-
tal procedural time when compared with conventional
Repeat-pulmonary vein isolation (Re-PVI).

* In the long term. DE-CMR-guided Re-PVI was associated with
better procedure performance and freedom of atrial fibrilla-
tion/atrial flutter/atrial tachycardia recurrence at 24 months.

» This unicentric case-<ontrol study is the first to compare Re-
PVI with atailored DE-CMR re-ablative approach.

Introduction

Ablation procedures evolveas a comerstone ofthe therapeutic arse-
nal for patients with atrial fibrillation (AF). Pulmonary vein isolation
(PVI) has proven superior to drugtherapy in maintaining sinus rhythm
in the long term.” However, a significant percentage of patients pre-
sent recurrences, and ~2CJ'lo require a second ablation procedure.2
The underlying mechanisms behind recurrences are diverse. but dis-
continuities in the ablation lines (gaps) seem to be important contrib-
utors.>.* Redo procedures commonly involve a detailed mapping of
the veno-atrial junction with a circular catheter placed inside the PV
to localize veno-atrial reconnection sites.® Nevertheless. technical
(e.g. inaccurate electrogram assessment) and anatomical (e.g. electri-
cal activation patterns) limitations often result in the need for multi-
pleradiofrequency(RF) applications.

Delayed enhancement cardiac magnetic resonance imaging (DE-
CMR) has been demonstrated to non-invasively charaaerize atrial
myocardial fibrosis.® Histological studiesin biopsies of patients under-
going cardiac surgery have demonstrated that areas with more in-
tense delayed enhancement correspond with fibrotic patches.7 The
extension of atrial fibrosis by DE-CMR is a strongindependent pre-
dictor of recurrence after ablation.® Ongoing cLinical crials [ALICIA
(NCT02698631), DECAAF2 (NCT02529319)] are testing whether
targeting native fibrotic patches during ablation could improve out-
comes and be useful to further personalize AF treatment On the
other hand. DE-CMR also allows visualization of left atrial (LA)
lesions (scarring) created by previous ablations. This enables the
identification of areas without delayed enhancement within the abla-
tion lines (gops).g-10 However, whether lesion discontinuities repre-
sent true electrical gaps that could serve to guide redo procedures
remainscontroversial ''-'?

The objective of this study was to test whether preprocedural
identification of gaps in a DE-CMR might serve to improvethe results
of Re-PVI procedures.

Methods

Population

We conducted a case-<:ontrol study, including 35 consecutive patients
undergoing a Re-PVI procedure guided by DE-CMR at our centre from
June 2012 to November 2014. The exclusion criteria were previous re-
currence as atiial flutter ar atrial tachycardia, gadolinium allergy,

claustrophobia, severe renal failure (glomerular filtration rate
< 30mUmin). or the presence of cardiac electronic implantable devices.
To reduce their potential confounding effect on ablation outcomes, we
focused on those patients undergoing isolated Re-PVI: patients in whom
additional ablation lines(e.g. roofline.posteriorbox.ar substrate homog-
enization) had been performed were excluded from the study. A control
group of 35 patients who underwent Re-PVI following the conventional
circular catheter-guided approach without magnetic resonance imaging
(Conventional group) during the same period were retrospectively se-
lected and matched with the study group far age (+ 5years). sex, recur-
rentAFpattern (paroxysmallpersistent).andLA dimensions (x 7 mm).

Patients in both groups were prospectively followed at 3. 6. 12, and
24months after the re-ablation procedure with an electrocardiogram
(ECG) and 24-h Holter monitoring at a specialized outpatient clinic.
Patients presenting symptoms at any time between the pre-established
follow-up points were encouraged to obtain an ECG. Recurrence was
defined asany documented episode of AF.atrialtachycardia.ar atrialflut-
ter lastingmore than 30s after a 3-month blankingperiod. Clinical. echo-
cardiographic. andfollow-up data were collectedin bothgroupsfromthe
prospective AFablationregistry at our institution.

The study was approved by the ethics committee of our institution,
and informed consent was obtained from ali the participants. The data
that support the findings of thisstudy are available from the correspond-
ingauthors (E.G.andLM.) upanreasonable request

Delayed enhancement cardiac magnetic
resonance imaging image acquisition and
post-processing
Patients undergoing a DE-CMR-guided Re-PVI had a DE-CMR obtained
prior to the procedure to identify possiblePV gaps. A gap was defined as
any discontinuity in the circumferential scararound the PVs. Image acqui-
sitionand post-processinghave been described previously.” In brief, the
CMR was performed in sinusrhythm;if necessary, external cardioversion
was previously performed. A 3T scanner (Magneton Trio-Tim®. Siemens
Healthcare, Erlangen,Germany) usinga 32-channel cardiac coil was used
far ali patients. After 20min of intravenous 0.2mmoVkg gadobutrol
administration (Gadovist, Bayer Pharma. Germany). a free-breathing
three-dimensional (3D) navigator and electrocardiogram-gated inver-
sion-recovery gradient-echo sequence were applied in axial projection.
The acquired voxel size was 1.25 x 1.25 x 25 mm. Other typical se-
quence parameters were as follows: repetition time/echo time,
2.311.4ms; flip angle, 11°; bandwidth. 460Hz/pixel: inversion time (TI).
280-380 ms: and parallel imaging with GRAPPA technique. with refer-
ence lines of R=2 and72. A Tl scout sequence wasused to nullify theleft
ventricular myocardial signal and determine optima! TI. Patients were
instructed to maintain steady, shallow breathing during image acquisition.
The typical sean time far a DE-CMR sequence was 15 min (11-18 min)
depending on heart rate and breathing patterns. Then, ali DE-CMR
images were segmented by experienced observers with ADAS3D soft-
ware (ADAS3D Medica!.Barcelona. Catalonia, Spain). The atrial wallwas
manually traced in axial slices, and the bloodpool was automatically cal-
culated. Colour-coded pixel signal intensity maps were projected to the
3D shellofthe atrium. Pixel signa! intensity maps were normalized to the
mean intensity of the blood poolsigna!. and theresultingvalue (lIR, image
intensity ratio) was plotted. Previously validated fibrosis thresholds were
used'® anlIR >1.32 defines dense scar areas. andan IIR between 1.2 and
1.32determines interstitial fibrosis.'® A gapwas defined asadiscontinuity
in previous ablation lesions (Figure 1). Post-processingreproducibility has
been established in previous studies.14

The resulting processed 3D modelofthe LA DE-CMR was integrated
with the electroanatomical map of the navigation system (CARTO 3.
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Magnetic resonance-guided re-ablation for AF

Figure | Gap identification in DE-CMR. Localization of pulmonary vein gapsin LA by DE-CMR. Localization of pulmonary vein gaps are marked
withgrey arrows. Colour code: healthy myocardial tissue in blue, myocardial fibrosis in red. DE-CMR, delayed enhancement cardiac magnetic reso-
nance; LA, leftatrium; LAA left atrial appendage; LIPV. left inferior pulmonary vein;LSPV, left superior pulmonary vein;RIPV,right inferior pulmonary

vein; RSPV.right superior pulmonary vein.

Biosense Webster, Diamond Bar. CA, USA) to guide the ablation
procedure.

Ablation procedure
Ali Re-PVI procedures were performed with a double transseptal punc-
ture to access che LA. Anticoagulation was not interrupted in patients
taking vitamin K antagonists. and adose was skipped if direct oralanticoa-
gulams were used. A bolus of heparin was administered, followed by ad-
ditional boluses to maintain an activated clotting time> 300s.A 3D map
of the LA and PV was reconstructed using a multipole catheter (L.asso,
Biosense Webster) and an electroanatomic mapping system (CARTO 3,
Biosense Webster. Diamond Bar, CA. USA). Radiofrequency ablation
was perfomied using an irrigated-tip catheter in temperature-control
mode 45°C/40W at the anterior wall and 45°/30W at the posterior
wall Theprocedural endpoint was both entrance (absence or dissocia-
tion of a local electrogram inside the entire encircled region) and exit
block (by pacingat the PV ostia alongthe circular catheter) in ali four pul-
monary veins. No additional ablation lines ar substrate modification were
added during the procedures.
In the Conventional group, PV reconnection sites were identified as
the earliest PV electrogram in the activation sequence of a circular cathe-

ter at the PVantrum.

In the DE-CMR group, ablation was performed as described previ-
ously." The 3D electroanatomical reconstruction was merged with the
model obtained from DE-CMR. Ablation was directed towards areas of
the vein ostium identified as gaps by the DE-CMR. If isolation had not
beenachieved by DE-CMR-guided ablation, further RFapplications were
applied after mapping with the circular catheter. flgure 2 summarizes an
example DE-CMR-guided procedure.

A contact-force catheter (Smart-Touch. Biosense Webster. Diamond
Bar,CA, USA) was used in 12 procedures (17°/4), in a similar proportion
between the two groups (seven in the DE-CMR group and five in the
Conventionalgroup,P=0.75).

Statistical analyses

Continuous variables are presented as mean * standard deviation. A t-
test was used to compare the means of two variables. Categorical varia-
bles are expressed as totalnumber (%) and compared using the / test.
Recurrence-free survival over time was calculated by the Kaplan-Meier
method. and comparison between groups was pe1fo1med with the log-
rank test. Univariate recurrence predictors were identified with Cox-
regression models; the use of DE-CMR in the ablation procedure and
other potencial predictors (age, sex. hypertension. diabetes, obstructive
sleep apnoea. left ventricular ejecéon fracéon. LA size. and AF pattem)

were tested. Proportionality of haz;,rds was confirmed with a Schoenfeld
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DE-CMR derived map

Electroanatomicmap(EAM)
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Correglstratlon
DE-CMR /EAM

GAP ablatfon

Figure 2 Analysis anduse of DE-CMR in redo ablation procedures. DE-CMRRe-PVI procedure.Subsequent procedural steps enabling direct RF
ablation of DE-CMR detected gap. Ablation sites are represented as reddish tags. DE-CMR. delayed enhancement cardiac magnetic resonance; Re-

PVI,Repeat-pulmonary veinisolation; RF,radiofrequency.

test. Those significan! predictors in univariate analyses were included in
multivariate analysescarried out with a forward stepwise approach (/' far
entrance< 0.0S, Pto remain < 0.1). Thehazardratio (HR)and 95% confi-
dence interval (Cl) of AF recurrence are reported for each predictor. Ali
analyses were performed with SPSS v18.0 (SPSS, Chicago, IL, USA). Ali
statistical tests were two-sided, and a P-value < O.0OS was considered sta-
tistically significant.

Results

The baseline characteristics of patients in the DE-CMR and
Conventional groups are shown in Table 1. Both groups were well
matched for all parameters and mainly included middle-aged men
with mildly dilated atria. Procedural characteristics are summarized in
Table 2. A common trunk was found in three patients in the
Conventional group (left common trunkin two patients, right com-
mon trunk in one patient) and four patients in the DE-CMR group
(left in three patients. right in one patient). Acute electrical isolation
was achieved in ali cases. Theablation procedure was 32 min [95% CI
(2-63); P=0.049] shorter in the DE-CMR compared with the
Conventional group. Although fluoroscopy andRFtime were shorter
in the DE-CMR compared to the Conventional group, these did not
reach significance. Major procedural complications occunred in one
patient in the DE-CMR (cardiac tamponade requiring drainage).
Minor complicationsweresimilar amongst groups (twogroin haema-
toma and two patients with fever in the Conventional group; three
groin haematoma and one pericarditis in the DE-CMR group,
P=1.0).

Follow-up

At the 24-month follow-up, in the whole cohort, 55% of patients
remained free from AF/atrial flutter/tachycardia. Kaplan-Meier sur-
vival analysis showed a lower probability of recurrence in the DE-
CMR than in the Conventional group (P=0.007; Figure 3). At

24months of follow-up, 20 (70"/0) patients in the DE-CMR Re-PV'l
group and 10 (39%) patients in the Conventional group remained
free of AF/atrial flutter/tachycardia. Recurrence as AF and atrial flut-
ter are displayed in Figure 4. There wereno recurrences reported as
atrial tachycardia. More patients in the Conventional group thanin

the DE-CMR group recurred as atrial flutter [six patients in the

Table 1 Baseline characteristics of the patients under-
going PVI ablation
DE-CMR Conventional P
......................................... Group  .Group ..
Age (years) 5319 5319 0.82
Sex (male) 25(71%) 25 (71%)
Hypertension. n (%) 11(31%) 14 (40%) 0.62
Diabetes, n (%) 2 (6%) 2 (6%)
OSA,n (%) 6 (18%) 3(9%) 0.48
LVEF(%) 59+ 6 57+7 0.18
LV dysfunction 3(9%) 5(14%) 0.71
(EF < 50%), n (%)
Paroxysmal AF,n (%) 24 (69%) 24 (69%)
LA diameter (mm) 4315 4245 0.79
Timein AF (months) 49+ 36 45442 0.76
CHA;D5,VASc1.n(%) 19 (63%) 17 (56%) 0.61

AF. atrial fibrillation: DE-CMR. delayed enhancement cardiac magnetic resonance;
LA, left atrium; LVEF, lef ventricular ejection fraction; PVI, pulmonary vein isola-
tion;OSA.obstructive sleep apnoea.

Conventional group vs. one patient, respectively; HR for DE-CMR-
guided ablation 0.1 (95% CI 0.012-0.86)]. At the 24-month follow-
up. antiarrhythmics were more often prescribed in the Conventional
than in the DE-CMR group [18/31 vs. 9/35. odds ratio 4.54 (95% ClI
1.49-20)], likely dueto thehigher recurrence rate.

Recurrence predictors

Recurrence predictors were initially analysed in Cox-univariate analy-
ses (Table J). Amongst ali tested predictors, only DE-CMR-guided
procedures [HR 0.36 (95% CI 0.17--0.78), P= 0.009] and persistent
AF befare the Re-Pvl procedure [HR 2.72 (95% CI 1.32-5.61),
P= 0.006] predicted atrial tachyarrhythmias recurrence after a 24-
month follow-up. Both factors remained significantly associated with
ablation outcomes in the mu(tivariate analysis [Table 3; HR 0.36 (95%
Cl 0.16--0.77) and HR 2.79 (95% ClI 1.35-5.75) for DE-CMR use, and

persistent AF, respectively]. In a sensitivity analysis, results remained

unaltered afteradjustmentfor ablation year (results not shown).
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Table 1 Characteristicsof the ablation procedures
DE-CMR

Procedure duration (min) 161+ 52

Fluoroscopy time (min) 25+ 12

Radiofrequency time (s) 14954955

Number of RFapplications 18+ 8

Conventional

195+ 72
30+12
1713+1176
25+ 10

Difference (95% CI)

32(21to 63)
5 (-1to12)
323(-173 0 819)
7 (-3t017)

0.049
0.11
0.47
0.17

DE-CMR. delayed enhancement cardiac ma.gnetic resonance: RF.radiofre.quency.
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Figure 3 Arrhythmia-free survival analyses in both groups. Kaplan-Meier survival estimates for freedom from atrial fibrillation/flutter/tachycardia
recurrence between the two groups. Shaded areas represent 95% CI. AF, atrial fibrillation; Cl, confidence interval; DE-CMR, delayed enhancement

cardiac magnetic resonance.
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Figure 4 Arrhythmia-specific survival in both groups. Kaplan-Meier curves for freedom from atrial fibrillation (A) and atrial flutter (B)in boch

groups.AF. atrial fibrillation; Cl, confidence interval.
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Table 3 Predictors of atrialtachyca.rdias recurrence

Univariate Multivariate

HR(95% CI) P HR(95%CI) p

Age (peryear) 0.97(0,93-1.01) 0.2
Sex (male) 1.45(0.68-3.11)  0.34

Hypertension  0.66 (0.3-1.44) 0.3
(

Diabetes 1.81 (0.25-1332) 0.56
OSA 0.69 (0.32-1.47) 0.34
LVEF {%) 1.00 (0.96-1.05)  0.92
LAdiameter  1.02 (0,95-1.09) 0.6
(permm)
Persistent AF 2.72(1.32-5.61)  0.006 2.79(1.35-5.75) 0.005
DE-CMRPVI  0.36 (0,17-0.78)  0.009 0.36(0.16-0.77) 0.008

AF . atrial fibrillation: DE-CMR. delaye<| enhancement cardiac magnetic resonance;
LA. left atrlum: LVEF. left ventricular ejection fract,on: PVI, pulmonary vein /sola-
tion:OSA.obstructive sleep apnoea.

Discussion

We report the results of the first head-to-head comparison between
a DE-CMR-guided andanelectroanatomical approach in patients ex-
dusively undergoing Re-PVI far recuri-ent AF. In this case-control
study, we show that the use of DE-CMR associates withshorter pro-
cedures anda lower recurrence risk during follow-up in comparison
to aconventional approach.

The optimal procedural endpoint in patients undergoing a redo AF
ablation remains challenging, and several approaches have been pro-
posed. In general. incomplete PVI ar PVI reconnection underlie
recurrences after a first AF ablgfion procedure,15 partially due to
veno-atrial conduction recovery. Cryoballoon and RFablation yield
limited ability to create durable complete circular scars around the
PV. which is achieved in <10°/o of patients.'® Underlining the impor-
tance of lesion completeness, the relative length of gaps surrounding
pulmonary veins has been shown to predict recurrence risk after a
first AF ablation procedure.” Therefore, it seems reasonable in re-
peated AF ablation procedures to ensure that PVI has been achieved
before considering a more extensive ablation strategy.®'” To specifi-
cally test the role of DE-CMR far this purpose, our worl< induded
patients undergoing Re-PVI only. rulingout the confounding effect of
additional ablationlines.

Delayed-enhancement CMR evolves as a powerful tool to identify
and target ablation lesion gaps. Previous studies have demonstrated
that DE-CMR can predict electrical reconnection sites by identifying
gaps in ablation Iesions,12 atthough conflicting data have been pub-
lished.!' More recently, Fochler et al.'® reported that targeting DE-
CMR detected scar isthmuses and LA scar is feasible, and proposed
theiruseto treatrecurrentarrhythmiaspost-AFablation. We extend
theseinsights to patients recurring as AF and report the first study to
assess the potential benefit of using pre-proceduralDE-CMR over a
conventional approach in comparable groups of patients at baseline.
Our results demonstrate not only thatDE-CMR-guided Re-PVI is fea-
sible, but suggest that it outperfonms a conventional. circular
catheter-based approach.

Multiple reasons might account for the better results with the use
of DE-CMR, induding limitations of bipolar voltage mappingto local-
izegaps. Technical limitations (e.g.inappropriate contact, low-density
maps. far-field of nearby areas) might jeopardize their accuracy to
identify small gaps. Using a standard circular catheter inside the PV
might fail to identify the exact location of the gap, as the dipole with
the earliest activation time might not be located exactly at the func-
tionalgap site. Furthermore, the activation of myocardial bundles in-
side the PV may not follow a straight vector, as previously observed
in an anatomic study.’® In contrast, DE-CMR displays a series of
potential advantages. A preprocedural DE-CMR might aid in pre-
procedural planning. During the procedure, the localization of
ablation gaps could result in more accurate and precise lesions con-
necting adjacentscar lesions. In thisregard, the Convencional ablation
group showed greater recurrence of atrial flutter, which might be
due to more extensive RF ablation deliveries, potentially facilitating
re-entry circuitsthat couldsustain atrial flutter.

Limitations

Sorne limitations of our work should be acknowledged. This was an
observational study, and its non-randomized design might account
far potentially undetected biases. Although characteristics were bal-
anced between groups at baseline. randomized clinical trials are war-
ranted to establish the role of DE-CMR in AF ablation procedures.
Contact-force ablation catheters were used in less than one-fifth of
cases, which might explain the high recurrence rate in the control
group. The Conventional groupaimed at Re-PVI usinga circularmap-
ping catheter; high-density electroanatomical mapping might improve
gap identification and yield better long-term outcomes.?® Last, while
our results suggest that DE-CMR could aid in re-isolating PV, its role

in more extensive ablation procedures including atriallines ar target-
ing fibrosispatches remainsunclear.

Conclusions

The useof DE-CMR to guide PVI in redo procedures was associated
with a shorter procedure time and a lower risk of recurrence.
Randomized studies are warranted to confirm our results and estab-
lishthe utility of this technique.
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SUBPROJECTE 3: Avaluacié de I'is de la ressonancia magneética cardiaca amb realg

tarda de gadolini en I'ablacié de fibril-lacié auricular.

Article 6
Magnetic resonance imaging-guided fibrosis ablation for the treatment of atrial

fibrillation: The ALICIA Trial.

Resum

La preséncia de fibrosi auricular és un element que afavoreix la presencia i el
manteniment de la FA. La RMC-RTG és una técnica no invasiva que ha guanyat
protagonisme en els Ultims anys com a eina complementaria per a la seva deteccid. Tot
i aixo, el benefici afegit d’ablacionar aquesta fibrosi encara no ha estat demostrat.
L'objectiu d’aquest estudi era provar |'eficacia de I'ablacié dirigida a la fibrosi auricular

detectada per RMC-RTG en pacients amb FA.

Es va realitzar un estudi multicentric aleatoritzat 1:1 a ablacié convencional
(aillament VP) o ablacié de substrat guiada per RMC-RTG (VP + fibrosi) en pacients
derivats per a primer procediment d’ablacid o reablacid. L'objectiu principal era
analitzar el percentatge de recurréencia (> 30 segons) als 12 mesos, fent seguiment als 3,

6i 12 mesos amb un holter 24 hores.

Es van analitzar un total de 155 pacients. El percentatge de fibrosi mitja va ser
només del 12%. El grup de VP (N=76) i el guiat per RMC-RTG (N=79) van rebre el

tractament assignat en un 100% i 99%, respectivament. L’objectiu primari es va assolir
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enel 27,6% en el grupde VP ien el 27,8% en el grup de RMC-RTG (oportunitat relativa
[OR]: 1,01 interval de confianca [IC] 95% 0,50-2,04; p = 0,976). Els 2 grups no van mostrar

diferéncies en el nombre de complicacions (p = 0,68).

En conclusid, I'ablacié addicional de la fibrosi auricular primaria detectada per
RMC-RTG no va millorar I'eficacia de I’ablacié convencional adrecada uUnicament a
I'aillament de VP en una poblacié no preseleccionada amb baix percentatge de fibrosi

auricular.
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ORIGINAL ARTICLE

Magnetic Resonance Imaging-Guided Fibrosis

Ablation far the Treatment of Atrial Fibrillation
The ALICIA Trial

Felipe Bisbal ,MD, R,D";EvaBenito, MD'; Albert Teis, MD; Francisco Alarcon,BEng; Axel Sarrias, MD;

Gala Caixal, MD; Roger Villuendas , MD:Paz Garre , BEng;Nina Sotos , MD; Jennifer Cozzari, MD:

Eduard Guasch , MD,PhD; Gladys Junca , MD;Susanna Prat-Gonzalez, MD,PhD; Rosario J.Perea MD, PhD;
Victor Bazan,MD, PhD; José Maria Tolosana, MD,PhD; Elena Arbelo , MD,PhD; Antoni Bayés-Genis , MD,PhD;
LluisMontO,MD,PhD

BACKGROUND: Myocardial fibrosis is key for atrial fibrillation maintenance. We aimed to test fue efficacy of ablating cardiac
magnetic resonance (CMR)-detected atrial fibrosis plus pulmonary vein isolation (PVI).

METHODS:This was an open-label,parallel-group, randomized, conlrolled Irial.Palienls with symptomalic drug-refractory atrial
fibrillation (paroxysmal and persistent) undergoing firstor repeat ablation were randomized in a 1:1 basis to receive PVI plus
CMR-guided fibrosis ablation (CMR group) or PVI alone (PVI-alone group). The primary end pointwas the rate of recurrence
(>30 seconds) at 12 months of follow-up using a 12-lead ECG and Holter monitoring at 3, 6, and 12 months. The analysis
was conducted by intention-to-treat.

RESULTS:In total, 155 patients (71% mate, age 5910, CHA,DS,-VASc 1.3+1.1, 54% paroxysmal atrial fibrillation) were
allocated to the PVI-alone group (N=76) or CMR group (N=79).First ablation was performed in 80% and 71% of patients
in the PVI-alone and CMR groups, respectively. The mean atrial fibrosis burden was 12% (only ""50% of patients had fibrosis
outside the pulmonary vein area). One hundred percent and 990/o of patients received the assigned intervention in the PVI-
alone and CMR group, respectively. The primary outcome was achieved in 21 patients (27.6%) in the PVI-alone group and
22 patients (278%) in the CMR group (odds ratio: 1.01 [95% CI, 0.50-2.04]; P=D.976). There were no differences in fue
rate of adverse events (3 in the CMR group and 2 in the PVI-alone group; P=0.68).

CONCLUSIONS:A pragmatic ablation approach targeting CMR-detected atrial fibrosis plus PVI was not more effective than PVI
alone in an unselected population undergoing atrial fibrillation ablation with low fibrosis burden.

REGISTRATION: URL: https://www.clinicaltrials.gov. Unique identifier: NCT02698631.
liRAPHIC ABSTRACT: A graphic abstract s available for this article.

Key \Vords: ntrial fibriDation m fibrosis m magnetic resonnnce imnging m pulmonary veins m trea\ment outcome

patients with symptomatic, drug-refractory atrial fibrl- rate measured as AF recurrence during follow-up ranges
lation (AF)' and provides improved quality of life and widely across individuals depending on the AF phenotype,
reduced AF burden with an acceptable safety/benefit leftatrial (LA)remodeling,andthe presence of risk factors.>.¢

P ulmonary vein isolation (PVI) is recommended for profile compared with medica) treatment.2-* lne success

Corresponrence to:Lluis Mon\ MD,PI1D,Cardlology Department Hospital Clinic, \Allarrnel 170, 08036 Barcelona. Email rnont@clinic.ca!
-ors Bsbal and Benifo are joinlfirs\ authors.
The Data Supplement is available at https://www.ahajoumals.org/doi/suppl/10.1161/CIRCEP120.008707.

For Sourcesof Funding and Disclosure seepage 1255.
€02020 American Heart Associatlon,Inc.
Cim/alion: Arrhythm,a and Eledrophysiok:)yis avallable atwww.ahajoumals.ol,Jljoumal/circep
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WHAT IS KNOWN?

+ Myocardial fibrosis is key for atrial fibrillation mainte-
nance. Efficacy of ablation of the cardiac magnetic
resonance-detected atrial fibrosis beyond pulmo-
nary vein isolation has never been evaluated.

WHAT THE STUDY ADDS?

* In this randomized tria! including atrial fibrillation
patients with limited atrial fibrosis, an ablation
approach largeting cardiac magnelic resonance-
delected alrial fibrosis in addition to pulmonary vein
isolation was not superior to pulmonary vein isola-
lion alone in preventing atrial fibrillation recurrence
at 12-month follow-up.

+ Tl,elow overall fibrosis burden anda low proportion
of non-pulrnonary vein fibrosis are likely to contrib-
ute to the lack of a beneficia! effect of this strategy.

+ Further randomized trials are required to evalu-
ate the efficacy of targeting cardiac magnetic
resonance-detected fibrosis in patienls with more
advanced structural remodeling.

Nonstandard Abbrevlatlons and Acronyms

AF atrial fibrillation

CMR cardiac magnetic resonance
LA left atrium

PVI pulrnonary vein isolation

Myocardial fibrosis is the hallmark of LA structural
remodeling and has been proposed as a necessary tis-
sue substrate for AF maintenance.” Recent advances
in cardiac magnetic resonance imaging (CMR) have
enabled the detection of areas of delayed gadolinium
enhancement, likely corresponding to myocardial fibro-
sis® and associated with lower AF ablation success.® The
integration of 3-dimensional CMR fibrosis maps into the
navigation sys1em is feasible and accurale and enables
CMR-guided procedures.’®* " However, ihe added ben-
efit of ablating atrial fibrosis detected by CMR has yet to
be demonstrated.

The Isolation of Pulmonary Veins With the Aid of Mag-
netic Resonance Imaging (ALICIA [Ablacio de fa Guiada
per Ressonancia) trial is aimed at elucidating whether the
systematic use of delayed-enhancement CMR to detect
and target atrial fibrosis and ablation gaps improves AF
ablation outcomes.

METHODS

The studywas preregistered. The data that supporl the findings
of this study are available from the corresponding author upon
reasonable request.

G;rcArrhythm Electrophysiol. 2020;13:e008707.DOI: 10.1 161 /CIRCEP.120.008707

CMR-Guided FibrosisAblation of AF

Study Population

Patients with symptomatic AF (paroxysmal, persisteni, or long-
standing persistent) refractory to at leas! one antiarrhythrnic
drug (class I or 111) undergoing a first or repeat ablation proce-
dure were recruited.The exclusion criteria were age <18 years,
contraindication for CMR (claustrophobia, advanced kidney
disease with glomerular filtration rate <30 ml/kg per minute,
contras! allergy, obesity precluding scanning, implanted cardiac
devices), LA diameter >5.5 mm, the presence of atrial throm-
bus, conlraindication for oral anticoagulation, pregnancy, par-
ticipation in anol'her clinical tria!, mental disease or inabilily to
provide informed cansen!or disease contraindicating ablation.

Study Design

The study aimed to compare the safety and effectiveness of
a tailored approach including PVI plus CMR-guided fibrosis
ablation (CMR group) and conventional AF ablation consist-
ing in PV'l alone (PVI-alone group) to maintain sinus rhythm
at 12 months of follow-up. This was an open-label, parallel-
group, randomized, controlled trial conducted in the Cardiology
Oepartment of 2 academichospitals with extensive experience
in AF ablation procedures. Recruited patients were randomly
allocated to eilher the CMR or PVI-alone group according to a
1:1 blocked randomization lis! stratified by center.

All paiients underwent delayed-enhancement CMR acqui-
sition and postprocessing befare the ablation procedure.
Informed consent was obtained from all patients at enroliment.
The study protocol was approved by the Ethics Committee of
both centers (references HCB/2015/0545 and PI-15-146).

CMR Acquisition

One to 30 days before the scheduled procedure, a CMR was
performed using a 3 Tesla scanner with a dedicaled 32-chan-
nel cardiac coil (Magnetom trio, Siemens Healthcare, Erlangen,
Germany) or a 1.5T scanner with a 16-channel cardiac coll
(Avanto Fit,Siemens HeaHhcare, Erlangen, Germany) according
to a previously reported acquisilion protocol.'a? Briefly,delayed-
enhancement CMR scans were acquired within a range of
20 to 40 minutes after an intravenous bolus injection of 0.2
mmol/kg gadobutrol (Gadovis\ BayerShering, Germany) using
a free-breathing 3D navigator and electrocardiographically
gated inversion-recoverygradient-echo sequence applied in the
axial orientation. The acquired voxel size was 1.25x1.25x2.5

mm. Other parameters: repetition time/echo time 2.3 to 3/1.4
to 2.1 ms; flip angle, 11 to 19°, bandwidth, 460 to 255 Hz/
pixel; inversion time 280 to 360 ms and parallel imaging with
the Generalized Autocalibrating Partial Parallel Acquisition
technique, with reference fines of R=2 and 72. A inversiontime
scout sequence was used to nullify the left ventricular myocar-
dial signa! and determine optimal inversion time. Typical sean
ti-ne for a delayed-enhancement CMR sequence was 15 min-
utes (11-18) depending on the hearl rate and breathing pat-
tern. All patients underwent electrical cardioversion, if required,
to ensure sinus rhythm during image acquisition.

Image Postprocessing

Image postprocessing of delayed-enhancement CMR images
was performed using the dedicated ADAS software to obtain
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a 30 reconstruction of the LA with fibrosis information (30
fibrosis map), as described previously (Figure 1).'? LA mid-
wall contours were manually drawn in the axial plane by
experienced operators lo oblain the inilial 30 model. Furlher
shell deformalions were performed, if necessary, lo ensure
the anatomic accuracy of the modet Fibrosis identification
was based on voxel signa! intensity. Signa! intensity thresh-
olds defining abnormal tissue were based on the previously
reported normalized local image intensity ratio.' Briefly, the
mean signa! inlensily of the LA blood pool was automali-
cally calculated.Then, the image intensity ratio value for each
voxel was calculated (voxel signal intensity/mean pixel inten-
sity of blood pool) and projected to the 30 model to obtain
the final fibrosis map. The thresholds for fibrosis visualization
were 1.20 (native fibrosis) and 1.32 (dense scar), with good
intraobserver and interobserver variability (interdass correla-
tion coefficient >0.97)."

Interventions

All procedures were performed using radiofrequency energy
anda 30 navigation system, as described elsewhere." Briefly,
high-density electroanatomic mapping was performed with a
multipolar catheter. Point-by-poinl or dragging ablalion was
performed with an open-irrigated tip catheter with contad
force sensing (Smart-Touch; Biosense-Webster/TactiCath;
Sant Jude Medical) targeting the vein-atnal junction. In addi-
tion, the carina belween ipsilateral pulmonary veins could
be targeted at Ihe operalor's discrelion. Power was sel lo a
maximum of 40 W and reduced to 30 W at the posterior wall
according to operator judgment. The presence of bidirectional
conduction block was confirmed by the absence or dissocia-
tion of local PV polenlials and exit block by pacing within the
Pl/ ostia In Ihe PVI-alone group, a blank CMR-derived 3D
model could be merged to improve anatomic delineation dur-
ing ablation according to the operator's preference, and no
additional ablation was performed beyondPVI in both first and
repeat procedures.

In lhe CMR group, !he 3D fibrosis map was merged inlo
the navigation system. The prespecified procedural end point
included PVI and ablation of fibrotic patches outside the PI/
area by means of homogenization (debulking) or isolation
(encirclement; Graphic Abstract). Fibrosis isolation (including

CMR-Guided Fibrosis Ablation of AF

posterior wall isolation) was confirmed by voltage abatement
(<0.1 mV) and exit block by pacing within the encircled area If
anatomic lines were deployed, complete bidirectional conduc-
tion block was required. In patients undergoing repeat abla-
tion, reisolation of PVs was achieved targeling anatomic gaps
identified in the 3D fibrosis map as previously reported.'°'?
Additionally, fibrosis areas outside the PI/ area were targeted
after successful PI/ reisolation.

Follow-Up

Follow-up visits were scheduled at 3, 6, and 12 months and
included rhythm monitoring by means of 12-lead ECG and
24-hour Holler recording. Follow-up data were prospectively
collected for 12 months.

Study Outcomes

The primary end point of the study was defined as the
recurrence rate at 1 year of follow-up, excluding a 3-month
blanking period. Recurrence was defined as any docu-
mented episode of AF/atrial tachycard1a lasting >30 sec-
onds, according to the European Society of Cardiology
guidelines.’ Secondary end poinls included procedure and
fluoroscopy times. Other end points included procedural
safety and radiofrequency time.

Statistical Analysis

Continuous variables were expressed as mean (SO), and cat-
egoncal variables as n and percentage. The X? test or F1sher
test was used lo compare proportions between groups. Toe

t test was used fer continuous variables in between-groups
comparisons. The panned sample size was 154 patients (77
patients in each group) to achieve 80% power (1-[3) to detect

differences in lesting the null hypothesis HO (equality of the
proportion of annual recurrence rate between groups) using
a bilateral X test,laking into accounl a leve! of significance of
5%, andassuming an annual recurrence rate of 350/0 and 15%
in the PVlI-alone and CMR groups, respectively. The analysis
was conducted by intention-to-treat. Statistical analysis was
performed using R Software (Vienna, Austria) and SPSS 18.0
(Chicago, IL).

A
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Figure 1. Magnetic resonance imaging postprocessing.

A, Delayed enhancement cardiac magnetic resonance (CMR) of the left atrium. B, Segmentation of 1he left atrial wallandpulmonary vein
antrum. C, Three-dimensional fibrosis map of the left atrium depicting enhanced areas (red) and heahhy myocardium {blue).

G;rc Arrhythm Electrophysiol. 2020;13:e008707.D0I: 10.1 161/CIRCEP.120.008707
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RESULTS
Study Population

In total, 181 eligible patients were recruited between
November 2016 and June 2018. Before randomization,
26 patients were excluded, and a final cohort of 155
patients was randomly allocated to the PVI-alone group
(76 patients) or CMR group (79 patients; Figure 2).

Basellne Characterlstics

The characteristics of the patients are shown in Table.
Most patients were male (71%) and had paroxysmal AF
(54%) and a mildly dilated LA (4217 mm). There was
a low proportion of risk factors, except far hypertension
("50%), with a mean CHA,DS -VASc score of 1.2+1.1.

CMR Data

In the CMR group, the mean fibrosis burden was
12+ 11.1% (Table | in the Data Supplement). Most
patients were in Utah 1 (72%) and Utah 2 (26%) stages,

CMR-Guided Fibrosis Ablation of AF

with only one patient in Utah 4 and none in Utah 3. Only
"'50% of the patientspresented with fibrotic patches out-
side the area of the PV antrum (no differences between
groups). Oiher parameters as LA volume and sphericity
revealed a mild degree of atrial remodeling In the study
population (Table | in the Data Supplement).

Procedural Details

Most patients underwent a first ablation procedure
(80% in the PVl-alone and 71% in the CMR group).
The assigned intervention was performed in 100%
and 99% of patients in the PVI-alone and CMR group,
respectively (one patient in lhe CMR group did not fulfill
the prespecified protocol by operator criteria). PV iso-
lation was achieved in 100% of patients. In the CMR
group, 45 patients (57%) had non-PV fibrosis, which
was targeted by means of encirclement with wide antral
circular ablation lines in 31 patients (39%), debulking
in 13 (16%), and none in 1 (1%). Additional lines were
deployed 10 complete fibrosis abatement or connect
ablated regions to anatomic barriers or other ablation

Assessed for eligibility (n=181)

xcluded (n=26)

Enrollment

Declinedto participate (n=2)
Non-meeting inclusioncriteria(n=2)

Ablation procedure suspended (n=I)
LGE-MRI exclusions

Not performed (n=4)

Randomised (n=155)

« Bad image quality In=17)

Analysed (n=76)

Allocation Allocated to CMR group (n=79)
Allocatedto PVl-alone group (n=76) Received allocated intervention In=78)
Received allocated intervention(n=76) - First ablation procedure (n=SS)
« First ablation procedure (n=61) - Second ablation procedure (n=23)
» Secondablationprocedure (n=15) Did not receive allocated (n=I)
Oidnot receive allocated (none) » Fibrosis wasnot ablated by
operator criteria(n=I)
Follow-up
Lostto follow-up (n=0) Lostto follow-up (n=0)
Analysis

Analysed (n=79)

Figure 2. Consort flow diagram of the study design.

CMR indicates cardiac magnetic resonance; LGE, late gadolinium enhancement; MRI, magnetic resonance imaging; and PV( pulmonary vein

isolation.

G;rc Arrhythm Electrophysiol. 2020;13:¢008707.D01: 10.1 161 /CIRCEP.120.008707
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Table. Baseline Characteristics of the Patients Studied

PVl-alonagroup| CMRgroup
(n=76) (n=79)

Age,y (SO) 59 (10) 58 (10)
Male sex, n (%) 55 (72.4) 56 (70.9)
Weight, kg (SO) 82 (16) 86 (16)
Height, cm (SO) 169 (9) 172(12)
BMI,mean(SO) 28 (4) 29 (6)
HBP, n(O/o) 45 (59.2) 38 (48.1)
Diabetes, n (0/0) 9111.8) 5(6.3)
NYHA, mean (SO) 1.2 11
CHA.,085VASc, mean (SD) 1.3(1.1) 1.2(1.2)
Paroxysmal AF,n (%) 44 (57.9) 40 (51.3)
Persistent Af, n (%) 32 (42.1) 38 (48.7)
Tirne from AFdiagnosis, rno (SD) 54 (71) 59 (65)
First ablation, n (%) 61 (80.3) 56 (70.9)
Repeat ablation, n (%) 15 (19.7) 23 (29.1)
LA diameter, mm (SD) 42 (7) 43 (6)
LVEF,0/0(SD) 66 (8) 66 (8)
Antiarrhythmic drugs, n (%) 71 (934) 77(97.5)

AF indicates atrial fibrillation; BMI, bodymass index; CHA,0S,-VASc, conges-
til heart failure,hypertension,age>75 y,diabete prior stroke, vascular disease,
age 65<'75 y, fernale sex; CMR, cardiac magnetic resonance; HBP, high blood
press....-e; LA, left atrial; LVEF, k,ft ventricular ejeclion iraction; NYHA, New Ycrk
Heart Association Hear1Failure classificatior; and PVI,pulmonary vein isolation.

lines: roof linein 6 patients (7.6%), mitral in 13 (16%),
and posterior line in 1 (1.3%).

Primary End Point

The prespecified follow-up was completed in 1000/0
of patients in both groups. At the end of follow-up,
the primary outcome was achieved in 21176 patients
(27%) and 22179 patlents (27%) in the PVI-alone and
CMR groups, respectively (odds ratio: 1.01 [95% ClI,
0.50-2.04]; P=0.98). There were no significant dif-
ferences between the first and repeat ablation proce-
dures (Figure 3).

CMR-Guided Fibrosis Ablation of AF

Other End Points and Subgroup Analysis

Atypical atrial flutter was the recurrent arrhythmia in
10 patients, with no differences between groups (6.3%
versus 6.5% in the CMR and PVI-alone groups, respec-
tively; P=0.95). After the 3-month blanking period, 220/o0
of the of patients continued or resumed antiarrhythmic
drug therapy during follow-up (11% continued the anti-
arrhythmic drug beyond 3 months due to documented
early recurrence within the blanking period and 11%
due to symptoms without confirmed recurrence), with-
out differences between treatment arms (P=0.37). The
Kaplan-Meier survival analysis by treatment arm and by
antiarrhythmic treatment on/off showed no differences
between groups (Figures | and 11 in the Data Supple-
ment). There were no differences between the PVI-
alone and CMR groups in overall procedural (139+43
versus 151249 minutes; P=0.10), fluoroscopy
(22+13 versus 24+13 minutes; P=0.75), or radiofre-
quency times (11841540 versus 1540+920 seconds;
P=0."29). Both groups had similar adverse event rates
(P=0.68): 3 in the CMR group (one asymptomatic PV
stenosis, one hematoma, and one pseudoaneurysm)
and 2 in the PVI-alone group (one hematoma and one
arteriovenous fistula). Outcomes did not differ among
different subgroups (Figure 4).

DISCUSSION

The ALICIA tria! is the first randomized, controlled trial
evaluating the safety and efficacy of tailored ablation
of CMR-detected fibrosis plus PVI compared with PVI
alone. We found that a CMR-guided substrate ablation
was safe but did not improve the recurrence rate at 1
year of follow-up in an unselected AF patient population
undergoing first or repeat ablation procedures.
Myocardial fibrosis is considered a key factor for AF
maintenance.” Severa! methods to identify atrial fibro-
sis have been developed, however, it still remains a
challenging field. Currently, invasive assessment using

Overall

1st Ablation Repeat ablation

Figure 3. Primary outcome of the
study.

CMR indicates cardiac magnetic
resonance; and PVI, pulmonary vein
isolation.

» PVl-alone group
» CMR group
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SUBGROUP ODDSRAT/0 P value for

SEX (95% ClI) Interaction
MALE 0.61(0.26- 1.44) 0.04
FEMALE 3.27(0.83- 12.81)

HBP
YES 0.96(0.35- 2.64) 0.98
NO 0.98(0.36 - 2.65)

AFTYPE
PERSISTENT 1.65(0.56 - 4.86) 0.26
PAROX/SMAL 0.71(0.27 - 1.86)

PROCEDURE
FIRST f— 1.03(0.45- 2.34) 0.84
REABLATION 0.88(0.22- 3.52)

LA DIAMETER
>40 1.1(0.46-2.65) 0.75
>=40 0.86(0.26- 2.9)

SCAR
SCAR <= 8.9 1(0.36- 2.68) 0.96
SCAR > 8.9 103(0.37- 2.92)

6 2 4

Figure 4. Forrest plot for major sub9roups analysis.

AF indicates atrialfibrillation; HBP, high blood pressure; and LA, left atrium.

contact mapping has been proposed as the gold stan-
dard in clinical practice. Low voltage areas have shown
to be a powerful marker of remodeling and have been
associated with worse clinical outcomes after abla-
tion."® Data on the role of ablation of low voltage zones
in addition to PVI has shown promising results in non-
randomized, retrospective data sets in specific settings
of persistent AF patients.'®."" Nevertheless, voltage
offers sorne important limitations as a surrogate of atrial
fibrosis. Voltage acquisition is influenced by many fac-
tors, sorne of which are unpredictable (catheter orien-
tation, wavefront direction, cycle length, contad force,
etc), validated cutoffs defining fibrosis are lacking, and
low voltage is not specific of fibrosis and may represent
other structural tissue changes.®

More recently, CMR has gained prominence as a
potential tool to evaluate structural changes in the
thin atrial wall, due to substantial advances in the last
decade in image acquisition and postprocessing. Initial
reports from 2009 showed, for the first time, an asso-
ciation between atrial structural remodeling, measured
as enhanced atrial tissue, with AF ablation outcomes.'®
These results have been consistently reproduced by
different groups and confirmed in an international, mul-
ticenter study.9.20 Mechanistic studies have revealed
the potential implication of the border zone of fibrotic
patches in repetitive atrial activity during AF, suggesting

G;rcArrhythm Electrophysiol. 2020;13:€008707.DOI: 10.1 161 /CIRCEP.120.008707

that fibrosis may be a key tissue abnormality anchoring
AF drivers.'72" However, whether the elimination of such
areas could improve ablation outcomes in patients with
AF has yet to be demonstrated.

PVI alone has shown excellent results in maintain-
ing sinus rhythm in paroxysmal forms of AF, especially
if the LA is not severely remodeled.2:* When this ther-
apy is applied to more advanced forms of AF (persis-
tent or long-standing persistent AF, severely dilated LA),
the efficacy is significantly diminished.?? In an attempt
to improve the outcomes of ablation, severa! strategies
have been proposed, including empirical ablation lines
(ie, roof, posterior wall, mitral isthmus) or ablation of
electrophysiological phenomena (ie, complex fraction-
ated atrial electrograms, rotors). However, none of these
approaches have consistently shown to reduce AF recur-
rence when tested in a randomized trial.2*

The present study showed no additional benefit of
targeting CMR-detected atrial iibrosis in addition to PVI.
These results might be driven by arelatively healthy popu-
lation with >50% of paroxysmal AF and mildly remodeled
LA (relatively small LA of ""42 mm, low sphericity ""78%,
and low fibrosis burden ""12%). Of note, only half of the
patients actually had targetable tibrotic areas outside
the PV anlrum, and when present, they were generally
of small size and could be covered by the encircling PV
lines. As reported in previous studies, fibrosis is mostly
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located at the inferior aspect of the left PVs,?* which
facilitates the isolation by widening the encirclement line.
Patients with previous ablation have increased amount of
fibrotic tissue dueto the addition of postablation scar (at
the antral region) to the nat1Ve fibrosis.'? CMR-detected
fibrosis negatively correlated to point-by-point endocar-
dial voltage. Benito et al'® showed lowering in mean LA
voltage (1.45 V+1.51, 1.07 V£1.39, 0.94 V+1.16, and
0.72 V+0.89) for every increase in image intensity ratio
ranges (<1, 1-1.2, 1.20-1.32, and >1.32, respectively;
P:::0.001)."3 In addition, librosis was targeted mostly by
encirclemenVisolation. Whether debulking of fibrotic
areas could eventually provide better results is unknown.
In the setting of healthy LA and paroxysmal AF, addi-
tional ablat1on outside PVs might not be required. Con-
trary, studies are required in patients with more advanced
atrial myopathy and persistent AF to elucidate if ablation
of CMR-detected fibrosis may improve outcomes. Cur-
rently, the ongoing, randomized, multicenter, controlled
DECMf 2 trial (Efficacy of Delayed Enhancement
MRI-Guided Ablation vs Conventional Catheter Abla-
tion of Atrial Fibrillation; URL: https:/ /www.clinica11rials.
gov. Unique identifier:NCT0'.2529319) is addressing this
specific issue and will provide quality data on the added
value of CMR-guided ablation of fibrosis in addition to
PVI in the persistent and long-standing persistent AF
patients, likely having higher fibrosis burden.

Limttatlons

Monitoring was performed at 3, 6, and 12 months fol-
low-up using a 12-lead ECG and 24/48-hour Holter
recording, and recurrence was considered as any atrial
arrhythmia lasting >30 seconds in the first year follow-
ing the procedure (excluding a 3-month blanking period).
Recent evidence demonstrates that implantable loop
recorders improve the detection of recurrent AF epi-
sodes. In addition, AF burden reduction may representa
better end point to measure the quality of AF ablation
compared with the presence/absence of an AF episode.*
Itis unknown whether differences would havebeen found
with the use of more intensive heart rhythm monitor-
ing. As the sample size was rather small, this should be
considered a pilot study. It was calculated based on an
expected difference in the recurrence rate of 20% and
hence, the study was underpowered to find smaller differ-
ences. The pragmatic approach of this study allowing any
patient with AF undergoing ablation to be recruited, led
to the inclusion of relatively healthy individuals, with a low
fibrosis burden, and only 50% of patients presenting with
fibrosis outside the PV antrum. More restrictive inclusion
criteria (ie, persistent and long-standing persistent AF,
larger LA) would have likely increased the overall fibrosis
burden and the presence of fibrotic areas outside the PV

G;rc Arrhythm Electrophysio/. 2020;13:e008707.D0I: 10.1 161 /CIRCEP.120.008707

CMR-Guided Fibrosis Ablation of AF

Conclusions

A pragmatic ablation approach targeting CMR-
detected atrial fibrosis in addition to PVl was not found
to be more effective than PVI alone when applied to
an unselected population undergoing AF ablation. The
limited overall fibrosis burden and a low proportion of
non-PV fibrosis could explain the lack of a beneficial
etfect of this strategy.
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DISCUSSIO

La recerca feta en aquesta tesi analitza el substrat auricular en pacients
diagnosticats de FA, i es focalitza en la seva avaluacié no invasiva mitjangcant la RMC-
RTG. D’una banda, valida la RMC-RTG respecte al MEA en la deteccid de substrat
arritmogeénic i en la caracteritzacié de la fibrosi auricular, definint els factors
determinants en la seva precisié i reproductibilitat. D’altra banda, descriu la relacié
anatomica entre I’ADes i la paret posterior de I’AE com a factor determinant de la
intensitat i la distribucié regional de la fibrosi auricular analitzada per RMC-RTG, i com
aquesta distribucié influeix en el pronostic del tractament en els pacients amb FA.
Finalment, analitza la utilitat i fiabilitat de la RMC-RTG com a guia en els procediments

d’ablacié.

Caracteritzacio tissular de la FA

La caracteritzacié del substrat arritmogénic auricular mitjancant la RMC ha
adquirit gran protagonisme en el camp de la FA en els darrers anys, pero la seva fiabilitat
i reproductibilitat encara sé6n motius de controveérsia. La correlacié de la RMC-RTG amb
mostres histologiques de miocardi establiria de manera definitiva la validacié de la
técnica en la deteccid de fibrosi miocardica, pero la disponibilitat limitada de mostres,
només en pacients molt seleccionats i de regions molt concretes de I'auricula, en limita
la viabilitat. En conseqlieéncia, els esfor¢cos s’han centrat en la seva correlacié amb el
MEA, una técnica amb una major disponibilitat en la practica clinica i que es considera

de referencia per a I'analisi de substrat arritmogeénic. E|l MEA proporciona parametres
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subrogats de fibrosi, com el voltatge reduit i I'alentiment de la VC; alguns treballs previs
suggereixen que aquests parametres correlacionen amb les troballes de la RMC-
RTG,192123 tot i que els resultats contradictoris no sén infreqiients.'?* La variabilitat en la
poblacié analitzada i els métodes utilitzats en els diferents estudis realitzats dificulta la

interpretacid i I’extrapolacio dels resultats a la practica clinica habitual.*?®

Relacid entre MEA i RMC-RTG

Diferents estudis han intentat validar la RMC-RTG en la deteccié de fibrosi
auricular mitjancant I'analisi de la seva correlacié amb el MEA, i especialment amb
parametres com el voltatge; no obstant, els resultats obtinguts sén contradictoris. S’ha
de tenir en compte que la metodologia utilitzada en cada cas, incloent I'eleccié de la
técnica de contraposicid i comparacié d’'imatges o els valors establerts com a llindar
d’intensitat, sén heterogenis, justificant en part la manca de consisténcia en les
conclusions.

Diferents tecniques de contraposicid entre RMC-RTG i MEA han estat utilitzades en els
diversos estudis realitzats. La primera tecnica utilitzada va ser I'extensid total de fibrosi, que
analitza l'auricula globalment i permet extreure conclusions sobre estratificaciéo de risc i
planificacié de I'estrategia de tractament, pero es menys adequada per a realitzar una correlacio
espacial amb el MEA. Oakes i col-laboradors van ser els primers en analitzar la correlacié entre
MEA i RMC basada en I'extensid de fibrosi en pacients amb FA, demostrant una forta relacié
entre la intensitat del RTG i el baix voltatge auricular, aixi com un augment de recurréncies
postablacié si I'extensié de RTG era major.%® En canvi, Sramko i col-laboradors van observar que

I’extensid global de RTG no correlacionava amb altres valors caracteristics del remodelat
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auricular, com el voltatge o el volum de la cavitat, i que I'augment de recurréncies postablacio
es relacionava amb un voltatge reduit, perd no amb un augment del RTG.!?® Posteriorment, es
va comencar a utilitzar la contraposicié mitjancant la correlacié espacial aproximada, una analisi
per regions que proporciona mesures més robustes a conseqiiéncia d’'una menor sensibilitat per
a les diferencies locals causades per artefactes, perd menys util per a la caracteritzacié del teixit
focal. Spragg i col-laboradors van realitzar una comparacid per regions, observant una associacié
significativa entre MEA i RMC, amb una sensibilitat i especificitat del RTG per discriminar arees

t'99

de baix voltatge del 0,84 i 0,68, respectivament.” Altres autors també han intentat determinar

la diferencia de voltatge entre zones que presenten diferents intensitats de RTG, mostrant
resultats contradictoris.’°>27.128 Finalment, la contraposicié mitjancant la correlacié punt per
punt proporciona una alineaci6 més acurada i més precisa per a analitzar el substrat
arritmogenic, incloent la deteccié de gaps i I'establiment de valors llindar de RTG. Aquest
metode és el menys sensible a distorsions i biaixos en I'analisi, pero també el més demandant i
dificil a nivell técnic, tant en I'adquisicié de les imatges com en el seu postprocessament, motiu
pel qual ha estat menys utilitzat.10%12°

Els llindars de RTG utilitzats per diferenciar teixit normal de fibrotic també han
variat de manera considerable en els diversos estudis préviament realitzats. Oakes i
col-laboradors van utilitzar 2-3 desviacions estandard per sobre la mitja de I'histograma
d’intensitats de senyal del voxel auricular de cada pacient per a determinar el grau de
fibrosi,”® mentre que Jadidi i col-laboradors van utilitzar 4 desviacions estandard.'?® A
més, aquests treballs van incloure pacients amb i sense ablacid prévia i, ja que la fibrosi
auricular nativa té caracteristiques diferenciades de la cicatriu iatrogenica secundaria a

RF, hauria estat probablement necessari establir llindars diferenciats.??>'2° D’altra
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banda, cal destacar que abans de I'any 2015 es feien servir preferentment valors
d’intensitat de RTG sense estandarditzar, especifics per a cada individu, fet que no
permetia la comparacié absoluta entre pacients pel fet que la intensitat del pixel varia
segons parametres fisiologics com I'aclariment renal, ’hematocrit i I'index de massa
corporal.’3® Amb I'objectiu de superar aquesta limitacié, Khurram i col-laboradors van
desenvolupar i validar la ratio de senyal de la imatge, 'anomenat “Image intensity ratio
(lIR)”, una mesura normalitzada per la intensitat de senyal de la sang (senyal d’intensitat
de cada voxel/mitjana d’intensitat de senyal de la sang) que permetia identificar fibrosi
amb uns llindars constants de RTG, tals que un /IR > 0,97 i > 1,61 corresponien a un
voltatge bipolar inferior a 0,5mV i 0,1mV, respectivament.!?* Aquesta variable permetia
la comparacid del grau de fibrosi auricular entre pacients i amb un mateix pacient en
diferents moments del seguiment. Més endavant el nostre grup va establir uns llindars
d’lIR que defineixen de forma més especifica el grau de fibrosi: < 1,20 teixit sa, 21,20 -
< 1,32 fibrosi intersticial i = 1,32 cicatriu densa, a partir de diferents cohorts d’estudi,
incloent-hi individus sans i pacients postablacié (Figura 10).}3! Aquests valors s’han
utilitzat en nombrosos estudis, aixi com al llarg d’aquesta tesis, per analitzar la correlacio
amb el MEA i establir diferents objectius clinics.

El voltatge analitzat mitjancant el MEA ha estat historicament el parametre més
analitzat a I’hora d’avaluar el substrat arritmogenic auricular. Aixo es deu principalment
a la facilitat amb que s’obté; tanmateix, presenta diverses limitacions. La seva
dependeéncia del gruix de la paret, o la possible interferencia per part del camp llunya

(far field) en sén només algunes. Altres variables electroanatomiques també han
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demostrat la seva rellevancia, sent la VC especialment interessant per la seva implicacié
en la fisiopatologia de la FA.9*33 No obstant, el calcul de la VC local en el miocardi és
complex,’3*i sédn molt pocs els estudis que hagin analitzat la relacié entre la RMC-RTG i
la VC. En general, s’ha observat com aquelles arees auriculars amb més fibrosi,
identificada per un increment del RTG, presentaven una conduccié més alentida.'®? De
fet, els estudis postablacié suggereixen que la RMC-RTG és una eina util per predir les

linies de bloqueig de la conduccid i els gaps postablacio.!!3
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Figura 10. Vista postero-anterior de la reconstruccid tridimensional de I'auricula esquerra a
partir de la ressonancia magnética cardiaca amb real¢ tarda de gadolini (RMC-RTG). La
reconstruccio inclou un codi de colors segons la intensitat de senyal normalitzada, sent blau la
zona sana (IR < 1,20), groc la fibrosi intersticial (> 1,20 IIR < 1,32) i vermell la zona de cicatriu
densa (IIR =2 1,32). A) RMC-RTG realitzada abans del primer procediment d’ablacié. B) RMC-RTG
realitzada 3 mesos post ablacié. LAA: orelleta esquerra; LIPV: vena pulmonar inferior esquerra;
RIPV: vena pulmonar inferior dreta; LSPV: vena pulmonar superior esquerra; RSPV: vena
pulmonar superior dreta. Imatge reproduida de Garre i col-laboradors.3?

Els nostres resultats mostren que existeix una correlacid per regions i punt per

punt entre la RMC-RTG i el MEA, comparant ambdues técniques per primera vegada
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amb el voltatge i la VC de manera simultania en un mateix estudi. Amb I'objectiu de
millorar la superposicié entre les imatges de la RMC i el MEA es van fer servir eines de
fusid poc rigides que proporcionaven major precisié. A més, es va dissenyar un flux de
treball estandarditzat i sistematic, operador-independent i semi-automatic, que
pretenia reduir la variabilitat entre operadors, tal com han demostrat altres treballs del
nostre grup.'3® Els resultats del nostre estudi van demostrar una correlacié inversa on
els punts de la RMC amb més RTG presentaven un menor voltatge i una VC més lenta.
Aix0 no obstant, la intensitat d’ambdues correlacions va ser Unicament de moderada

intensitat.

Factors determinants en la precisio de la RMC-RTG

El remodelat fibrotic és un procés que té lloc a nivell tissular i, per tant, la millor
i més fiable técnica per analitzar-ho és la histologia amb resolucié micrométrica. D’altra
banda, tant el voltatge i la VC en el MEA, com el RTG en la RMC es proposen com a
estimadors subrogats que permeten una analisi amb més potencial impacte clinic. No
obstant, si el MEA ila RMC valoressin la fibrosi miocardica amb la mateixa precisio, seria
esperable una correlaci6 de més alta intensitat entre ambdues técniques que la
observada en el nostre treball. Les propies limitacions i artefactes de cadascuna de les
tecniques podrien haver contribuit a obtenir aquests resultats, perdo hi ha factors
determinants en la precisié de la RMC-RTG que han estat menys estudiats i que poden
tenir implicacié futura en la definicié del substrat auricular i en el propi procediment

d’ablacié dels pacients amb FA.
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Dilatacid auricular
La dilatacié de I'AE és una troballa freqlient en pacients amb FA i remodelat
auricular i s’ha relacionat amb un augment del grau de fibrosi i del risc de recurrencia

després de I'ablaci6.100.136,137

Els nostres resultats revelen com el rendiment de la RMC-RTG disminueix a
mesura que la mida de I'auricula augmenta. Concretament, es va observar com la seva
fiabilitat per a detectar zones de conduccié lenta es reduia quan I’AE era més dilatada,
especialment quan el diametre auricular superava els 45mm. La causa d’aquesta perdua
de correlacié en les auricules més grans encara no s’ha aclarit. Es possible que el
remodelat fibrotic en aquestes auricules més dilatades obligui a una conduccié eléectrica
anisotropica amb un patré en zig-zag a nivell microscopic que no es visualitzaria en el
MEA durant RS. Si aquest fos el cas, l'alentiment quedaria palés sota estrés
electrofisiologic funcional induit per freqléncies elevades o extrasistoles amb un
interval d’acoblament baix. D’altra banda, estudis més recents mostren que I'augment
del remodelat fibrotic no sempre s’associa a una dilatacié auricular, observant que alts
graus de fibrosi densa es troben en auricules no dilatades, possiblement secundari a una
reduccid de la distensibilitat.?®® Li i col-laboradors van hipotetitzar que les auricules
dilatades presenten una major prevalenca de fibrosi intersticial difusa i menys cicatriu
densa; la infradeteccié de la fibrosi difusa per la RMC-RTG justificaria la manca de
correlacié amb l'activacid electrica en aquestes auricules. Aquesta hipotesi vindria
recolzada per troballes del nostre grup que mostren una correlacié baixa entre dilatacié

auricular i fibrosi miocardica en pacients amb FA.*°
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En aquesta linia, la reduccié del voltatge auricular correlaciona millor amb la
presencia de major dilatacié auricular que amb la preséncia de més fibrosi en la RMC,
destacant la preséncia de zones sense RTG que mostren voltatges reduits, el que
suggereix que la dilatacid auricular afecta el MEA de forma independent a la presencia
de RTG.13® Aquest reduccid de voltatge en auricules dilatades podria ser degut a la
presencia de parets més fines, pero la infradeteccid de la fibrosi intersticial difusa podria
ser la causa principal de la disparitat entre el voltatge i el RTG. Aquesta hipotesis podria
ser una potencial explicacié pel reduit rendiment de la RMC-RTG en la deteccié de
substrat arritmogenic i la baixa correlacié que ha mostrat amb el MEA en alguns estudis

previs, els quals inclouen majoritariament pacients amb auricules dilatades.

Dinamica temporal en la detectabilitat de fibrosi auricular

Els resultats d’aquesta tesi apunten a que la deteccié mitjancant el RTG de la
fibrosi cicatricial que s’indueix durant I'ablacié tendeix a reduir-se en el seguiment a llarg
termini. La regressié de la captacido de RTG al miocardi després de la induccié d'una
cicatriu ja s’ha suggerit previament en alguns estudis, tant a nivell del ventricle com de
I"auricula. Jauregui i col-laboradors han descrit aquesta regressié a llarg termini en la
deteccié de cicatrius ventriculars post infart de miocardi.**® A I'auricula, la captacié de
RTG en una RMC realitzada 3 mesos després de I’ablacié ha mostrat reduir-se de forma
significativa posteriorment.?*! S’ha especulat que aquests canvis corresponen a la falta
de durabilitat de les lesions d’ablacid, a pesar que no s’ha vist relacié directa amb un

augment de les recurréncies de FA.1#!
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El nostre estudi compara la RMC realitzada postablacié de FA a curt (3 mesos) i
llarg (= 12 mesos) termini amb el MEA realitzat durant un subseglient procediment de
reablacio. Els resultats demostren millor correlacié quan es compara el MEA amb la RMC
realitzada només 3 mesos després del primer procediment, confirmant que la captacié
de gadolini es redueix amb el pas del temps i descartant que les lesions de RF es

redueixin durant el seguiment.

En el moment agut després de I’ablacid, la reduccié de la deteccié de RTG té un
raonament ben explicat per la presencia d’edema intersticial i inflamacid, la qual s’ha
demostrat histologicament que millora aproximadament a les 4 setmanes post-
procediment.*? No obstant aix0, aquest raonament no pot ser aplicat quan la reduccid

de la deteccié es produeix més enlla del context agut.

Hi ha diverses possibles explicacions per a justificar la pérdua de detectabilitat
de fibrosi miocardica al llarg del temps. Tot i aix0, els estudis que analitzen els seus
canvis dinamics a llarg termini no s’han contrastat amb un métode de referéncia com la
histologia, cosa que no permet confirmar cap de les hipotesis. Una possible explicacid
podria ser una combinacié de certa involucié de la cicatriu, acompanyat d’un efecte de
volum parcial. Aquest darrer fa referéncia a voxels individuals que estan totalment
coberts per teixit cicatricial en I'exploracid inicial, perdo només coberts parcialment en
controls posteriors, per la qual cosa no s’aprecia cicatriu en el seguiment tarda.'*® Els
efectes de volum parcial sén especialment rellevants a |'auricula de parets primes, on el
gruix transmural ni tan sols pot superar I'amplada d'un Unic voxel i on la involucié de la

cicatriu i I'aprimament del teixit després de I'ablacié poden potenciar aquest efecte.'44
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D’altra banda, és possible que hi hagi canvis en la dinamica de captacid i retencié del
gadolini entre la RMC obtinguda als tres mesos i de manera tardana. S'ha demostrat que
la fraccié de volum extracel-lular del teixit cicatricial cardiac cronic es reduida en
comparacié amb l|'estat agut, produint una cinética de rentat alterada que impedeix la
retencié de gadolini i, per tant, la deteccid de fibrosi.** A més, I'estat hiperémic del teixit
cicatricial que es pot observar durant els primers mesos després de |'ablacié i que facilita
la distribucio del contrast, podria evidenciar en major grau aquests canvis en la deteccié.
D’altra banda, si aquest fenomen es podria aplicar de manera similar a la fibrosi nativa

encara esta per demostrar.

Espectre del teixit fibrotic

La relacié entre la FA i la configuracié de la fibrosi subjacent no és encara clara,
doncs el concepte de fibrosi engloba una série de configuracions i patrons que resulten
en diferents perfils arritmogénics.* La fibrosi densa o compacta comprén regions de
col-lagen que es visualitzen per RMC-RTG i que electrofisioldbgicament corresponen a
zones de baix voltatge amb bloqueig fix de la conducci6. D’altra banda, la fibrosi no
compacta engloba textures més difuses en els marges de resolucié de les seqiiéncies
actuals de RMC-RTG i s’associa amb més vulnerabilitat arritmogénica funcional. Aqui
s’inclou la fibrosi intersticial, que involucra el col-lagen situat entre feixos musculars
produint alentiment de la conduccio i reentrada i funcional, i la fibrosi reparativa, que
inclou el reemplacament fibrotic dels cardiomiocits produint teixit susceptible

d’anisotropia i dispersio refractaria.4614
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Les zones de fibrosi no compacta que sén susceptibles d’ancorar activitat
arritmogenica poden romandre latents durant RS, comportant-se com un substrat
dinamic que es manifesta sota condicions d’estres electrofisiologic funcional. En
aquestes zones, davant 'aparicié d’extrasistoles o FC rapides, es poden fer evidents
alteracions dinamiques en forma de fragmentacid, baix voltatge i alentiment de la
conduccié. Aquest substrat dinamic esta més present en la FA paroxistica i en la FA
persistent més inicial, indicant un periode critic en la historia natural del substrat
arritmogeénic. Aixi, en remodelats més avancats caracteristics de formes de FA de més
llarga durada, el substrat sembla ser més fix i menys sensible a canvis de freqiiéncia o
direccionalitat.*® Les técniques actuals d’imatge detecten aquest substrat més
desenvolupat, amb fibrosi establerta, pero un substrat més inicial podria visualitzar-se

com a teixit sa.'¥’

El nostre estudi analitza la presencia d’un substrat dinamic en el MEA obtingut
mitjancant un protocol d’estimulacid decremental, confirmant les afirmacions
préviament documentades i analitzant per primera vegada la seva relacié amb la RMC-
RTG. L'estimulacié auricular decremental ha demostrat préviament que pot revelar
canvis dinamics significatius en el substrat arritmogénic i s’"ha especulat que aquestes
variacions podrien servir per refinar el substrat objectiu en I'ablacié dirigida.*4° En el
nostre estudi, aquesta técnica va desemmascarar canvis en el MEA, tant a nivell de
voltatge com de conduccidé, manifestant variacions progressives a mesura que es reduia
I'interval d’acoblament i confirmant la naturalesa dinamica del substrat arritmogeénic.

Les nostres analisi demostren que I’area amb fibrosi intersticial visualitzada per RMC-
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RTG identifica les zones amb els canvis dinamics més marcats en el MEA, tant pel que fa
a l'alentiment de la conduccié com a la reduccié de voltatge, demostrant com la zona de
fibrosi no compacta és la més susceptible de desemmascar substrat electrofisiologic
durant I'estres miocardic funcional. No obstant, aquesta zona de fibrosi no compacta va
mostra menor correlacié amb el MEA ja que, tal com s’ha comentat previament, la
resolucié actual de la RMC-RTG sembla trobar-se en el limit per a aquest tipus de
fibrosi.*” La zona de cicatriu densa, equivalent a la fibrosi compacta, és la que va
mostrar una major relacié entre RMC-RTG i MEA, tant en RS com durant el protocol
d’estimulacid, presentant una resposta més fixe i menys dinamica davant I'estimulacié

auricular decremental.

Aixi doncs, a causa de la dificultat sobreafegida de la seva deteccid, la presencia
de fibrosi intersticial i remodelat auricular incipient podria limitar la correlacié entre
RMC-RTG i MEA, limitant la visualitzacié d’un potencial substrat arritmogénic. A més, la
preséencia de substrat que es pot desemmascar només en condicions d’estres funcional
podria dificultar encara més la metodologia necessaria per caracteritzar el teixit

auricular.

Ritme cardiac durant el mapeig

Les zones de baix voltatge durant RS han estat utilitzades com a marcador eléectric
de la fibrosi miocardica, sent un dels objectius de I'ablacié dirigida a substrat en pacients
amb FA.%®10151 Amb tot, el voltatge auricular pot variar en funcié del ritme, la
freqliéncia i la direccié de I'ona d’activacié i, per tant, 'amplitud de 'EGM en les

condicions estables i de conduccié unidireccional del RS podria no discriminar
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correctament el substrat fibrotic més estable.’*® De fet, s’ha demostrat la naturalesa
funcional, tant durant estimulacié auricular com en ritme de FA, de les zones de
fragmentacid i conduccio lenta, cosa que podria identificar regions rellevants en l'inici i

el manteniment de la FA.

En aquesta linia, alguns autors han descrit que I'analisi del voltatge auricular
durant FA podria ser una técnica més precisa que el mateix analisi en RS,**’ a pesar de
la preséncia de resultats contradictoris.’®®> Laugment de FC durant FA podria
desemmascarar zones de voltatge reduit, conduccié lenta i reentrada funcional
relacionades amb la preséncia de fibrosi auricular intersticial. Consegiientment, s’ha
hipotetitzat que tant en RS com en FA es poden visualitzar arees de baix voltatge
relacionades amb les zones de fibrosi compacta, pero podrien detectar-se diferencies
entre ambdds ritmes en zones que presentin fibrosis no compacta.*’ La vulnerabilitat
arritmogeénica associada amb la fibrosi no compacta (en la qual participen I'alentiment
de la conduccid, les reentrades funcionals, I'anisotropia i la dispersié de la refractarietat)
pot romandre silent en RS, perdo manifestar-se en situacions funcionals com la FA o
I’estimulacio auricular. En aquestes regions, la reduccié de voltatge és una manifestacio
del substrat electroarquitectonic subjacent que només es pot dilucidar sota condicions

d'estres electric.

Els canvis dinamics del substrat arritmogenic que es manifesten durant estres
funcional electrofisiologic remarquen les limitacions inherents a I'enfocament estatic
per a identificar i ablacionar el substrat auricular. No obstant, encara cal definir

I’aplicacid clinica d’aquest substrat dinamic, si és realment critic pel manteniment de
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I'arritmia i si s’Tha de considerar un objectiu cabdal en I’ablacié de FA. De moment,
diferents estudis han analitzat el prondstic del procediment quan I'ablacié es dirigia a
zones de baix voltatge addicionalment a I'aillament circunferencial de les VP. En alguns
d’aquests estudis el mapeig es va realitzar en RS,*°%%53 j en altres en FA,'>* mostrant

resultats similars.

Encara que el ritme de mapeig utilitzat és una limitacié en la interpretacio dels
resultats inherent al MEA i no relacionat amb la RMC, les variacions en la detecci6 de
substrat segons el ritme de base utilitzat podrien contribuir a reduir la correlacié entre
les dues técniques. Previament ja s’ha analitzat la correlacié entre intensitat de RTG i
reduccié de voltatge tant en RS com en FA, i s’ha descrit una millora de la corr elacié
quan el ritme de base era FA.* Com que la FA és el ritme clinic d'interés, podria
proporcionar convenientment |'entorn ideal per explorar aquest paradigma. No obstant,
ja em comentat que la implicacié d’aquest substrat més dinamic en linici i el
manteniment de l'arritmia encara esta per definir. S6n necessaris nous estudis
prospectius que analitzin la seva relacié amb la histologia, la RMC-RTG i els resultats de

I'ablacio.

Distribucié regional de la fibrosi auricular

Estudis previs han demostrat a nivell histologic que la fibrosi de la AE no esta
distribuida de forma aleatoria ni homogeénia, sind que es localitza de forma preferent en
la paret posterior, principalment en I’area situada al voltant dels dstiums de les VP.1%°
Recentment, la RMC ha permeés analitzar la distribucié regional de RTG a nivell auricular.

Higuchi i col-laboradors van observar una distribucié heterogénia del RTG a l'auricula,
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sent predominant al voltant de la VPIE i estenent-se cap a la resta de I'auricula a mida
que la FA progressava.'®® Benito i col-laboradors van descriure de forma similar un
increment de la deteccié de RTG en la paret posterior, especialment al voltant de
I’0stium de la VPIE (Figura 11). En base a aquestes troballes, i donada la proximitat
anatomica d’aquesta area amb I’ADes, es va hipotetitzar que el trauma continu causat
pel pols aortic sobre la paret auricular podria tenir un paper important en la génesis de

la fibrosi auricular local.*>’
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Figura 11. Distribucio regional de la fibrosi en [lauricula esquerra segons Benito i
col-laboradors. S’observa com la zona 3, corresponent a la regid posterior de I'ostium de la vena
pulmonar inferior esquerra, presenta la major extensio de fibrosi. A la dreta s’observa la
representacio de la divisio de I'auricula esquerra en 12 zones. Imatge modificada de Benito i

col-laboradors.*#

En pacients amb FA, a més del substrat arritmogénic estructural propi del
remodelat auricular secundari a I'envelliment, la HTA, les cardiopaties o la FA per se, s’ha
observat I"aparicié de potencial substrat arritmogenic en relacié a zones del miocardi

que es troben en contacte estret amb diverses estructures anatomiques.?>®>° Aquest
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contacte produiria un estrés mecanic extern i cronic de la paret auricular que actuaria
directament sobre els fibroblasts del miocardi, induint la sintesi de col-lagen i promovent
el desenvolupament de fibrosi i I'increment de I'arritmogenicitat.’®® Aquest no és un
fenomen desconegut pero si poc estudiat. Diferents autors han descrit I’associacié de la

FA i la seva persisténcia amb el contacte estret de I'auricula amb diverses estructures
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anatomiques com 'esofag,'®! els bronquis!®? o les veértebres.'®® A més, s’ha descrit una
correlacié espacial entre les arees que mostren baix voltatge i les zones de contacte amb
estructures externes, suggerint que aquestes relacions anatdmiques podrien tenir

influéncia en la progressié del substrat arritmogénic en certes arees auriculars.*>®

Factors implicats en la fibrosi regional

L’augment de fibrosi localitzada en I'ostium de la VPIE sembla relacionada amb
la juxtaposicié de I’ADes. El nostre estudi va intentar confirmar aguesta premissa, aixi

com analitzar la preséncia d’altres factors potencialment implicats.

Proximitat a la aorta descendent

L’area de I’AE situada al voltant de la VPIE es troba en intima relacié amb I’ADes.
El nostre grup ha hipotetitzat préeviament que un trauma cronic i repetitiu de I’ADes
contra la paret auricular, i la seva posterior traduccid profibrotica, podrien ser la causa
de I'increment de fibrosi regional en aquesta localitzacié.®” En aquesta linia, préviament
s’ha descrit I'existéencia d’una relacié entre la fibrosi auricular i la pressidé aortica en

pacients amb factors de risc cardiovascular perd sense FA diagnosticada.®*
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Els nostres resultats confirmen la localitzacié preferent de la fibrosi en la regid
auricular que rodeja la VPIE mitjangant I'analisi amb RMC-RTG, de forma similar a les
observacions de treballs previs.'>®'> Per tal d’estudiar i confirmar la implicacié de I’ADes
en el mecanisme etiopatogénic d’aquesta troballa, es va quantificar i demostrar una
correlacid inversa entre I'extensié de fibrosi regional i la distancia a ’ADes. A més, la
presencia d’un voltatge reduit i un alentiment de la conduccié en la mateixa regio
descartava que l'augment de RTG local fos secundari a un artefacte técnic relacionat
amb la propia intensitat de la paret aortica. Posteriorment, altres autors han confirmat
les nostres troballes observant la mateixa relacié inversa entre la fibrosi regional i la
distancia a I’ADes.'®> Aixd posa de manifest I'interés que genera aquest estudi i la
importancia dels seus resultats.

El mecanisme exacte pel qual ’ADes esta implicada en la génesis de fibrosi
auricular i la relacié d’aquesta amb el risc arritmogenic encara esta per definir. S’ha
hipotetitzat que atés que la pressid intracavitaria de I’ADes és notablement més elevada
que la de I’AE, es produeix un impacte i un estirament repetitiu del teixit auricular a
conseqliencia dels cicles de distensié-compressid successius que presenta |'aorta.
L’estirament cronic de la paret auricular activa directament els fibroblasts del miocardi,
indueix la sintesis de col-lagen i promou alteracions de la conduccié eléctrica,'®® almenys
en part secundariament a l'activacié dels receptors sensibles a I'estirament que
presenten els fibroblasts.'®” Es plausible doncs que un trauma cronic i repetitiu de I’ADes
sobre I’AE adjacent produeixi una fibrosi auricular local.®® Si aixo és cert, s'esperaria un

gradient de fibrosi epicardi-endocardi; malauradament, no s’ha pogut comprovar
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donada la resolucié de la RMC-RTG en |'avaluacié de la fibrosi a través del gruix de la
paret auricular. En qualsevol cas, les dades dels models animals suggereixen que sovint
la fibrosi es produeix en el costat epicardic de la paret auricular.'®® Futurs estudis que
analitzin la fibrosi regional al voltant de la VPIE amb la histologia, tant en pacients amb
FA com en controls sans, sén necessaris per confirmar aquestes hipotesis

etiopatogéeniques.

Hipertensid arterial cronica

La HTA és una de les principals causes de FA a la comunitat degut al manteniment
d’una pressid intracavitaria elevada de forma cronica i anomalies neurohormonals i
autonomiques associades que desencadenen una remodelacié patologica complexa que

implica dilatacié auricular, augment de fibrosi i conduccié heterogénia.®®

En el nostre estudi, la HTA es va relacionar amb una major extensié de fibrosi en
la regidé adjacent a la VPIE, pero aquesta relacié no va resultar significativa. Ara bé, la
HTA va resultar ser I'tnic predictor en la reduccié de la distancia entre I’ADes i la paret
auricular posterior. L'explicacié d’aquest fenomen encara s’ha de definir, pero podria
ser conseqliencia de la dilatacid de l'aorta toracica subseqiient al manteniment de
pressions elevades de forma cronica, tal com ja s’ha descrit préeviament amb l'arrel
aortica. Malauradament els nostres resultats no han pogut confirmar aquesta hipotesi.
En qualsevol cas, aquest estudi suggereix que la HTA podria promoure el substrat
arritmogenic i la conseqiient FA, no només a partir de la sobrecarrega hemodinamica,
sind també indirectament a través del trauma directe extrinsec i repetitiu a la paret

auricular.
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Implicacions pronostiques de la fibrosi regional

Diversos estudis han demostrat que I'extensié de fibrosi auricular prediu
I'efectivitat de I'ablacié en pacients amb FA, essent més freqlients les recurréncies a
mesura que la proporcié de fibrosi s’incrementa.>'’° No obstant, aquests estudis
valoren la fibrosi auricular global i pocs estudis han analitzat la implicacié especifica de
la fibrosi regional. La poca evidencia que existeix sembla suggerir que és |'extensid total
de fibrosi i no la seva localitzaciéd concreta el que determina el pronostic final de
I’ablacio.!’* Contrariament al estudis previs, les nostres dades suggereixen que
I'extensié de fibrosi localitzada a I'area adjacent a la VPIE podria reunir la major part
d'aquest poder predictiu. En aquest cas, és aquesta fibrosi regional i no la fibrosi total la
gue mostra un valor pronostic després de I'ablacid. Les auricules relativament sanes dels
pacients inclosos, en comparacié amb les auricules dels pacients d’estudis previs que

presentaven fibrosi més extensa, podria explicar part dels resultats obtinguts.

Cal destacar que I'efecte arritmogenic de la proximitat entre AE i ADes ha generat
interés en diferents aspectes de la seva fisiopatologia. Recentment s’ha publicat un
estudi en pacients amb FA gque es sotmetien a crioablacié de VP on es descriu un efecte
“radiador” de I’ADes que redueix I'eficacia del procediment. Es va observar que la
preseéncia d’empremta aodrtica en la porcié posterior de la VPIE a nivell ostial
augmentava el temps fins a I'aillament de la VP i la temperatura minima assolida,
mostrant un efecte d’escalfament en la cinética de les criolesions. A nivell de resultats,

els pacients amb menor distancia AE-ADes i preséncia d’empremta aortica, presentaven
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una tendéncia a presentar major taxa de recurréncies.’? En I'ablacié mitjancant RF, la

implicacié del efecte “radiador” de I’ADes encara esta per determinar.

En els darrers anys s’ha prioritzat el desenvolupament de les técniques d’ablacié
per adquirir una visi6 més personalitzada, adequant la técnica al substrat concret de
cada pacient amb FA de forma individualitzada. S’ha vist que la fibrosi auricular extensa
augmenta el risc de recurréncia, pero el potencial arritmogeénic de la fibrosi regional en
I'inici i manteniment de l'arritmia esta encara per definir. Els nostres resultats
suggereixen la necessitat de nous estudis prospectius que analitzin la implicacid i la
relacié entre si de la distancia AE-ADes, la HTA i la fibrosi regional en el pronostic de la

FA.

RMC-RTG aplicada a I’ablacié de FA

Tot i una millora significativa en els darrers anys de la tecnologia aplicada a
I'electrofisiologia, els resultats en I'ablacié en la FA segueixen sent suboptims, amb una
proporcid remarcable de recurréncies a llarg termini.’® Durant temps la técnica s’ha
focalitzat en reduir els possibles gaps en I’aillament de VP i la realitzacié de lesions més
transmurals. No obstant aix0, a pesar de centrar-se en assolir un aillament complet i
durable de les VP, l'aillament incomplet de les mateixes no sempre implica
recurréncia.>!’* D’altra banda, no és infreqiient observar reaparicié de I'arritmia en
pacients que mostren aillament complet de les quatre VP. Aquestes dades suggereixen
I'existéncia de substrat arritmogenic fora de les VP, i la necessitat d’abordar-lo de forma

precisa per augmentar la taxa d'exit del procediment.
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En els darrers treballs d’aquesta tesi, analitzem el possible benefici diagnostic i
terapeutic de I'aplicacié de la RMC per a guiar els procediments d‘ablacié de la FA, tant
en la deteccié i ablacié de gaps en procediments de reablacid, com en I’ablacié dirigida

a la fibrosis auricular primaria.

Identificacid i ablacié de gaps

Aquesta capacitat permet identificar arees de discontinuitat en les linies
d’ablacid realitzades, és a dir, identificar els potencials gaps eléctrics. La literatura prévia
mostra la RMC-RTG com una eina potent per a la identificacié i caracteritzacié dels gaps
en l'aillament de VP, demostrant que la seva longitud absoluta o, especialment, la
longitud relativa, és un valor predictiu de recurréncies.!’* No obstant, si aquestes
discontinuitats en el RTG representen verdaders gaps eléectrics que poden servir per

guiar procediments d’ablacié és encara controvertit, 13130

En els procediments de reablacio, I'is del MEA presenta certes limitacions
respecte la RMC-RTG. Algunes dificultats técniques propies ja s’han comentat en
apartats previs: la falta de contacte, la deteccié de senyal de camp llunya o la obtencié
de mapes de baixa densitat, per exemple. En el cas concret de la deteccié de gaps, la
realitzacié del MEA s’enfoca a detectar la senyal més preco¢ mitjancant I's d’un catéter
localitzat dins de la VP. Aixo comporta la dificultat afegida de que el dipol explorador del
cateter no sempre coincideix amb el gap, localitzant la senyal objectiu de I’ablacié en
una zona a certa distancia de la real. A més, els vectors d’activacié en la unié vena-
auricula no sempre segueixen una linia recta, el que pot incrementar aquest

desplagament.
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El nostre estudi de casos i controls demostra per primera vegada que I'Gs de la
RMC-RTG s’associa a un menor risc de recurréncies respecte a la técnica convencional
basada en el MEA i la utilitzacié d’un catéeter de mapeig circular. A més, també evidencia
que la RMC-RTG permet reduir el temps de procediment, confirmant troballes
previes.!® Aquests resultats donen suport a la RMC-RTG com una forma acurada i
precisa d’identificar els gaps, possiblement en relacié a la similitud en I’espectre fibrotic
entre les lesions de RF i la cicatriu més establerta, on la deteccié per RMC ha demostrat
els resultats més satisfactoris. A més, cal hipotetitzar que el benefici de I’ablacié guiada
per RMC en aquest estudi podria haver estat encara més gran si la imatge s’hagués
adquirit just després del primer procediment i no abans del procediment de reablacid,
ja que la precisio de la técnica es redueix amb el pas del temps, aixi com demostrem en
un treball d’aquesta tesi.!”® Per contra, I'Gs de catéters multieléctrode de més recent
aparicid (Pentaray, Octaray, HDGrid, per exemple) podria haver neutralitzat part del
benefici obtingut amb la RMC. En qualsevol cas, el nostre treball demostra la factibilitat

i eficacia de I’Gs de la RMC-RTG en el reaillament de gaps en les VP.

Ablacié dirigida a la fibrosi auricular

Tant I'extensid global de fibrosi auricular nativa com la fibrosi no aillada durant
un procediment d’ablacié sén factors associats amb més risc de recurréncia en pacients
amb FA.2 Davant la gran quantitat d’evidéncia que relaciona la fibrosi amb el
desenvolupament d’un substrat arritmogeénic, i amb I’'objectiu de millorar el rendiment
dels procediments d’ablacio, s’han dirigit grans esforcos en els darrers anys a la recerca

en la deteccid i aillament del substrat arritmogenic extra-pulmonar.
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S’han analitzat diferents metodes per a detectar la fibrosi miocardica pero, fins
avui en dia, el mapeig invasiu endocavitari segueix sent I’estandard d’or en la practica
clinica habitual. Les zones de baix voltatge han demostrat ser potencial substrat
arritmogeénic i la seva presencia s’ha relacionat amb més recurrencies de FA després de
I’ablacié.®> A més, I'ablacié de zones de baix voltatge afegida a I'aillament de VP ha
demostrat resultats prometedors en pacients amb FA persistent en estudis no
aleatoritzats®®'% i, en els darrers mesos, fins i tot en treballs aleatoritzats.>®®*! No
obstant, encara hi ha evidencia contradictoria.'’® Aixd és deu en part a que el registre
del voltatge auricular presenta importants limitacions técniques i la seva reduccié no
sempre correlaciona amb un substrat arritmogeénic i fibrosi establerta.l®® La necessitat
de valorar el substrat arritmogénic de manera no invasiva justifica el protagonisme que
ha adquirit la RMC-RTG en els darrers anys. Inicialment més enfocada a la deteccié de
gaps postablacid, els estudis més recents analitzen la seva utilitat en la deteccid i
aillament de la fibrosi auricular primaria.

L’estudi ALICIA, inclos en aquesta tesi, va ser el primer treball aleatoritzat que va
analitzar el benefici de I’ablacié dirigida a la fibrosi mitjancant I’Us de la RMC-RTG. Els
resultats no van demostrar cap benefici addicional respecte la técnica convencional
d’aillament de VP. Aixo podria explicar-se en part per la inclusié a I'estudi de pacients
relativament sans, molts d’ells amb FA paroxistica que presentaven auricules poc
remodelades. En concret, només el 50% dels pacients presentava fibrosi fora de les VP i
aquesta predominava en la zona ostial de la VPIE, regié que pot ser inclosa dins de la

propia linia d’ablacié convencional, cosa que podria actuar com a factor de confusié. No
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obstant, aquesta hipotesis ha estat desmentida a posteriori per I'estudi DECAAF I, el
segon treball aleatoritzat en analitzar el possible benefici de I'ablacié de la fibrosi guiada
per RMC-RTG.Y"” Tot i incloure una cohort de més de 800 pacients amb FA persistent, i
que aquests mostraven un ampli rang d’extensid fibrotica auricular, I'ablacié de fibrosi
dirigida per RMC-RTG tampoc va mostrar millorar els resultats respecte a la técnica

convencional (Figura 12).

0.64

0.5 | PVI only

0.4
0.3 MRI-guided
0.24

0.1

Patients with an atrial arrhythmia
recurrence or repeat ablation, %

0 100 200 300 400
Time from blanking period, d

No. at risk
MRI-guided 407 277 251 114 64
PVI only 408 284 249 118 69

Figura 12. Analisi de recurrencia d’arritmies auriculars en el sequiment postablacio en I'estudi
DECAAF Il. Es va realitzar el sequiment després del periode de blanqueig de 90 dies. MRI,

ressonancia magneética; PVI, aillament de venes pulmonars. Imatge reproduida de Marrouche i

col-laboradors.*””

L'efecte neutre que ha mostrat I'ablacié dirigida a la fibrosi primaria detectada
mitjancant RTG-RMC podria explicar-se per la poca precisioé de la RMC per a detectar la
fibrosi no compacta, per un abordatge inadequat o poc definit durant el procediment
d’ablacid, o per un coneixement incomplet de la contribucié exacta de la fibrosi en la

fisiopatologia de la FA. Es menys probable justificar-ho per la propia progressié de la
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malaltia, en la qual la fibrosi auricular s'estendria després de I’ablacié a arees

previament no fibrotiques.

La falta de comprensié sobre el mecanismes pels quals la fibrosi s’inicia i facilita
la perpetuaciod i el manteniment de I'arritmia, i com aquesta fibrosi s’objectiva en les
diverses eines disponibles, és una de les causes més probables d’aquests decebedors
resultats. En els diversos estudis d’aquesta tesi s’"han observat diferents tipus de fibrosi
que coexisteixen a nivell auricular (fibrosi compacta o intersticial, distribucié difusa o
regional...), i com la seva contribuciéo al desenvolupament de l'arritmia pot ser
desigual.}’® D’una banda, la distribucié espacial de la fibrosi és rellevant, ja que aquella
que es localitza en la proximitat de I’ADes sembla contribuir de forma més important a
la FA que la fibrosi auricular global. De I'altra, el tipus de fibrosi també podria contribuir
de forma decisiva als fendomens electrofisiologics basics que mantenen aquesta arritmia.
La fibrosi intersticial presenta un comportament dinamic més marcat i unes propietats
eléctrigues més variables en funcié del ritme auricular que la fibrosi compacta, pero la
seva completa caracteritzacié esta encara per definir. No tota la fibrosi auricular
participa de la mateixa forma en la fisiopatologia de la FA, i les tecniques d’'imatge
actuals no tenen prou precisid i resolucié per diferenciar caracteristiques tissulars
concretes ni detectar el substrat més difds i incipient. Per aquests motius, i pel fet que
la RMC-RTG té un millor rendiment i capacitat de deteccié de la fibrosi més establerta,
els procediments d’ablacié guiats per RMC-RTG podrien dirigir-se especialment a zones
de fibrosi amb reduit impacte clinic i deixar sense tractar espectres fibrotics d’alt risc
arritmogenic.
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Implicacions cliniques

La presencia i el rol de la fibrosi auricular en la fisiopatologia de la FA han estat
ampliament estudiades, considerant-se un factor clau del substrat arritmogénic. A més,
amb l'aparicié d’estudis tan destacats com el DECAAF |, la fibrosi auricular s’ha relacionat
estretament amb els resultats de I’ablacié, convertint-se en un objectiu directe per

reduir les recurréncies del procediment.

Els estudis més recents suggereixen que els mecanismes etiopatogénics de la FA
poden existir al llarg d’un continu, presentant un electrofenotip molt determinat pel
grau de remodelacié del substrat miocardic subjacent i la seva electroarquitectura. Les
técniques d’ablacié actuals, inclosa I’ablacié de fibrosi guiada per RMC-RTG, es basen en
I'empirisme i no s’adapten de forma individual al mecanisme subjacent de I'arritmia en
cada pacient. Els tractament dirigits a mida basats en |'electrofenotip de la FA podrien
ajudar a millorar les taxes d’éxit en I'ablacid, actualment pobres sobretot en el cas de
les formes persistents. La RMC-RTG és una técnica no invasiva que ha demostrat poder
detectar fibrosi auricular i exercir un paper en la prediccié de I’éxit de I’ablacid, sent una
tecnica estudiada i validada per investigadors de multiples centres en els darrers quinze
anys. No obstant, I’Us d’aquesta técnica en I'ablacié adrecada a la fibrosi no ha millorat
els resultats de I'ablacié convencional i aixd podria relacionar-se en la seva incapacitat
de diferenciar entre subtipus de fibrosi, el que sembla essencial per a dirigir I’ablacié de

forma exclusiva al veritable substrat arritmogenic.

Aquesta tesi intenta descobrir propietats intrinseques del remodelat auricular i

de l'espectre fibrotic, valorant el seu comportament i possible implicacié en la
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fisiopatologia de la FA mentre analitza la seva deteccié mitjancant la RMC-RTG. Els
resultats obtinguts aprofundeixen en la caracteritzacié del substrat auricular i ajuden a
visualitzar les limitacions de les técniques d’analisi actuals. Les hipotesis generades al
llarg de la tesi podrien contribuir a la recerca més actual i al disseny de futurs estudis

prospectius i aleatoritzats.

Limitacions

Reconeixem l'existéncia de limitacions comunes a diversos dels projectes i
treballs que composen aquesta tesi. Tot i que els nostres resultats son estadisticament
significatius i constitueixen troballes concloents i clinicament rellevants, la mida mostral
en els diferents estudis és relativament reduida. A més, tots els treballs, excepte I'estudi
aleatoritzat ALICIA, s’han desenvolupat en un sol centre. Es requereix, doncs, la validacié
de les troballes en mostres més grans i en diversos centres, per a demostrar la robustesa

i validesa externa de les nostres troballes.

Al llarg dels estudis sovint hem designat el MEA o la RMC-RTG com a patrons
estandard, comparadors i subrogats de la fibrosi auricular. No obstant, I’Unica técnica
que realment pot confirmar la naturalesa del teixit és I’analisi histologic, el qual no pot
realitzar-se de forma rutinaria a la practica clinica habitual. Encara que diversos estudis
n’avalen el seu Us, la validesa definitiva de les nostres conclusions queda subjecta a un
grau raonable de correlacié del MEA i la RMC-RTG amb la histologia en la deteccié de

fibrosi cardiaca.
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Finalment, els nostres estudis estan sotmeses a diverses limitacions técniques,
algunes de les quals ja s’han discutit. Cal afegir que, tot i que la majoria dels processos
en I'analisi de les diverses técniques d’imatge no requerien la intervencio de I'operador,
la segmentacié de les imatges de RMC-RTG és semi-automatica, amb un component
manual que podria esbiaixar o limitar I'extrapolacié dels resultats. No obstant, en
treballs previs del nostre grup hem demostrat una alta reproductibilitat entre operadors

experts.13°
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CONCLUSIONS



CONCLUSIONS

Les conclusions d’aquesta tesi son:

1 La ressonancia magneética cardiaca amb real¢ tarda de gadolini mostra
congruencia i correlacié amb el mapa electroanatomic en la caracteritzacié del
substrat auricular; major intensitat de pixel s’associa a menor voltatge i velocitat

de conduccid.

2 Tantlaressonancia magneética cardiaca com el mapa electroanatomic presenten
certes limitacions que poden reduir la seva fiabilitat i precisio en la

caracteritzacié del substrat auricular i la concordanca entre ambdues técniques.

3 Elrendiment de la ressonancia magneética cardiaca per detectar i caracteritzar la
fibrosi auricular es redueix en els pacients que presenten auricules esquerres

més dilatades.

4 La capacitat de la ressonancia magneética cardiaca de detectar lesions
secundaries a radiofreqliéncia és maxima als tres mesos de I'ablacid i es redueix

posteriorment en el seguiment a llarg termini.

5 En condicions d’estres electrofisiologic funcional del teixit auricular, el mapa
electroanatomic presenta canvis dinamics que desemmascaren un potencial
substrat arritmogénic que es manté silent en condicions basals. Aquest substrat
dinamic apareix predominantment en la zona catalogada de fibrosi intersticial

segons la ressonancia magnetica cardiaca.
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6

10

La zona de cicatriu densa visualitzada per ressonancia magneética cardiaca
presenta la millor correlacié amb el mapa electroanatomic, pero la correlacié de
la fibrosis incipient és menys acurada. La fibrosi intersticial es podria visualitzar

com a teixit sa, fent reduir la concordanca entre ambdues técniques.

La distribucio de la fibrosi auricular és heterogénia, sent predominant a la zona
de I'ostium de la vena pulmonar inferior esquerra. L'extensié d’aquesta fibrosi
localitzada es relaciona inversament amb la proximitat a I'aorta descendent, fent

sospitar una possible relacié etiopatogénica.

La capacitat pronostica de la fibrosi auricular depén en gran part del seu espectre
i distribucid. La fibrosi regional localitzada a nivell de la vena pulmonar inferior
esquerra podria comportar un major risc de recurréncia que la fibrosi auricular

global en I'ablacié de fibril-lacié auricular.

L'ds de la ressonancia magneética cardiaca amb real¢ tarda de gadolini en
procediments de reablacié de fibril-lacié auricular per a detectar i guiar
I'aillament de gaps eléctrics, s’associa a procediments més curts i a menor taxa

de recurrencia.

L'ablacié de fibril-lacié auricular dirigida a la fibrosi auricular primaria mitjangant
I’analisi per ressonancia magnetica cardiaca amb realg tarda de gadolini no ha

demostrat reduir les recurréncies respecte a la técnica convencional.
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